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Evidence of reentrant behavior in nanoparticles of ferrite
in ferro#uids
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Abstract

Ferro#uids made up of mixed ferrite particles Mn
1~x

Zn
x
Fe

2
O

4
mono-dispersed in glycerol have been studied by

ferromagnetic resonance (FMR) in X band and by magnetization measurements in the temperature range of 3.5}300 K.
FMR spectra have been recorded on "eld-cooled samples. Some features of these spectra are typical of a transition from
ferro to spin-glass state, i.e. a reentrant behavior. By taking relaxation into account in the frame of Landau Lifchitz
formalism, the freezing temperature ¹

&
"40 K was accurately determined, in good agreement with temperature

measurements of the static magnetic susceptibility of "eld-cooled ferro#uid samples. ( 1999 Published by Elsevier
Science B.V. All rights reserved.
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1. Introduction

This paper focuses on ionic ferro#uids made up
of mixed ferrite particles Mn

1~x
Zn

x
Fe

2
O

4
. We

have studied the magnetic resonance properties of
these particles after inducing a magnetic texture by
applying a magnetic "eld during the freezing of the
liquid carrier. We shall insist on the in#uence of the
chemical composition on the magnetic anisotropy
and on magnetization as a function of temperature.
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2. Experiments and results

We have performed ferromagnetic resonance
(FMR) and magnetization measurements on two
types of ionic ferro#uids (F1, F2) made up of mixed
ferrite particles Mn

1~x
Zn

x
Fe

2
O

4
mono-dispersed

in glycerol with a weight concentration c"10~3.
MnZn ferrite particles are prepared by coprecipita-
tion of aqueous solutions of MnCl

2
, ZnCl

2
and

FeCl
3

mixtures in an alkaline medium. To obtain
su$cient electrostatic repulsion between particles,
surface treatment and stabilization procedures de-
veloped for manganese and cobalt ferrite "ne par-
ticles [1] were used to prepare manganese}zinc
ferrite ionic ferro#uids. Two kinds of particles (P1,
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P2) were synthesized by this chemically soft
method with respectively x

1
"0.5 and x

2
"0.63.

The mean diameters are respectively, 9.5 and 7 nm.
The derivative absorption spectra were recorded at
the X band (9.25 Ghz) in the temperature range
3.5}200 K. To freeze the position of particles and to
texture the media, ferro#uids were cooled under the
fusion point of glycerol in an applied magnetic "eld
of 16 kOe.The magnetic DC "eld H

DC
is oriented

successively parallel (E) and perpendicular (o) to
the "eld cooling direction.

We observed only one resonance mode whose
position shifts toward the low magnetic "eld with
decreasing temperature, this being notably accen-
tuated for ¹(50 K. Simultaneously, the linewidth
increases from the range 200}400 Oe to the range
1600}2000 Oe with a little narrowing for
3.5 K(¹(20 K. The spectra are not the same as
those which are expected in "eld-oriented spherical
particles with a cubic magnetic anisotropy. In fact,
the angular variation spectra show the magnetic
anisotropy of real dispersed particle systems to be
uniaxial. On the other hand, because of the broad
linewidth we have observed, we had to taken into
account the relaxation phenomena to treat the
microwave absorption theoretically. We have used
the Landau}Lifchitz formalism [2] and assumed
that the absorption spectra result from super-
position of those of identical ellipsoid particles
(with same form factor, magnetization and relax-
ation factor). This crude approximation is made
possible after observing that linewidth variation
with temperature observed for F1 and F2 is similar
even though they have di!erent mean diameters
and Zn concentration (Fig. 1). Therefore, we have
simpli"ed our approach by taking only one value for
the relaxation parameter inside a given magnetic
#uid. With this approximation one gets a simple
relation between the resonance "elds HM

30
and

H,
30

which are theoretically calculated without relax-
ation and HM

3
and H,

r
, the corresponding resonance

"elds, calculated with relaxation. The latter are asso-
ciated to the experimental values of resonance "elds:
dH

3
"H

3
!H

30
"!3

4
(*H

11
)2c/u

3&
. where u

3&
is

the frequency of the microwave "eld, c"g
%&&

k
B
/+

is the gyromagnetic factor, k
B

the Bohr magneton,
g
%&&

the e!ective Lande factor, and *H
11

the peak-
to-peak linewidth. Using the classical relations:

Fig. 1. *H
11

as a function of temperature for ferro#uids F1
(*H,1, *HM1) and F2 (*H,2, *HM2).

Fig. 2. Resonance "eld as a function of temperature for ferro-
#uid F1 (x

1
"0.5): experimental values (H

3
), relaxation correc-

ted values (H
30
) and H

%&&
"H

30
#H

!
.

u
3&
/c"H,

30
#H

!
"[HM

30
(HM

30
!H

!
)]1@2 [3] one

gets, with a good approximation, the uniaxial an-
isotropy "eld H

!
:

H
!
"2/3(HM

30
!H,

30
). (1)

The variations of H,~M
3

, H,~M
30

and H
!
with temper-

ature are shown in Figs. 2 and 3 for F1 and F2. We
have also represented the quantity H,

30
#H

!
, theor-

etically equal to u
3&
/c thus changing slightly with

¹ as g~1
%&&

.This is experimentally observed for the
temperature range ¹'40 K"¹

&
.
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Fig. 3. Resonance "eld as a function of temperature for ferro-
#uid F2 (x

2
"0.63): experimental values (H

3
), relaxation correc-

ted values (H
30
) and H

%&&
"H

30
#H

!
.

For ¹(40 K, we have also observed, indepen-
dently from relaxation e!ects, a shift of the reson-
ance "eld. This shift does not depend on applied
H

DC
"eld orientations. We have related this obser-

vation to the appearance of an unidirectional an-
isotropy "eld H

6
, directed along the applied

H
DC
"eld.

We obtain the value of H
6

by the relation:

H
6
"(u

3&
/c)H!(H,

30
#H

!
), (2)

where (u
3&
/c)H is the practically constant value of

H,
30
#H

!
for ¹'¹

&
(Figs. 2 and 3).

H
6
is also detected indirectly in the low magnetic

"eld spectrum which is determined by the magnet-
ization processes preceding the recording. For
example, if the magnetic #uid sample has been
magnetized in a given direction, then studied by
RFM with H

DC
"eld increasing from zero in a dif-

ferent direction, H
6
is destroyed in the initial direc-

tion and reconstructed in the new H
DC

direction.
Therefore, the e!ective "eld H

DC
#H

!
#H

6
has

a nonlinear variation with H
DC

and we have ob-
served a deformation of the low "eld spectrum.

Temperature measurements of magnetization
were made on particles P2 either as powder or as
magnetic #uid (F2) in an applied magnetic "eld of
3000 Oe. We have observed a steady increase in
magnetization as temperature decreases in the
range of 290}40 K, and a plateau for ¹(40 K
(Fig. 4). At room temperature, measurements on

Fig. 4. Temperature dependency of magnetization of powder P2
(x

2
"0.63) with an insert of the range 0}75 K. Supplied mag-

netic "eld is 3 kOe.

powder P2 show no saturation of magnetization up
to 160 KOe.

3. Discussion

For ¹'40 K, H
!

(Fig. 5) increases slowly with
decreasing temperature for the two ferro#uids with
a magnitude larger for F1 than F2. This is in
agreement with a linear dependence of H

!
on the

magnetization if we assume that H
!

derives from
a demagnetization "eld. The form factor of 1.1}1.2
as observed by electronic microscopy for our par-
ticles reinforces our hypothesis. In addition to that,
the Zn substitution rate for P1 and P2 particles
correspond to a P1 magnetization higher than that
of P2 according to the well-known magnetization
curve of bulk Mn

1~x
Zn

x
Fe

2
O

4
[4].

In this temperature range, the linewidth increases
rapidly and reaches a maximum near ¹

&
. We as-

sume the increasing in#uence of a local random
magnetic "eld induced by the magnetic in-
homogeneity.

For ¹(40 K, the unidirectional anisotropy
"eld H

6
obtained by Eq. (2) is observed directly in

Figs. 2 and 3 as the shift of H,
30
#H

!
. It appears

exactly in the same temperature range as the pla-
teau of the static "eld-cooled susceptibility (Fig. 4).
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Fig. 5. Uniaxial anisotropy "eld H
!
"2

3
(HM

30
!H,

30
) as a function

of temperature: H
!1

for ferro#uid F1 (x
1
"0.5) and H

!2
for

ferro#uid F2 (x
2
"0.63).

These features are typical [5}7] of a transition from
a disorder ferromagnetic phase to a spin-glass
phase (i.e. reentrant behavior), with a freezing tem-
perature ¹

&
+40 K. The random Zn substitution of

magnetic ions on A and B sites induced a deteriora-

tion of magnetic interactions inside and between
the magnetic sub-lattices, and so favors spin-glass
state at low temperature. This was earlier studied
by Villain [8] who depicted the conditions in which
spin-glass behavior and disordered ferromagnetism
appear in magnetic spinels. As observed in Figs.
2 and 3 H

6
magnitude is notably larger for F1 than

for F2, this is related to the higher Zn concentra-
tion for F2 (x

2
"0.62) than for F1 (x

1
"0.50), as

we observed previously.
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