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Magnetic ordering and domain-wall relaxation in zinc-ferrous ferrites
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The magnetic data and permeability spectra of the Zn, Fe, „04 system have been obtained for x = 0, 0.2, 0.4,
0.6, and 0.8. The observations indicate existence of a Yafet-Kittel type of magnetic ordering in the mixed
ferrites. The permeability spectra have been analyzed in terms of processes involving domain-wall translation
and domain rotation, The analysis shows that the ratio of the resonance frequency to the relaxation frequency
for domain translation decreases monotonically as the zinc concentration is increased.

I. INTRODUCTION

Ferrous zinc ferrites have appreciably higher
saturation magnetization compared to NiZn and
MnZn ferrites and can be used with advantage in
several applications where high values of 4',
are required. However because of preparation
difficulties these have not so far been cornrner-
cially exploited. This probably also explains the
fact that only a few data on these ferrites are
available in literature. ' ' A successful method
for synthesizing these materials in large quan-
tities in a powder form was developed by Stuijts
et al. 4 using a technique which required a low
oxygen partial pressure. Appropriate proportions
of powders were mixed by them and fired first
for about 2 h at 1240 'C then at 1100 'C for 16 h
in pure nitrogen atmosphere. Chemical analysis
showed that the Fe" content was correct within
2 wt jo Magn. etic measurements on these sam-
ples showed that the magnetization varied
with zinc concentration and temperature in a
similar manner as in other zinc substituted
ferrites. Another method used by Dobson et al. '
consisted of heating an appropriate mixture
of the powder in evacuated sealed tubes at 950 "C

for 7 h. However pellets prepared by them in
a simila. r manner attained only 65'/& of the x-ray
density and hence the method was not suitable
for controlling the densification process. More-
over„ the estimated ratio of Fe" to Zn in some
samples was significantly different from the
theoretical value. Mossbauer studies along
with electrical-conductivity measurements were
carried out by Dobson et al. ' to investigate the
charge transfer process in these materials. Qn
account of the low density of the pellets which
were used for the measurement of the electrical
conductivity, they could not arrive at any meaning-
ful and unambiguous conclusion regarding the
mechanism of charge transfer. A detailed dis-
cussion of their analysis of the Mossbauer spectra
is given in the following paper' (hereafter re-
ferred to as II).

We have used the method of Stuijts et al. ' with
slight modifications to prepare large quantities
of these ferrites in pellet form with densities
exceeding 90% of the x-ray densities. The com-
positions Zn„Fe, „0,with x= 0, 0.2, 0.4, 0.6,
and 0.8 were obtained. Our measurements of the
saturation magnetization show the same variation
with zine concentration and temperature as ob-
served by Stuijts et al. 4 The variation of the
magneton number n~ with zinc concentration in
this system is similar in nature to that in the
NiZn ferrite system and existence of Yafet-
Kittel (YK) angles on the B site, observed in the
latter case, ' is strongly suspected. A molecular-
field analysis of the YK spin ordering using the
three-sublattice model is shown to explain the
experimental data satisf actorily.

Mossbauer studies on Zn„Fe, „0,have been
made at 77 and 300 'K. The room-temperature
spectra are found to be similar in nature to those
reparted by Dobson et al. ' and are discussed in
II. With large values of zinc concentration the
spectra show relaxation effects at values of
T/T, much less than 1. Such effects have also
been observed in other zinc substituted ferrites,
e.g. , I iZn, ' CoZn, ' and NiZn. " In a magnetically
ordered phase the occurrence of such relaxation
effects at temperatures significantly lower than
the Noel temperature has not been satisfactorily
explained. It will be shown in II that domain-wall
relaxation processes are responsible for the ob-
served Mossbauer line shapes in these cases. In
this paper we report our analysis of the observed
magnetization and permeability spectra, and in
II we will discuss the correlation between magne-
tic and Mossbauer relaxation processes.

II. EXPERIMENTAL

The specimens were prepared with analytical
reagent grade o. —Fe,O, (USSR) and ZnO (Merck)
in proper proportions to yield the desired com-
position on reduction. The powders were mixed
in a steel-ball mill along with methanol for 12 h.
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The mixed powders were dried and pressed into
disk-shaped pellets of diameter 17 mm and 5 mm
thickness at a pressure of 10 tons/in. ' The
pellets were stacked on platinum boats and placed
in the alumina tube of a horizontal silicon carbide
furnace. Gas-tight tubular connections at the in-
let and outlet of the alumina tube were provided
to allow continuous flow of pure nitrogen during
sintering. A small fraction of the inlet and the
outlet gas was alternately made to flow through a
zirconia cell to measure the oxygen content of
the gas (Fig. 1). The temperature of the furnace
was gradually raised to 1250 C in about 8 h.
Above this temperature, the oxygen content of
the outgoing gas was found to increase. The tem-
perature was raised till there was no further in-
crease in the rate of evolution of oxygen. This
generally occurred between 1250 and 1350 C.
The temperature was held constant at this parti-
cular value until the oxygen contents of the in-
coming and outgoing gases became equal. It was
then lowered to 1100 'C and held at this tempera-
ture for 16 h to homogenize the ferrite. To pre-
vent reoxidation the furnace was allowed to cool
in stationary nitrogen atmosphere.

All the samples were found to be single-phase
spinel by x-ray powder diffractometry. The
lattice constants have been determined using
Mo Ka radiation and are given in Table I. Chem-
ical analysis showed that the deviation of Fe'+
from the calculated value was within 2 wt% (see
Table I).

The variation of the magnetization with tempera-
ture studied from 77 'K to the Noel temperature
at a constant magnetic field of 7 kOe is shown in
Fig. 2. The calculated values of the magneton
number are given in Table II. These results are
in broad agreement with those of Stuijts et al. 4

but there are some differences. The Noel tem-
peratures for all the compositions are signifi-
cantly higher than those reported by them though
the values of magnetization at 77 and 300 K in the
two cases do not differ by more than 2%.

The permeability spectrum was obtained using
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I. Purification crf N2
2. Vacuum pump
3. Water cooled ~oints
4 Closed furnace tube
5 Water seal
6 Zirconia element
7 Recorder

FIG. 1. Schematic diagram of the furnace assembly
for sintering in gases with low oxygen content. Gas-
tight tubular connections at the inlet and outlet of the
alumina tube are provided to allow continuous flow of
pure nitrogen during sintering. A small fraction of the
inlet and the outlet gas is made alternately to flow
through the zirconia cell to measure the oxygen con-
tent of the gas.

a rf admittance bridge (Model 33A/1, Boonton
Electronic Corp. ) and a coaxial line test set up
(75 Q). The complex permeability was measured
at room temperature in the frequency range of
1-1000 MHz. The results are shown in Fig. 3.

III. ANALYSIS AND DISCUSSION

A. Lattice constant

The variation of lattice constant with zinc con-
centration is shown in Fig. 4 and is compared with
the results of Miyata' (obtained using single crys-
tals of Zn„Fe, ,O,). The agreement is fairly good.
The increase in lattice constant with increasing
zinc concentration is similar in nature to that in
the NiZn ferrite' system and is due to the larger
ionic crystal radius of Zn" (0.74 A) which on
substitution replaces Fe" (0.60 A) ion on the A
site.

B. Magnetization

The magneton number n~ at 77 and 303 'K has
been found initially to increase and then to de-
crease with increase in x as observed by Stuijts

TABLE I. Amount of Fe2+ present, from chemical analysis and calculated from formula, the

lattice constant, and bulk density for different values of x for Zn„Fe3 „04.

Fe + content (wt I())

Anal Calc.

Lattice
constant

Bulk
dens ity
(g/cm3)

Percentage
of x-ray
density

0.0
0.2
0.4
0.6
0.8

23.64
18.76
14.20
9.40
4.59

24.12
19~ 13
14.47
9.41
4 ~ 67

8.390
8.399
8.410
8.421
8.429

4.8
4.9
4.9
5.0
5.0

92.1
93.6
93.2
94.6
94.3
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et al. (Fig. 5). The general trend of magnetiza-
tion-versus-temperature curves (Fig. 2) for all
the samples also agrees with their observations.
However, there are some differences which arise
primarily from the fact that the Noel temperatures
for our samples are higher than those reported
by Stuijts et al. (Table II). In some case, like for
example x = 0.6, this difference is as large as
92 'C.

A similar variation of n~ with x has been ob-
served also" in other Zn substituted ferrites
like NiZn, CoZn, and MnZn. The variation in
the NiZn ferrite was thought earlier to arise due
to the presence of superparamagnetic clusters or
paramagnetic centers formed due to insufficient
magnetic linkages. " Recent neutron-diff raetion
measurements of Satya Murthy et al. ' and low-
temperature Mossbauer studies of Leung et al. '
do not support this proposal. In the neutron-dif-
fraetion studies the paramagnetic scattering

FIG. 2. Saturation magnetization (emu/g) as a function «
temperature for Zn„Fe3 „04 forx =0, 0.2, 0.4, 0.6,
and 0.8. The measurements have been made between
77 K and NeeI. temperature at a constant field of 7 kOe.

intensity was found to be much smaller than what
would be expected on this model, while the Moss-
bauer spectra at 7 'K showed that every single
composition between x= 0 to 1 was magnetically
ordered and there was complete absence of a
paramagnetic phase.

The ferromagnetic relaxation studies of the
NiZn system have been made by Srivastava
and Patni. " They observed that the ferromagnet-
ic linewidth AH dropped first from about 600 Oe
for Nipe, O, to 150 Oe for Nip 8Znp 2Fe 0@ and then
became almost independent of the zinc content.
The presence of a paramagnetic phase acts as
scattering center for spin waves from the uniform
mode to the degenerate manifold and the linewidth
is expected to increase approximately linearly
with the increase in Zn content. Thus there is no
experimental support for the cluster model from
ferromagnetic relaxation data also.

It is now believed that the change in magnetiza-
tion on zinc substitution occurs due to the presence
of YK angles in the spin system on the B site as
proposed by Satya Murthy et al. ' on the basis of
their neutron-diffraction measurements and later
confirmed by a number of other workers. ""'
On aeeount of several similarities between the
NiZn and the FeZn systems it is reasonable to
assume that Yafet-Kittel angles are present in
the latter system also. Our Mossbauer measure-
ments presented in II support this spin ordering
in the system.

The condition for the existence of YK angles in
the NiZn system has been investigated in the
moLecular-field approximation by Satya Murthy
et al. ' using a noncollinear three sublattice model.
In this model the molecular fields acting on vari-
ous ions in the FeZn ferrites are given by

TABLE II. Saturation magnetization per formula unit in Bohr magnetons at 77'K, the magne-
tization per gram at 303 K, and the Neel temperature for Zn„Fe3 „04. For comparison the
values of T~ obtained by Stuijts et +&. (Ref. 4) are also given. The values of the exchange con-
stants in 'K used in calculating e~ are as follows: 4~= —21; Ja ———28; J& ———10; 4&

———64;
&, = —24.

&gy (77'K)

a
(emu/g)
303 'K

('&)
Present

work

&, ( K)
Stuijts
et aL.

6'gK
(O.K)
Expt.

Q'yK

Calc.

0.0
0„2
0.4
0.6
0.8

3.9
4.7
5 4
4.8
2.9

91
108
100
71

6

875
788
732
624
335

00

24 29'
41.24'
61 17'

00

13 42'
27'24'
43'36
63 18'
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FIG. 4. Lattice constant in A as a function of zinc

content for Zn» Fe3» 04. For comparison the data
from Miyata (Ref. 3) has also been shown.

and N„ is the Avagadro's number, M and d are
the molecular weight and density, respectively,
of Zn„Fe, „0,. The molecular-field constants
relate to the following exchange interactions:

a: P(Fe") -B,.(Fe"),
P: A(Fe") -B,(Fe"),
y: B,(Fe") -B,(Fe"),
y'. B,(Fe") -B,(Fe"),
5: B,(Fe") -B,(Fe"),
O'. B,(Fe") -B,(Fe"),
e: B,(Fe") B,(Fe"),-

B,.(Fe") -B,(Fe"),
where i = 1, 2. We have, for example,

(1c)~= 2z~a;~u~+a &~ga; &a &

where J is the interaction between A(Fe") and

B,.(Fe"). z~, is the B, nearest neighbors to A,
E~. is the number of B,. ions per unit volume, p. ~'l

is the Bohr magneton, and g denotes the Landd
splitting factor. On physical grounds, we expect
Jz, Jz,J, to be close to J&., J~~, and J... re-
spectively, but they are not necessarily equal.
This is so since ZnFe, O, (for which only 5 and
5' exist) is magnetically ordered at low tempera-
tures and 5= 5' is not permissible in this case.
If Fe" and Fe" have moments of 4p, ~ and 5p. ~,
respectively, it can be shown that YK ordering
is possible provided

7
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FIG. 5. Magneton number nz (A, B, and C) and

Yafet-Kittel angles (D) as a function of x in Zn Fe~ „04.
A, Stuijts et al . , data at 5 K; B, present data at 77 'K;
C, present data at 303'K.

The molecular-field constants can be obtained
from the observed variation of the saturation
magnetization with zinc concentration. The ex-
change constants so obtained should be consistent
with the existing data on similar ferrimagnetic
systems. Detailed studies of the exchange inter-
actions in magnetite by Smart" and Callen" have
shown that J~ obtained on the two-sublattice
model is approximately -24 K. The constants
obtained on the two- and three-sublattice models
are related through

J„s= -', (4J„+ 5J 8) .

From the theory of superexchange interactions
the magnitude of both 180 d'-0-d' and d'-0-d' is
large. " According to Callen, "J & Jz, so we
have assumed the following values: J = -21 'K

and J& = -28 K. From the data on lithium ferrite, '
we have z'(Jz+ Z& )

- -10 'K. Assuming ZnFe, O,
to be antiferromagnetic" with T„= 15 'K, a two-
sublattice model calculation yields ~J ~ ~

—
~
J ~ ~- 0.5 K. Another calculation using the value

-40 'K for the Curie-Weiss constant 6~ for"
ZnFe, 04 yields the value of this difference be-
tween the exchange constants to be approximately
1'K. We therefore take J~= -10'K and J5.
= -11 K. Finally, we estimated the values of y
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and ~ from the best fit for the variation of satura-
tion magnetization with zine concentration. Using
the relation

ns = (9+ x) cosa„„—5(l -x),
where n~ has been expressed in units of Bohr
magneton, we obtain J& = -64 K and J, = -24'K.
As J

7
- JT a d 4, - Z, , we assume that the

primed values are the same as the unprimed
ones. The 90' Fe"-0-Fe" interaction is the
largest. This is supported by the superexchange
theory. The relative magnitudes of the exchange
constants are in agreement" with the existing ex-

perimental data on other oxides.
It is now possible to understand to some extent

the hitherto unexplained experimental observation
of Stuijts et a/. ' in Zn substituted ferrites about
the increase in magnetization with the increase in
external magnetic field. In presence of the ex-
ternal magnetic field Ho the energy is given by

H = =', g m,. ~
H& —P m& Ho.

Minimizing E yields the new equilibrium value of
n&„(H,) which is given by

2H, [(l —x)m, (Fe")+ (1+ x)m, (Fe")1
(H & d/M)'[16(1-x')y+ 25(l+ x)'5+ 40(1 —x')e] (5)

where n„„(0) is the YK angle in absence of the ex-
ternal magnetic field. Reduction in the YK angle
increases net magnetization. Calculations for
x= 0.'(I and H, = 90 kOe show that there would be
7% increase in the magnetization. This is small
compared to the observed value of 15/0 change by
Stuijts eg g).' This discrepancy could be due to
some transient effects in the measurement of
magnetization on account of the pulsed fields
employed or some errors in the absolute values
of exchange and molecular-field constants used
for the calculations.

C. Permeability spectrum

It is often convenient to consider the domains
and the domain walls as entities and to analyze
the permeability spectrum in terms of theix
dynamical response to external low- and high-
frequency magnetic fields. ' Veil-Coleiro et al. 2'

have shown that this approach is applicable for
the resonant motion of domain walls in yttrium-
gadolinium-iron garnets. %e briefly consider on
these lines the response function of the magnetic
system for rf excitations.

The usual equation of motion for domain walls
ls

m 2+/ i+Of a=2MH,
where m„ is the effective mass per unit area of
the domain wall, P is the damping constant, and
o. is the stiffness constant. A simple ealeulation
shows that"

m = [27ry,'5 (1+ H„/4vM, )] (6b)

n = 16vM, /l(go —1), (6c)

where 5„ is the thickness of the wall, H~ is the
anisotropy field, y, is the electronic gyromagnetic
ratio, M, is the saturation magnetization, p. o is

I

the initial permeability, and / is the thickness of
the domain.

The origin of the loss mechanism for domain-
wall motion in ferrimagnetic materials is still
not fully known. " In insulators these losses are
assumed to arise from the coupling of the spins
to lattice and to each othex and hence should be
given by the damping factor in the precessional
motion of the magnetization. In this case"

(6d)

X=X 2X (7a)

x' = x.[1 —(~/~. )'] /[(1 —~'/~,')'+ (~/~, )'],
(7b)

(7c)X,
"= x. (~/~, )/[(1 —~'/~.')'+ (~/~, )'],

where

~c = nw/~w ~

(u, = (n„/m )'~',

(7d)

(7e)

X 0
= A. M,/n (7f)

Here A. is the area of the domain wall. The com-
plex permeability is given by

V. = I' 3p"= (1-+ 4vX ) 24vx

For P„& 2(a m )'~', we obtain from Eg. (6a)

z = z,e "'sin(cu, t+ y, ), (»)
where ~„and 0 are the resonance and relaxation
frequencies respectively and tII), is an arbitrary
phase constant. Here

where A. is the Landau-Lifshitz damping constant.
For simplicity we consider only the 180 domain

walls. From Eg. (6a), the contribution from
domain-wall displacement to complex susceptibility
at frequency co is given by



SRIVASTAVA, SHRINGI, SRIVASTAVA, AND NANADIKAR

(Bb)

Q= P„/2m. . (Bc)

The probability for displacement of the domain
wall from one equilibrium position to another is
given" by ~„e ~~", where U is the height of the
potential barrier. For coo/Q»1, &u, is large and
the motion is free and undamped. On the other
hand, for ~,/0 - 1, the motion is critically
damped and as co„ tends to zero, the domain wall
remains bound to one position. For the inter-
mediate case, say, 2& uo/0 & 1, the domain wall
is likely to execute damped oscillations at the

position of equilibrium. From the study of the
permeability spectrum, it is possible to estimate
&u, and ~, using Eqs. (7a)-(Vf). The resonance
and relaxation frequencies are then obtained from
Egs. (Bb) and (Bc), respectively. From these
frequencies the response of the system to thermal
and electromagnetic perturbations can be obtained.

If a 180' domain wall executes an oscillation at
its equilibrium position a certain fraction p of
atoms experiences spin-reversal periodically.
We obtain p by a simple calculation. Since e„ is
the force per unit area, the force on an atom is
o,„a', where a is the lattice constant. The average
value of z' at temperature T, neglecting P, is

e
—(a~a2 N2 / var} d~

Now as p is proportional to 2(s') '~'/f,

p= c(4kT/u a'f')'~'

where c is a constant of order unity and depends
on the nature of the domain wall. We will show
in II that if p is not insignificant and the spin-
reversal frequency is greater than the nuclear
Larmor frequency, Mossbauer lines may have
the characteristic features of a relaxed spectra.

We have considered so far the contribution from
the domain-wall translation to the magnetic sus-
ceptibility. To include also the contribution from
the domain rotation the susceptibility tensor with
diagonal and off-diagonal elements has to be intro-
duced.

Taking the simplest case of the uniaxial magnet-
ic anisotropy, we obtain

where K, is the first-order anisotropy constant.
In presence of an externally applied rf field of
frequency ~, the contribution to the tensor sus-
ceptibility is readily obtained, and the diagonal
element is given by"

I II
XXX XXX 2 XXX

1 &o v&u r [(+,7)' —(&uv)'+ 1]
4& [(~,r)' —((uv)' —1]'+ 4((u, v)' '

1 (u 7[((u„r)'+ ((ur)'+ 1]
4m [((o,r)' - ((o7)'-1]'+ 4(~,v)' '

where &u = y, 4aM„&u, = y, {H,'„), and 7 is the
relaxation time for the domain rotation. The
total susceptibility is given adding the contributions

from domain translation [Eq. (9)] and domain
rotation [Eq. (11)].

The results of the study of permeability spectrum
are given in Fig. 3. These have been analyzed
in terms of the domain displacement and rotation
processes as discussed above. In Table III are
given the observed resonance frequencies (lop,

e, , and 0 related to the domain oscillation. Also
given are the ealeulated values of co, , the reso-
nance frequency for the domain rotation. To ob-
tain e„use was made of the data on anisotropy
constant obtained by Miyata. ' Since cu, was large
compared to ~p in all cases, the dissipation part
of the permeability spectrum in the region of dis-
persion was assumed to have contributions
mainly from the domain wall displacement. In
Fig. 6 is shown the computed curve for Zn, ,Fe, ,o,
obtained from Etl. (7) using &u, = 20 MHz and

co, = 18 MHz. The agreement with the experi-
mental data is satisfactory. Similar agreement
was observed in each case. The broad resonance
just after the domain-wall resonance in Fe,O,
spectrum was identified as the dimensional
r esonance. The contribution to susceptibility
from domain rotation was found to be small and
this (within the range and accuracy of our mea-
surement) could not be obtained precisely. There
is, however, clear indication about its presence
in the spectrum of Zn, ,Fe, ,O, .

For x = 0 and 0.2 we find that to,/0 & 2. For
these cases the domain wall is expected to be
relatively free and would move from one position
to another under thermal excitation. On the other
hand, for x& 0.4, ~,/0 lies between 2 and 1. For
these cases we expect that the motion is damped
and the domain wall would be bound to its equilib-
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TABLE III. Observed characteristic frequencies (see text) for domain oscillations and the

calculated resonance frequencies for domain rotation for Zn Fes „04. The values of anisotropy

constant have been taken from Hef. 3.

Domain osc illation
Ed~ 0

(MIIz) (MHz)

10'X,
(erg/c m3)

Domain
rotation

(de

(MHz)
Calc.

0.0
0.2
0.4
0.6
0.8

30
30
50
20
40

7.5
6

25
11
40

14
8
2.5
1.0
0.1

640.7
302.5
102.0

56.3
62.0

1790
845
285
155
175

22OO

0.6 2.&oa

THKORKTIC*L CURVK

KXPKRIMKNTAL POINTS
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I60

l40
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60

4O
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IOOO

FIG. 6. Computed permeability spectrum (dissipative
part) „ for Zno 6Fe2 464 with v 0

= 20 MHz and co~ = 18 MHz

I see text, Eqs. (Vc) and (7g)].

rium position. As discussed in II thermal excita-
tions of these oscillations will change the shape
of the Mossbauer lines significantly. This has
been observed in the Mossbauer spectra of these
samples and is reported in II. The permeability
data therefore helps here to account for the ob-
served change in the Mossbauer line shape as the
zinc concentration is vaxied in Zn„Fe, „04.

From Eqs. (6c) and (81) the relaxation frequency
0 is directly proportional to A, , If the main con-
tribution to A, comes from the anisotropy field,
it would approximately vary linearly~ as K,'/M', .
This has not been observed. It then follows that
contributions from other souxces should also be
considered. Alternately, it may also happen that

A. for the process of domain translation may not
be the same as the one obtained by the convention-
al resonance experiment. More observations are
required to resolve this issue.

IV, CONCLUSION

The Zn, Fe, „0,ferrites were prepared in pellet
form using a low oxygen partial pressure tech-
nique. The observed variation of the saturation
magnetization with zinc concentration has been
explained on the basis of the existence of Yafet-
Kittel angles on the 8 site spins. Using a three
sublattice model, exchange constants have been
obtained in the molecular-field approximation.
The values of these exchange integrals have been
shown to be in broad agreement with the present
theory of superexchange interactions as well. as
estimates made from other experiments.

The existence of magnetic relaxation effects in
the permeability spectrum has been explained
satisfactorily on the basis of domain wall oscilla-
tion and domain rotation processes. As zinc
concentration mas increased, the relaxation
frequency increased with xespect to the resonance
frequency. Our analysis indicates that for domain

translation, in addition to the random fluctuations
of the anisotropy field, other unknown relaxation
processes are also present.
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