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Spin injection into silicon in three-terminal vertical and four-terminal lateral devices
with Fe/Mg/MgO/Si tunnel junctions having an ultrathin Mg insertion layer
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We demonstrate that the spin injection/extraction efficiency is enhanced by an ultrathin Mg insertion layer
(<2 nm) in Fe/Mg/MgO/n*-Si tunnel junctions. In diode-type vertical three-terminal devices fabricated on a Si
substrate, we observe the narrower three-terminal Hanle (N-3TH) signals indicating true spin injection into Si
and estimate the spin polarization in Si to be 16% when the thickness of the Mg insertion layer is 1 nm, whereas
no N-3TH signal is observed without the Mg insertion. This means that the spin injection/extraction efficiency is
enhanced by suppressing the formation of a magnetically dead layer at the Fe/MgO interface. We also observe
clear spin transport signals, such as nonlocal Hanle signals and spin-valve signals, in a lateral four-terminal device
with the same Fe/Mg/MgO/n™"-Si tunnel junctions fabricated on a Si-on-insulator substrate. It is found that both
the intensity and linewidth of the spin signals are affected by the geometrical effects (device geometry and size).
We have derived analytical functions taking into account the device structures, including channel thickness and
electrode size, and estimated important parameters: spin lifetime and spin polarization. Our analytical functions
explain the experimental results very well. Our study shows the importance of suppressing a magnetically dead
layer and provides a unified understanding of spin injection/detection signals in different device geometries.
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I. INTRODUCTION

Si-based spin transistors, which have a ferromagnetic
source and drain and a Si channel, have generated much
attention since they are very attractive for building blocks
in next-generation integrated circuits [1-3]. Spin transistors
can be used for nonvolatile memory and reconfigurable logic
circuits because their transistor characteristics can be changed
by the magnetization configuration of the ferromagnetic source
and drain. To realize their functions, we need large magnetore-
sistance in the source-channel-drain transport, which requires
(1) efficient spin injection and extraction of spin-polarized
electrons into and from a Si channel (so-called spin injec-
tion/extraction) and (2) efficient transport of spin-polarized
electrons via the Si channel (so-called spin-dependent trans-
port). Recently, spin metal-oxide-semiconductor field-effect
transistor (MOSFET) operation at room temperature was
reported, but the magnetoresistance ratio yyr was very small
(0.02-0.12%) [4,5]. If the spin injection/extraction efficiency
is greatly enhanced and spin-dependent transport via a Si
channel becomes coherent, much larger yyr will be obtained
in spin MOSFET operation. Although spin injection/extraction
and spin-dependent transport in Si channels have been studied
already [4-11], the physics and detailed mechanism remain
unclear. Moreover, it has been theoretically pointed out that
the device geometry can affect the spin injection/extraction
signals (hereafter “geometrical effect”) [12—16], but this is not
experimentally verified yet. Recently, we analyzed broader
three-terminal Hanle (B-3TH) signals (which do not originate
from true spin injection [17-21]) obtained by the three-
terminal method [15,22] and proposed a model [21] (hereafter
“dead-layer model”) suggesting that the coherency of electron
spins is reduced by a magnetically dead layer forming at a
ferromagnetic metal/oxide interface. Note that the dead layer
can be an ultrathin (one atomic layer or less) paramagnetic
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layer or paramagnetic interface states. Our dead layer model
predicts that the spin injection/extraction efficiency will be
enhanced if we can eliminate such a dead layer.

In this study, we show that the spin injection efficiency is
enhanced in Fe/Mg/MgO/Si junctions by inserting an ultrathin
Mg layer (thickness g < 2nm) between the ferromagnetic
Fe layer and the MgO tunnel barrier. This enhancement is
attributed to the suppression of the magnetically dead layer
at the Fe/MgO interface, which is verified by the shape
of B-3TH signals and magnetization measurements. It is
noteworthy that the Mg insertion between Fe and MgO is a
well-known technique in magnetic tunnel junctions (MTJs) to
suppress the formation of a dead layer and to improve the spin
coherence of tunneling electrons [23]. In order to analyze spin
injection/extraction signals correctly, we prepared two types
of device structures with different geometries. One device
structure is called the “vertical device” (shown in Fig. 1),
which is a tunnel diode structure with a circular electrode
patterned on a bulk Si substrate. This structure allows us to
estimate accurate spin polarization and spin lifetime with the
narrower three-terminal Hanle (N-3TH) signals because it is
not necessary to take into account the geometrical effect. The
other device structure is called the “lateral device” [shown in
Fig. 5(a) below], which has a thin-body Si channel with four
electrodes patterned on a Si-on-insulator (SOI) substrate. This
structure allows us to prove the true spin injection in the Si
channel by the four-terminal (nonlocal) measurements [24].
However, the geometrical effect must be taken into account in
the analysis.

In Sec. II, we investigate how the Mg insertion affects spin
injection/extraction in the vertical devices and unprocessed
Jjunction structures with various Mg-layer thicknesses (tm, =
0-2nm). N-3TH and B-3TH signals observed in the vertical
devices are changed depending on fy. By analyzing the
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FIG. 1. Schematic illustration of the vertical device with
Fe(3 nm)/Mg(tymgnm)/MgO(tmgonm)/n*-Si tunnel junctions. The
three-terminal measurement setup is also shown. Constant current / is
driven from the top to the back, and three-terminal voltage Vsr is mea-
sured while an external magnetic field is applied (—3000-3000 Oe).
The magnetic field direction angle 6 is varied from 0° to 90°
6 = 0° and 6 = 90° are the in-plane and normal-to-plane directions,
respectively. The distance between the injection/extraction electrode
and reference electrode is at least 1300 pm.

B-3TH signals using the dead-layer model, we find that the
dead layer at the Fe/MgO interface is suppressed by the Mg
insertion, leading to the true spin injection (extraction) into
(from) Si. The suppression of the dead layer is supported by
the magnetization measurements of the unprocessed samples.
A relatively high spin polarization P = 16% in Si is obtained
when the Mg-layer thickness is 1 nm.

In Sec. III, we verify the realization of spin transport and
pure spin current in a Si channel using a lateral device with
a 1-nm-thick Mg insertion layer. We observe four-terminal
Hanle (4TH) signals, four-terminal spin-valve signals, and N-
3TH signals in the lateral device. To analyze the experimental
results, we derive analytical functions which take into account
the effect of the channel thickness and the electrode lengths.
By comparing the spin injection/extraction signals in the both
vertical and lateral devices, we experimentally show that the
geometrical effect must be taken into account for the precise
analysis of spin injection/detection and spin transport.

II. Mg INSERTION IN THE VERTICAL DEVICES

A. Sample preparation

Figure 1 shows a schematic illustration of the vertical
device with (from top to bottom) an Al(~160 nm)/Mg(1 nm)/
Fe(3 nm)/Mg(tMg)/MgO(tMgo)/n+—Si(001) junction and an Al
back-side contact, where the Mg insertion layer thickness #yg
is 0—2 nm and the MgO tunnel barrier thickness g0 is 0.5-1.2
nm. The fabrication process is as follows: First, a phosphorus-
doped n*-Si(8x 10" cm~3) substrate with a H-terminated
surface was thermally cleaned at 900 °C for 15 min in an
ultrahigh-vacuum chamber (base pressure of ~3x10~7 Pa).
Then, an MgO layer was deposited on the surface by electron-
beam evaporation at 30 °C at a rate of 0.003 nm/s. It is note-
worthy that the MgO layer was not crystallized from reflec-
tive high-energy electron diffraction (RHEED) observation.
Subsequently, without breaking vacuum the substrate was
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transferred into a molecular beam epitaxy chamber via a
vacuum transfer chamber; then Mg/Fe/Mg multilayers and an
Al (~10 nm) cap layer were successively deposited at room
temperature using Knudsen cells. Here, the bottom Mg layer
(tmg nm) was inserted to prevent the reaction of the Fe layer and
the MgO tunnel barrier and thereby to suppress the formation
of a dead layer, and the top Mg layer (1 nm) was inserted to
prevent the reaction of the Fe layer and the Al cap layer [25].
Then, immediately after being exposed to air, a 160-nm-thick
Al layer was deposited on the surface, and top electrodes
with diameter d = 5.6 and 17.8 um were fabricated by UV
lithography and H3 PO, etching for many junctions. Finally, an
Al layer was deposited on the back of the substrate just after
removing native oxide by Ar ion milling and HF etching. The
junction area for /-V measurements was 25 um?>(d = 5.6 um),
whereas that for spin injection/extraction measurements with
the three-terminal method was 250 um?(d = 17.8 pum).

B. Magnetization of the nonprocessed sample

To measure the magnetic properties, a nonprocessed sample
with the same layered structure with fy; = 0—2nm and
fMgo = 2nm was also prepared as a reference. Figure 2(a)
shows #yg dependence of the saturation magnetization Ms,
which was estimated from magnetization vs in-plane magnetic
field (M-H) curves measured at 4 K by a superconduct-
ing quantum interference device magnetometer. Since Mg
increases with increasing fy; and saturates at fy;; > 1 nm, the
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FIG. 2. (a) Saturation magnetization Mg of nonprocessed sam-
ples with the same layered structure as in Fig. 1 with various #y; (0,
0.5, 1.0, and 2.0 nm) and tyz0 = 2 nm, which were measured at 4 K
with an in-plane magnetic field of 20-30 kOe. (b) I-V characteristic
measured at 300 K of the vertical device with fy, = 1nm and
tvgo = 0.8 nm. (c) Resistance area at V = 0 estimated from the I-V
characteristics plotted as a function of fyz0. From the dotted lines, the
MgO barrier height @y;,0 was estimated to be 0.27 eV for #\;; = 0nm
and 0.11 eV for fyy = 2.0nm. (d) Pmeo plotted as a function of fy,,
in which the dotted curve is a guide for eyes.
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FIG. 3. Change in the three-terminal Hanle signals A Vsr measured at 4 K with / = —30mA and in-plane magnetic field (8 = 0°) and
normal-to-plane magnetic field (6 = 90°) for the sample with various Mg thicknesses: (a) ty; = Onm, (b) v, = 0.5, (¢) tme = 1.0, and
(d) tmg = 2.0nm. Red and green curves represent the signals for the in-plane (9 = 0°) and the normal-to-plane (6 = 90°) magnetic field,
respectively, and black solid curves are the fitting results using Eq. (1). Insets in (b)—(d) show the N-3TH signals in a lower field range

(—300-300 Oe) after subtracting the B-3TH signals.

formation of a magnetically dead layer at the Fe/MgO interface
was suppressed by the Mg insertion layer with fy; > 1 nm.
Considering that Mg = 1230emu/cm® at 7y, = Onm and
Mg = 1450 emu/ cm’ at Mg = 2 nm, the thickness of the dead
layer at the Fe/MgO interface was estimated to be 0.3 nm when
fmg = Onm. Since the dead layer is probably FeO, [26], the
constant Ms in tye > 1 nm indicates that the Fe layer does
not touch the bottom MgO layer; namely, the Mg layer fully
covered the bottom MgO layer.

C. Experimental results of the I-V characteristics
and three-terminal measurements

All the samples show nonlinear I-V curves as in Fig. 2(b)
(tmeo = 0.8 nm, #yg = 1 nm), and the resistance-area product
at zero bias shows an exponential dependence on fye0, as
shown in Fig. 2(c) (fmg = 0 and 2 nm). This indicates that
tunnel current via the MgO barrier layer is dominant in our
devices. From Simmons’s equation [27] and Fig. 2(c), the
barrier height of MgO @\z0 was estimated for each #y, and
is plotted in Fig. 2(d); as fy increases from 0 to 2 nm,
Ppre0(=0.29 eV) decreases at first and then becomes almost
constant (0.11 eV) between 1 and 2 nm. Since the work
functions of Fe and Mg are 4.7 and 3.7 eV [28], respectively, it
is most likely that the barrier height is decreased by inserting
the Mg layer between Fe and MgO. Combining the data
of Figs. 2(a) and 2(d), the decrease in @ygo results from
the increase in the coverage of Mg over the MgO layer at
fmMg < 1nm, and the constant @ygo at fyrg > 1 nm results from
the full coverage of Mg over the MgO layer. As a consequence,
the increase in Ms is correlated with the decrease in @y, and
fme = 1nm is the lowest thickness for obtaining the high Mg
and the low @0 at the same time.

Figure 1 shows our three-terminal measurement setup,
in which the junction voltage drop V3r was measured by a
voltmeter, while a constant current / was driven from the top
electrode to the back of the substrate and an external magnetic
field H was applied sweeping from —3000 to 3000 Oe along the
in-plane (6 = 0°) or normal-to-plane (¢ = 90°) direction. Note
that the distance between the injection/extraction electrode
and reference electrode is at least 1300 pm, which is much
longer than the expected spin diffusion length (~1 um) [10].
Figures 3(a)-3(d) show the change in three-terminal signals
AV37r(H,0) of the samples with fvgo0 = 0.8 nm and #yg = 0,
0.5, 1, and 2 nm, respectively, which were measured at 4 K with
I = —30mA (the spin extraction regime). In Figs. 3(a)-3(d),
the red and green curves correspond to 8 = 0° and 6 = 90°
conditions, respectively. B-3TH signals (6 = 90°) [17,21] and
inverted three-terminal Hanle (I-3TH) signals (6 = 0°) [29]
were observed at H = —3000—3000Oe in all the samples,
and their amplitudes decreased as fy; increased. Note that
the N-3TH signals (frue spin injection signal) [17,22] were
observed at H = —300—3000e at & = 90° in the samples
with fyg > 0.5nm, as shown in the inset of Figs. 3(b)-3(d),
whereas no N-3TH signal was observed in the sample with

e = Onm.
It should also be noted that although N-3TH signals were
observed in the spin extraction regime with I = —30mA,

as shown in the insets of Figs. 3(b)-3(d), no clear N-3TH
signal was observed, and only B-3TH signals were observed
in the spin injection regime with I = +30mA (not shown
here), as reported previously [30,31]. This difference in the
N-3TH result due to the I polarity can be explained by the
electric field in the Si channel at the MgO/Si interface [32].
In the spin extraction regime (I < 0), the electric field in the
Si channel is almost screened by the accumulated electrons
caused by the high n-type doping concentration 8 x 10! cm™3
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in Si [33]; namely, the electrical potential in Si is almost flat.
Thus, the electron spins in Si are purely diffusive in the spin
extraction regime. On the other hand, in the spin injection
regime (I > 0), a depletion layer is formed in Si near the
MgO/Si interface, and the electron spins injected into Si drift
away from the interface by the electric field in the depletion
layer. Using the one-dimensional (1D) Poisson’s equation,
the maximum electric field strength in the Si depletion layer
in our sample was estimated to be 3.4 MV/cm when I =
+30mA, and this electric field decreases the amplitude of the
N-3TH signal down to ~14% and broadens the linewidth by
~3000%, compared with those in the spin extraction regime
[see Supplemental Material (SM) [34]]. Thus, it is reasonable
that no clear N-3TH signal appears in the spin injection
regime, probably because such weak and broadened N-3TH
signals cannot be distinguished from the intense B-3TH signals
even if they exist. So far, the disappearance of spin injection
signals in three-terminal devices with a Si channel has been
reported [30,31], but the reason has not been clarified. This
is probably because the spin injection/extraction signals were
analyzed using the simple 1D spin diffusion equation which
was established in all metallic systems; that is, semiconducting
properties of the Si channel have not been taken into account in
the analysis so far. As we suggest here, the electric field and the
depletion layer differ in the Si channel between the injection
and extraction conditions, even if the doping concentration
of Si is significantly high. Thus, this electric field effect is
important to design semiconductor-based spintronic devices
using spin injection and detection.

D. Analysis of the three-terminal signals

Considering that the three-terminal signals AVip(H,0)
are the superposition of the N-3TH signal AVN3TH(H 9)
and the B-3TH signal AVE3TH(H ), we analyzed the
signals in Figs. 3(a)-3(d) with the equation AV3p(H,0) =
AVNSTH(H 0) + AVB3TH(H §), as the same procedure in
our previous study [21]. Since the electrode diameter (d =
17.8 pum) is much larger than the expected spin diffusion length
(As ~ 1 um) [10] and the electric field in Si is negligible
in the spin extraction regime, as mentioned earlier, the 1D
spin diffusion model is applicable. The B-3TH and N-3TH
functions for the vertical device (AVN-3THGerticaly ape ag
follows [17,21,22,35] (see SM for details [34]):

AVETH(H 0)

(H cos0+S)>4C?
(H cos0+8)>+(H sinf)>+B2+C?’
A VN-STH(vertical)( H.0)

/ 2
=AVospin \/1+ 1+(VHTS) .

S 20 H )2 sin®6 + cos6 |, 2)
Y ITs

ey

= 13t Y0

AVP" = JprsP PP, 3)

where J is the current density, P! is the spin polarization of
electrons injected into Si (hereafter “injection polarization”),
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PP is the spin polarization detected by the detection electrode
(hereafter “detection polarization™), H is the external applied
field, 6 is the field angle, y is the gyromagnetic ratio, tg
is the spin lifetime in Si, Ag is the spin diffusion length,
p is the Si resistivity, Vy is the offset voltage drop of the
tunnel junction at H = 0, and ng_sty is the B-3TH ratio [21].
Ideally, when spin injection/extraction efficiency is 100%, P!
and PP are the same as the spin polarization of the Fe electrode
(~40%) [36]. Parameters C, B, and S'in Eq. (1) are the effective
internal magnetic fields in the ultrathin magnetically dead layer
introduced in our previous study (see SM of Ref. [21]). S is
the directional field parallel (S > 0) or antiparallel (S < 0)
to the magnetization Mp of the Fe layer, Cis the nondirectional
field parallel to Mg, and B is the nondirectional field
perpendicular to Mg,. Parameter B is the primary indicator of
a magnetically dead layer and is strongly related to the I-3TH
signal. As B decreases, the amplitude of the I-3TH signal
decreases. When the paramagnetic state completely vanishes
and ferromagnetic order appears in a magnetically dead layer,
the I-3TH signal disappears, and B = 0. In the analysis, we use
y = 1.76x107 s7! Oe™! and assume that the spin injection
and detection polarizations are the same value, Psr; that is,
Pyr = P! = PP It is notable that Eq. (2) is twice as large as
the conventional N-3TH functions [9]. This is because injected
spins diffuse vertically down to the back of the substrate in
this device structure, whereas they diffuse laterally to both the
left and right sides in the lateral devices on a SOI substrate
(see SM [34]).

First, the B-3TH signals were analyzed since these must be
subtracted from A Vip(H,0) to extract and analyze the N-3TH
signals. Black solid curves in Figs. 3(a)-3(d) are fitting results
using Eq. (1). By fitting Eq. (1) to the experimental results
in Figs. 3(a)-3(d), B, C, S, and npsty were estimated and
are plotted in Figs. 4(a) and 4(b). It was found that S and C
increase and B decreases as fyg increases, and this means that
the magnetically dead layer thickness is decreased and ferro-
magnetic order is increased at the Fe/Mg/MgO interface with
increasing #yg [21]. Considering this result along with the fact
that S is positive except at fy;; = 0 nm, the ferromagnetic order
appeared, and the formation of the dead layer was suppressed
at tvg > 0.5nm. This is consistent with the result that the
N-3TH signals were observed only at fyg = 0.5nm [see the
insets of Figs. 3(b)-3(d)]. Also, as shown in Fig. 4(b), ng31H,
which is the ratio of the amplitude of B-3TH and I-3TH signals
to the tunnel voltage drop, also decreased with increasing #y,.
Thus, B, C, S, and ng_3ry are correlated with each other, and
they are also correlated with My in Fig. 2(a), as expected.

Then, the N-3TH signals in the insets of Figs. 3(b)-3(d)
were analyzed by fitting Eqgs. (2) and (3) to the ex-
perimental signals with the measurement parameters J =
0.12A/um?, p =1.0mQcm, and Ag = 1 um taken from
Ref. [10]. Black solid curves in the insets of Figs. 3(b)-3(d)
are fitting results. Figures 4(c) and 4(d) show the estimated
ts and Psr, respectively. The spin lifetime obtained by fitting
was almost constant (ts ~ 2 ns) for all #y1g, which is reasonable
because tg depends only on the Si substrate property and is
independent of the junction properties. Moreover, this ts value
of ~2 ns is consistent with the previously reported values
(1-10 ns) [8,10,37,38] and is in good agreement with the
theoretically calculated value (2.5 ns) for the same phosphorus
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FIG. 4. Mg thickness f\i, dependence of the fitting parameters (a)
B, C, and S and (b) .31y estimated using Eq. (1) and the experimental
B-3TH and I-3TH signals in Figs. 3(a)-3(d). Blue circles, red squares,
and green triangles in (a) represent the values for B, C, and S,
respectively. The #y;, dependence of the fitting parameters (c) rs and
(d) P3r (= P' = PP was assumed) estimated using Egs. (2) and (3)
and the N-3TH signals in the insets of Figs. 3(b)-3(d).

concentration in Si [39]. On the other hand, P31 = 8-16% in
Fig. 4(d) is comparable to the previously reported values of
5-17% [10-11]. In contrast to ts, Pst changes depending on
tMg; P3r ~ 16% for tyg = 0.5 and 1.0 nm, and Pst ~ 8%
for fpg = 1.5 and 2.0 nm. Although the dead-layer formation
was significantly suppressed when #y;; > 1.0 nm, the injected
electron spins lost their polarization while passing through the
Mg layer when f\;; > 1.5 nm. Thus, we conclude that #y, =
1.0nm is the best condition for our spin injection/detection
junctions.

II1I. SPIN-DEPENDENT TRANSORT
IN THE LATERAL DEVICE

A. Sample preparation

To confirm the spin injection into the Si layer and the spin
transport in the Si channel and also to explore the geometrical
effect [12—16] on spin-related signals, a lateral device structure
was fabricated on an SOI substrate, as shown in Figs. 5(a)
and 5(b), and the spin transport properties are compared with
those of the vertical devices in Fig. 1. Figures 5(a) and 5(b) are
schematic side-view and top-view illustrations, respectively,
of the lateral device with the same junction structure as that in
the vertical device in Fig. 1(a) with f\y = 1.0nm and tyg0 =
0.8 nm. The fabrication process is as follows: First, an undoped
SOI substrate was doped with phosphorus using the thermal
diffusion method with a P,Os film on the surface. Using
secondary-ion-mass spectroscopy, we confirmed a uniform
phosphorus doping concentration of ~10%°cm™ in the Si
channel layer (this means that the doping profiles in our
vertical and lateral devices are very similar). After removing
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FIG. 5. (a) Side view and (b) top view of the lateral device with
Fe(3 nm)/Mg(1 nm)/MgO(0.8 nm)/n*-Si tunnel junctions fabricated
on a silicon-on-insulator (SOI) substrate for four-terminal measure-
ments. Four electrodes are labeled R2, B, A, and R1 from the left to
right. Coordinates are defined as follows; x and y are parallel to the
long and short sides of the electrodes, respectively, and z is normal
to the substrate plane. Four-terminal measurement (c) setup I and (d)
setup II, where the three-terminal signal Vst and four-terminal signal
Vir are measured at the same time while an external magnetic field
is applied (—3000-3000 Oe). The magnetic field direction angle 6
is varied from 0° to 90°; & = 0° and 6 = 90° are the in-plane and
normal-to-plane directions, respectively.

the P,Os film and successive cleaning with H,SO4 solution,
a H-terminated surface was formed with HE. Then, tunnel
junctions were formed by the same procedure as that for the
vertical device. After being exposed to air, a 100-nm-thick Ta
layer was deposited on the surface, and electrodes were formed
by electron-beam lithography and Ar ion milling. Finally, each
device was isolated by etching the Si body layer with CF, gas,
as shown in Figs. 5(a) and 5(b). The channel length L., and
width W, are 2 and 180 um, respectively, and the lengths /5
and /g along the y direction of electrode A and electrode B
(the inside two electrodes) are 1 and 5 wum, respectively.
The outside electrodes R1 and R2 with g = 40 um in length
along the y direction are the reference electrodes, and the
distance L.s between electrodes A and R1 (B and R2) is
~100 pm. Since the Si channel resistivity is ~1 mS2 cm from
the I-V characteristics, the electron carrier density is estimated
to be ~1x10%° cm™3. Thus, Lt = 100 um is much longer
than the expected spin diffusion length of ~1 pum in Si with
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FIG. 6. (a) Change in the four-terminal signal AVt as a function of in-plane magnetic field (¢ = 0°), indicating the spin-valve effect,
measured at 4 K with / = -50mA in setup I. Red solid and dashed and blue solid and dashed curves are major and minor loops, respectively.
Four-terminal Hanle signals AV,r as a function of normal-to-plane magnetic field (6 = 90°) measured at 4 K with / = -50mA in the (b)
parallel and (c) antiparallel magnetization configurations. Black solid and black dashed curves are the fitting results with Eq. (4) and parabolic

backgrounds, respectively.

this doping concentration [10]. Figures 5(c) and 5(d) show
our four-terminal measurement setups I and II, respectively.
Here, in setup I, we define the four-terminal voltage Vir
and three-terminal voltage Vit as follows: Vyr is the voltage
between electrodes B and R2, and Vjr is the voltage between
A and R2. We measure V31 and V41 while a constant current
(I = £50mA)isdriven from electrode A to R1 and an external
magnetic field is applied sweeping between —3000 and 43000
Oe along the in-plane (the x axis, & = 0°) or normal-to-plane
(the z axis, 8 = 90°) direction. Vyr and V3r in setup II are also
defined by exchanging connection A with B and R1 with R2.

B. Experimental results of four-terminal measurements

Figure 6(a) shows the change AVyr in Vjr measured
in setup I with an in-plane magnetic field (6 = 0°) and
I = —50 mA (the spin extraction regime), where the red and
blue curves represent the major and minor loops, respectively.
Since the major loop of AVt shows two minimum plateaus
between 50 and 80 and —50 and —80 Oe, which reasonably
agree with the coercivities of electrodes A and B, this is the
spin-valve signal. Figures 6(b) and 6(c) show AV,r signals
in the parallel and antiparallel magnetization configurations
measured in setup I with a normal-to-plane magnetic field
(@ =90°) and I = —50mA, where the red and blue curves
represent the signals measured in the parallel and antiparallel
magnetization configurations, respectively. Almost the same
signals as in Figs. 6(a)-6(c) with inverted polarity are observed
with I = 50mA (spin injection regime, not shown). Clear
Hanle signals with the change in polarity depending on the
magnetization configuration give strong evidence that spin-
polarized electrons are transported via the Si channel [24].
Moreover, the amplitude of the signal change of ~2 ©V in
Fig. 6(a) is nearly equal to the sum of the signal changes
observed in Figs. 6(b) and 6(c), indicating that the data in
Fig. 6(a) are caused by the spin-valve effect.

On the other hand, the red curves in Figs. 7(a) and the blue
curves in Fig. 7(b) are A Vs at 6 = 0° measured in setup I and
setup II, respectively. In addition, the red and blue curves in
Fig. 7(c) are the same signals between —300 and +300 Oe in

Figs. 7(a) and 7(b), respectively. The hysteresis characteristics
of these signals probably come from the tunnel anisotropic
magnetoresistance (TAMR) [40] since the signals in setups |
and II show the minimum values at the coercivities of electrode
A (£80 Oe) and electrode B (£50 Oe), respectively. We
considered that the A V57 signal at & = 0° is composed of both
this hysteretic TAMR signal and the I-3TH signal and fitted
Eq. (1) to estimate the I-3TH signal, as illustrated by the black
curvein Figs. 7(a) and 7(b). As in the case of the vertical device,
the amplitude of the I-3TH signal was small compared with
the B-3TH signal, which confirms the suppression of the dead
layer at the Fe/Mg/MgO interface of electrodes A and B by
inserting an ultrathin Mg layer between the Fe and MgO layers.

We also show AVjr signals measured with a normal-to-
plane magnetic field (6 = 90°) in setups I and II by the green
and light brown curves in Figs. 7(a) and 7(b), respectively,
where the fitting results of the B-3TH signals using Eq. (1)
are also shown by the black solid curves (details are given
later). Comparing the A V3 signals in the vertical [Fig. 3(c)]
and lateral [Figs. 7(a) and 7(b)] devices with the same fyg
and fvg0, the amplitude of the N-3TH and the TAMR signals
in the lateral device is several times larger than that in the
vertical devices (details are given later), while the amplitudes
of the B-3TH and I-3TH signals in both devices are almost
the same. The same amplitude of the B-3-TH and I-3TH
signals in the two types of device structures confirms again
that the B-3TH and I-3TH signals do not originate from spin
accumulation in the Si channel but from the magnetoresistance
depending on the tunnel junction properties [17-21,38]. If
we use the function (2) which was derived from the 1D spin
diffusion model, the larger N-3TH signals observed in the
lateral device lead to inconsistent fitting results Pyr = 20%
and tg = 1.0ns (electrode A) and P37 = 63% and ts = 2.3 ns
(electrode B), although Ps;p and tg should be comparable
in both electrodes and also to those in the vertical device
with fyg = Inm (P31t = 16% and ts = 1.7 ns). This means
that spin accumulation signals in the lateral device must be
analyzed by a more sophisticated model taking into account
the geometrical effects when the geometrical scale of the
structure, such as the SOI channel thickness and electrode
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FIG. 7. Change in the three-terminal signals AVjr measured at 4 K with / = —50mA in (a) setup I and (b) setup II, where red and
blue curves represent the signals for the in-plane magnetic field (6 = 0°) and green and light brown curves represent the signals for the
normal-to-plane magnetic field (6 = 90°). Fitting curves of the I-3TH and the B-3TH signals with Eq. (1) are also shown by black solid curves.
(c) AVar signals (0 = 0°) within 300 Oe, where solid and dotted red curves and solid and dotted blue curves are the signals in (a) and (b),

respectively. (d) Normal-to-plane N-3TH signals (6 = 90°) after subtracting B-3TH within +=300 Oe, where green and light brown curves are

the experimental curves in (a) and (b), respectively. Black solid curves are fitting results with Eq. (5).

length, is smaller than Ag. The geometrical effects on the spin
accumulation signals were pointed out by other groups [12—-16]
but have never been experimentally verified. In this study, we
use two device structures with different geometries, and thus,
we can clarify what determines the shape and amplitude of the
N-3TH signal by comparing the N-3TH signals in these two
device structures. On the contrary, the difference in the TAMR
signals in the vertical and lateral devices probably reflects the
magnetization switching process of the Fe electrodes in each
device because the shape of the Fe electrodes in each device is
different. It is reported that the TAMR signal is proportional
to both the tunnel resistance and the vertical component of the
magnetization vector [40]. Considering that the tunnel area
resistance is about 10 k2 um? and the amplitude of the TAMR
in the lateral device [Figs. 7(a) and 7(b)] is 0.5—2 © um?, the

J

il A 1
AV (] = 90°%) = AVS‘”"——SRC[H-—H
iyHrtg

2 tso1
for AVyr, and

AV3TH(1MEMI)(H,9 — 900) — AVOSpin)\'_SRe

Isor

for AVs3r,where a = —V]J’izms i is the imaginary unit, and
Re[-]is the real part of the square brackets. In deriving Eqs. (4)
and (5), we assume that the spin injection (current density)
is uniform over the electrode, fsor < As, and W, > As.
Here, the factor Ag/tsor in Egs. (4) and (5) is an indicator
of the channel confinement effect (CCE), which means that

difference in the TAMR signals in the vertical and lateral
devices can occur when the vertical component of the Fe
magnetization changes by ~0.02% during the magnetization
switching process. Such a change in the Fe magnetization
switching process is possible because it is strongly affected by
the shape of the ferromagnets.

C. Analysis of the four-terminal signals

Based on the two-dimensional (2D) spin diffusion model
and the ideas in Refs. [12-14], we originally constructed the
following analytic functions for A Vit and AVyr in the lateral
device (AVN-3TH(awerah) apq A y4TH(aerahy ywhile taking into
account the injector electrode length I', detector electrode
length /P, and the SOI thickness tsor (see SM for a detailed
derivation [34]):

1
exp(—arLen)—p [l = exp(—al™)][1 — exp(—al‘)]] )

1 1 :

(

the spin accumulation is significantly larger than that in the
vertical device as tso; becomes smaller than Ag [12]. Also, the
factors ﬁ[l — exp(—alP)][1 — exp(—al")] in Eq. (4) and
ﬁ[l — exp(—al")] in Eq. (5) are indicators of the electrode
averaging effect (EAE), which means averaging the spin
detection signals over the detector along the y direction. As /!
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TABLE L. Psr, Pyr, and ts estimated from the experimental signals with / = —50 mA (spin extraction regime) in Figs. 3(c), 6(b), and 7(d),
using Egs. (2)—(5) under various conditions: (i) Egs. (4) and (5) (both CCE and EAE are taken into account), (ii) Egs. (4) and (5) with I",/® — 0
(without EAE), and (iii) Egs. (4) and (5) with Ag/fsor = 1 and I',/® — 0 (without CCE and EAE). ND (not detected) denotes the absence of

clear signal.

Vertical device,

Lateral device

N-3TH N-3TH (setup I) N-3TH (setup II) 4TH (setup I) 4TH (setup II)
Condition P31 (%) 5 (ns) Psr (%) T (ns) P31 (%) 5 (ns) Pyr (%) 75 (ns) Pyr s
@i) 16 1.7 6.6 1.3 12 1.7 7.2 2.0 ND ND
(i1) 16 1.7 4.5 1.0 14 2.3 2.5 2.1 ND ND
(iii) 16 1.7 20 1.0 63 2.3 11 2.1 ND ND

and [P become longer, amplitudes and linewidths of N-3TH
and 4TH signals are changed as follows: (1) Amplitudes
of N-3TH signals become larger because CCE is more
pronounced. (2) Amplitudes of 4TH signals become smaller
because the maximum distance between the injector and
detector electrodes becomes longer. (3) Linewidths of both the
N-3TH and 4TH signals become narrower. This means that
the injected spins are dephased by a smaller magnetic field
because the phase variation of the detected spins becomes
larger.

In setup I, /' = [, and [P = Iy are used, and in setup II,
I' = Iz and [P = I, are used. From the fitting, 7s, As, and the
average spin polarization P4y = +/ P'PP are estimated from
Eqgs. (3) and (4), and P37 and ts of electrodes A(Psr(a)) and
B(Ps1s)) are estimated from Eqgs. (3) and (5).

In Figs. 6(b) and 6(c), the fitting results using Eq. (4) and
parabolic backgrounds are shown by the black solid and dashed
curves, respectively, from which Psr = 7.2%, 75 = 2.0ns, and
As = 1.0 um were estimated. From the analysis of A Vi, the
B-3TH and I-3TH signals were analyzed using Eq. (1), and
then the N-3TH signals were analyzed using Eq. (5). The
black curves in Figs. 7(a) and 7(b) show the fitting results
for the B-3TH and I-3TH signals, in which § ~ 350 Oe, B
~ 450 Oe, and C ~ 1300 Oe estimated using Eq. (1) are in
good agreement with those estimated in the vertical device
with fyg = 1 nm [see Fig. 4(a)]. To see the effect of EAE
on the shape of N-3TH signals, the N-3TH signals obtained
in electrode A (setup I, I'=1I5 =1 pum) and electrode B
(setup II, /' = Iz = 5 um) are shown in Fig. 7(d), where the
green and light brown curves represent the signals obtained
in electrodes A and B, respectively. The linewidths of the
N-3TH signals in Fig. 7(d) are quite different between the
two cases, but fitting with Eq. (5) (black curves) leads to
comparable values: ts = 1.3 ns for electrode A and 1.7 ns for
electrode B. Furthermore, using As = 1.0 um estimated from
the 4TH signal [Flg 6(b)], P3T(A) = 6.6% and P3T(B) =12%
are estimated from the N-3TH signals [Fig. 7(d)]. As a con-
sequence, the parameters estimated from the N-3TH signals
(/ P31a) P3t) = 9.1% and ts = 1.3—1.7 ns) are comparable
to those from the 4TH signals (P4t = 7.2% and tg = 2.0 ns).
This result confirms again that both the N-3TH and 4TH
signals come from the true spin accumulation in Si. Moreover,
since these values estimated from the 4TH [Fig. 6(b)] and
N-3TH signals [Fig. 7(d)] in the lateral device are close to those
estimated from the N-3TH signals [Fig. 3(c)] in the vertical

device (P3r = 16% and ts = 1.7ns), it is quite reasonable
to conclude that Eqgs. (4) and (5) precisely express the spin
accumulation signals under the geometrical effects, CCE and
EAE. Therefore, these equations are appropriate for accurate
estimation of Pst, Py, and g in lateral device structures.

D. Comparison of the fitting results with and without
the geometrical effects

To confirm this conclusion, we fitted the following three sets
of equations and parameters (Pst, Pyr, Ts) listed in Table I to
the N-3TH signals observed in both the vertical and lateral
devices [Figs. 3(c) and 7(d)] and the 4TH signals observed
in the both setup I [Fig. 6(b)] and setup II (not shown): (i)
Egs. (4) and (5) (both CCE and EAE are taken into account),
(i) Egs. (4) and (5) with [',/® — 0 [without EAE, Egs. (S20)
and (S21) in SM [34]], and (iii) Eq. (4) with As/tsor = 1 and
I"/I° — 0 and Eq. (2) [without CCE and EAE, Eq. (3) in
Ref. [10]]. The estimated values (P3r = 16% and ts = 1.7 ns)
from the N-3TH signals in the vertical device (shown in the
second and third columns of Table I) were identical because
both the electrode length (17.8 um) and channel thickness
(675 pum) are much larger than Ag = 1.0 um. Also, Psr and
7s estimated from the 4TH signals with / = +50mA (the
spin injection regime) in both setups I and II are listed in
Table II. The parameters related to the N-3TH signals are not
listed in Table II because they were not clearly observed in the
spin injection regime (I > 0), probably due to the depletion-
layer formation, as mentioned before. Note that the 4TH signal
was not detected in setup II with 7 = —50 mA (marked by
ND in Table I), although the 4TH signal was observed with
both bias polarities in setup 1. This probably comes from the

TABLE II. P4 and 75 estimated from the experimental signals
with I = +50mA (spin-injection regime), using Eq. (5) under the
same conditions as in Table 1.

Lateral device

4TH (setup I) 4TH (setup II)
Condition Pyt (%) g (ns) Pyt (%) 75 (ns)
@) 7.5 1.9 12 2.3
(ii) 2.7 2.3 7.2 3.2
(iii) 12 2.3 32 3.2
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unwanted electric field concentration [41] at the left edge of
electrode B (the side closer to electrode R2), and effective
channel length becomes longer than L, so that spin-polarized
electrons cannot reach the detector electrode (electrode A; see
SM [34]).

From the fitting results in Tables I and II, the following
features are clarified: (a) For the spin polarization, P =
11-63% is estimated with set (iii), while P = 2.5-14% is
estimated with set (ii). P values are overestimated without
CCE, especially when [' is longer (setup II). (b) For the
spin lifetime, tg = 2.1-3.2 ns is estimated with set (ii), while
g = 1.7-2.3 ns is estimated with set (i). Without EAE, tg
values are overestimated, especially when /! or [P is longer. (c)
P =2.5-7.2% is estimated with set (ii), while P = 7.2-12%
is estimated with set (i) in 4TH. Without EAE, P values
in 4TH are underestimated, especially when [P is longer
(setup ). (d) With CCE and EAE, variation of the estimated
values decreased from P = 11-63% and ts = 1.0-3.2 ns (set
(iii)) to P = 6.6-12% and 15 = 1.3-2.3 ns (set (i)), and these
values are close to those in the vertical device (P = 16% and
ts = 1.7ns). From features (a)-(d), we concluded that both
CCE and EAE must be taken into account [using Eqs. (4) and
(5)] for the precise analysis of the N-3TH and 4TH signals in
the thin channel device structure.

IV. CONCLUSION

First, we investigated magnetotransport properties of
Fe/Mg/MgO/Si tunnel junctions (vertical device) with various
Mg insertion layer thicknesses #yg with three-terminal Hanle
measurements. The formation of a magnetically dead layer
at the Fe/MgO interface was prevented by inserting an
ultrathin Mg layer (tvg > 0.5nm) between Fe and MgO.
The highest spin polarization P = 16% was achieved when
tmg = 1 nm. These results are consistent with our previously
proposed model, which suggests that a magnetically dead

PHYSICAL REVIEW B 96, 235204 (2017)

(paramagnetic) layer forming at the ferromagnetic metal/oxide
interface causes B-3TH and I-3TH signals and reduces the
spin injection polarization. This study experimentally shows
the relationship between true spin injection/extraction signals
(N-3TH) and other B-3TH and I-3TH signals.

Then, realization of spin injection/extraction and pure spin
current was verified by the observation of both the four-
terminal spin-valve effect and the four-terminal Hanle effect
using the lateral device structure with #\;, = 1 nm. The fitting
functions were originally derived from the 2D spin diffusion
model, taking into account the geometrical effects, CCE and
EAE. Using the fitting functions with the geometrical effects
[Egs. (4) and (5)], the P and spin lifetime tg values estimated
in both the vertical and lateral devices are in good agreement.
On the other hand, using the fitting functions without the
geometrical effects, they are not in agreement between the
vertical devices and lateral devices. These results indicate that
the geometrical effects must be taken into account [Egs. (4)
and (5)] for the precise estimation of P and ts.

To realize spin transistors with highly spin dependent output
characteristics, further understanding and control of the spin
injection/extraction efficiency are needed. This work provides
a universal procedure to analyze the spin injection/detection
signals observed in both vertical and lateral devices and
will contribute to the precise understanding of the physics
concerning spin injection/extraction and spin transport in
semiconductor device structures.
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