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1. Introduction

Spintronics, where the spin states of carriers are utilized
as an additional degree of freedom for information
processing and storage, is a promising technology for
highly advanced electronics in the future. The injection of
spin polarized carriers from a ferromagnetic electrode in-
side semiconductors (spin injection) is the first step towards
creating viable semiconductor spintronic devices. The
Hanle effect measurement using three-terminal configura-
tion has been widely used to evaluate the spin accumulation
in a semiconductor beneath the ferromagnetic electrode,
and clear Hanle-type signals have been observed in several
semiconductor materials, such as GaAs [1], Si [2-5] and Ge
[6-10]. In most cases, however, the magnitude of these
Hanle-type signals was several orders of magnitude higher
than those expected from theory [11]. Furthermore, we
have shown that the three-terminal Hanle signals are pro-
portional to the tunnel resistance in
CosoFeso(CoFe)/MgO/n-Si tunnel junctions [12], which
suggests that the observed Hanle-type signals are not
caused by the Hanle effect in the semiconductor.

The purpose of our present study is to further clarify the
origin of the giant three-terminal Hanle signals. For that
purpose we investigated the effect of semiconductor mate-
rials on the MgO thickness (fmg0) dependence of the
three-terminal Hanle-type signals, and found that the fy,0
dependence of the Hanle-type signals were insensitive to
the choice of semiconductor materials. This finding sup-
ports the understanding that the giant Hanle-type signals
observed using three-terminal geometry were caused not by
spin accumulation in the semiconductor region but by
modulation of the tunneling resistance with a magnetic
field due to the spin precession in possible localized states
formed in the tunnel junctions [13].

2. Experimental Method

We prepared two kinds of semiconductor substrates: a
heavily-doped n-type (001) silicon-on-insulator (SOI) sub-
strate (~1 x 10" cm™) and a n-type (001) germanium (Ge)
substrate. In order to form a heavily-doped n-type Ge
channel, phosphorus ions were implanted with an input
dosage of 1 x 10" ecm™ (50 keV) into the lightly-doped
n-type Ge substrates, and ion-implanted substrates were
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Table I. Resistivity (), spin lifetime (zy), and spin resis-
tance (pAgy) of the channel, and spin-resistance area prod-
ucts (ARg A) observed in a CoFe/MgO/n-Si junction with
tfvgo 0f 2.2 nm and a CoFe/MgO/n-Ge junction with fyeo of
2.4 nm.

P Ty Phss ARy A
channel
[Q- pum]  [psec] [Q pm’]  [Q pm’]
n-Si 50 150 10 3.5x10°
n-Ge 37 120 16 4.7 % 10°

annealed at 550 °C for 5 min, resulting in a n-type channel
(2.7 x 10" ¢cm™) with a channel thickness of ~100 nm at
room temperature. The resistivity (o) of the channels for
both n-Si and n-Ge is summarized in Table 1. All layers in
the layer structure consisting of Ru cap (5 nm)/CoFe (5 nm
or 10 nm)/MgO barrier (1 nm to 3 nm) were successively
deposited on both substrates in an ultrathin vacuum cham-
ber through the combined use of magnetron sputtering for
CoFe and electron beam evaporation for MgO with a
wedge structure having a thickness ranging from 1 nm to 3
nm. Junctions with sizes ranging from 50 x 50 um?” to 250
x 250 pm? were fabricated. The magnetoresistance of each
junction were measured at 293 K using three-terminal con-
figuration (Fig. 1). The bias polarity was defined with re-
spect to the semiconductor channel.

3. Results and Discussion

Figure 2(a) and 2(b) show the change in junction resis-
tance for (a) a CoFe/MgO/n-Si tunnel junction with #,0 of
2.2 nm and (b) a CoFe/MgO/n-Ge tunnel junction with #,0
of 2.4 nm as functions of both the in-plane and out-of-plane
magnetic field. The constant bias current (/y;,) of =20 pA
for a CoFe/MgO/Si tunnel junction or —50 pA for a
CoFe/MgO/Ge tunnel junction was supplied. Under this
bias condition electrons tunnel from CoFe to the semicon-
ductor channel (spin injection). The junction resistance
decreases as the out-of-plane magnetic field increases
(Hanle effect), while it increases as the in-plane magnetic
field increases (inverted Hanle effect) in both samples. The
observation of the inverted Hanle effect suggests the finite
roughness of the CoFe/MgO interface [14]. Table I summa-



rizes spin lifetime (zy) and spin resistance (pAs) of the
channel, and observed spin-resistance area products (AR
A) in both samples, where ARy is defined by the sum of the
resistance change in the Hanle curve and the inverted Hanle
curve, and A4 is a junction area. The 7, was estimated by
fitting the Hanle curve by Lorentzian function, and the spin
diffusion length (Ay) was estimated from z,and the mobil-
ity. Based on the model of Fert and Jaffrés, ARy A is given
by [11]
ARyA = Y piy (D

in the case for R-4 » pAy;, which condition are satisfied in
our devices, as shown below, where y (=1 < y< 1) is spin
polarization of the spin-dependent tunnel resistance, R is an
averaged tunnel resistance between majority and minority
spins. If'eq. (1) is applicable, AR4 should not exceed pA
However, the observed ARA is more than four-orders of
magnitude larger than the values of pAy in both samples.
Such an enhancement of AR-A has been observed in many
literatures [1-10,14], and a sequential tunneling model was
proposed to explain the enhancement effect [1].

Figure 3(a) and 3(b) show #\,0 dependence of ARy A
for (a) CoFe/MgO/Si tunnel junctions and (b)
CoFe/MgO/Ge tunnel junctions. The values of R-4 are also
plotted for comparison. The R-A shows clear exponential
dependence on fy,o in both samples, indicating the MgO
layer works as a tunneling barrier. If eq. 1 of the model of
Fert and Jaffres is applicable, ARg-A should be constant
against R-4. However, the ARy A4 also exhibits exponential
dependence on #,0, and ARy A is proportional to R-4 over
a relatively wide range of from 3x10° to 5x10° Q-um” for
CoFe/MgO/Si tunnel junctions and of from 1x10® to 3x10°
Q-um® for CoFe/MgO/Ge tunnel junctions. This experi-
mental finding that the magnitude of ARy'4 depends on fy,0
cannot be explained by the sequential tunneling model. One
possible origin for the giant fy,o-dependent ARy A is the
modulation of tunnel resistance of a MgO barrier with a
magnetic field due to the spin precession in possible loca-
lized states formed at CoFe/MgO interface [13]. As shown
in Fig. 3, the fy,0 dependence of the Hanle-type signals is
insensitive to the choice of semiconductor materials. This
result also supports this model of tunneling resistance
modulation.

4. Conclusions

We observed giant #\,0-dependent Hanle-type signals
in both CoFe/MgO/Si tunnel junctions and CoFe/MgO/Ge
tunnel junctions in three-terminal configuration. The fy,0
dependence of the Hanle-type signals is insensitive to the
choice of semiconductor materials. These results indicate
that the signals originating from the modulation of tunne-
ling resistance of a MgO barrier mask the true spin accu-
mulation signal. Thus, the three-terminal measurement is
not suitable to detect exactly spin accumulation in the sem-
iconductor in the case that the tunnel resistance is much
larger than the spin resistance of the channel, and the
four-terminal non-local measurement is indispensable.
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Fig. 1 Schematic diagram showing the device structure and
the three-terminal measurement circuit.
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Fig. 2 Change in junction resistance for (a) a CoFe/MgO/n-Si
tunnel junction with fy,0 of 2.2 nm and (b) a CoFe/MgO/n-Ge
tunnel junction with fy,o of 2.4 nm as functions of both the
in-plane and out-of-plane magnetic field.
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Fig. 3 tueo dependence of RA and ARgAd for (a)
CoFe/MgO/Si tunnel junctions and (b) CoFe/MgO/Ge tunnel
junctions
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