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1. Introduction

Spintronics is a multidisciplinary field whose central theme is the active manipulation of the spin degree of freedom of electrons in
solid-state devices. Developments of spin sources, manipulators and detectors can open new functionalities in solid-state devices,
which could overcome the scale down issue in current solid-state devices that are operated via the manipulation of the charge of
electrons.

Spin accumulation in non-magnetic materials is one of the key phenomena for the design of spintronics devices. This phenomenon
is strongly influenced by spin relaxation in non-magnetic materials, which is mainly affected by spin-orbit interaction.

A ferromagnetic double tunnel junction with non-ferromagnetic nanoparticles shows spin-dependent single electron tunneling at
low temperature due to the spin accumulation and the increase in the charging energy in non-ferromagnetic nanoparticles. This
structure gives a model system to study the spin relaxation in non-ferromagnetic nanoparticles. In this structure, spin accumulation in
the non-ferromagnetic nanoparticle is induced for the antiparallel configuration of the ferromagnetic electrodes due to the difference
of the tunneling probabilities of conduction electrons that come into and go out from the non-ferromagnetic nanoparticle. This spin
accumulation in non-ferromagnetic nanoparticles with the antiparallel configuration of the ferromagnetic electrodes changes the total
tunneling probability compared to the parallel configuration in this structure, which induces tunnel magnetoresistance (TMR). Since
this spin accumulation in non-ferromagnetic nanoparticle is non-equilibrium state, this state is going to change to equilibrium state
due to spin relaxation. Thus, in this structure, TMR appears when the spin relaxation time in non-ferromagnetic nanoparticles is
sufficiently long compared with the time interval between successive tunneling events.

Several previous papers revealed that the spin relaxation time in metallic nanoparticles was remarkably enhanced compared to that
of bulk [1]. The enhancement of spin relaxation time is attractive for spintronics. However, it is noted that no experimental results have
been reported on the temperature and/or size dependence to date. The systematic investigation on the temperature and/or size
dependence of spin relaxation time will be able to give the significant information on the origin for its enhancement.

The main purpose of this study is to investigate the mechanism based on a systematic study for the enhanced spin relaxation time in
non-ferromagnetic nanoparticles. More specifically, the systematic study includes nanoparticle size dependence and temperature

dependence of spin relaxation time.
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We chose two types of non-ferromagnetic materials: Au and Cr nanoparticles. Spin accumulation, i.e., the spin-dependent Fermi
level shift in nanoparticles is required for the appearance of TMR. This shift is inverse proportional to the density of states at the Fermi

level. Both elements have relatively low electronic density states at the Fermi level.

2. Egp_erimenta] 200 * 400 nm?
A typical sample structure is shown in Figure 1. All layers were grown on a

polished MgO (100) single crystal substrate using molecular beam epitaxy
(MBE). A typical film structure was MgO (100) substrate/MgO buffer, Snm/Fe
buffer, 40nm/1* MgO barrier, 1.5nm/ Au or Cr nanoparticles/ o MgO barrier,
3nm/Fe, 10nm/Au capping layer. Au or Cr nanoparticles were formed on the
MgO barrier due to the Volmer-Weber mode. The size of nanoparticles was
controlled by changing the nominal thickness.

Nano size pillars were fabricated using the combination of electron beam

[ MgO(100}sub.___ |

Fig.l Typical sample structure of a

measured with the two-terminal method in various temperatures. ferromagnetic double tunnel junction with
non-ferromagnetic nanoparticles.

lithography and Ar ion etching techniques. Electronic transport properties were

3. Spin-dependent transport in Au nanoparticles
We prepared the samples with several different sizes of Au nanoparticles and measured electric transport properties in various

temperatures. The samples showed clear Coulomb blockade at 7 K. The size of Au nanoparticle was estimated to be 1.5 to 2.2 nm in
diameter from the threshold voltage of Coulomb blockade. The samples showed clear TMR when the bias voltage expected a critical
voltage. Since this TMR is induced by the spin accumulation in Au nanoparticles, the critical bias voltage exists for the appearance of
TMR as explained.

Spin relaxation time was estimated using the following relation 7 = ¢/ /™" . Here, s, e and Ic-"™® are spin relaxation time,
electron charge and critical current for the appearance of TMR, respectively. The estimated spin relaxation of Au nanoparticles with
the diamter of 1.5 nm was 800 ns, which is much longer than that of Au bulk. The temperature dependence of spin relaxation time of
Au nanoparticle with the diameter of 1.5 nm showed unique behavior as shown in Figure 2. The spin relaxation time showed an
almost constant value of 800 ns below the temperature of 70 K, then decreased

monotonically with temperature and TMR disappeared at around 130 K. Single = 1.2x10° 1 ; : :
electron tunneling (SET) governed the electronic transport due to the small size of % 10 o @ , -
Au nanoparticle and SET disappeared at around 220 K, indicating that SET did not g 0.8Fe @ .
directly correlate with the spin relaxation. é 0.6 ¢ \ - | -
Since the estimated Au nanoparticle size was 1.5 nm in diameter, it is g 0.41 ..'. 1
reasonable to think about the electronic energy level quantization-in the Au E- 0.2 ; 1
nanoparticle [2] ; the spacing of the energy level & was evaluated to be about 30 % 0 m

meV from the size of the Au nanoparticle. The energy level quantization plays a
dominant role if the condition §>3.5ks T [3] is satisfied, where kg is the Boltzmann

Temperature (K)

Fig2 Temperature dependence of spin
relaxation time of Au nanoparticle with the
be about 100 K, which is close to the temperature for the disappearance of TMR,  diameter of 1.5 nm.

constant and 7 is temperature. For our experiments, this temperature was found to

— 117 —



corresponding to the temperature for the drastic decrease of spin relaxation time.

of the appearance of the effect of electronic energy level quantization is also plotted. / _Eﬂw

[,
o
T

150—
Spin relaxation time showed a drastic decreased above a critical temperature. I '
The critical temperatures for the appearance of TMR decreased rapidly with < 100 *
. - .. 2 Condition f -

increasing the size of the particle as shown in Figure 3. The curve for the condition 2 Quaniur: SEL = 335K
E‘- - B
E
@

This curve is consistent with the data points, indicating that the energy level

quantization strongly enhances the spin relaxation time in nanoparticles. Thus, we ol | T i
1.5 2.0 25

can explain the temperature dependence of spin relaxation time shown in Figure 2
Particle Diameter (nm)

Fig.3 Size dependence of the temperature
the thermal broadening of each level. Above about 60 K, the thermal broadening  for the appearance of TMR. The red curve
shows the condition for the appearance of
quantum size effect.

as follows. Below 60 K, the electronic discrete energy level is much larger than that

effect is not negligible, and the effective spacing between electronic discrete energy
levels decreases with temperature, which reduces the spin relaxation time with
temperature. Above 130 K, the thermal broadening is larger than spacing between electronic discrete energy levels and the effect of
discrete electronic energy levels does not work.

We examined a possible microscopic origin of enhanced spin relaxation time due to the existence of discrete electronic energy level.
Previously Kawabata [4] proposed the relation between spin relaxation time s and the particle diameter d,

1 ag(d) v,
Ty d
V.
ag(d)==2>

where Ag(d) is the conduction electron g-shift from the g factor of free electrons with the particle size d, V5 is the Fermi velocity and
Vo is the spin-orbit coupling constant. Since Ag is proportional to the cube of diameter, the spin relaxation time is inversely
proportional to the fifth of diameter. This expression can explain the extremely enhanced spin relaxation time in nanoparticle
compared to that in bulk.

The nanoparticle size changes not only electronic energy levels but also phonon modes in materials. In a nanoparticle, the lowest
mode of phonon is determined by the perimeter of the particle, and a half-wavelength is the same as the particle diameter. This phonon
mode restriction affects momentum scattering of conduction electrons by phonons, which influences spin relaxation process. Our
analysis reveals that the temperature for the lowest phonon mode in Au nanoparticle with the diameter of 1.5 nm is close to the
temperature for the appearance of TMR, suggesting that the size induced phonon modulation in Au nanoparticles also affects spin
relaxation and contributes to the unique temperature dependence of spin relaxation time.

4. Spin-dependent transport in Cr nan icles

We successfully obtained a double tunnel junction with Cr nanoparticles. The average size of Cr nanoparticles was around 4 nm in
diameter with the size distribution of 20 % estimated from an atomic force microscope observation.

Electronic transport properties were evaluated at 7 K. Current-voltage characteristics showed that the current was well suppressed in
the low bias voltage range, indicating that SET governed the electronic transport properties. The threshold voltage for Coulomb
blockade was found to be 40 mV. TMR was observed only in the bias voltage range over 0.25 V and the MR ratio increased with
increasing the bias voltage up to 0.35V, indicating that this TMR is induced by the spin accumulation in Cr nanoparticle.

Spin relaxation time in Cr nanoparticles was found to be of the order of tens of nano seconds, which is shorter than that in Au
nanoparticles. A possible reason of the difference of spin relaxation time between Cr and Au nanoparticles is due to the interface state
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of Cr nanoparticle. Cr oxide could exist at the interface between the Cr and MgO interface, which suppresses spin accumulation in Cr
nanoparticles due to the spin scattering at the interface and reduces the spin relaxation time in Cr nanoparticle.

5. Conclusions

In order to understand the mechanism of enhanced spin relaxation time in nanoparticles, we have performed a systematic study of spin
relaxation time using double tunnel junctions with non-ferromagnetic nanoparticles. We used two types of elements, Au and Cr
nanoparticles. The conclusions of the whole study are as follows.

1) To investigate temperature and size dependence of spin relaxation time, ferromagnetic double tunnel junctions with Au
nanoparticles were successfully prepared. We observed clear Coulomb blockade in those samples. The estimated nanoparticle size
from the threshold voltage of Coulomb blockade was in the range of 1.5 to 2.2 nm in diameter. Those samples appeared clear TMR
induced by spin accumulation in Au nanoparticle. The estimated spin relaxation time of Au nanoparticles were several hundreds of
ns, which was much longer than that of Au bulk (10 ps). The spin relaxation time with the diameter of 1.5 nm showed an almost
constant value of 800 ns below the temperature of 70 K, then decreased monotonically with temperature and TMR disappeared at
around 130 K. It should be noted that single electron tunneling (SET) governed the electronic transport below 220 K, indicating that
SET does not directly influence the spin relaxation. Spin relaxation time showed a drastic decrease above a critical temperature and
TMR disappeared. We also found that this critical temperature decreased rapidly with the increase in the size of Au nanoparticles.
Our analysis reveals that the critical temperature agrees with that where the thermal broadening of discrete electronic energy levels
shows considerable effect.

2) To investigate enhanced spin relaxation time in non-ferromagnetic transition metal nanoparticles, double tunnel junctions
containing Cr nanoparticles were successfully obtained. The electronic transport properties are measured at 7 K. The Cr
nanoparticles showed clear Coulomb blockade and TMR appeared above the bias voltage of 0.25 V due to the spin accumulation.
Estimated spin relaxation time in Cr nanoparticles is of the order of tens of nano seconds, which is shorter than that in Au
nanoparticles.
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