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Spin relaxation through lateral spin transport in heavily doped n-type silicon
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We experimentally study temperature-dependent spin relaxation including lateral spin diffusion in heavily
doped n-type silicon (n"-Si) layers by measuring nonlocal magnetoresistance in small-sized CoFe/MgO/Si
lateral spin-valve (LSV) devices. Even at room temperature, we observe large spin signals, 50-fold the magnitude
of those in previous works on nt-Si. By measuring spin signals in LSVs with various center-to-center distances
between contacts, we reliably evaluate the temperature-dependent spin diffusion length (As;) and spin lifetime
(7si). We find that the temperature dependence of Tg; is affected by that of the diffusion constant in the n*-Si
layers, meaning that it is important to understand the temperature dependence of the channel mobility. A
possible origin of the temperature dependence of tg; is discussed in terms of the recent theories by Dery and

co-workers.
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I. INTRODUCTION

Studies of spin transport in semiconductors such as GaAs
[1-5], Si [6-10], and Ge [11-14] have been reported for
achieving semiconductor spintronics devices [15,16]. Si, in
particular, has been expected to transport long-lived spin
information in semiconductor devices because of long spin
diffusion length and spin lifetime due to the weak spin-orbit
coupling and lattice inversion symmetry in the crystal structure
[17-20]. So far, 350-um-long spin transport has been observed
in undoped single-crystal Si by using ballistic hot-electron
spin injection [10]. Recently, the influence of electron-phonon
interactions [17-20] and donor impurities [21,22] on the spin
relaxation in doped Si has been discussed in detail.

Recent progress in spin injection and detection techniques
in heavily doped n-Si (n*-Si) layers has enabled observation of
room-temperature spin transport in lateral spin-valve devices
[8,9]. Previously, Suzuki et al. reported that the spin diffusion
length (As;) of n™-Si at room temperature is estimated to be
~0.6 um from Hanle-effect curves obtained by four-terminal
nonlocal (NL) magnetoresistance measurements [8]. Although
they also showed the temperature dependence of Ag; and the
spin lifetime (zs;) in n™-Si by fitting Hanle-effect signals, the
mechanism of the temperature dependence has remained an
open question.

A recent theory by Song et al. indicated that multivalley
semiconductors such as Si exhibit a donor-driven spin re-
laxation mechanism due to the central-cell potential of the
doped impurities [21]. This theory suggests that when the
above mechanism is dominant, the spin lifetime is temperature
independent and depends only on the donor concentration in
heavily doped semiconductors (ex & kgT'), where ¢k is the
energy of the conduction electron above the band edge and kg
is Boltzmann’s constant. However, an experiment by Suzuki
et al. showed reduction in ts; from 10 ns to 1.3 ns with elevating
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temperature even in n*-Si [8]. Thus, the spin relaxation
mechanism due to electron-phonon interaction needs to be
discussed even for n*-Si [17-20]. From the viewpoint of spin
relaxation in n*-Si, since the temperature dependence of g;
remains unclear, the spin transport and spin relaxation in n*-Si
need to be examined in further detail.

In this article, we study four-terminal NL spin transport
[23-25] at various temperatures in lateral spin-valve devices
with a small size (0.305 wm?) cross section in the n*-Si layer.
Even at room temperature, we observe large spin signals,
50-fold of the magnitude observed in previous works on
nt-Si [8,9]. The temperature dependences of Ags; and Tg;
are accurately estimated from evaluating the center-to-center
distance dependence of the spin signals. We find that the
temperature dependence of tg; is affected by that of the
diffusion constant (D) in n*-Si layers. This means that it is
important for understanding the spin relaxation in n*-Si to
consider the channel mobility (). A possible origin of the
temperature dependence of tg; is discussed in terms of the
recent theories by Dery and co-workers [17,18,21].

II. SAMPLES AND MEASUREMENTS

MgO films (~1.1 nm) were deposited to act as a tunnel
barrier at 200°C on a phosphorus-doped (n ~ 1.6x 10"
cm3) (100)-textured SOI (61 nm) layer by electron-beam
evaporation. A CoFe layer (15 nm) and Ru cap layer (7 nm)
were then sputtered on top under a base pressure better than
5.0 x 1077 Pa [9,26]. Conventional processes with electron-
beam lithography, Ar™ ion milling, and reactive-ion etching
were used to fabricate lateral spin valves (LSVs). Figure 1(a)
shows a top-view optical micrograph of a fabricated LSV.
The Ru/CoFe/MgO contacts were patterned into dimensions
of 2.0 x 5.0 um? and 0.5 x 5.0 um?, respectively, and the
channel width was 7.0 um. Finally, ohmic pads consisting
of Au/Ti were formed for all contacts. The cross-sectional
area of the n*-Si layer was 0.305 um?. The center-to-center
distances (d) between CoFe/MgO contacts are designed to be
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FIG. 1. (a) Optical micrograph of a fabricated n*-Si-based LSV.
(b) Nonlocal magnetoresistance curve at 303 K. The inset shows
nonlocal four-terminal Hanle-effect curves for the parallel and
antiparallel magnetization configurations at 303 K. The solid curves
are the results of fitting to Eq. (2) in Ref. [24].

1.55, 1.65, 1.75, 2.25, 3.25, and 3.75 um. By using the NL
terminal configuration [see Fig. 1(a)], electrical measurements
were carried out using a conventional dc-bias technique at
various temperatures. External magnetic fields, By and B,,
were applied to the directions along the in-plane and out-of-
plane, respectively, for the LSVs.

III. RESULTS AND DISCUSSION
A. Spin diffusion length in n*-Si

Figure 1(b) shows a four-terminal NL magnetoresistance
signal (ARNL = AVnL/I) at a bias current of —1.0 mA
at 303 K, where d was 1.75 um. We can clearly see a
spin-valve-like signal at room temperature. We also observed
a broad change in the background resistance, indicating that
the magnetic configuration of the parallel state at around zero
field was unstable in the fabricated CoFe/MgO/SOI devices.
Although the origin of this behavior is under discussion, NL
signals can also change steeply with the maximum A Ryp
value when the magnetization configuration between the spin
injector and detector is switched from antiparallel to parallel
at a higher field (By). Thus, we hereafter define [ARyy| as a
steep change in the value of ARy at By ~ 60 mT, as shown
in Fig. 1(b). Four-terminal NL Hanle signals for the same
device at 303 K are also shown in the inset of Fig. 1(b), which
shows evidence for spin injection, manipulation, and detection
in n*-Si. It should be noted that |A Ry | in Fig. 1(b) reaches
65 mS2, which is approximately 50-fold the value given in
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FIG. 2. d dependence of | A Ry | at 303 K. The dashed line shows
the results of fitting to Eq. (1). The inset is the NL magnetoresistance
curve at 303 K for a device with d = 3.75 um.

Ref. [8]. In general, | A Rx | can be expressed by the following
equation [26-29]:

4| P | Pacelrsir exp (= 2
Sn{@ro + ri)? = rgexp (— %)} ’

where P;;; and Py are spin polarizations of the electrons in
Si created by the spin injector and detector, respectively, and
ry, and rg; are the resistances of the CoFe/MgO interface and
the n*-Si layer. Sy is the cross-sectional area (0.305 ;tm?)
of the n*-Si layer. In previous works [8,9,26], the Sy values
were relatively large (1.68 /J,m2 < Sy <£5.0 ,urnz), compared
to this work. Since we utilized a small cross section in the
n*-Silayer as a spin transport channel [27,30-33], we detected
quite large spin signals in order to precisely estimate Ag;
and tg; from electrically measuring spin transport at various
temperatures. Although Tahara ef al. recently reported large
spin signals of several Q2 in Si at room temperature, the
used spin transport layer is a nondegenerate n-Si, leading to
large spin accumulation [34]. Since this study focuses on the
spin relaxation mechanism in n*-Si (degenerate n-Si), the
enhancement in |A Ryr| due to the small cross section in the
spin transport layer is useful.

Next, we examine the dependence of [ARn.| ond at 303 K
in Fig. 2. Since | A Ry | is much larger than in previous works,
we can observe spin signals for the LSV with d = 3.75 um
(see inset of Fig. 2) and an exponential decay of |A Ry | with
an increase in d is seen. Using Eq. (1), we extract the room-
temperature Ag; of ~0.95 um. Although this value is slightly
larger than Ag;(*0.6 um) in Ref. [8], we can recognize that
our data is more reliable because of the large spin signals from
using small-sized devices. We also extracted As; (=+/DTsi)
from the fitting of the NL Hanle-effect curves based on the
one-dimensional spin drift diffusion model [1,24]. The solid
curves in the inset of Fig. 1(b) show representative results of the
fitting to Eq. (2) of Ref. [24]. As a result, the ts; and D values
at 303 K for the n"-Si layer were estimated to be 0.7 ns and
20 cm?/s, respectively, leading to a Ag; of 1.2 um at 303 K, also
consistent with the above framework. Since the analytical data
from these electrical Hanle-effect measurements have already
been reported in Ref. [8], we will focus on the extraction from
Eq. (1) by using the dependence of | ARy | on d [35].

|[ARNL| =

ey
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FIG. 3. Temperature dependence of Ag; estimated by d depen-
dences of NL spin signals at various temperatures, as shown in the
inset.

For all the LSVs, we measured the dependence of |A Ry |
on d at various temperatures (see inset of Fig. 3), and then Ag;
as a function of temperature was obtained in Fig. 3. At 20 K,
the Ag; value is enhanced up to ~ 3.2 um. These features
are similar to previous works [8,36]. We speculate that this
similarity is due to the nature of spin-related scattering in the
n*-Si layer (n &~ 10" cm™3). We discuss the spin relaxation
phenomena in the n*-Si layer in terms of this nature.

B. Spin lifetime in n*-Si

For heavily doped semiconductors, the D value of spins
should be calculated from Eq. (4) in Ref. [37]. Since the
D values are strongly related to the p value, we have to
obtain u in the n*-Si layer used here. Using the Hall-bar
device of the n*-Si layer (100 x 100 wm?), we measured
the temperature dependence of n and resistivity (ps;), leading
to the temperature dependence of (i, as shown in the inset of
Fig. 4(b). Because a large change in n was not observed as the
temperature changed, u was slightly reduced with increasing
temperature because of the metallic ps; behavior. From the u
values and Eq. (4) in Ref. [37], the D values are calculated
as a function of temperature as shown in Fig. 4(a). For the
n*-Si layer used here, we can regard the characteristics of D
as consequences of 1 in the spin transport layer.

By using the relation Ag; = «/Dts; and the results in
Figs. 3 and 4(a), the temperature dependence of tg; is given
as solid symbols in Fig. 4(b). It should be noted that tg;
is ~2.1 ns at 303 K and is enhanced up to ~16.4 ns with
decreasing temperature, implying that ts; depends on external
temperature. Interestingly, the temperature dependence of
Ts; in this work is consistent with that in Ref. [8]. From
these calculations, this study elucidated that the temperature
dependence of tg; is correlated with that of D. Since this
work is based on the pure spin current transport toward lateral
dimensions in the n"-Si layer, we should consider the influence
of the intrinsic nature in the n*-Si layer on the spin relaxation
under the lateral spin transport. Notably, we find that the
behavior of the temperature dependence of ts; in Fig. 4(b)
is similar to that of D in Fig. 4(a). For the n*-Si layer in the
range from 20 to 303 K, the D value arises from the p value in
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FIG. 4. (a) Temperature dependence of D, estimated from Eq. (4)
in Ref. [37]. (b) Temperature dependence of tg; in the n*-Si layer
used, together with the theoretical fitting curve (gray dashed curve) is
based on Egs. (2)—(5). The inset shows the temperature dependence
of w in the n*-Si layer used.

the transport layer on the basis of Eq. (4) in Ref. [37]. Namely,
we can infer that u in the n™-Si layer affects ts;.

C. Comparison of experiment and theory

In general, the spin relaxation in undoped Si is dis-
cussed in terms of the Elliott-Yafet mechanism including
the conduction-band valley anisotropy [6,10,17—-19]. Recently,
Dery and co-workers reexamined the Elliott- Yafet mechanism
in multivalley semiconductor systems and predicted the
detailed spin relaxation due to electron-phonon interactions
in the multivalley conduction band in Si [17,18]. Since
the temperature dependence of ts; in n*-Si is related to
that of D, as described in Fig. 4, we have to regard the
temperature-dependent p shown in the inset of Fig. 4 as
an important factor for understanding the spin relaxation
mechanism. In short, since the u — T curve indicates the
presence of phonon-induced carrier scattering, we need to
consider the spin relaxation due to the electron-phonon
interactions in n*-Si. In addition, Dery and co-workers also
suggested donor-driven spin relaxation for doped Si [21]. The
conduction band dominated by the multivalley nature causes
short-range spin-flip scattering due to the central-cell potential
of impurities doped. The following discusses the temperature
dependence of tg; in terms of these theories [17,18,21].

According to Matthiessen’s rule for Si, the following spin
scattering rate (rl&) needs to be considered:

1 1 1 1
— = — @
Tsi Timp Tinter Tintra
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where Timp, Tinter, and Tingra are spin lifetimes due to impurity-
induced, phonon-induced intervalley, and phonon-induced
intravalley spin-flip scatterings, respectively [17,18,21]. Both
Timp and Tiner consist of so-called g and f processes (z,
and 77) which arise from electron scattering between oppo-
site valleys and valleys derived from perpendicular crystal
axes, respectively [17,18,21,38]. Since it is well known
that the contribution of the ﬁ term is much weaker than
other terms [17,18,21,38], we ignore this term from now
on [39].

For iy, since the g process is much smaller than the f
process, the theory clarifies that the spin relaxation rate of
a conduction electron with € above the band edge can be
expressed as the following equation [21]:

1 47 Ngmea®
= T;'B\/ meex(6n]” + DAL, 3
imp

where Ny is the donor concentration, m. (=0.32 my) is the
electron effective mass in Si, ag ~ 2 nm is the electron Bohr ra-
dius in Si, Ay, &~ 0.03 meV is the spin-orbit-coupling—induced
splitting of the triplet degenerate states in the conduction-band
valley for Si:P [40,41], and n = |AL /A | & 2 is an empirical
value [21], where A/ is the 1s(E) donor state splitting-related
parameter and Ay, is the 1s(7>) donor state splitting. For
the case of ex ~ kgT, the scattering rate (n.l_“p) in Eq. (3)

exhibits +/7 behavior. However, for the case of e 2 ksT,
the scattering rate depends only on Ny because of €x ~ €,
where /2mqeg/h ~ (3m*Ng)'/3. When we use the n*-Si layer
(n ~ 10" cm™3) and assume that the doped impurities (P) are
completely ionized in the Si channel layer, we need to consider
the latter case with Ng ~ n.

For Tiner, the g process can be expressed as follows [17,18]:

/2D gy

1 32m < ) <2md> (4)
T, 9 mey \Ac T MoE, x exp(y) — 1

Moty
mo+ncy

m; = is the transverse electron mass, where m., =
2Eg,X/ZPZ, E, x ~ 4.3 eV is the energy gap at the X point,
P~~9 eV-A is the mass anisotropy [42], Ax &~ 3.5 meV
is the spin-orbit-coupling-related parameter, Ac ~ 0.5 eV
denotes the energy spacing between the conduction bands at
the conduction-band minimum position [17], m,; = (momtz)l/ ?
is the effective electron mass, €2, ~ 21 meV is the longitudinal
acoustic phonon energy, D, ~ 4eV/ A is the intraband dilation
and uniaxial deformation potential related constant [17,18,43],
= Q,/kpT, and g(y) is associated with the modified Bessel
Lexp($Ka(3) ~
145 y’%. On the other hand, the f process can be described
by the following equation:

2 ’%
1 16/ Ay 2my
Ty 3 E, x b4

where A’y &~ 5 meV is the spin-orbit-coupling-related pa-
rameter, A; (A; =2 and A3z = 1) is the spin-orientation-

function of the second kind via g(y) =

A;D} S
ho/Ssiexp(yi) — 1

&)

i=1,3
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related parameter [17,18], D; (D, and Dj3) is a scattering
constant associated with a phonon mode of %; symme-
try, Qr; (Qf1~47 meV and Q3 ~ 23 meV) is the ¥
phonon energy [17,18], and f(y) = /yexp(y/2)K_1(y/2)
is associated with the modified Bessel function of the second
kind.

By considering Egs. (2)—(5), we fit the experimental data, as
shown in Fig. 4(b) (see gray dashed curve), using iy, and D;
(D and Dj3) in Eq. (5) as fitting parameters. Consequently, the
best fit curve can be obtained by using the parameters of 7, =
12.9ns, D; =1.95 x 10-7eV/A, and D3 =24.5¢V/A. When
we calculated the 7, value only from Eq. (3), we obtained
Timp ~ 11 ns, nearly consistent with the best fit parameter. In
addition, the obtained large difference in D; between D; and
Dj likely implies that there is a large scattering difference
based on the crystal orientation relative to the direction of
injected spins. The detailed features will be discussed in
future work. From these considerations, we can explain the
temperature-dependent tg; as a consequence of impurity- and
phonon-induced spin scatterings by using the theories by Dery
and co-workers [17,18,21].

In the field of semiconductor spintronics, the spin relaxation
mechanism in semiconductors has been discussed for ten or
more years. For n-GaAs channels, very long spin diffusion
lengths (Agaas) Of several micrometers at low temperatures
have been reported every time and clear electrical spin signals
have been observed even in very large LSVs, despite the
presence of many spin relaxation mechanisms [1-5]. When
one focuses on the p value, the values for the moderately
doped GaAs channels (u ~ several hundreds of cm?/V -s)
are 1 order of magnitude larger than those (i ~ several tens
of cm?/V -s) for the n*-Si channel [44,45]. By considering
Fig. 4, we can recognize that the temperature-dependent tg; in
n*t-Si layers originates from the weak temperature-dependent
D and p. In short, despite the weak spin-orbit coupling and
lattice inversion symmetry in Si, the relatively low wu is the
critical disadvantage for the lateral spin diffusion in n*-Si
channels, even at low temperatures. Therefore, when the spin
relaxation with the diffusive spin transport in semiconductor
channels is discussed, the influence of the D value associated
with the p value should be taken into account. In the field
of quantum information technologies, on the other hand, Si
has shown powerful advantages for the long coherence time
and high fidelity when few-electron spins are treated on the
quantum-dot platform [46—48]. In these ultimate devices, even
the field induced by nuclear spins can affect the spin lifetime.
Therefore, if the spin relaxation phenomena in semiconductor
materials are discussed, one should also consider the situation
of the related spins in the device structures. Since this study
has clarified the origin of the temperature dependence of ts;,
the device structures for realizing high-performance Si-based
spintronic applications can be reconsidered.

IV. CONCLUSION

We have studied four-terminal NL spin transport at various
temperatures in LSV devices with a small size cross section
(0.305 wm?) in the n " -Si layer. We observed large spin signals,
even at room temperature, 50-fold the magnitude observed
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in previous works [8,9]. From evaluating the center-to-center
distance dependence of the spin signals, we can accurately
estimate the temperature dependences of Ag; and tg5. We
found that the temperature dependence of tg; is affected
by that of D in the n™-Si layer. We also clarified that the
temperature dependence of tg; can be interpreted in terms of
recent theories based on impurity- and phonon-induced spin
relaxation mechanisms in doped multivalley semiconductors.
We conclude that the temperature-dependent ts; in n+-Si layers
originates from the temperature-dependent p and D in the
nt-Si layers.
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