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Magnetic Relaxations of Antiferromagnetic Nanoparticles in Magnetic Fields
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We reexamine anomalous magnetic relaxations of ferritin in magnetic fields, the presence of which has
been regarded as evidence suggesting the existence of thermally assisted macroscopic quantum tunneling
in antiferromagnetic nanoparticles. In the present study, relaxation curves of ferritin are examined using
an approach that is free from assumptions regarding distributions of various parameters of polydispersive
particles. The results are not anomalous. In other words, the relaxation is accelerated by the field, as

expected for classical superparamagnetic fluctuations.
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Recently, a rich potential for nanomagnets in quantum
computing hardware [1,2] has been proposed based on
intensive studies carried out in the 1990s [3—-5]. In such
studies, pure and thermally assisted macroscopic quantum
tunneling was investigated with regard to the dynamics
of magnetic moments of various nanomagnets: molecular
magnets (~10'up) [3], antiferromagnetic nanoparticles
(~10% wp) [4], and ferromagnetic nanoparticles (>10° ug)
[5]. Some important issues, however, are still open to
question.

One such issue is whether thermally assisted quantum
tunneling, which has been observed for molecular magnets
[3], exists in other nanomagnets with larger magnetic mo-
ments. The examined candidate was natural horse-spleen
ferritin, which is an iron-storage protein. This protein has a
spherical cage 8 nm in diameter containing polydispersive
cores of antiferromagnetic ferrihydrite [4,6]. Each core has
a small magnetic moment of ~300up due to its uncom-
pensated spins [7,8]. Athigher temperatures, the directions
of such magnetic moments fluctuate thermally (superpara-
magnetic state) [7,8].

In 1995, it was observed that the temperature Ty, at
which the dynamic susceptibility shows a maximum, in-
creases as the magnetic field increases from 50 to 500 Oe
[9]. It has been generally considered that T, iS propor-
tional to the height of energy barrier. Because the barrier
height for classical activated process decreases with the
field, the increase of T,,x was considered anomalous [10].
This behavior was explained by assuming the existence of
thermally assisted resonant tunneling in the temperature
region ~10 K [11]. However, a question as to the rela-
tionship between T« and the barrier height immediately
arose [12]. Numerical calculations showed that the varia-
tion of Ty is not always the same as that of the bar-
rier height [12—14]. It was considered that the variation
of Thax is affected by the field dependence of equilibrium
magnetization M.y, because observable magnetization is a
product of M4 and a factor relating to dynamics. Further-
more, it was pointed out that distribution g(7) of the re-
laxation time 7 must be taken into account, because 7.«
is sensitive to the width of g(7). Thus, we cannot clar-
ify the dynamics without information regarding both Meq
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and g(7). Therefore, Hanson et al. assumed M.y and g(7),
and they pointed out that the anomalous field dependence
of Tmax can be almost explained by a classical model [12].
To this, Luis et al. replied using detailed numerical cal-
culations [15], showing that the increase of the observed
Tax With field is apparently faster than that predicted by
the classical model if the assumptions concerning M.q and
g(7) are improved. Itis clear, however, that the controversy
must reach a dead end at this point, because it is impossible
to determine M.q and g(7) exactly unless all parameters of
all particles are known. Hence, another approach that does
not utilize Ty, is desirable, in order to clarify whether the
magnetic relaxations at the temperatures ~10 K are domi-
nated by the quantum tunneling or not.

Sappey et al. responded to this need by proposing a
more direct approach that combines field-cooled magne-
tization with a modified thermoremanent magnetization
[16]. Although this approach showed dominance of the
classical mechanism at higher fields, it could not clarify
the mechanism in the field range below 1000 Oe. In this
study, we note this remaining range, and discuss relaxation
curves directly because the relaxation by the quantum tun-
neling slows down in fields H, while the classical relaxa-
tion accelerates in H [11].

Here we consider an isothermal magnetic relaxation
from an equilibrium state in a field Hy to another equi-
librium state in another field H. In the initial state at
a temperature To, the magnetization M., is given by
>.m(Ho,Ty), where m;(Ho,Tp) is the expectation value
of magnetization of the jth particle in the equilibrium
in Hp. It should be noted that each m;(Ho,Tp) is an
unknown function depending on the magnetic moment
W, the volume, and the orientation of the jth particle. If
the initial field Hj is cut off, relaxations in a zero field
H = 0 can be observed. The magnetization M(H = 0)
during this process is given by

—t
M(H = 0) = ;mj(Ho, T()) (1 - I"j)CXP(ﬁ) N
ey
where 7;(H = 0) is the relaxation time of the jth particle
in the zero field, and r; is the reversible contribution due
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to canting of the magnetic moment from the easy axis to-
wards the field direction. The contribution due to cant-
ing immediately disappears after cutting Hy because such
variation needs no process through energy barriers. On the
other hand, magnetic relaxations in a finite field —H can
be observed if the field is reversed from Hy to —H,. Dur-
ing this process, the magnetization M(H = —Hj) varies
from Meq to —Meg:

M(H = —Ho) = —Meq + 2> m;(Ho, To)(1 — r})
J

—t
X eXp(m) , (2)

where 7;(H = —H,) is the relaxation time of the jth
particle in the field —H,. The point is that the weights
m;(Ho, To) in Eq. (2) are identical to those in Eq. (1), in-
dicating that we can extract precise variations in dynamics
due to the application of field by comparing the relaxation
curves after cutting Hp and after reversing Hy. This ap-
proach is not affected by the details of m;(H,Ty). Fur-
thermore, it is not necessary to take into account the width
of g(7) when the half-lives 71/, of these relaxations are
compared. The reason is that ¢/, almost corresponds to
the median of g(7) even if a broad g(7) exists [17].

The sample was a commercial ferritin from horse spleen
(Wako Pure Chem. Ind. Ltd., 100 mg/cm?). The solution
was concentrated by drying in a vacuum desiccator. The
concentration ratio is about 5 times. Magnetization was
measured by using an extraction method below 150 K. The
magnetization curve at 150 K indicates that each particle
has a magnetic moment u ~ 300ug. Zero-field-cooled
magnetization reaches a maximum at the temperature 7y,
which increases from 12.8 to 14.5 K as the applied field in-
creases from 200 to 1000 Oe. These results are consistent
with those reported previously [7-11].

We must first prepare an equilibrium state in a field Hy
as the initial state of relaxations described in Egs. (1) and
(2). In conventional studies, states after cooling in con-
stant fields Hy are usually used. In Fig. 1, the variation of
magnetization Mpc after cooling in 200 Oe is shown as a
function of time ¢ after thermal stabilization at Ty = 8 K.
It can be seen that the magnitude of Mpc depends on
the cooling rate. Furthermore, Mgc increases with time.
These results indicate that the field-cooled states are far
from the equilibrium. On the other hand, a prior study for
iron-nitride nanoparticles has clarified that a nearly equi-
librium state appears after cooling during which the ratio
of H to T is fixed [18]. For this reason, such cooling condi-
tions are examined here. A step-by-step cooling from 35 K
to Tp was employed with minimum intervals of 0.1 K.
At every step, the applied field was changed to HoT /Ty,
where H, was the desired field of the initial state of re-
laxations at Ty. Figure 1 shows the magnetization Myr
after the cooling with Hy of 200 Oe and with T of 8 K.
In contrast with Mgc, Myr is almost constant and is inde-
pendent of the effective cooling rate. These results suggest
that such states are close to equilibrium. Here we must
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FIG. 1. Variation of magnetization at H = 200 Oe after ther-

mal stabilization at T = 8.0 K. The cooling processes at vari-
ous effective rates were carried out in H = 200 Oe (Mgc) and
in H = 25T Oe (Mpyr). The results are normalized by the mag-
netization at 150 K.

mention that no detectable variation was observed when
the positions of the steps were changed, indicating that ef-
fects of the step-by-step cooling are negligible.

It is quite reasonable that an equilibrium state would ap-
pear after cooling during which the ratio of H /T is fixed,
because the equilibrium states in lower fields are domi-
nated by H/T. The reasons for this relationship are as
follows. If nanomagnets are isotropic, such dominance is
fully expected, since m;(H,T) is given by L(u;H /kgT),
where L(x) is the Langevin function. The existence of the
energy barrier, however, proves that the ferritin is mag-
netically anisotropic. In such cases, the direction of the
magnetic moment p is trapped at the bottom of one of
the wells parallel to the easy axes at temperatures below
blocking temperature Ty, because the depth of each well
is approximately 25 times greater than the thermal energy
at Tg. Because the relative energy levels of the bottoms
are given by — wH cosiy, the population of each well is de-
termined by wH cosy/kgT, that is, H/T, where i is the
angle from the direction of H to the direction of the easy
axis. Therefore, the equilibrium state above T'g can be pre-
served without a shift in population between the wells dur-
ing cooling. For example, a numerical calculation shows
that such a shift is less than 1% when uniaxial nanomag-
nets are cooled from Ty to (1/3)Tg.

We are now in a position to discuss the magnetic relaxa-
tions themselves at T, because the equilibrium state in
Hy can be prepared. Before comparing the two curves de-
scribed in Egs. (1) and (2), the temperature dependence of
magnetic relaxations should be clarified, since it has also
been discussed by utilizing Ty,,x. Figure 2 shows observed
relaxation curves of M(H = 0) at various T after cooling
during which the ratio of H to T was fixed at 25 Oe/K.
If the state is preserved during the cooling, as discussed
above, the initial states of these curves are the same. Ac-
tually, the initial states satisfy this condition, because the
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FIG. 2. Relaxation curves in a zero field at various tempera-
tures. The initial states were created by cooling during which the
ratio of H to T was fixed at 25 Oe/K. The curves are normal-
ized by the initial value Mpyy. The inset shows the temperature
dependence of the half-life #,/, of the relaxation.

5 10
t(ks)

50100

variation of Myt is less than 0.5% in the concerned tem-
perature range between 8 and 9 K. Because their final
states are also the same, differences between them can be
attributed to variations in dynamics. In Fig. 2, we find that
the curves have linear dependence on Inf. The slope of
the relaxation curve is discussed later, and we should note
that the position shifts toward short time with increasing
temperature. This behavior clearly indicates an accelera-
tion of relaxation due to thermal energy. The inset of Fig. 2
shows the temperature dependence of the half-life ¢,
which is the time when M(H = 0)/Myr = 1/2. It can
be clearly seen that #1/> has an exponential dependence on
1/Ty, where the activation energy E,/kp is approximately
300 K. From this value, effective anisotropy field Hx for
M is estimated at 2E,/u ~ 30 kOe. As discussed here,
thermal excitations dominate the dynamics.

Next, we return to the issue of the field dependence of
magnetic relaxations, in order to clarify whether the dy-
namics is dominated by thermally assisted quantum tun-
neling, or by classical activated process. As discussed
at the beginning of this report, we can extract the varia-
tions in dynamics due to the field by comparing the relax-
ation curves after reversing Ho and after cutting Hy. In
Fig. 3, open circles show M(H = —H) after reversing
Hy, while filled circles represent M(H = 0) after cutting
Hy. These curves are normalized by the initial value M g,
where the field dependence of Myr can be explained by
a superparamagnetic model [19] for the following values:
E./kg ~ 300 K and u ~ 300up. It can be seen in Fig. 3
that the difference between the two curves is small at lower
Hy. In contrast, at higher Hy, the position of the relaxation
curve at H = —H_ seems to shift toward short time, in
comparison with the curve at H = 0.

Before coming to any conclusions, we should examine
the assumptions used in this analysis, because the observed
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FIG. 3. Relaxation curves in various fields at 7y = 8.0 K. The
open and filled circles represent M(H = —Hy) and M(H = 0),
respectively, after cooling during which the ratio of H to T is
fixed at Hy/Ty. The triangles show M (H = H,) after cooling in
a zero field. The curves are normalized by the initial value Mgy
of M(H = 0). The inset shows a sketch of the whole curve.

difference between the two curves is only a few percent-
age points. Two points are debatable. One is that the same
factor 1 — r; is employed in Egs. (1) and (2) because the
reversible contribution r; for the field variation from Hy
to 0 is not completely equal to half that for the variation
from Hy to —Hy. Such a difference in r; is, however, neg-
ligible when Hj is sufficiently small in comparison with
the anisotropy field Hx. If Hk is assumed at 30 kOe, the
difference in r; for uniaxial nanomagnets is much smaller
than 0.1% in the range below 1 kOe. The other point re-
gards the assumption Myr = M.q. Although it has al-
ready been shown that My is constant in the finite period
of 50 ks, this may be too short a period to predict the equi-
librium state. Therefore, we must consider the third type
of relaxation. When the field H = H) is applied after the
cooling to Ty in a zero field, magnetization M(H = Hy)
is expressed as

M(H = Ho) = Meq — > m;(Ho, To) (1 = ry)
j

X exp(MH_itho)) (3)
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FIG. 4. Ratio of the half-life #;, of the relaxation in finite
fields = Hj to t1/7 in a zero field. The lines are calculated using
a classical model.

The comparison between Egs. (3) and (2) shows that
the second terms are the same, because 7;(H = Hy) =
7;(H = —Hy). For this reason, f;,,(H = Hp) should
be identical to t12(H = —Hy) if Muyr = Mcq, where
t12(H = Hy) is the time when M(H = Hy)/Myur = 1/2,
and t;/,(H = —Hp) is the time when M(H = —H,)/
Mpyr =0. In contrast, a discrepancy between 1, /,(H = H)
and t,(H = —Hy) is expected when Myr # Mcq, be-
cause they are not true half-lives. The triangles in Fig. 3
show M(H = Hy) as a function of time after applying
Hy. The above condition is clearly satisfied. Hence,
the latter assumption, My = Mg, is valid. Therefore,
we are certain that variation in dynamics causes the
difference between the two curves, that is, the shift of
position. In order to clearly show the shift, the ratio of
t12(H = *Hy) to t12(H = 0) is plotted in Fig. 4. It can
be seen that the relaxation is accelerated by applying a
field in a range below 500 Oe, as behavior that is contrary
to that expected for thermally assisted quantum tunneling.
Let us compare the results obtained here with theo-
retical predictions for classical activated process. Useful
expressions have been given for the relaxation time 7
which corresponds to the lowest nonvanishing eigenvalue
of the Sturm-Liouville equation [20]. The lines in Fig. 4
show 7, calculated for various ¢, where ¢ is the angle
from the direction of H to the direction of the easy axis.
Low damping is assumed here. It is found that the ratios
of t1,(H = *Hy) to t;/2(H = 0) are roughly consistent
with the calculated curves. Thus, the observed shift of the
relaxation curve due to the field can be interpreted by us-
ing a classical model of superparamagnetic fluctuations.
Finally, we discuss the slope of the relaxation curve,
which corresponds to the magnetic viscosity S. In each
figure, the slope is almost constant. For example, the ra-
tio of the slope of M(H = —H,) to that of M(H = 0)
is 0.98 X 2 in Fig. 3(c). This result indicates that S(r =
t12) is independent of the field in the range below 500 Oe.
Is this dependence inconsistent with the decrease of S ob-
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served in previous studies [11,15]? In order to answer the
question, a sketch of the whole curve is given in the in-
set of Fig. 3(a), where it shifts without variation of shape.
We should notice that S(r = ,/,) obtained in the window
along the solid line at 1/2 is constant, whereas S obtained
in the vicinity of a fixed time has an apparent variation (see
the broken line). For this reason, we can accept little varia-
tion of the shape in the narrow range below H ~ 0.02Hx.
Similarly, little variation of S(# = #;,») in the range from
8 to 9 K can be explained. As described in this study,
the magnetic relaxations of ferritin in magnetic fields are
dominated by classical superparamagnetic fluctuations in
the temperature regime where thermally assisted quantum
tunneling has been discussed in recent years.
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