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a b s t r a c t

The complex permeability and permittivity spectra of novel Ni and La substituted SrCo2Fe16O27 W-type
hexaferrites are studied in the 2–18 GHz microwave band. While permittivity exhibits practically no
dispersion in the specific testing frequency range, both doping elements yield an increase of dielectric
polarization. The permeability of composite specimens is governed by the inherent tendency of Ni and
La to induce the anisotropy transformation from planar to axial configuration. Actually, the decrease of
the in-plane and out-of-plane anisotropy fields H� and H� , along with the high saturation magnetization
Ms, for low substitution rates, result in the significant rising of �

′′
max and its shift to substantially lower
omplex permeability
omplex permittivity
icrowaves
agnetocrystalline anisotropy

frequencies. Thus, the alteration of the Ni or La proportion enables the tuning of the magnetic loss peak
over the range 5.8–16.7 GHz with maximum values as high as 0.85. Moreover, with the aim to inves-
tigate the impact of anisotropy on the dynamic magnetic properties, some essential formulations are
reviewed. Through this analysis, the minimization of H� of the intermediate compounds in the vicinity
of the anisotropy transition, which indicates the existence of an isotropic easy magnetization surface, is
highlighted as a basic design requirement for the fabrication of soft hexagonal ferrites with increased �′

and �′′ values.
. Introduction

Planar hexaferrites is a special group of hexagonal ferrites with
wide range of applications as its members possess interesting soft
agnetic properties. Their valuable and useful quality stems from

heir strong magnetocrystalline anisotropy and the occurrence of
he ferromagnetic resonance at higher frequencies, compared to
hose encountered in the spinel ferrites. Actually, the formulation
f Snoek’s limit for the case of planar hexaferrites allows them to
etain high real permeability values in the microwave frequency
ange, until its degradation and the rise of magnetic losses in
he vicinity of natural resonance [1]. Moreover, the composition-
ontrolled variation of the permeability and permittivity spectra
ay be utilized for tuning the ferrites’ properties through chemi-

al manipulation. Therefore, apart from the advantageous coupling
f the low-loss hexaferrites with strong uniaxial anisotropy to
icrowave signals [2], various compounds mainly based on pla-
ar Co–M, Co2–Z, Co2–W and Y-type hexaferrites are extensively
mployed for electromagnetic wave attenuation and interference
uppression [3–6]. Among them, the Ba(Sr)Co2Fe16O27 W-type
exaferrite, which displays the strongest in-plane anisotropy found
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for hexagonal ferrites [7], was used as the reference composition
in several solid solution series. Specifically, Ba(Sr)CoxZn2−xFe16O27
is undoubtedly the most widely studied W-type hexaferrite sys-
tem, since numerous works report on the intermediate substances
in an attempt to tailor their properties. Thus, it is inferred that the
Zn substitution for Co, at a suitable proportion, may enhance satu-
ration magnetization [7–10], and lead to the design of thinner and
superior microwave absorbers in terms of bandwidth and reflection
losses [11,12].

However, within the literature less attention was attracted
to the Ni substitution for Co or La for Sr in the SrCo2–W hex-
aferrite and particularly to the potential use of the resultant
compounds as electromagnetic wave absorbers. In fact, the unique
report on the electromagnetic characterization of hexaferrites
BaCoxNi2−xFe16O27 is confined to substitution rates 0 ≤ x ≤ 1.4
in the Ka frequency band (26.5–40 GHz) [13]. Regarding the La
containing Co2–W hexaferrites, there are few published studies,
which also solely refer to barium being substituted and either
reject or ignore the dependence of the complex permeability on
magnetocrystalline anisotropy [14,15]. The deficiencies of the rel-

evant research necessitate further examination of the anisotropy
transition from planar to uniaxial, which takes place at certain
substitution proportion, and its impact on the electromagnetic
behaviour. Hence, an attempt was initially made to fabricate pure
samples of the Ni and La doped SrCo2–W and deal with the insuffi-

dx.doi.org/10.1016/j.jallcom.2011.03.107
http://www.sciencedirect.com/science/journal/09258388
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ient available data concerning the variation of the static magnetic
roperties (Ms, Hc) and anisotropy with the concentration of the
ubstitution elements [16].

The scope of the present work is to complete the study of
he new hexaferrite systems Sr(Co, Ni)2–W and (Sr, La)Co2–W, by
nvestigating their electromagnetic properties in combination with
he measured static properties and by probing into their relation to
he magnetocrystalline anisotropy configuration. For this purpose
brief review on the essential theory-based formulations is also

rovided. The characterization of the dynamic properties of these
ovel materials renders more crucial since it enables the correla-
ion of their macroscopic electromagnetic performance with their
roperties on the microscopic, crystal level and the evaluation of
heir efficiency in microwave absorbing applications.

. Experimental

This study concerns the hexaferrite with the modified formula
r1.2Co1.9Fe15.8O27+ı (SC), which is used as the reference compound, and two
olid solution series of substituted ferrites, namely Ni doped compounds
r1.2Co1.9−xNixFe15.8O27+ı with x = 0.5, 0.95, 1.5, 1.9 (SN1, SN2, SN3, SN4) and La
oped compounds Sr1.2−yLayCo1.70Fe16O27+ı with y = 0.05, 0.10 (SL1, SL2). The
exaferrite samples were synthesized by the chemical coprecipitation method

rom nitrate salt precursors and are obtained as single phase with the exception of
N4 (Ni-spinel 2.8 wt%) after a composition optimization process [16].

For the microwave measurements composite samples containing 80 wt%
∼43 vol%) of the sintered ferrite powders in polymer matrix were prepared. Actu-
lly, the ferrites were mechanically mixed with commercially available high density
olyethylene micropowder and hot-pressed in an appropriate die to form toroidal
pecimens (outer diameter 7 mm, inner diameter 3.04 mm). The homogeneous dis-
ersion of the ferrite particles with size range of 0.8–10 �m in the polymer matrix
as verified by scanning electron microscopy observation. The composite rings
ere tightly fit in an N-type coaxial beadless airline and their S-parameters were
easured over the frequency band of 2–18 GHz with the coaxial line technique,

y using a full two-port calibrated HP8720C vector network analyzer. The desired
hicknesses of the samples were set approximately to 2.5 mm to fulfill the condi-
ions posed by the measurement method for the specific materials [17]. Eventually,
he complex relative permittivity (ε∗

r = ε′
r − jε

′′
r ) and permeability (�∗

r = �′
r − j�

′′
r )

f the composites were calculated from the S-parameters by implementing the
icolson–Ross–Weir method [18,19], including the airgap and sample position
orrections [17,20]. The relative uncertainties in the measurement of the electro-
agnetic properties were estimated as: ��′/�′′ = 2%, ��′′/�′′ = 3%, �ε′/ε′ = 3% and
ε′′/ε′′ = 15%. This is further displayed by adding in brackets the respective absolute

ncertainties of all the listed values.

. Theoretical background

.1. Magnetocrystalline anisotropy

Getting an insight into the electromagnetic properties of the
roduced compounds presupposes a review and clarification of
he theoretical basis, regarding the magnetocrystalline anisotropy
nd ferromagnetic resonance in hexagonal ferrites. Specifically,
he anisotropy originating from the hexagonal crystal structure is
escribed by the anisotropy energy density (Ea), which is conven-
ionally formulated as follows [21]:

a = k1 sin2 � + k2 sin4 � + k3 sin6 � + k4 sin6 � cos(6�) (1)

here �, � are the spherical coordinates of the magnetization vector
with respect to the z-axis lying parallel to the hexagonal c-axis

Fig. 1a) and ki are the anisotropy constants. The changes in the
agnitude and sign of ki constants, which depend on the compo-

ition, temperature and the type of the crystal lattice, interconnect
ith the variation of magnetic ordering and anisotropy. By carrying

ut a mathematical analysis of the phenomenological definition of
he energy Ea, in the common case where the sixth order constant

4 is neglected, three possible types of anisotropy are discerned as
orresponding to minimum energy directions, namely the uniaxial
easy magnetization c-axis), in-plane (easy a–b plane) and coni-
al (easy conical surface) [22]. The anisotropy energy is usually
uantified by the anisotropy field Ha, expressing the stiffness of
Fig. 1. (a) Potential anisotropy configurations (easy magnetization plane–cone-
axis) and (b) estimated anisotropy fields variation with Co content.

magnetizing single crystals to saturation along the difficult mag-
netization directions, which for the case of uniaxial anisotropy is
found:

Ha = 2k1

�0Ms
, k1 > 0 (2)

and for planar it becomes:

Ha = −2k1 − 4k2 − 6k3

�0Ms
, − 2k1 − 4k2 − 6k3 > 0 (3)

where Ms is the saturation magnetization.
Concerning the planar hexaferrites, while the compounds

Zn2–Y, Ni2–Y or MnZn–Y display no pronounced anisotropy in the
basal plane [23–25], the addition of Co2+ ions in other types of hex-
aferrites (W- and Z-type) has a marked influence on their in-plane
anisotropic configuration [26]. Specifically, in ferrite compounds
with even a relatively small Co content it is found that the constant
k4 should be taken into account as well. In this case, the term k4
sin6� cos(6�), found in Eq. (1) of the anisotropy energy E , is respon-
a

sible for the existence of a six-fold anisotropy on the a–b plane.
Actually, since the anisotropy is additionally dependent on the
angle � on the basal plane, the energy Ea (�, �) is interestingly min-
imized for � = n�/3 (n = 0, 1, 2,. . .) and � = �/2 or � = �c, where �c =
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in−1

{[(
−k2 ±

(√
k2

2 − 3 (k3 + k4) k1

))
/3 (k3 + k4)

]1/2
}

. Con-

equently, the preferred magnetization directions coincide with six
quivalent axes separated by angles of 60◦, which lie on the a–b
lane or on the lateral surface of a cone with an angle � = �c to the
-axis (Fig. 1a).

Similarly to the anisotropy field Ha, the fields H� and H� are
efined as measures of the stiffness of in-plane and out-of-plane
agnetization rotation, respectively. When the easy magnetization

irections are situated on the a–b plane (� = �/2) the anisotropy
elds may be given as:

H� = −36k4

�0Ms
, k4 < 0

H� = −2k1 − 4k2 − 6k3 − 6k4

�0Ms
, 2k1 + 4k2 + 6k3 + 6k4 < 0

(4)

hile versions of Eqs. (2)–(4) appear in previous studies, it should
e underlined that no respective equation has been formulated for
ny case of conical anisotropy (� = �c). Besides, the possibility of the
asy axes lying on a conical surface has not been raised elsewhere.

In general, the temperature and composition variation yield the
pin reorientation transition between the aforementioned states
f magnetic ordering. Thus, the W-type hexaferrites of the system
oxZn2−x–W exhibit the sequence of orientational phase transi-
ions axis–cone-plane of easy magnetization with the increase of
o2+ concentration at room temperature, where the cobalt content
was found to promote the conical anisotropy when it varies in

he range 0.7–0.9 [27] or 0.5–0.7 [10]. However, the existence of
he intermediate preferred cone of easy magnetization is ignored
n other studies of the systems CoxZn2−x–W [7,9] and CoxNi2−x–W
28]. From the general calculated magnetic phase diagrams [27] it
s inferred that the axial anisotropy practically changes when the
rst order constant k1 gets negative, since k2 and k3 are small com-
ared to k1 at room temperature. The minimization of

∣∣k1

∣∣ in the
icinity of the phase transition results in the minimization of the
nisotropy fields Ha and H� according to the Eqs. (2)–(4). Specially
or the hexaferrite systems containing Co a qualitative diagram of
nisotropy fields variation with Cobalt concentration is suggested
n Fig. 1b, based on anisotropy measurements [10,29]. The observed
rend of H� is attributed to the decrease of the negative constant k4
ith Co [7].

Regarding the particular hexaferrite systems under study, past
nisotropy measurements and calculations were only performed
n the end member hexaferrites. Hence, polycrystalline samples
f SrCo2–W and Ba(Sr)Ni2–W were separately investigated and
he anisotropy fields H� and Ha were measured to be 2.8 kOe [30]
nd 11.8–14.9 kOe [30–33], respectively. Nevertheless, there are no
irectly comparable values of the in-plane anisotropy field H� for
a(Sr)Co2–W ferrite or any information at all about the anisotropy
eld values of the La doped Ba(Sr)Co2–W ferrite reported in the

iterature. Still, individual studies showed that H� is 2 to 10 times
maller than H� [7,10] and clear evidence are given of the decrease
f H� with the addition of La in Ba(Sr)Co2–W [16]. This qualitative
nd quantitative assessment of the magnetocrystalline anisotropy
nd spin orientation transition is rather crucial for the study of
errites’ electromagnetic behaviour since the ferromagnetic reso-
ance and permeability spectra are decisively conditioned by the
nisotropy configuration.

.2. Dynamic magnetic properties
The ferromagnetic resonance, as a response of ferromagnetic
aterials to ac excitation, is the most important loss mechanism

t microwave frequencies. This macroscopic phenomenon occurs
t the characteristic frequency fR which is mainly determined by
and Compounds 509 (2011) 6609–6615 6611

the magnetocrystalline anisotropy of the samples. Assuming a six-
fold in-plane anisotropy arrangement (x–y plane) and the x-axis
being the reference easy magnetization direction of the material,
the resonance frequency is derived from the equation:

fR = �

2�

√
[H� + (Nz − Nx)Ms][Hϕ + (Ny − Nx)Ms] (5)

where H� and H� are the anisotropy fields defined in Eq. (4), � is
the gyromagnetic constant and Nx,y,z are the demagnetizing fac-
tors. The definition of Eq. (5) stems from two seemingly different
formulations [24,25], which coincide if we equate the orthogonal
(x, y, z) coordinate system to the (a, b, c) crystallographic sys-
tem and consider the proper signs of the anisotropy constants ki.
Similarly, for a material with axial anisotropy where z-axis is the
preferred magnetization direction and by applying the appropriate
axes transformation, the resonance frequency is given by:

fR = �

2�

√
[Ha + (Ny − Nz)Ms][Ha + (Nx − Nz)Ms] (6)

As concerns the complex permeability �*, which originates from
the precession of magnetic moment under an ac magnetic field, it
also exhibits strong dependence on the anisotropy. In fact, for the
static permeability �′

s of isotropic polycrystalline samples the fol-
lowing expressions were obtained [1]: �′

s − 1 ∝ M2
s /k1 for uniaxial

anisotropy and �′
s − 1 ∝ Ms/Hϕ, for planar anisotropy. Since the

imaginary part of permeability �′′ is proportional to the static mag-
netic susceptibility 
′

s = �′
s − 1 [4] a similar relation to anisotropy

is expected. That was expressed in previous studies of hexafer-
rites with axial [34] and planar anisotropy, where additionally the
complex permeability spectrum was found to be dominated by its
component on the basal plane [35,36].

4. Electromagnetic properties

The electromagnetic properties of the composite samples filled
with the Ni and La substituted SrCo2–W ferrite powders were mea-
sured in the frequency range 2–18 GHz. Since the macroscopic
constitutive properties of the composites are dominated by the
respective intrinsic properties of the ferrite filler, this investigation
elucidates the relative trends in properties of the powders in con-
nection with their chemical composition. Moreover, the knowledge
of the complex permittivity and permeability further facilitates the
direct assessment of the performance of practical planar devices
employing the specific composite materials.

4.1. Complex permittivity

Initially, the complex permittivity ε*(f) spectra of the compos-
ites show practically no frequency dispersion effects. The lossy
part of permittivity ε′′, especially of the Ni doped samples, is not
appropriate for extracting reliable conclusions due to the high fluc-
tuation compared to the low level of the recorded values (from
0 to 0.16). On the other hand, the real part of permittivity ε′ for
the two series of substitutions appears to increase with the Ni
and La content, as it is displayed in Fig. 2 a and b. The absolute
uncertainty of this measurement is approximately 0.2, while the
observed distances between the upper and the lower curves are
further apart. Therefore, the specific sorting order of the ε′ data
series, which is retained throughout the monitored frequency band,
cannot be ignored. Actually, this trend is justifiable, as in the Ni
containing ferrites the oxidation mechanism Ni2+ ↔ Ni3+ occurs in

addition to the common reduction mechanism Fe3+ ↔ Fe2+ [37].
Likewise, the La3+ substitution for Sr2+ in hexaferrites is associ-
ated with a valence change of Fe3+ ions through the indicative
reaction Sr2+ + Fe3+ → La3+ + Fe2+ [15,38,39]. Thus, both substitu-
tion elements are expected to induce an increase of the electric
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decreases with the Ni substitution for Co as both in-plane and
out-of-plane anisotropy fields diminish (H� and H� in Eq. (5)),
reaches a minimum when the anisotropy fields are minimized and
then increases again as the axial anisotropy develops and keeps

Table 1
Magnetic loss peaks of the hexaferrite system Sr(Co, Ni)–W.

Sample Ni f {�′′
max} [GHz] �′′ (f)
ig. 2. Real part of permittivity ε′ spectra for the composites of the hexaferrite
ystem: (a) Sr(Co, Ni)–W and (b) (Sr, La)Co2–W.

ipoles concentration due to the local charge imbalance, which
nhances the dielectric polarization through the dipolar-rotational
echanism. This finally yields higher dielectric constant for the

ubstituted compounds, compared to the undoped sample SC. As
n exception, the dielectric properties of the fully substituted fer-
ite SN4 seem to be inferior to sample SN3, possibly because of
he traced spinel NiFe2O4 impurity (∼2.8 wt%). Moreover, it is
uggested that even a small La proportion suffices to exceed the
aximum permittivity achieved with Ni doping, which probably

rises from the additional dipoles due to the physical dissimilari-
ies between Sr and La, in terms of their valence, atomic weight and
onic radius.

.2. Complex permeability

Figs. 3 and 4 depict the measured complex relative permeability
pectra ((a) real part �′ and (b) imaginary part �′′) of the samples,
hich are determined by the intrinsic properties of the magnetic
ller and most of which present the typical damped ferromag-
etic resonance dispersion of composite ferrites. Since the ferrite

owders employed comprise mainly multiple magnetic domain
articles [16], a significant additional contribution of the domain
all resonance to the permeability is also anticipated. However,

his phenomenon is located at frequencies lower than the specific
esting frequency band (2–18 GHz).
Fig. 3. Complex permeability spectra (�* = �′ − j�′′) for the composites of the hex-
aferrite system Sr(Co, Ni)–W.

With regard to the system of Ni doped hexaferrites
Sr1.2Co1.9−xNixFe15.8O27+ı, the addition of Ni induced an initial
decrease of the frequency of maximum losses f {�′′

max}, originating
from the ferromagnetic resonance, down to 5.8 GHz followed by an
increase to 7.5 GHz, as it is shown in Table 1. For higher Ni content
(x ≥ 1.5) the materials exhibit harder magnetic characteristics and
the �′′ peak is believed to appear at frequencies above 18 GHz.
This observation is in accordance with the measured coercivity
Hc [16], both indicating the occurrence of anisotropy transition
for Ni content between 0.5 and 0.95, as it is described in Fig. 1b.
Thus, the frequency f {�′′

max} of the planar hexaferrite sample SC
SC 0 16.7 0.48 (3)
SN1 0.50 5.8 0.85 (2)
SN2 0.95 7.5 0.58 (2)
SN3 1.50 >18 –
SN4 1.90 >18 –



C.A. Stergiou, G. Litsardakis / Journal of Alloys and Compounds 509 (2011) 6609–6615 6613

F
a

s
p
w
3

i
d
p
u
c
a
p
p
l
t
m
a

f
f
f
r
o
[

Table 2
Magnetic loss peaks of the hexaferrite system (Sr, La)Co2–W.

Sample La f {�′′
max} [GHz] �′′ (f)

is in direct contradiction to what is reported in [14], where the
specific high La doping is declared not to have any impact on the
magnetocrystalline anisotropy of BaCo2–W ferrite.
ig. 4. Complex permeability spectra (�* = �′ − j�′′) for the composites of the hex-
ferrite system (Sr, La)Co2–W.

trengthening (Ha in Eq. (6)). The absence of any resonance-related
eak in the 2–18 GHz band for the highly Ni doped W hexaferrites
ith x = 1.5 and 1.9 agrees with its location at the frequencies

2–37 GHz for BaNi2–W [13,33].
By comparing the complex permeability values at f {�′′

max}, an
ncrease is noticed from x = 0 to 0.5 and thereafter �′ and �′′ are
egrading. Taking into account the measured Ms of the respective
owders [16] and the dependence of the permeability on the sat-
ration magnetization and anisotropy fields, it is inferred that the
omposites with x = 0.5 and 0.95 exhibit correspondingly in-plane
nd axial anisotropy weaker than that of the planar undoped sam-
le SC. Besides, SrCo2–W compound was found to have the highest
lanar anisotropy among hexaferrites [7]. Hence, the maximum

osses among the system Sr (Co, Ni)–W, which are recorded for
he composite SN1 with x = 0.5, are attributed to the simultaneous

inimization of the anisotropy on the easy magnetization surface
long with the retention of strong saturation magnetization.

The complex permeability �*(f) measurements of the hexa-
errite system (Sr, La)Co2–W (Fig. 4) reveal the decrease of the
requency f {�′′

max} of the composite materials with La gradually

rom 16.7 to 11.8 GHz (Table 2). The addition of La in hexafer-
ites is known to correlate with the enhancement of the first
rder anisotropy constant k1 through the formation of Fe2+ cations
40–42]. For low La doping in the planar hexaferrite SC the constant
SC 0 16.7 0.48 (3)
SL1 0.05 14.6 0.61 (2)
SL2 0.10 11.8 0.66 (2)

k1 is expected to increase yet remaining negative, thus diminish-
ing the magnitude of the out-of-plane anisotropy H� (Eq. (4)) and
possibly of the in-plane anisotropy H� too. Consequently, lowering
of the frequency of the maximum losses occurs according to the
Eq. (5). The initial weakening of the anisotropy with the La content
is consistent with the reduction of the measured coercivity [16],
and apparently accounts for the observed decrease of f {�′′

max} in
La doped BaCo2–W hexaferrites as well [15]. The recorded shift of
the �′′ peak with the addition of La in the samples under study
Fig. 5. Precession of magnetic moment M assuming (a) uniaxial anisotropy (easy
z-axis) and (b) planar anisotropy (easy x-axis).
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The La substitution for Sr in SrCo2–W hexaferrites also effects an
ncrease of maximum losses, as it is noticed in Fig. 4 and Table 2. This
iscernible rising of �

′′
max cannot be fully ascribed to the measured

agnetization variation, therefore gives additional clear evidence
f the decrease of the in-plane anisotropy H� . Finally, in both sub-
titution series Sr(Co, Ni)–W and (Sr, La)Co2–W the competitive
ehaviour between the permeability and the resonance frequency

s displayed, in accord with the well known Snoek’s law and the
ecently stated constraints for the dynamic properties of compos-
tes containing planar hexaferrites [43,44].

. Discussion

The investigation of the complex permeability spectra puts in
vidence that, contrary to the widely held view, the demand for
trong magnetic polarization and losses is satisfied to a higher
xtent away from the typical planar anisotropy arrangement.
pecifically the existence of the six equivalent easy magnetization
xes on the basal plane and the nontrivial anisotropy field H� hin-
er the motion of the magnetic moment and induce an elliptical
recession, as it is depicted in Fig. 5 and has also been suggested in
45]. Hence, in pursuit of better soft magnetic materials the objec-
ive should rather be an isotropic easy magnetization surface than
ttaining the specific planar geometry. Although the actual angle
etween the c-axis and magnetic moment is a matter of dispute

n the literature for the Ba(Sr)Co2–W hexaferrites, the unimpeded
otion of the magnetic moment even on a conical-shaped surface

heoretically enhances the response of the material to ac excitation,
herefore increases the real and imaginary part of permeability �′

nd �′′ which originate from this magnetization mechanism.
This is the issue with the samples SN1 (Ni: 0.50) and SL2 (La:

.10), where H� is believed to be minimized just before the tran-
ition from planar to uniaxial anisotropy occurs. Thus, �′ values as
igh as 1.51(3) and 1.24(3) and �′′ up to 0.85(2) and 0.66(2) were
easured for SN1 and SL2, respectively. While there is no measure

vailable to assess the dynamic magnetic properties of the system
r(Co, Ni)–W, the (Sr, La)Co2–W system possesses comparable �′

alues and superior losses to the corresponding quantities of the
Ba, La)Co2–W system [15], despite the considerably lower filling
actor of the composites fabricated in the present study.

. Conclusion

New Ni and La doped SrCo2–W hexaferrites were investigated
n terms of their electromagnetic properties in the microwave fre-
uency range from 2 to 18 GHz. The complex permittivity spectra
emonstrate practically no variation in the specific testing fre-
uency band, while dielectric polarization appears to increase with
he Ni and La content, as a result of the enhanced dielectric dipoles
oncentration. Concerning the dynamic magnetic properties, the
bserved increase of �

′′
max and its shift to lower frequencies for

mall substitution rates consort with the inherent tendency of
oth substituting elements towards the transition from planar to
niaxial anisotropy. Actually, the main features spotted were the
ecrease of the characteristic frequency f {�′′

max} from 16.7 GHz
undoped SrCo2–W) to 5.8 GHz (Ni: 0.50) and 11.8 GHz (La: 0.10)
nd the increase of the magnetic losses �′′ from 0.48(3) (undoped
rCo2–W) to 0.85(2) (Ni: 0.50) and 0.66(2) (La: 0.10). Thus, both
errite systems enable the composition-controlled tuning of their
elatively strong loss peaks over a notably wide frequency range.
In addition to the characterization of the new materials itself,
his investigation summarizes and clarifies, where needed, the
xplicit dependence of the complex permeability features on the
tatic magnetic properties and magnetocrystalline anisotropy of
errites. Based on these formulations, it highlights the significance

[
[
[
[
[
[
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of the reduced in-plane anisotropy H� displayed by the com-
positions in the vicinity of the anisotropy transition, before the
appearance of uniaxial arrangement. In these compounds the min-
imized H� favours the unhindered motion of the magnetic moment
on a surface and causes �′ and �′′ to increase. Therefore, the basic
requirement for efficient soft ferrites is rephrased to exclude strictly
geometrical aspects and to focus on the existence of an isotropic
easy magnetization surface, possibly of conical shape.

In conclusion, an insight into the dynamic magnetic properties
of planar hexaferrites is provided and the design guidelines are set
in order to develop, not only efficient microwave absorbers, but
high permeability materials in microwaves as well. The present
research further indicates that the fabricated group of Ni and La
doped W-hexaferrite composites comprises lossy materials which
could be interestingly employed in the design of new microwave
absorbing structures particularly in the 6–14 GHz range.
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