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We experimentally study the strain effect on electron spin relaxation in a semiconductor using nonlocal
spin-transport measurements in lateral spin-valve devices. Application of in-plane and biaxial tensile strain
to a (111)-oriented and heavily doped n-type Sig 1 Geg g layer leads to lifting of the valley degeneracy in the
conduction band and to reduction of the electron’s effective mass, resulting in increased electron mobil-
ity. Nonlocal four-terminal spin signals in the strained-Sip ; Geg 9 lateral spin-valve devices are markedly
enhanced and the estimated spin lifetime becomes 3 times longer than that in strain-free devices at low
temperatures. On the basis of a comparison of the experimental data and recent theories, we propose that
only the donor-driven intervalley spin-flip scattering of electrons at low temperatures is partly suppressed

for the strained and heavily doped Sig ; Geg .
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I. INTRODUCTION

Use of the spin degree of freedom in semiconductors
has been explored for next-generation electronics with
low power consumption [1-5]. To demonstrate spin-based
logic and memory architectures [6,7], researchers have
investigated electrical spin injection, transport, detection,
and spin relaxation in gallium arsenide (GaAs) [8—11],
graphene [12—14], silicon (Si) [15-20], and germanium
(Ge) [21-25]. In particular, general group-IV semiconduc-
tors such as Si and Ge are expected to transport long-
lived spin information because of their large spin diffusion
length and long spin lifetime, which are consequences
of their weak spin-orbit coupling and lattice inversion
symmetry in the crystal structure [26-30]. A long spin-
transport length of electrons has been detected electrically
for intrinsic Si [15,16] and Ge [31]. Because of the opti-
cally accessible nature of the conduction-band structures
in intrinsic and lightly doped Ge, relatively-long-lived spin
information in Ge was also confirmed by optical methods
[32-37].

Recently, for intrinsic Si and Ge, the spin relaxation of
electrons has been theoretically suggested to be dominated
mainly by the electron-phonon interaction inducing spin-
flip transitions between the degenerate multivalley con-
duction bands (i.e., intervalley spin-flip scattering) [27—
30]. In addition, for impurity-doped Si and Ge, Song et
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al. [38] theoretically proposed that the dominant spin-
relaxation mechanism is intervalley spin-flip scattering
induced by the central-cell potential of impurities—so-
called donor-driven spin relaxation—where its origin is the
short-range spin scattering because of the spin-orbit cou-
pling of impurities rather than the spin mixing of states
from the spin-orbit coupling in the host Si and Ge. The
phonon-induced and impurity-induced intervalley spin-flip
scattering mechanisms were subsequently verified even
in experimental studies on lateral spin transport in doped
Si [18,39] and doped Ge [24,25,40]. As a result of the
remarkable aforementioned progress toward understanding
the electron spin-relaxation mechanism for Si and Ge, the
intervalley-spin-flip-scattering process in Si or Ge devices
can be controlled by lifting the valley degeneracy in the
conduction band [29,30,41].

Here we report an experimental demonstration of sup-
pressing the spin relaxation of electrons at low tempera-
tures using nonlocal spin-transport measurements in lateral
spin-valve (LSV) devices with a strained Sip;Gegg(111)
layer. Notably, we use SigGego as a spin-transport layer
because the electronic band structure of SigGeg g is simi-
lar to that of Ge and because effective in-plane and biaxial
tensile strain can be induced by forming a high-quality
Sig.1Geg9/Ge(111) heterostructure [42—44]. On lifting the
valley degeneracy of the conduction band and reducing
the electron’s effective mass, we observe an increase in
electron mobility in the strained Sig ; Gegg. Nonlocal four-
terminal spin signals in the strained-Siy;Gego devices
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are markedly enhanced and are as much as 2 orders
of magnitude larger than those in strain-free-SipGegg
devices at low temperatures. From the nonlocal Hanle
analysis, we experimentally find that the spin lifetime at
low temperatures can be extended to as much as 3 times
that in the strain-free devices. We propose that only the
donor-driven intervalley spin-flip scattering of electrons is
partly suppressed for the strained Siy;Gegg.

I1I. RESULTS AND DISCUSSION

A. Growth and characterization of strained
Sip.1Gego(111)

To control the spin relaxation of electrons in the degen-
erate conduction-band valleys, we use a strain-induced
Sig.1Gego(111) spin-transport layer, where the composi-
tion of Sig 1 Geg 9 is known to maintain a Ge-like electronic
band structure in which the bottom of the conduction
band is located near the L point in the k space [42,43].
Figures 1(a) and 1(b) show a schematic and cross-section-
transmission-electron-microscopy images, respectively, of
the SipGego(111) layer grown on a Ge(111)/Si(111) sub-
strate. Using molecular beam epitaxy (MBE), we first form
an undoped Ge(111) layer (40 nm) grown at 350 °C [low-
temperature (LT) Ge layer] on an undoped Si(111) sub-
strate (p ~ 1000 2cm) and then form an undoped Ge(111)
layer (600 nm) grown at 700 °C [high-temperature (HT)
Ge layer] [46,47]. As shown at the bottom of Fig. 1(b),
the defects from the Si(111) substrate are stopped in the
HT Ge layer. We next grow an 80-nm-thick phosphorus
(P)-doped n-type Sip1Gepo(111) layer by MBE at 350°C
on the defect-free surface of the HT Ge layer. For the
Schottky-tunnel conduction of electrons in spin-transport
measurements, we grow an 8-nm-thick P §-doped Ge layer
with an ultrathin Si layer on top of the spin-transport layer
[48], as shown at the top of Fig. 1(b). As a consequence,
we have already established reliable spin-transport mea-
surements in Ge-based LSV devices with Schottky-tunnel
contacts [4]. As a reference, we also prepare a strain-free
Sig.1Gegg layer, as described in Refs. [45,49], where the
thickness of the HT Ge layer is 70 nm and there are lots
of defects originating from misfit dislocations at the LT
Ge/Si(111) interface, giving rise to the release of the lattice
strain in the Sip 1 Geg g layer.

Figure 1(c) displays x-ray-diffraction w-26 scan data for
the newly grown Sip;Gegg. A clear Sip;Gego(333) peak
with interference fringes is observed, indicating coher-
ent and epitaxial growth of the Siyp;Gegg layer on the
Ge(111)/Si(111) substrate. Because the lattice constant
of the newly grown Sip;Gego layer is compressed along
the [111] direction, an in-plane and biaxial tensile strain
is applied to the Sip;Geyg layer. The presence of the
lattice strain in the Sip;Gepg layer is confirmed by x-
ray-diffraction reciprocal-space-map measurements (not
shown here). When the in-plane and biaxial tensile strain

(a) P d-doping + (b)
Si (2 monolayers)

Sig,1Gego (80 nm) -

HT Ge (600 nm) |

IR Si(111) substrate
(c) (d) g00 O P
— N TEL” 56' Strain-free
*é E = I EO4EQE°E'G..E....
5' Strain-free Strained @ 600+ :/2 .Strallned X
% | Ge333)/\  Strained 2 Jee. . 570100200300
g Sig1Geos(333) g ce, T(K)
g < 400 Strained Sio Gego ® @ o
&
g 0%, o o
= o .2,
T 200 Straln—frlee Sl‘],,(}le:n,9 o
448 45.0 452 454 45.6 0 100 200 300
w-20 (degrees) T (K)
FIG. 1. (a) Schematic and (b) cross-section-transmission-

electron-microscopy images of the grown Sip;Gego/
Ge/Si(111) heterostructure for spin-transport measurements
of the strained Sig;Gegpy. (c) X-ray-diffraction rocking curve
around the Ge(333) peak for the strained Sij; Geg 9 layer on the
Ge/Si(111) virtual substrate. The inset shows a schematic of the
energy splitting of the conduction-band valleys in Sip; Gegg. (d)
w-T plots of the grown strained Sip;Gegg layer and strain-free
Sip.1Gegy layer, as reported in Ref. [45]. The inset shows n-T
plots for both the strained Sip;Gepo layer and the strain-free
Sip.1Geg g layer.

is coherently applied, the four degenerate L valleys of the
conduction band in Sip;Gego can be lifted to a single
low-energy valley EX! and three higher-energy valleys E*
[30,50,51], as illustrated in the inset in Fig. 1(c). From the
literature [50,51], the energy splitting for Sig;Gegy grown
coherently on Ge(111) is expected to be 55-90 meV.

The carrier concentration (n) in both the strained
Sip.1Geg g layer and the strain-free Sip Geg g layer is deter-
mined from Hall-effect measurements to be approximately
5.4 % 10" and 6.0 x 10" cm™3, respectively, at room
temperature; the temperature dependence of n is shown
in the inset in Fig. 1(d). Figure 1(d) shows the temper-
ature dependence of the electron mobility (n) for both
the strained Sig;Gego layer and the strain-free Sip;Gego
layer. After the strain is applied to the SipGegg layer,
the electron mobility is clearly increased from approxi-
mately 240 cm?/ Vs to approximately 390 cm?/ Vs at room
temperature. Notably, even in the low-temperature regime
from 8 to 100 K, the electron mobility is further increased
to approximately 540 cm?/Vs despite the presence of the
heavy doping of P impurity in the spin-transport layer. This
feature indicates that the increase of the electron mobility
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arises from the suppression of the impurity-induced inter-
valley momentum scattering of electrons and the reduction
in the electron’s effective mass in the strained SigGegg
[44,52—54].

B. Spin transport in strained Sij;Gego

To examine the spin transport in the strained Siy ;Gey.o,
we fabricate LSV devices with various center-to-center
distances d between the spin injector and the detector, as
shown in Fig. 2(a). Details of the fabrication processes and
top views of similar LSV devices have been reported else-
where [4,55]. As a spin injector and detector, we grow
Co,FeAl,Si|—, (CFAS), which is a highly-spin-polarized
Heusler alloy [56,57], by MBE on top of the Schottky-
tunnel barriers using nonstoichiometric growth techniques
[4,25]. As depicted in Fig. 2(a), four-terminal nonlocal
voltage measurements are performed at various tempera-
tures [4,8,58,59]. Figure 2(b) shows a representative non-
local spin signal [ARNy = AVNL/T = (V;f — VIE{)/I] of
a LSV device with a strained Sip;Gegg layer (device A;
d = 2.2 um) at 77 K. Here in-plane magnetic fields (B))
are applied along the y direction and the spin-polarized
electrons are injected into the Sip;Gegg from the CFAS
for a negative value of / (I < 0) (spin-injection condi-
tions). Hysteretic features are observed, where the changes
in ARyL depend on the magnetization states between par-
allel and antiparallel. Notably, the magnitude of ARy for
the strained Sij Geg g is 2 orders of magnitude larger than
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FIG. 2. (a) Schematic of the fabricated CFAS/strained-

Sig.1Gegg-based LSV device. (b) Nonlocal spin signal and (c)
nonlocal Hanle curves for parallel and antiparallel magnetization
states of a strained-Sij | Gegy9 device at 77 K.

that for the strain-free Sip;Gegg reported in Ref. [45].
When LSV devices are fabricated again with the strain-
free Sip1Gepo and nonlocal measurements at 77 K are
performed, 2-order-smaller ARy data are obtained for the
strain-free LSV devices. Thus, the great increase in ARNL
is related to the application of the in-plane and biaxial
tensile strain to the Sig ; Geg g spin-transport layer.

As shown in Fig. 2(c), Hanle-type spin-precession sig-
nals are observed when out-of-plane magnetic fields (B.)
are applied under parallel and antiparallel magnetization
states. Here, for clarity, we subtract a quadratic background
from the raw data [4,8]. The nonlocal spin-valve and Hanle
signals indicate that reliable spin transport in the strained
Sig.1Gegg is demonstrated experimentally. Notably, even
at 77 K, B, for the spin dephasing is small compared
with that for the strain-free Sip;Gegg [45]. To verify the
reproducibility of the measurements, Hanle curves for
the parallel magnetization state at 50 K are recorded for
numerous LSV devices with the strained SigGego; the
results are reported in Fig. 3, where two of the measured
LSV devices are labeled as device B (d = 1.4 um) and
device C (d = 2.2 um). As a reference, the Hanle curve
for a LSV device with the strain-free SipGego at 50 K is
also shown. The Hanle curves for devices B and C with the
strained Sij 1 Gey g are narrow compared with the curve for
the devices with strain-free Sip ; Geg.o.

From these Hanle curves and the following equation
[8,59], we can extract the spin lifetime (zy), together with

éﬁ\ Device B d=14 um
c 4
Device C d=22 um
X350
Strain-free device d=12 um
L L L L L L L
-200 —-100 0 100 200
B_(mT)
FIG. 3. Hanle curves for various strained Sip;Gegy layers

measured in the parallel magnetization state at 50 K. As a ref-
erence, an enlarged Hanle curve for a strain-free Sij;Gegg layer
at 50 K is shown.
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the diffusion constant (D):

ARNL(B) = :tAf ¢ (H)cos(wt)exp (_ri)dt’ (D)
0

N

where A4 = PiyjPaetpnD/S, ¢ () = (1//47Dr) exp
(—d2 /4Dt), and w; (= gugB./h) is the Larmor frequency,
where g is the electron g factor (g = 1.56) in SipGego
[51,60] and pp is the Bohr magneton. Pi,; and Py are
spin polarizations of the electrons in SipGeg g created by
the spin injector and detector, respectively. py and S are
the resistivity (approximately 2.7 mQcm) and the cross-
section area (0.48 um?) of the Sip;Gego layer, respec-
tively. Here the contact-induced spin relaxation does not
influence the Hanle analysis [61] because the resistance-
area product of these LSV devices is 1 order of magnitude
larger than the spin resistance of the Sij 1 Geg g layer. We fit
the data for devices B and C, which have strained Sip 1Geg 9
layers, using Eq. (1) and can extract 7y at 50 K of approx-
imately 0.68 ns and approximately 0.83 ns, respectively,
where the D values obtained are approximately 37 cm?/s
and approximately 41 cm? /s, respectively. By contrast, for
the strain-free Sip;Gegy in this study and in a previous
study [45], Ty at 50 K is estimated to be approximately
0.2 ns (D = 11-17 cm?/s). From these results, we con-
clude that the ty values for the strained Siy;Gepo are
greater than those for the strain-free Sig ; Geg 9. In this case,
we also obtain the spin diffusion length (1y) of the spin-
transport layer from the relation A = /Dz. Ay for the
strained Sip Gego is 1.6—1.9 um, which is approximately
3 times greater than that (0.5-0.6 um) for the strain-free
Sig.1Geg9. This phenomenon is consistent with the increase
in u shown in Fig. 1(d) for the strained Siy ;Geg o because
Ay is generally influenced by the value of u related to D
[4,18,25].

Figure 4 shows the temperature dependence of ty for
strained-Sij 1Geg 9 devices A—D, where device D also has
d = 1.4 pm, together with the temperature dependence of
Ty for the strain-free-Siy ;Geg o devices. The estimated
values for strained-SipGegg devices A—D are approxi-
mately 3 or 4 times larger than those for the strain-free
ones in the temperature range 8 K < T' < 77 K. The afore-
mentioned results provide experimental evidence for sup-
pressing the spin relaxation of electrons through the use of
a strained Sig;Gegy spin-transport layer. Above approxi-
mately 100 K, however, decreases in 1 are observed for
devices A-D. If the intervalley spin-flip scattering were
completely suppressed by lifting the valley degeneracy
of the conduction bands, even the decrease in ty above
approximately 100 K should also be limited, as expected
in theory [30]. Thus, in the present study, the temperature
dependence of 1) above approximately 100 K is consid-
ered a consequence of an insufficient strain effect on the
spin transport. For the strain-free devices, by contrast, reli-
able 1y data could not be obtained above approximately

1.4 T T T T T
O Device A
L2 O Device B 7
Lok @) Dev?ce C |
X Device D
- 081 o % g
=
= | @ 0]
(12 R E S
EY ] — xR 8 5 a
0.4} B .
Strain-free devices %m
Bt
0.2 VD] % -
=]
0 L L L L L
0 50 100 150 200 250

T (K)

FIG. 4. Temperature dependence of ty for various strained-
Sig1Gegy9 LSV devices as estimated from the Hanle curves
corresponding to the parallel magnetization state. For compar-
ison, the data for strain-free-Sip;Gepo LSV devices are also
plotted.

100 K because of the small ARy;, value. In the next
section, we discuss the spin-relaxation mechanism in the
strained Sip ;Gego.

C. Spin-relaxation mechanism in strained Sij 1Ge 9

According to Matthiessen’s rule, if we consider the
impurity-induced and phonon-induced intervalley spin-
flip scatterings in the strained Sip;Gegy, then the spin
scattering rate (1/7y) can be expressed as

1 1 1
— =t @)

X inter *
o T e

where iy, and rl;‘}‘ltoe; are spin lifetimes due to the impurity-
induced (donor-driven) [38] and phonon-induced [30]
intervalley spin-flip scatterings, respectively. In this case,
the component of phonon-induced intravalley spin-flip
scattering (1/ t;ﬁgﬁ) is negligibly small [18,24,25,30,39,
40]. For heavily doped (degenerate) Si, Ge, and Si,Ge;_,
the 1/7m, term can generally be regarded as the following
equation [38,40]:

1 4 nm.a$,

A 372 1/3 A2 ’ 3
Timp 27hH3 ( T I’Z) SO ( )

where for Sip1Gegg, ap is the Bohr radius, m, is the elec-
tron effective mass, and Agp is the spin—orbit-coupling-
induced splitting of the triply degenerate ls (7>) donor
state. In Eq. (3), we assign ex ~ h?/2m, (371211)2/3 to ek
in Eq. (4) in Ref. [38]. As described in Eq. (3), the 1/7in,
term depends not on the external temperature but on # [40].
For both the strain-free Sip;Gepg layer and the strained
Sip.1Gego layer, because the temperature dependence of
n is small, as shown in the inset in Fig. 1(d), the nearly
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constant values of 7y in the temperature range 8 K < 7' <
77 K for each device in Fig. 4 indicate that the impurity-
induced intervalley spin-flip scattering is dominant. Above
approximately 100 K, however, the onset of the decrease
in ty reflects the influence of the phonon-induced interval-
ley spin-flip scattering. Because of the insufficient strain
effect on the spin transport in Sip;Gegy above approxi-
mately 100 K, we tentatively consider the 1/ r];?lfrf term
as the electron-phonon-induced spin-flip process between
conduction valleys as in Ge as follows [30]:

1 4 <2md)3/ 3 ADy. 9 ()
inter 3\ S 2o/ expyi — 1’

4
Tphon

where my, 0, and A; are the effective electron mass in
bulk Ge, the crystal density, and the spin-orientation-
related constants, respectively, €2; is the energy of
X -point zone-edge phonons (X and Xa), ¥ (v; = Q;/ksT)
= . /yiexp (yi/2) K_1 (yi/2) is related to the modified
Bessel function of the second kind, and Dy, is the spin-
flip-scattering constant, which can be determined from
theoretical calculations or from experiments [30]. Using
Eq. (2), we analyze the experimental data in Fig. 4.
Because the error bars of the data are relatively large
and clear data cannot be obtained at high temperatures
for devices A and C, we conduct the data analysis only
for devices B and D. The fitting results corresponding
to our attempt to fit the experimental data using Eq. (2)
with Timp, Dy, and Dy, of Eq. (4) as fitting parameters
are indicated as the dashed curves in Fig. 4; the extracted
parameters Timp, Dy,, and Dy, are shown in Table I. The
good fitting results again indicate the presence of strong
contributions of the 1/ t};'ﬁt:; term in addition to the 1/7im,
term. As a result, Ty, for the strained Sig.;Geg g is 3 times
greater than that for the strain-free Sip;Gepo (approxi-
mately 0.2 ns) [45]. However, because the values of Dy,
and Dy, obtained are consistent with our previous work
on Ge [4,25], we can attribute the temperature dependence
of Ty above approximately 100 K to the phonon-induced
intervalley spin-flip scattering of electrons, similarly to the
case of Ge. A comparison of the 7y, values in Table I
and Eq. (3) enables a rough estimate of Agp. According
to the literature [42,43,51,52], the ag and m, values for
Sip.1Gep 9 can be reasonably assumed to be almost equiv-
alent to those for pure Ge. Thus, for the estimate of Ago,
we tentatively use ag = 6.45 nm [62], m, = 0.16m, [63],
and n = 4.4 x 10'® cm™ (50 K). Consequently, Ago for
device B is 0.079 meV and for device D is 0.084 meV.
Here the values of Agp are generally much smaller than
the valley-orbit-induced singlet-triplet splitting in P-doped
Ge of approximately 2.83 meV [64]. Differences in the ty
values are observed among devices A—D despite their sim-
ilar values of n. We infer that the observed differences in
the 7y values among the devices are due to the fluctuation

TABLE I. Comparison of the extracted parameters from the
data analysis with Eq. (2) for devices B and D with strained
Sip.1Geo .

Device B Device D
Timp (1S) 0.67 0.61
Dy, (meV/A) 57.9 67.7
Dy, (meV/A) 131 80.3

of the microscopic strain effect on the spin-transport layer
in LSV devices [65—67]. Given the difference in the data in
Fig. 4, we interpret this to mean that Agg falls in the range
from 0.06 to 0.15 meV, which is consistent with the Ago
values of 0.06-0.11 meV reported in our previous work on
P-doped Ge [4,25,40].

Finally, we comment on the suppression of the phonon-
induced intervalley spin-flip scattering in the strained
Si,Ge;_, above 100 K. As previously mentioned, the
energy splitting of the conduction valleys for the strained
Sig.1Gego is expected to be 55-90 meV on the basis of
the results of the previous theoretical calculations [50,51].
Although the absolute value of the energy splitting, which
is greater than approximately 26 meV (300 K), is likely
sufficient to suppress the phonon-induced intervalley spin-
flip scattering even near room temperature, the experimen-
tal data in this study clearly show the strong influence of

the 1/ rﬁ'ﬁfg term on the spin transport. As one of the pos-

sible reasons for the strong influence of the 1/ rﬁ‘ﬁfrf term,
we suggest the influence of the position of the Fermi level
(Er) relative to the three higher-energy valleys (i.e., EX®)
[30,50], as shown in the inset in Fig. 1(c). In this study,
because the value of Er in the degenerate Sip;Gegyg is
larger than the energy of the conduction-band edge, the
position of the Fermi level is located between E-* and
EL! and the relative position between Er and EX® can
become smaller than approximately 26 meV. Given the
influence on ty at approximately 100 K in Fig. 4, we
can estimate the energy difference between Ep and ECL3
as being less than approximately 10 meV. Therefore, we
should explore the use of nondegenerate spin-transport lay-
ers to create a large energy difference between Er and
EL3. Here we also compare the data in the present study
with the data for pure (strain-free) Ge reported in our
previous work [4,25,68]. Although the strain effect dis-
cussed here is partly effective at low temperatures for
heavily doped SipGepy spin-transport layers, the advan-
tage of the strained Sij | Geg ¢ is not observed for strain-free
n-type Ge above 100 K. Because there is almost no strain
effect on the spin transport above 100 K in the present
study, we infer that the alloy scattering of electrons in the
Sig.1Geg g layers [44,69] becomes preferentially dominant
for the spin relaxation [70]. That is, if the effective strain is
not induced in the Si,Ge;_, layers, there is no advantage
in using Si,Ge;_, for spintronic applications. According
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to the aforementioned results, in addition to the nonde-
generate spin-transport layers, Si,Ge;_, (0.1 <x <0.3)
should be used to enhance the in-plane and biaxial tensile
strain to suppress the phonon-induced intervalley spin-flip
scattering even at room temperature [42,43,51].

I11I. CONCLUSION

We experimentally study the strain effect on electron-
spin relaxation in a heavily doped strained Sig;Gego
layer using nonlocal spin-transport measurements in LSV
devices. Lifting the valley degeneracy of the conduction
band enabled us to observe an increase in electron mobility
in the strained Sij | Geg ¢ layer. Nonlocal four-terminal spin
signals in the strained-Siy ; Geg 9 LSV devices are markedly
enhanced and the estimated spin lifetime becomes 3 times
longer than that in the strain-free devices at low tem-
peratures. A comparison of the experimental data and a
recent theoretical prediction [30,38] leads us to propose
that only the donor-driven intervalley spin-flip scattering
of electrons is partly suppressed for the strained Sip ;Geg .
Suppressing the phonon-induced intervalley spin-flip scat-
tering of electrons would require further enhancement
of the in-plane and biaxial tensile strain and the use of
the nondegenerate condition for Si,Ge;_, spin-transport
layers.
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