Quantum tunneling of magnetization in single domain particles
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We present a study of the magnetic relaxation of several ferrofluids composed of particles of
about 40 A in diameter (Fe,0,FeC, CoFe,0,). Our key observation is a nonthermal character
of the relaxation below 3 K for the CoFe,0, ferrofluid and below 1 K for the FeC ferrofiuid. The
crossover temperature from thermal to nonthermal (quantum) regime is in accordance with
theoretical suggestions of macroscopic quantum tunneling of magnetization in single domain

particles.

Are mesoscopic degrees of freedom governed by quan-
tum mechanics? According to Legget' we discuss in this
paper the dynamics of the magnetization M of small single
domain particles as governed by quantum mechanics below
a certain critical temperature.’

Let us assume that the magnetic moment of one of
these single domain particles looks along the Z axis and the
field is applied in the opposite direction. The stable mag-
netic state corresponds to M directed along H. To rotate an
individual atomic magnetic moment with respect to others
costs the exchange energy €., per atom. To coherently ro-
fate the total magnetic moment of the particle out of the
anisotropy axis costs €,,N, where €, is the anisotropy en-
ergy and N is the total number of magnetic atoms. Thus, at
N <é€./€,,~10°-10% it is energetically favorable to de-
velop a uniform rotation of M towards the minimal energy
state.

The energy barrier, U, for coherent magnetization ro-
tation of a single domain particle is determined by the
magnetic anisotropy and the external applied field>*

U=kV(1—H/Hy)?, (1

where k is the anisotropy constant, ¥ and M are the vol-
ume and the magnetization of the switching unit, and H is
the applied field and Hy=2k/M. The switching rate, I, for
thermal activated processes decreases exponentially with
the ratio of the energy barrier U and the thermal energy

Ty=vexp(—U/kgT), (2)

where v is usually of the order of the ferromagnetic reso-
nance frequency, v~ 10'°-10" s~ !, The thermal activated
processes vanish in the limit of zero absolute temperature.
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It has been theoretically predicted” that below a char-
acteristic (crossover) temperature, T, the escape of M(r)
from metastable configurations is dominated by quantum
underbarrier transitions, not by thermal overbarrier acti-
vation. In the usual Wentzel-Kramers-Brillouin approxi-
mation, the transition rate I'y of quantum tunneling pro-
cesses is®

Fo=vexp(—U/kgT,). (3)

Therefore, quantum transitions will reveal themselves on
the time scale of the experiment if the following condition
is satisfied:

kyT < U/30<k T . (4)

This means that the barriers involved in the quantum
tunneling of magnetization belong to the tale of the distri-
bution of barriers having an energy much lower than the
average energy which determines the blocking temperature
v

The theoretical prediction of T} for particles with
uniaxial anisotropy when the external field is applied per-
pendicular to the axis is

KT o= pgHo(1—H/Hy) '~ (5)

It corresponds to the temperature range 7',~0.1-5 K for
typical values of the high magnetic anisotropy in very
small magnetic particles.

Supposing we have a set of identical noninteracting
single domain particles frozen in a nonmagnetic matrix, in
presence of a magnetic field. As the field is removed, the
total magnetic moment of that system will decay with time
according to

M) =M(0)e T, (6)
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with T" given by Eq. (2) for thermal processes.

In practice, however, it is very difficult to prepare a
system of noninteracting particles, or identical energy bar-
riers. The barrier is proportional to the volume V involved
in the tunneling process. Therefore, at T —0, the tunneling
rate can be presented as

To=vexp(— Byr/r3), (7)

where v is the linear size of the tunneling volume, 7, is the
size of the volume corresponding to the WKB exponent
B,. Taking into account that a typical value of B, dictated
by the time of the experiment is By~ 30, the tunneling rate
of Eq. (6) will change by the order of magnitude by cor-
responding a size distribution within only 3% around r,.’

In the case of having a broad distribution of energy
barriers, the predicted relaxation law®’ for the intensity of
magnetization is

M) =My[1-S(T)n(t/1)], (8)

where A, is the magnetization at #, and S(7") is the so-
called magnetic viscosity. Equation (8) describes the low
temperature relaxation due to transition through small bar-
riers, at the tale of the distribution. One should expect this
equation to be invalid at large ¢ for 7'~ 7' (blocking tem-
perature). As we have done before for the escape rate T of
individual events, we define two viscosities: S5 (thermal
viscosity) and Sy (quantum viscosity). At high tempera-
tures the switching processes are thermally activated and
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FIG. 2. Hysteresis loop on the CoFe,0, ferrofiuid sample at 7=5 K.

6953 J. Appl. Phys., Vol. 73, No. 10, 15 May 1993

o 0.15K

%6 -1.3 00 1.3 2.6
H(kOe)

"FIG. 3. Hysteresis loops on the FeC ferrofluid sample at temperatures

down to 150 mK.

S(T)~T, but below T, the switching process has a quan-
tum nature and consequently Sy, is independent of temper-
ature and does not vanish at 7'=0.%%

The constancy of S, does not depend on the quantum
mechanism involved in the relaxation of the magnetization.

The three ferrofluid samples used in this work contain
small particles of FeC, CoFe,0,, and Fe;0,, respectively.
The electron microscopy characterization of the samples
reflects that the particles are basically spherical with a
mean particle diameter of 36 A (FeC), 60 A (Fe;0,) and
50 A (CoFe,0,4). In order to avoid clustering each particle
was coated with a nonmagnetic surfactant layer.

The behavior of magnetization versus temperature T
in low field was investigated in the zero field cooled (ZFC)
and field cooled (FC) states (see Fig. 1). The remarkable
feature of the ZFC curve is the existence of a peak at
T =T p due to the random orientations of the anisotropy
directions below Tz The two curves Mpe and M g are
the same for temperatures 7' > T , with magnetization fol-
lowing a Curie—-Weiss law with a very small Curie temper-
ature indicative of the weak magnetic coupling between the
particles.

The M (H) curves at T > T 5 are well fitted to Lange-
vin functions and scale in H/T, confirming the superpara-
magnetic behavior of the ferrofluid particles at 7> T p. For
T < T pthese systems present magnetic hysteresis phenom-
ena and one can get information of the energy barrier dis-
tribution in the single domain particles by looking at the
variation of both coercive field and remanent magnetiza-
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magnetization at different temperatures for CoFe,0,. The sample was
cooled in a field H;= 100 Oe and the relaxation was collected with H,=0.
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FIG. 5. Temperature dependence of the magnetic viscosity .S for the three
ferrofiuid samples (a) FeC, (b) Fe;0,, (¢) CoFe,O,.

tion with temperature. In Fig. 2 we show the M(H) data
for the CoFe,0, sample at T=35 K. The hysteresis loops
on our FeC sample at temperatures down to 150 mK are
shown in Fig. 3. As can be observed in Fig. 3, the coercive
field H,, is independent of temperature below 0.5 K sug-
gesting the existence of irreversible changes without ther-
mal activation.

We have studied the time dependence of the magneti-
zation using two different criteria:>"1

(i) the sample is cooled at a constant field H; from
high temperature to a well-defined final temperature, then
the field is switched to a new value H, and relaxation mea-
surements as a function of time are collected.'

(ii) After saturation of the magnetization of the sam-
ple, the field is reversed and stabilized at a given value H
close to the coercive field H, and relaxation measurements
as a function of time are collected until the magnetization
goes to zero.!!

Let us list the major features of the relaxation pro-
cesses.

(1) Relaxation follows the log(z) law (see Fig. 4) in
agreement with the fact of having a broad distribution of
energy barriers which are related to the orientation of the
particles with respect to the applied field and the effective
anisotropy axes.

(2) S(T) presents a maximum at T =T , and above
T p the time interval for which M ~1In(¢) is reduced. All of
this agrees well with the interpretation of 7 3 as the tem-
perature separating the superparamagnetic and blocked re-
gime (see Fig. §).

(3) S(T) < T at temperatures T'€T 5 which suggests
that we are detecting the relaxation corresponding to low
barriers. This may also indicate weak correlations between
the single domain particles.

(4) S(T') tends to be independent of 7 for the
CoFe,0, sample below 3 K suggesting the occurrence of
the quantum tunneling of magnetization at 7' <3 K.

The theory (2) suggests that 7', depends strongly on
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FIG. 6. Dependence of d In +/d(1/H) on temperature, with 7 the relax-
ation time of the switching process and H the applied magnetic field.

the anisotropy field, H, of the particle (kg7 .~ppH,).
Then we can estimate T, for our three samples by substi-
tuting the experimental values of H;,. We have that
T .(Fe;0,) =0.5 K, T (Fe) ~1K, and 7 ,(CoFe,04) =2.5
K.

Therefore, the plateau in the S(7T) values for the
CoFe,0, sample below 3 K agrees well with the occur-
rence of nonthermal, quantum in nature, switching pro-
cesses of the magnetization at 7' <3 K.

(5) The variation with temperature of the mean relax-
ation time, 7, separating the two magnetic states of
M =M g (remanent magnetization) and M =0 for the FeC
sample, also presents a plateau below 1 K (see Fig. 6 and
Ref. 9) in agreement with the theoretical prediction of T,
for this sample.

As a conclusion, the magnetic relaxation measured at
low temperature in three different ferrofluid particles
strongly suggest the occurrence of quantum tunneling of
the magnetization below a temperature T, which scales
with the anisotropy field of these particles.
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