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We report magnetic properties and magnetic relaxation phenomena in a sample comprised of nanocrystalline
CoFe2O4 ~;97%!1g-Fe2O3 ~;3%! and polymer in potassium silicate~as magnetic glass! nanoparticle systems
in which two very different barrier distributions contributed to the relaxation behavior. We have demonstrated
experimentally that only energy barrier distributions and the thermal activation process could not account for
a plateau in the viscosity data at low temperatures. Quantum tunneling of magnetization is suggested below;3
K. @S0163-1829~96!00329-3#

INTRODUCTION

It is well known that the magnetic behavior of a small
particle depends on its relaxation timet,

t5t0expS KVkBTD , ~1!

wheret05G0
21, G0 is the attempt frequency on the order of

109–1013 s21, kB the Boltzmann constant, andT the tempera-
ture;K andV are, respectively, the anisotropy constant and
volume of the particle. Considering a system consisting of
identical, noninteracting single-domain particles embedded
in a solid nonmagnetic matrix, whenkBT@KV, the relax-
ation time becomes small and the magnetization vector ro-
tates quickly in response to a change of applied field or tem-
perature. The superparamagnetic thermal equilibrium can be
reached in a very short time~;1026 s!. With a typical mea-
suring time of equipment,tmes;100 s, the measured magne-
tization curves versus temperature and applied field can be
described very well by the Curie law and Langevin equation,
respectively. ForKV@kBT, t can be very large and the ther-
mal dynamic equilibrium state is very difficult to observe,
since the barriers arising from the anisotropy obstruct the
magnetization vector from rotating to a lower-energy state.
This case is generally called the blocked state. In the pres-
ence of size distribution, the response to an applied field of
the magnetization can be divided into two steps: In the first
step, the magnetization decays within the metastable states,
and also due to the decay of metastable states in the smallest
particles. The system of particles then enters the stage in
which the relaxation is due to particles whose metastable
states have a lifetime corresponding to the running time of
the measurement. This can be due to either thermal activa-
tion or quantum tunneling.1

The magnetic relaxation measurement is a useful tool
which helps to get a deeper understanding of the dynamic
behavior of the magnetization vector of small particles. In
the last years, it has also been demonstrated that quantum
tunneling of the magnetization in magnetic materials and

quantum tunneling of vortices in superconductors can be
more directly observed with magnetic relaxation
measurements.1–5

When a magnetic field, orienting the moments of identical
particles, is removed, the time dependence of the magnetic
moment of the system is governed by the exponential relax-
ation law

M5M0exp~2Gt ! ~2!

where G5G0exp(2U/kBT)5G0exp(2KV/kBT). For the
thermally activated process, whenT goes to zero, so doesG.
If one findsG(T)5const, a temperature-independent relax-
ation rate below a certain temperatureTC , the relaxation
process should be attributed to quantum tunneling. To our
knowledge, exponential quantum relaxation has only been
observed in a TbFeO3 single crystal6 and tetragonal crystals
of Mn12 acetate complex.7,8

In practice, however, it is difficult to have a system of
identical barriers. The real system generally has a distribu-
tion of size, anisotropy, and shape of the particles which
leads to a barrier distributionf (U). For a system having a
broad barrier distribution, the magnetization relaxation, at
T,TB , can be described by the logarithmic law1

M5M ~ t0!@12S ln~ t/t0!#,
~3!

S5
kBT

^U&
.

HereS is the magnetic viscosity,t0 is an arbitrary time after
changing the field,̂U& is the average energy barrier, andTB
is the blocking temperature which is generally measured in
the zero-field-cooled magnetization process. At the thermally
activated regime,TC<T!TB , S is proportional toT, and at
the quantum-tunneling-dominated regimeT<TC , S5const,
whereTC is the crossover temperature. Thus the relaxation is
a useful method to observe the quantum tunneling of mag-
netization~QTM! effect, which is not limited by the charac-
ter of the materials.

PHYSICAL REVIEW B 1 AUGUST 1996-IIVOLUME 54, NUMBER 6

540163-1829/96/54~6!/4101~6!/$10.00 4101 © 1996 The American Physical Society



One argument on the behavior of viscosity is that the
plateau in low temperatures could be due to the singular
energy distribution at low temperatures.9 This argument is
based on the calculation and needs experimental examina-
tion.

In this paper, we report a systematic study of magnetic
properties of CoFe2O4 nanoparticles, which has been embed-
ded in a silicate matrix. This sample has two distributions of
energy barriers; one is very broad at high temperatures and
the other is very narrow at low temperatures. We will dem-
onstrate that the small energy barrier does not cause a plateau
in viscosity, but gives a temperature-dependent viscosity be-
havior. The contribution of a low-temperature energy barrier
distribution to the relaxation can be eliminated by applying a
large magnetic field.

EXPERIMENT

Sample preparation

Starting materials were prepared as described in Ref. 10.
The material, which consists of nanocrystalline
CoFe2O41g-Fe2O3 ~particle diameter;3 nm! in polystyrene
resin,10 was then ground in water to form a stable aqueous
colloid.11 Then we mixed the aqueous colloid and potassium
silicate 1:1, and heated it at 308 K for 1 h to have the solid
glass sample.

Magnetic measurements

All magnetic measurements were performed with a com-
mercial Quantum Design superconducting quantum interfer-
ence device with low and high magnetic fields~up to 5 T! in
the temperature range 1.8–320 K. In the low-field measure-
ments, the so-called zero-field-cooled~ZFC! and field-cooled
~FC! magnetizations were obtained by using the following
procedure: first the sample was cooled from room tempera-
ture to a low temperature in zero applied field, after which a
field H50.5 kOe was applied; then the variation of magne-
tization with temperature~ZFC process! was measured in the
temperature-increasing process untilT5320 K. Second, the
sample was cooled again, keeping the same applied field to
the same low temperature; then the temperature was in-
creased, and the variation of magnetization with temperature
~FC process! was measured. By analyzing the ZFC-FC mag-
netization data we can get information about the blocking
temperature and energy distribution, from which the average
size and distribution of the particles can be estimated, assum-
ing that the particles have the same anisotropy.

Another kind of magnetic characterization of the material
is their dynamic magnetic behavior, which can be revealed
by magnetic relaxation measurements. In order to perform
the relaxation measurement, first the sample was FC cooled
in an applied fieldH1~54 kOe! to a target temperature, after
which the applied field was changed toH2~521, 4,27, and
28 kOe!, then the change of remnant magnetization with
time was measured for a few hours. After this measurement,
the sample was heated to higher temperature with applied
field H1 and cooled down to another target temperature for
another relaxation measurement.

The dependence of magnetization on the applied field and
the hysteresis loops were measured up to 5.5 T at different

temperatures, by which we obtained the temperature depen-
dence of the saturation magnetizationMS , coercive field
HC , and remnant magnetizationMr , as well as the switching
field distribution.

RESULT AND DISCUSSION

Figure 1 shows the temperature variation of magnetiza-
tion in the ZFC-FC process with applied magnetic field
H50.5 kOe. The most remarkable feature in the ZFC curve
is the two nonoverlapping peaks at temperatures around 6
and 250 K, respectively. Below 3 K, the magnetization in-
creasing as temperature decreases could be due to another set
of very small particles or only to the pure paramagnetic con-
tribution. These peaks arise from the distribution of relax-
ation time or energy barrier distribution of the system. These
energy distributions at different temperature ranges detected
in the ZFC magnetization process may be due to the distri-
bution of particle size, shape, and anisotropy constant. Here
we call the two separated peaks distributionD1 at 15 K,T,
distributionD2 at 3 K,T,15 K, and distributionD3 below
3 K; see the inset in Fig. 2. The ratio ofD1 andD2 can be
estimated roughly asMZFC ~6 K!/MZFC ~250 K! ;0.2%, al-
thoughMZFC ~6 K! receives a very small contribution from
D1 , due to the fact that the particles inD1 having a blocking
temperatureTB around 250 K; thus their susceptibility
should be very small in the blocked state, in an applied field
much smaller than their anisotropy field. Here we do not
consider the contribution ofD3 , because, in a field of 0.5
kOe, the particles behave superparamagnetically, and will
not contribute to the relaxation measurements with an ap-
plied fieldH2>0.5 kOe. Most of the particles inD2 were at
the blocked state in an applied fieldH50.5 kOe; see the
ZFC curve in Fig. 1. When the applied field increased to 4
kOe, most of them behaved superparamagnetically~see the
inset in Fig. 2! at applied magnetic field. In the ZFC process
with an applied field,H56 and 8 kOe, the peak due toD2
almost disappeared, and the particles behaved superparamag-
netically ~Fig. 3! ~this can be determined by the plot 1/x
versusT!. Thus if one applies a field2H2>6 kOe in the

FIG. 1. Temperature dependence of the magnetization obtained
in the ZFC-FC process with applied fieldH50.5 kOe. Inset: the
low-temperature range of the ZFC curve.
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relaxation measurements, the particles inD2 will not contrib-
ute to long-time relaxation of the magnetization, because
their magnetic moments immediately change to theH2 direc-
tion, the thermal equilibrium state, whenH2 is applied.

In Fig. 4, we display the magnetization curves obtained at
different temperatures, with applied magnetic fields varying
between 0 and 55 kOe. At high temperatures of 100, 250,
and 300 K, it appears that the magnetization saturates like
any ordinary ferromagnet for fields in excess of 10 kOe.
However, at lower temperatures of 10 and 2 K, the magne-
tization does not saturate, even at 55 kOe. The explanation
for this behavior is that the sample can be considered as a
two-magnetic-component system:~1! a ferromagnetic com-
ponent considering all the particles that exceed the critical
size for ferromagnetic behavior, in which~2! the particles are
small enough to be considered as superparamagnetic or para-
magnetic. Clearly the above classification depends on the
temperature at which the magnetization curves were mea-
sured.

The difficulty of saturation at lower temperatures, for ex-
ample,T52 K, indicates that some small particles are still in
the superparamagnetic state which corresponds to the
ZFC-FC results~T,3 K!. At higher temperatures, for ex-
ample at 100 K, the magnetization was saturated atH520

kOe, although the small particles are still in the superpara-
magnetic state, which can be explained due to the small
quantity~or ratio! of the small particles, and, because of their
inverse temperature dependence on the superparamagnetic
susceptibility, the contribution of these particles to the total
magnetization is too small to be detected.

Figure 5 shows parts of the hystereses obtained at differ-
ent sample temperatures. One feature should be noted. The
irreversible field at which the high branch of the magnetiza-
tion, as the field decreases, and the lower branch of the mag-
netization, as the field increases, begin to separate, decreases
with increasing temperature. This irreversible field can be
considered as the minimum anisotropy field,HK .

4 At T52
and 10 K,HK;5 and 3 T, respectively. The switching field
distribution dM/dH is also obtained from the hystereses
data, and presented in Fig. 6.

In Fig. 7, we represent the dependence of the coercive
field on the temperature; the inset is the plot of squareness
Sq5Mr (H50)/Ms(H550 kOe! changing with the tem-
perature. The temperature dependence ofHC can be fitted by
the HC(T)5HC(12AT/TB) for the small particles,12 with
HC(0)5;11.3 kOe. At the temperature range from 2 to 25
K, Sq;0.5, indicating that, for the applied fieldH50, al-

FIG. 2. ~a! Temperature dependence of the magnetization ob-
tained in the ZFC-FC process with applied fieldH54 kOe. ~b!
Low-temperature range of the ZFC curve in~a!. Inset: the 1/M vs
temperature.

FIG. 3. Temperature dependence of the magnetization obtained
in the ZFC-FC process with applied field in the low-temperature
range:~a! H56 kOe.~b! H58 kOe. Insets: 1/M vs temperature for
two applied fields.
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most all the particles are at the blocked state.13With increas-
ing temperature, the ratio of remnant magnetization to satu-
ration decreases, which suggests that the particles begin to
behave superparamagnetically, or that their relaxation time is
less than the measuring time of 100 s.

In Fig. 8, we plot the magnetization versus logarithmic
time obtained in the relaxation measurements, at different
sample temperatures, with applied magnetic fieldH2528
kOe, after the field cooled in a fieldH154 kOe from high
temperature of 300 K. The best fitting to the time depen-
dence of the magnetization is the logarithmic time law@Eq.
~3!#. One feature should be noted in Fig. 8~a!: the remnant
magnetization decreases as the temperatureT goes to zero,
which is contrary to what is observed in normal ferromag-
netic materials. This phenomenon supports our analysis that
with high applied field in relaxation measurements, the par-
ticles inD2 do not contribute to long time relaxation. Their
magnetic moments rotate immediately in response to the ap-
plied fieldH2 , which makes the remnant magnetization de-

crease with decreasing temperatures due to the superpara-
magnetic susceptibility which is inversely dependent on
temperature. With the increasing temperature at which the
relaxation was performed, the superparamagnetic contribu-
tion becomes less and less, and the remnant magnetization of
the sample changes to the normal ferromagnetic behavior;
see Fig. 8~b!.

The magnetic viscosityS(T) can be extracted from the
relaxation data. In Fig. 9, we plot the magnetic viscosity
S(T) versus temperature for different applied fields
H2 ~521, 24, 27, and28 kOe!. Here, it should be noted
that the magnetic viscosity was measured from the whole
sample, but some of the particles in the sample did not con-
tribute to the relaxation depending on the applied field.

At temperaturesT!TB , the relaxation follows the loga-
rithmic law:1 whenT;TB , the relaxation will lose the loga-
rithmic dependence because most of the particles have their
relaxation times near or below that of the measuring time.
For the applied fieldH2527 and28 kOe, the relaxation
follows well the logarithmic time law in the temperature
range 1.8–20 K~the experimental temperature range!. For

FIG. 4. Magnetization vs applied magnetic fields obtained at
different sample temperatures.

FIG. 5. Parts of hysterese loops obtained at different tempera-
tures to show the irreversible field.

FIG. 6. Hysteresis loop obtained at temperatureT510 K, and
the switching field distributiondM/dH.

FIG. 7. Temperature dependence of coercive fieldHC . Points:
experimental. Line: fitting with a function HC(T)
5HC(0)[12(T/TB)

1/2]. Inset: the temperature dependence of
squareness Sq5Mr (H50)/Ms(H550 kOe!.
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the lower applied fieldH2521 and24 kOe, the magnetic
relaxation loses the logarithmic time dependence in the tem-
perature range at which a peak appears in the viscosity
curves ~Fig. 9!. The peaks which appear at the low-
temperature rangeT,5 K in the S(T) curves should be
ascribed to the contribution of the particles inD2 . Figure 10
consists of two relaxation curves obtained with different ap-
plied fieldH2521 and28 kOe with sample temperatures
of peak temperatures in the viscosity curves. For the applied
field H2521 kOe, there are peaks in theS(T) curves, and
the relaxation diverges from the logarithmic law, since most
of the particles inD2 are nearly unblocked. So the measured
magnetic viscosity can be considered as the result of two
origins, as we discussed theM (H) curves: the particles in
D1 with blocking temperatureTB.200 K, and the particles
in D2 with blocking temperatureTB;6 K. For H2528
kOe, the relaxation follows very well the logarithmic time
linear dependence, indicating that the particles inD2 did not
contribute to the relaxation, due to their superparamagnetic
behavior in this applied field. This coincides with the fact
that in the viscosity curve forH2527 and28 kOe, no peak
was found in the temperature rangeT,5 K.

The most interesting feature in the behavior of the viscos-
ity as a function of temperature shown in Fig. 9 is that all the

viscosity data have a linear dependence onT in the high-
temperature range from 5 to 20 K for applied fieldH2<4
kOe andT.;3 K for H2>7 kOe, respectively, which cor-
responds to the thermally activated relaxation of the magne-
tization. AsT goes to zero, the viscosity begins to be tem-
perature independent atT;3 K for H527 and28 kOe;
see Fig. 9~b!. This temperature independence of the viscosity

FIG. 8. Magnetization vs logarithm of time obtained in the re-
laxation measurements with applied fieldH2528 kOe at different
sample temperatures.

FIG. 9. Magnetic viscosity as a function of temperature obtained
in the relaxation with applied field:~a! H2521 and24 kOe, ~b!
H2527 and28 kOe.

FIG. 10. Magnetic relaxation curve obtained with different ap-
plied field.H2521 and28 kOe.
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is the signature of quantum tunneling of magnetization
~QTM!, as predicted theoretically.1 It has been predicted
theoretically that the crossover temperature from the thermal
regime to the quantum tunneling regime scales with the mag-
netic anisotropy and also depends on the applied magnetic
field in the relaxation measurements,1,14 usually given by

kBTC'mBHK«1/2,
~4!

«512
H

HK
,

whereHK is the anisotropy field of the materials. Thus tun-
neling should be observable at experimentally accessible
temperature only for materials with high anisotropy, say
HK;T, with the relationTC~K!;HK~T!. From the minimum
of the anisotropy field which corresponds to the irreversible
field in the hysteresis loops~Fig. 5!, it is can be estimated,
using Eq.~4!, that the crossover temperature isTC;5 K for
relaxations with a small applied fieldH2 . This is in corre-
spondence with what was found in viscosity data, Fig. 9.
With increasing applied field in the relaxation measurements,
the crossover temperatureTC should be reduced, as predicted
in Eq. ~4!.

The tunneling effect beginning at;3 K for H.4 kOe
should be considered as due only to the particles inD1 ,
because, as discussed above, atT>5 K most of the particles
in D2 were in the superparamagnetic state, and did not con-
tribute to the relaxation effect. For the applied fieldH<4
kOe in the relaxation measurement, as temperatureT goes to
zero, the viscosity begins to increase and reaches a peak at
T;3 and 2.4 K forH51 and 4 kOe, respectively@Fig. 9~a!#,
and then decreases again, which appears to be contrary to the
signature of QTM, temperature-independent viscosity at low-
temperature regimes. One should remember, however, that
with the applied fieldH2521 and24 kOe, at the tempera-
ture range 1.8–5 K, some particles inD2 are in the blocked
state, and do contribute to relaxation. So the measured mag-

netic viscosityS for 2H2<4 kOe can be considered the sum
of the quantum viscosity due to particles inD1 andSQ,D1
and the thermally activated magnetic viscosity,ST,D2, i.e.,
S5SQ,D11ST,D2, hereSQ,D1'S(T5TC;5 K!. When the
applied magnetic fieldHa57 and 8 kOe in the relaxation
measurements, the particles inD2 behaved superparamag-
netically, and did not contribute to the relaxation,ST,D2;0.
As stated above, a purely temperature-independent viscosity
of the sample, below the crossover temperatureTC , should
be obtained which corresponds to the QTM of particles in
D1 . This purely temperature-independentS below 3 K was
observed clearly in the relaxation measurements with
H2527 and28 kOe; see Fig. 9~b!.

In conclusion, we have studied the static and dynamic
properties of a mixture of CoFe2O4 nanoparticles and a small
quantity ofg-Fe2O3 nanoparticles with the same average di-
ameter of 30 Å, in a wide range of temperature and applied
magnetic field. The sample shows a very high effective an-
isotropy, the anisotropy fieldHK;5 T at 2.4 K. The high
anisotropy leads to a high crossover temperature from the
thermally activated regime to the quantum tunneling regime,
TC;5 K in the applied fields,2H2<4 kOe, andTC;3 K,
with H2527 and28 kOe, in coincidence with theoretical
predictions. We also demonstrated experimentally that the
energy distribution cannot give a temperature-independent
viscosity. The energy distribution can be modified by applied
magnetic field in the relaxation measurement; thus the sin-
gular energy distribution which is assumed to give a plateau
in the viscosityS(T) as function of temperature can be re-
moved by the field.
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