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Magnetosensitive microwave absorption measurements of polycrystalline ferrite Ni0.35Zn0.65Fe2O4 was

carried out at 9.4 GHz (X-band) as a function of temperature. Temperature dependence of the total

linewidth (DHpp) deduced from the resonance spectra showed the passage through the Curie point

(Tc�430 K). Additionally, the plot DHpp vs. T also indicated the existence of another magnetic phase

transition at �240 K, which can be associated with a Yafet–Kittel-type canting of the magnetic

moments. Low-field microwave absorption (LFMA) and the magnetically modulated microwave

absorption spectroscopy (MAMMAS) were used to give a further knowledge on this material. For low

temperature, these techniques give evidence of a Yafet–Kittel-type canting of the magnetic moments.

& 2009 Elsevier B.V. All rights reserved.
1. Introduction

The nickel–zinc ferrite system, with nominal formula
Ni1�xZnxFe2O4 (0rxr1), is an important family of solid
solutions with a remarkable variety of magnetic properties and
applications [1,2]. Since zinc tends to occupy tetrahedral (A) sites
(Fig. 1), they are ‘‘normal’’ spinels with respect to Zn2 +, but the
nickel has some preference for octahedral (B) sites (Fig. 1), so they
are ‘‘inverse’’ spinels with respect to Ni2 +. For x=0, i.e. nickel
ferrite, A sites are totally occupied by Fe3 +, while B sites are
shared between Ni2 + and the remaining Fe3 +. As x increases, Zn2 +

enters A sites, Ni2 + decreases, and Fe3 + is distributed among the
two sites. This cation distribution leads to large variations in the
main superexchange interactions, i.e. A–O–B between A and B
sites, and B–O–B between neighboring B sites. For a small content
of Zn (x small), A–O–B interactions dominate and the system is
ferrimagnetic with a high Curie temperature (Tc�858 K for x=0),
while for x40.9, B–O–B interactions dominate and the ferrites
become antiferromagnetic (TN�9 K for x=1). These variations lead
as well to a large variety in all the intrinsic magnetic properties
(magnetization, crystal anisotropy, magnetostriction, etc.) [1,2].
ll rights reserved.

).
In addition, a Yafet–Kittel-type canting [3] of the local
moments has been proposed to explain a variety of experimental
observations such as neutron diffraction [4], magnetic circular
dichroism [5] and magnetoresistance [6] in ferrites. In particular,
for Ni1�xZnxFe2O4 ferrites with 0.5oxo1, a non-collinear
arrangement of the magnetic moments in the A and B sites is
expected at low temperatures [4,6]. Fig. 2 illustrates the Yafet–
Kittel-type canting, where the B sublattice could be split into two
sublattices B1 and B2 having magnetic moments equal in
magnitude and each making an angle aYK (Yafet–Kittel angle)
with the direction of the net magnetization. The Yafet–Kittel
temperature (TYK) is defined as the temperature at which the
angle aYK vanishes and a parallel arrangement of the B sites
appear (and therefore a collinear arrangement between A and B
sublattices); i.e. it is a transition from a Yafet–Kittel-type
magnetic ordering to ferrimagnetic ordering. In particular, we
have chosen Ni0.35Zn0.65Fe2O4 ferrite, because a magnetic
transition from a collinear structure to a non-collinear
arrangement of the magnetic moments is expected when
diminishing the temperature (with TYK5Tc) [4,6].

On the other hand, the ferromagnetic resonance (FMR) and
electron paramagnetic resonance (EPR) are powerful techniques
to investigate the nature of magnetic phases in materials at
different temperatures [7–12]. Both ferromagnetic resonance at
ToTc, and electron paramagnetic resonance at T4Tc, have been
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used to investigate Ni–Zn ferrites [7,13]. Recently, the magneto-
sensitive microwave absorption around zero magnetic field (low-
field microwave absorption, LFMA) has been observed in Ni–Zn [7]
and cobalt [14] ferrites. LFMA signal is absent in the paramagnetic
phase and emerges as the temperature is decreased below Tc. A
complementary method particularly well adapted to study
magnetic transitions is the magnetically modulated microwave
absorption spectroscopy (MAMMAS) [9,12,15–17]. MAMMAS
technique is based on the temperature variations of the
modulated microwave power absorption, and provides valuable
information about the nature of magnetic ordering [15–17].

In this paper, a systematic study of thermal variations of
magnetosensitive microwave absorption for Ni0.35Zn0.65Fe2O4

ferrite is presented. Resonance parameters allowed the detection
of the ferri-paramagnetic transition at �430 K, and an additional
magnetic transition at �240 K. LFMA results also allow to detect
the ferri-paramagnetic transition. For low temperature, LFMA and
MAMMAS techniques give evidence of the Yafet–Kittel-type
canting of magnetic moments in the B sites.
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2. Experimental details

Polycrystalline samples of Ni0.35Zn0.65Fe2O4 ferrite were pre-
pared by the coprecipitation method from aqueous solutions of
ZnCl2, Fe(NO3)3 �9H2O and NiCl2 �6H2O. An aqueous solution of
NaCO3 was used as precipitant agent. The chemical reaction was
carried out at 60 1C for an hour; the pH was kept �9–11. The
product was sintered at 1000 1C for 80 h. The X-ray diffraction
(XRD) of powder samples was obtained with a Siemens D5000
diffractometer using the 1.5406 Å Cu Ka line; XRD measurements
were made at 300 K.

The microwave investigations used a JEOL JES-RES 3X spectro-
meter operating at X-band (9.4 GHz) with 100 kHz modulation. All
microwave measurements were carried out in the 150–480 K
Fig. 2. Spin orientation on the A and B sites, for (a) the collinear and (b) the non-

collinear model, in Ni–Zn ferrites; where aYK is the Yafet–Kittel angle.

Fig. 1. Schematic representation of unit cell structure for Ni–Zn ferrites; where A

and B are tetrahedral and octahedral sites, respectively.
temperature range. In resonance spectra, the applied DC magnetic
field (Hdc) could be varied from 0 to 6000 G. LFMA measurements
were performed using a Jeol ES-ZCS2 zero-cross sweep unit that
digitally compensates any remanence in the electromagnet,
allowing the measurements to be carried out by cycling Hdc about
their zero value, continuously from �1000 to 1000 G with a
standard deviation of less than 0.2 G for the measured field.
MAMMAS signal was registered with an Hdc of 200 G together
with amplitude of the modulation field (Hmod) of 4 G and an
incident microwave power of 5 mW; a slow temperature sweep
(�1 K/min) was used. The complete scheme and details concern-
ing the experimental set-up for the MAMMAS and LFMA
measurements can be found elsewhere [16,17].
3. Results and discussion

Fig. 3 shows the XRD pattern of polycrystalline Ni–Zn ferrite.
All observed reflection lines were indexed as a single FCC
structure corresponding to spinel phase. In Fig. 4, we show the
resonance spectra (dP/dH vs. magnetic field) for a few selected
temperatures. It can be observed that resonance spectra exhibit a
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Fig. 3. XRD pattern of polycrystalline sample of Ni0.35Zn0.65Fe2O4 ferrite.
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single broad signal in the entire temperature range, a change in
their lineshape and a shift in resonant field (Hres) are observed
when increase the temperature. Starting from low temperature,
the asymmetric signal (FMR-mode) gradually changes to a
symmetric signal (EPR-mode) with the increase of the
temperature, where this change is associated with the Curie
transition; i.e. the evolution from ferromagnetic resonance to
paramagnetic resonance can be used to determine the Curie
temperature (Tc), as we have shown recently in ferrites [7] and it
has also been used in the case of the ferrite composites [13].

In a polycrystalline material, the resonance condition for FMR
signal is expressed as [18]:

o¼ gHres ð1Þ

where o is the angular frequency (o=2pf), g is the gyromagnetic
ration (g=egeff/2m) and Hres is the resonant field, Hres=Hdc+Hi;
where Hi is the effective internal field which can be due to many
factors (anisotropy—K1, magnetization—MS, porosity—p, eddy
currents—e, and inhomogenous demagnetization—id), and they
are given according to the modified equation by Schlomann [19]:

Hi ¼ �
K1

2MS
þ4pMS

p

1� p
þHeþHid ð2Þ

For a system of randomly oriented crystallites of a magnetic
material, we have like a first-order approximation that Hi=�K1/
2MS, i.e. the contribution of the anisotropy field is dominant; with
the presence of a large anisotropy field each grain resonates
independently, and therefore the resonance curve is a broad
envelope of individual grain resonances. In the ferrimagnetic
order the internal field is added to the applied field and the
resonance condition is reached at low values of Hdc, in contrast, in
the paramagnetic region, Hi=0 and Hres=Hdc; i.e. when increasing
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Fig. 5. Temperature dependence of (a) the resonant field (Hres) and (b) the total

linewidth (DHpp) in the 150–480 K temperature range. The inset of Fig. 5(b) shows

the temperature dependence of dDHpp/dT in the 150–300 K temperature range. The

curves connecting points are only guides for the eye.
the temperature, see Fig. 5(a), the progressive disappearance of
internal field is associate with the lost long-range order.

Srivastava and Patni [20] modified Eq. (2) to indicate all
contributions at total linewidth (DHpp), and it can be due to many
factors particularly in powder samples such as: the magnetiza-
tion, the sample porosity, the grain size and relaxation times. DHpp

variations are caused by microscopic magnetic interactions inside
the material, mainly the inter particle magnetic dipole interaction
and the superexchange interaction. The spin–spin relaxation
process is the energy difference transferred to the neighboring
electrons and it plays an important role in limiting linewidth;
where the behavior of the relaxation time is converse to DHpp.

In Fig. 5(b), the decrease in DHpp as temperature increases can
be explained as due mainly to the weakening of the magneto-
crystalline anisotropy as T approaches Tc [21]. The transition
appears as an inflection point in plot of DHpp as a function of
temperature, as is shown in Fig. 5(b) for our ferrite. The inflection
point at Tc�430 K is associated with the ferri-paramagnetic
transition, this value is in a good agreement with the already
reported [22], and that we confirm directly by means of magnetic
measurements. Fig. 6 shows the thermal variation of the initial
permeability (mi) and the saturation magnetization (MS) through
the Curie point. At Tc the long-range magnetic order is completely
lost except for some short-range order islands in the material that
contribute strongly in the broadening of EPR line. As temperature
is increased further into the paramagnetic state, these short-range
order islands rapidly decrease in number and size and thus, a
narrow and symmetric EPR line is observed at T4460 K.

For the 150–300 K temperature region, Fig. 5(b), a second
change in slope at Tp=240 K is observed, this inflection point is
more apparent in the plot d(DHpp)/dT vs. T and it is shown as a
minimum at Tp; see the inset of Fig. 5(b). There are two possible
explanations for this behavior. The first possibility is that a
ferromagnetic impurity in the form of a second phase, with a
Curie point close to 240 K and a significant concentration, could
explain this behavior; but the DRX spectrum does not show the
presence of a second phase. A more sound explanation of this
behavior can be attributed to a change in the relative orientation
of magnetic moments in A or B sites for this temperature region;
i.e. a non-collinear arrangement of the magnetic moments is
expected in Ni–Zn ferrite, and that we interpret as a Yafet–Kittel-
type canting (Fig. 2); but more evidence is gathered below.

Recently, we have shown that the changes in the FMR/EPR
parameters due to magnetic phase transitions can also be
detected by MAMMAS measurements [8,9,12,15,17]; where the
changes in microwave absorption regime can be associated with
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changes in the absorption dynamics of the magnetic moments,
due to a magnetic phase transition [17]. MAMMAS response in the
120–300 K temperature range is shown in Fig. 7, in an attempt to
look for a change in microwave absorption due to a magnetic
phase transition at low temperature. Starting from room
temperature (300 K), as the temperature is decreased, the
microwave absorption decreases continuously and it reaches a
minimum value at Tmin=240 K. It is followed by an increasing
trend in microwave absorption when temperature continues to
decrease. This dynamics indicates that a new magnetic process
sets-in, and it starts at T=TminE240 K, in a very good agreement
with the FMR results. This temperature dependence of MAMMAS
response can be understood in terms of a dynamic behavior of
magnetic spins. It reveals that for this temperature range, the
population of a new kind of absorbing center increases
considerably, due to a change of the magnetic coupling; and
which it also was suggested from FMR measurements.
Additionally, this profile shows that this change appears
progressively as temperature is diminished, i.e. it is not a sharp
change as could be expected from a structural phase transition.
We associate this behavior with a change in the orientation of
magnetic moments in A or B sites, which gives rise to a change in
microwave absorption dynamics, due to changes in magnetic
correlations at ToTmin; promoting a Yafet–Kittel-type canting of
the magnetic moments in B sites.

For Ni0.35Zn0.65Fe2O4 ferrite, the part of the interaction energy
involving the Yafet-Kittel angle in the molecular-field approxima-
tion can be written as [4]

EYK ¼ ½1:23aþ14:44b�cosaYK

�½0:12gþ17:02dþ2:89eÞ�cos 2aYK ð3Þ

where a, b, g, d and e are the molecular-field constants that
represented the interactions between the A(Fe)–B(Ni), A(Fe)–
B(Fe), B(Ni)–B(Ni), B(Fe)–B(Fe), and B(Fe)–B(Ni) sites, respectively.
Since the MAMMAS response is related with the microwave
power absorption [10,17] and therefore with its energy, we carried
a fitting of this response with a similar expression to Eq. (3) for
TrTmin, as a first approximation:

MAMMAS response¼ � 0:39cos½1:81ð240� TÞ�

�0:06cos½2�1:81ð240� TÞ�þ0:12 ð4Þ

An extremely good fitting is obtained for the 146–240 K
temperature range, as is shown in Fig. 7, where we have assumed
that the Yafet–Kittel angle possesses a linear relationship with
temperature. In Table 4 of Ref. [4] it appears that, for a
composition similar to the one that is studied here, the relation-
ship between the Yafet–Kittel angle and the temperature is
effectively linear for a temperature range close to the Yafet–Kittel
temperature, and then deviates for low temperatures. MAMMAS
profile in Fig. 7, starts to differ from our fit for To146 K, which
indicates that the relationship between the Yafet–Kittel angle and
the temperature is not linear for these temperatures, in good
agreement with Ref. [4].

The whole MAMMAS response depends on the thermal
dependence of the spin dynamics, and the intensity of this signal
follows the variations on the number of absorption centers (as is
suggested by the FMR parameters), in turn is controlled by the
establishment of the Yafet–Kittel-type canting of magnetic
moments in the B sites at low temperature.

We turn now to LFMA results. Fig. 8 shows LFMA spectra for
154–430 K temperature range. LFMA signal disappears completely
at T4Tc, see Fig. 8(a), when the long-range order disappears; we
can therefore state that LFMA signal is strongly associated with
magnetization processes of magnetic phase. For 239 KoTrTc,
LFMA signal exhibits two antisymmetric peaks about zero magnetic
field, with the same phase to FMR spectra (which we call signal 1),
where a clear hysteresis of this signal appears on cycling the field.
For this temperature range, the peak-to-peak value (the difference
in magnetic field between maxima and minima peaks—DHLFMA)
increase slightly when the temperature decreases, as can be seen in
Fig. 9; this behavior indicate an increase in the ferromagnetically
coupled superexchange interactions in the sample, and that we
associate it with the collinear arrangement of B sites.

For Tr239 K, a new LFMA signal (signal 2) is clearly observed
in Fig. 8(b). This signal is also centered at zero magnetic field, but
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it exhibits a phase opposite with regard to the signal 1, i.e. with
the phase contrary to FMR spectra. This opposite phase (out-of-
phase) indicates that the microwave absorption has a minimum
value at zero magnetic field, in contrast to the maximum value for
signal 1, suggesting a different absorption nature. An out-of-phase
signal has been recently observed in ferromagnetic materials [23–
25], and we suggest that the signals 1 and 2 are due to absorbing
centers with different magnetic ordering. The signal 2 increases
with decreasing temperature, starting at Tr239 K, with a broaden
of DHLFMA when temperature decreases, as is shown in Fig. 9. For
this same temperature region, DHLFMA of signal 1 increases
continuously with temperature decrease, but now with a higher
change rate; this quick broaden might be due to a build-up of
short-range magnetic correlations preceding to a magnetic
transition. For 154 K, the signal 1 has become practically
negligible. The previous dynamics can be attributed to the
presence of two different kinds of absorbing centers, and which
have a strong magnetic interaction among them. The whole
behavior of signals 1 and 2 can be related with a change in the
relative orientation of magnetic moments, between the A and B
sublattices of the magnetic structure. For the above-mentioned,
we propose that the magnetic transition at low temperature is due
to the Yafet–Kittel-type magnetic ordering of the moments in the
B sites, with an onset temperature TYK=240 K; i.e. for ToTYK the
parallel arrangement of the B sites is modified, and a non-collinear
arrangement of the magnetic moments in the A and B sites
appears, leading to a change in the microwave absorption regime.
4. Conclusions

We have shown that the resonance measurements exhibited
the evolution of the resonant absorption from FMR to EPR, when
the temperature varies through Curie point (Tc=430 K). Addition-
ally, the FMR parameters indicate the existence of another
magnetic phase transition to TYK=240 K, which can be associated
with a Yafet–Kittel-type magnetic ordering. MAMMAS and LFMA
measurements give evidence of a Yafet–Kittel-type magnetic
ordering at low temperature, with a very high detection
sensibility.
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