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Experimental extraction of donor-driven spin relaxation in n-type nondegenerate germanium
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Using pure spin current transport measurements in lateral spin-valve devices, we study the spin relaxation in
an n-type nondegenerate Ge layer, which is moderately doped Ge (P: ∼1018 cm−3). The obtained spin diffusion
length (λGe) of the nondegenerate Ge is two to three times greater than that of heavily doped degenerate Ge
(P: ∼1019 cm−3) in the temperature range from 8 to 100 K. We find that the electron spin lifetime (τ ) for the
nondegenerate Ge is monotonically increased with decreasing temperature (T ). The increase in τ at temperatures
less than 50 K can be interpreted in terms of the donor-driven spin relaxation mechanism including the 1/

√
T

behavior in multivalley semiconductors, proposed by Song et al. [Y. Song, O. Chalaev, and H. Dery, Phys. Rev.
Lett. 113, 167201 (2014)]. We note that it is important for the τ of the moderately doped nondegenerate Ge to
partly consider the T -independent component of spin relaxation in addition to the 1/

√
T component.

DOI: 10.1103/PhysRevB.104.115301

I. INTRODUCTION

Spin transport phenomena in semiconductors have been
explored to develop methods for controlling spin degrees of
freedom for semiconductor device structures [1–5]. For III-
V semiconductors having broken lattice inversion symmetry,
the D’yakonov–Perel’ (DP) spin relaxation mechanisms have
been revealed experimentally [1,6] because their spin states
can be determined using well-established optical [7–9] and
electrical [3,10] methods. Recently, the temperature depen-
dence of the spin lifetime (τ ) for GaAs was investigated using
electrical methods at temperatures as high as room tempera-
ture [11]. However, the literature contains few reports on the
room-temperature spin transport in GaAs [11–13] because the
DP spin relaxation in GaAs leads to the very short τ less than
100 picoseconds at room temperature. In addition, the report
on the doping concentration dependence of the τ for GaAs has
been still limited at temperatures less than 5 K [8].

For group IV semiconductors such as Si and Ge, on the
other hand, relatively long τ values can be obtained even
at room temperature because of inversion symmetry in their
crystal structure and their relatively weak spin-orbit interac-
tion [14–19]. The spin-flip mechanism in Si and Ge has been
discussed on the basis of the Elliott-Yafet (EY) mechanism in-
duced by the spin-orbit interaction of host materials [20–23].
However, a contradiction created by the strong dependence
of electron spin relaxation on the species of donor atoms in
Si was also pointed out a long time ago [24]. To explain the

*michihiro@ee.es.osaka-u.ac.jp
†hamaya@ee.es.osaka-u.ac.jp

difference in τ for different donor species, Song et al. pre-
dicted that intervalley spin-flip scattering via the central core
potential of impurities would be dominant in Si and Ge with
a multivalley-structured conduction band [25]. In this theory,
the difference in the energy split induced by spin-orbit cou-
pling of the donor atoms leads to variations that depend on the
dopant species. Recently, for heavily doped degenerate Si and
Ge, we experimentally clarified the presence of donor-induced
intervalley scattering of spins through investigations of the
impurity-concentration dependence [26] and temperature (T )
dependence [17,27,28] of the τ .

For simplification, we focus on Ge as one of the group
IV multivalley semiconductors. The proposed donor-induced
intervalley spin-flip scattering rate ( 1

τdonor
) for Ge can be ex-

pressed as [25]

1

τdonor
≈ 4πNdmea6

B

27h̄4

√
2meεk�

2
so. (1)

Here, Nd is the donor concentration, aB is the Bohr ra-
dius in Ge, me is the electron effective mass in Ge, εk is
the conduction electron energy, and �so is the spin–orbit-
coupling-induced splitting of the triply degenerate 1s (T2)
donor state in Ge. When the thermal energy (kBT ) is greater
than the Fermi energy (εF), i.e., εF � kBT , where kB is
Boltzmann’s constant, we can assign kBT to εk in Eq. (1);
hence, τdonor is proportional to 1/

√
T . For heavily doped

Ge (P: ∼1019 cm−3), Dushenko et al. reported that the T
dependence of τ in the T range from 130 to 297 K exhibits
the 1/

√
T behavior on the basis of donor-induced intervalley

scattering [29]. However, in the heavily doped Ge, εF can be
generally assigned as εk because the position of the εF is much
larger than kBT (εF � kBT ). That is, the donor-induced spin
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scattering term in Eq. (1) is almost constant in the T range
from 130 to 297 K. On the other hand, Fujita et al. argued
that the T -independent τ at low temperatures [27] and the
weak T dependence of τ at high temperatures (T � 130 K)
were attributable to a dominant component of phonon-induced
spin-flip scattering in addition to the influence of the impu-
rity scattering [28]. Therefore, as an evident influence of the
impurity on the spin relaxation, the appearance of the 1/

√
T

behavior of τ remains unclear in the field of spin relaxation
mechanism of the group IV multivalley semiconductors such
as Si and Ge.

In the present study, we experimentally extract the 1/
√

T
behavior of τ by investigating pure spin current transport in
moderately doped Ge (P: ∼1018 cm−3) unlike heavily doped
Ge (P: ∼1019 cm−3) shown in previous works [27–29]. Here,
because the moderately doped Ge clearly shows electrical
properties derived from nondegenerate semiconductors, we
call it nondegenerate Ge. The spin diffusion length in the
nondegenerate Ge is two to three times greater than that in the
heavily doped degenerate Ge (P: ∼1019 cm−3) in Ref. [27] in
the temperature range from 8 to 100 K. For the nondegenerate
Ge, we observe a monotonic increase in τ with decreasing
T from 100 to 8 K. Although the nondegenerate Ge studied
here still has relatively large εF compared to kBT at low
temperatures, the monotonic increase in τ at temperatures less
than 50 K can be interpreted in terms of the donor-driven
spin relaxation mechanism including the 1/

√
T behavior in

multivalley semiconductors, proposed by Song et al. [25]. We
note that it is important for the τ of the moderately doped
nondegenerate Ge to partly consider the T -independent com-
ponent of spin relaxation in addition to the 1/

√
T component.

II. FABRICATION AND CHARACTERIZATION
OF NONDEGENERATE GE

To explore the spin transport properties in nondegenerate
Ge, we fabricated and characterized a moderately doped n-Ge
channel layer. First, we grew an undoped Ge buffer layer, con-
sisting of a 28-nm-thick Ge layer grown at 350◦ C (LT-Ge) and
a 70-nm-thick Ge layer grown at 700◦ C (HT-Ge), on a high-
resistivity Si(111) substrate (∼1000 � · cm) using a two-step
growth technique with molecular beam epitaxy (MBE) [30].
On the undoped Ge buffer layer, a P-doped Ge layer (doping
concentration ∼1018 cm−3) with a thickness of 140 nm was
grown at 350◦ C, where the growth temperature was lowered
to efficiently incorporate the P atoms into Ge. The electrical
properties of the P-doped Ge layer were determined using
longitudinal resistance (Vxx/I) and Hall voltage (Vxy) of the
Hall-bar device as illustrated in Fig. 1(a).

Figures 1(b) to 1(d) show the temperature dependence of
resistivity (ρGe), carrier density (n), and electron mobility (μ)
for the moderately doped Ge (red plots), together with the data
for heavily doped Ge (blue plots) in Ref. [27]. With decreasing
temperature from 300 to 8 K, the ρGe of the moderately doped
channel increases from 13.3 to 21.2 m� · cm, indicating non-
degenerate semiconductor behavior, unlike that of the heavily
doped Ge. The n and μ in the moderately doped Ge layer are
estimated to be 1.1 × 1018 cm−3 and 440 cm2/(V · s) at 300 K,
respectively, and, in the entire T range, the n is nearly one
order of magnitude smaller than that of the heavily doped Ge.
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FIG. 1. (a) Schematic of a Hall-bar device with a moderately
doped Ge (P: ∼1018 cm−3) layer. The temperature dependence of
(b) ρGe, (c) n, (d) μ, and (e) εF/kBT for the moderately doped
Ge layer (red), together with that for the heavily doped Ge (P:
∼1019 cm−3) (blue) reported elsewhere [27].

The μ in the moderately doped Ge layer is lower than that
reported in the literature for bulk Ge with a similar doping
level [31] because the defects in the P-doped Ge layer are
introduced during the low-temperature growth. In this study,
since the moderately doped Ge clearly shows nondegenerate
semiconductor behavior in ρGe − T [Fig. 1(b)] and n − T
[Fig. 1(c)] curves, we call it nondegenerate Ge.

To consider the spin relaxation related to Eq. (1) later, the
value of εF/kBT for the nondegenerate Ge is calculated in
Fig. 1(e), also together with the data for the heavily doped
(degenerate) Ge in Ref. [27]. Here the εF can roughly be
regarded as h̄2

2me
(3π2n)2/3. As expected, although the value

of εF/kBT for the nondegenerate Ge is smaller than that for
the degenerate Ge, the εF is still greater than the kBT for the
nondegenerate Ge below 50 K, as shown in inset of Fig. 1(e).
Thus, it should be noted that the nondegenerate Ge in this
study is not completely satisfied with the ideal condition of
εF � kBT , leading to the 1/

√
T component in Eq. (1), at low

temperatures.

III. RESULTS AND DISCUSSION

Lateral spin-valve (LSV) devices with a nondegenerate Ge
channel layer were fabricated to explore the spin transport
properties, as illustrated in Fig. 2(a). For the tunnel conduction
from the ferromagnet (FM) to the Ge spin transport layer
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FIG. 2. (a) Schematic of a fabricated CFAS/Fe/Ge-based LSV
device. A cross section of the CFAS/Fe/Ge structure is also shown
on the left. (b) Nonlocal magnetoresistance and (c) nonlocal Hanle
effect curves for an LSV with d = 2.0 μm, measured at I =
−0.5 mA at 8 K.

through the Schottky barrier, a P δ-doped Ge layer with an
ultrathin Si insertion layer was grown on the moderately
doped Ge layer at 400◦ C [32]. To obtain large spin sig-
nals, we used a double FM layer structure consisting of
Co2FeAl0.5Si0.5 (CFAS) (8 nm)/Fe (0.7 nm) grown by low-
temperature MBE, where the 0.7-nm-thick Fe layer prevents
the outdiffusion of Ge into the CFAS layer, resulting in an
atomically controlled CFAS/Fe/n-Ge interface [33]. Spin in-
jector and detector contacts with areas of 0.4 × 10 μm2 and
0.5 × 10 μm2, respectively, were fabricated on the FM and δ-
doped Ge layers using electron beam lithography and Ar+-ion
milling, where the edge-to-edge distance (d) between the FM
contacts was varied from 0.5 to 2.0 μm [see left schematic
diagram of Fig. 2(a)]. Four-terminal nonlocal (NL) voltages
(�VNL) were measured in the terminal configuration shown in
the right of Fig. 2(a) under in-plane (By) or out-of-plane (Bz)
applied magnetic fields. Figures 2(b) and 2(c) show represen-
tative NL magnetoresistance and Hanle curves recorded at I =
−0.5 mA at 8 K for an LSV device with d = 2.0 μm. A clear
NL magnetoresistance change (�RNL = �VNL/I ∼ 70 m�)
that depends on the magnetization states of the FM contacts
is observed after long-distance spin transport in the nonde-
generate Ge. NL Hanle effect curves are also observed for
both parallel and antiparallel magnetization configurations, as
shown in Fig. 2(c). These results evidently show that large
spin accumulation and electron spin transport were achieved
even in nondegenerate Ge.

In the present study, the spin lifetime in Ge (τGe) is esti-
mated on the basis of the relationship λ = √

Dτ , where D is
the diffusion constant. First, we focus on the spin diffusion
length of Ge (λGe). To determine the λGe in nondegenerate
n-Ge, we measured �RNL for the LSV devices with various
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FIG. 3. (a) The d dependence of | �RNL | for the LSV with
nondegenerate Ge at various temperatures. The dashed lines fitted to
Eq. (2). (b) The T dependence of λGe for the LSV with nondegenerate
Ge (red), together with that for the LSV with degenerate Ge (blue)
reported elsewhere [27].

d . Figure 3(a) shows the d dependence of the magnitude
of �RNL (|�RNL|) at various temperatures. With increasing
d , |�RNL| was found to decay exponentially at all of the
investigated temperatures. In general, the decay of |�RNL|
with increasing d can be expressed by the equation [34–37]

|�RNL| = |Pinj||Pdet|ρGeλGe

S
exp

(
− d

λGe

)
, (2)

where Pinj and Pdet are the spin injection efficiency and the
detection efficiency, respectively, and S is the cross section
(1.68 μm2) of the n-Ge channel layer. The λGe can be es-
timated by fitting the decay of |�RNL| with Eq. (2) in the
T range from 8 to 100 K, as shown in Fig. 3(a). The T
dependence of λGe is presented in Fig. 3(b), together with
our previously reported λGe for LSVs with a degenerate Ge
layer [27]. The value of λGe for the nondegenerate Ge is 1.70
μm at 8 K, which is two to three times greater than that for the
degenerate Ge. Notably, the value of λGe for the nondegener-
ate Ge decreases rapidly from 1.70 to 1.16 μm with increasing
T , while that for the degenerate Ge is independent of T in the
range from 8 to 100 K [27,28].

Using the determined λGe, we estimate τGe from the re-
lation of λGe = √

DτGe. Here we calculated the D values
from the n and μ measured on the basis of the results in
Fig. 1 and Eq. (4) in Ref. [38]. In Fig. 4, τGe is plotted as
a function of T , together with other data shown in previous
works [23,27,39], and the inset shows the T dependence of
the calculated D. Unlike the degenerate Ge (blue) in Ref. [27],
the τGe for the nondegenerate Ge (red) increases monoton-
ically with decreasing T , reaching 6.0 ns at 8 K, which is
one order of magnitude longer than the τGe in the degener-
ate Ge in Ref. [27]. Furthermore, the value of τGe is also
much longer than those in other nondegenerate Ge reported
in Refs. [23,39]. In the following, we discuss the difference in
the situation among Refs. [23,39] and this study. In Ref. [23],
the authors used four-terminal NL Hanle-effect measurements
to obtain the value of τGe. It was mentioned that the degenerate
Ge layer (∼2 × 1019 cm−3) for tunnel conduction between
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FIG. 4. T dependence of τGe for the LSV with nondegenerate
Ge (red), together with those for an LSV with degenerate Ge (blue)
reported in Ref. [27] and an LSV with nondegenerate Ge reported
in Ref. [23] (cyan) and in Ref. [39] (purple). The solid and dashed
curves indicate the results of fitting to Eqs. (3), (4), and (5). The inset
shows a plot of D versus T for the nondegenerate Ge.

the FM and nondegenerate Ge (∼1016 cm−3) remained in the
channel region. Because of the presence of the degenerate Ge
layer in the spin transport channel, the electron spins mainly
conducted in the degenerate layer, leading to the decrease in
the τGe due to the impurity-induced spin relaxation, as the
authors discussed. In Ref. [39], the spin transport channel
was a nondegenerate Ge (∼5 ×1017 cm−3) in the devices,
the authors used three-terminal Hanle-effect measurements to
obtain the value of τGe. In the used devices, because there was
an Sb δ-doped Ge layer at the FM/Ge interfaces, the influence
of the impurity-induced spin relaxation by the Sb δ-doping
layer was enhanced, where the impurity-induced spin relax-
ation derived from Sb was stronger than that from P [40]. In
this study, on the contrary, the P δ-doped Ge layer are removed
completely from the channel region during fabrication of the
LSV devices [see Fig. 2(a)]; thus, the spin scattering in the P
δ-doped Ge layers can be neglected in the four-terminal NL
spin transport measurements [18,26,28]. That is, the transport
properties in Figs. 3 and 4 estimated from relatively large spin
signals in reliable LSV devices are attributed to nondegen-
erate Ge. Therefore, the τGe longer than those in previous
reports [23,39] can be regarded as appropriate data for the
nondegenerate Ge.

To elucidate the monotonic T dependence of τGe in Fig. 4,
we analyze the data on the basis of recent theories [25,41].
According to Matthiessen’s rule, if we consider the impurity-
and phonon-induced inter and intravalley spin-flip scatterings

in Ge, then the spin scattering rate ( 1
τGe

) can be expressed as

1

τGe
= 1

τimp
+ 1

τ inter
phon

+ 1

τ intra
phon

, (3)

where τimp, τ inter
phon, and τ intra

phon are spin lifetimes due to
the impurity-induced (donor-driven) [25] and phonon-
induced [41] inter and intravalley spin-flip scatterings, respec-
tively. In this case, the phonon-induced intravalley spin-flip
scattering ( 1

τ intra
phon

) is negligibly small [17,26–28,41]. For the

nondegenerate Ge at low temperatures, we assume that the
1

τimp
term can be regarded as the modified Eq. (1) [25,26]:

1

τimp
≈ 1

τimp0
+ 4πnmea6

B

27h̄4

√
2mekBT �2

so. (4)

Here, τimp0 is a T -independent term under the condition of
εF � kBT . For the second term in Eq. (4), we assigned kBT to
εk in Eq. (1) and assumed that aB = 6.45 nm [42] and me =
0.16m0 [43]. As described in Eq. (4), the 1

τimp
term is related

to 1/
√

T . In the T range from 8 to 100 K, n is approximately
constant and regarded as ∼7.7 × 1017 cm−3. The τ inter

phon term
can be expressed as [41]

1

τ inter
phon

= 4

3

(
2md

π

) 3
2 ∑

i=1,4

AiD2
Xi

h̄2

√

�i

ϑ (yi )

exp (yi ) − 1
, (5)

where md, 
, and Ai are the effective electron mass
in bulk Ge, the crystal density, and the spin-orientation-
related constants, respectively; �i is the energy of the
X -point zone edge phonons (X1 and X4). ϑ (yi = �i/kBT ) =√

yi exp(yi/2)K−1(yi/2) is related to the modified Bessel func-
tion of the second kind. DXi is the spin-flip scattering constant,
which can be determined from theoretical calculations or from
experiments [41]. Using Eqs. (3), (4), and (5), we analyze the
experimental data in Fig. 4, where the τimp0, �so, DX1 , and
DX4 are utilized as fitting parameters. For the nondegener-
ate Ge, we used that md = 0.22m0 [44], 
 = 5.323 g/cm3,
A1 = 8, A4 = 4, �1 = 29 meV, and �4 = 33 meV [41]. From
the fitting as shown in the red curve in Fig. 4, we obtain
τimp0 = 11.7 ns, �so = 0.14 meV, DX1 = 82.0 meV/Å, and
DX4 = 86.0 meV/Å. In this case, if the term of τimp0 was not
used, the fitted curve could not be obtained, indicating the
validity of Eq. (4).

The value of τimp0 (= 11.7 ns) is relatively long compared
to that for degenerate Ge [26,27] because of the lower donor
density. On the other hand, the value of �so is almost the
same as that in previous studies because this value depends
only on the dopant species in Ge [26,27]. The DX1 and DX4 are
also consistent with those in Ge [28]. To discuss these results,
we consider each component in the red solid curve consisting
of 1

τimp
shown in Eq. (4) and 1

τ inter
phon

shown in Eq. (5). The

blue dashed and green dashed curves in Fig. 4 represent the
terms of τimp and τ inter

phon, respectively. At temperatures less than
100 K, the τ inter

phon term (green dashed line) rapidly increases and
substantially deviates from the data. Thus, the T dependence
of τGe in this T region cannot be dominated by the phonon-
induced spin relaxation in Ge. On the other hand, the τimp term
(blue dashed curve) well explains the experimental data. Thus,
the fitting results indicate that the monotonic increase of τGe at
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temperatures less than 50 K can be considered as T -dependent
donor-induced spin relaxation, as described in τimp ∝ 1/

√
T

with a τimp0 of 11.7 ns.
In previous studies on impurity-doped n-type

Ge [23,28,29,39,45], there were some arguments about
the spin relaxation mechanism with varying T . However,
the donor-induced spin relaxation mechanism including
1/

√
T behavior has not been completely shown, as

described in Sec. I. Because of the experimental difficulties,
the spin relaxation related to nondegenerate multivalley
semiconductors has so far been limited. In the present study,
we investigated spin transport properties in well-controlled
LSV devices with an n-type nondegenerate Ge channel.
Consequently, our results clarify that the monotonic T
dependence of τGe in the T range from 8 to 50 K is
attributable to the T -dependent donor-induced intervalley
spin-flip scattering proportional to 1/

√
T on the basis of

the theory predicted by Song et al. [25]. We note that it
is important for the nondegenerate Ge to partly consider
the T -independent component of spin relaxation, i.e.,
τimp0, in addition to the 1/

√
T component. Therefore,

the intervalley spin-flip scattering should be considered in
nondegenerate semiconductors with a multivalley structure
in their conduction band. For room-temperature operation
of spin devices with nondegenerate Ge or Si, suppressing
phonon- and donor-induced intervalley scattering by inducing

strain and/or quantum well structure for the channel will be
important [46,47].

IV. CONCLUSION

We studied the spin relaxation in an n-type nondegenerate
Ge layer, moderately doped Ge (P: ∼1018 cm−3). The ob-
tained λGe in the nondegenerate Ge was two to three times
greater than that in degenerate Ge (P: ∼1019 cm−3) in the
temperature range from 8 to 100 K. We found that the τGe

for the nondegenerate Ge is monotonically increased with
decreasing T . The increase in τGe at temperatures less than
50 K was able to be interpreted in terms of the donor-driven
spin relaxation mechanism including the 1/

√
T behavior in

multivalley semiconductors, proposed by Song et al. [25]. We
note that it was important for the τGe of the moderately doped
nondegenerate Ge to partly consider the T -independent com-
ponent of spin relaxation in addition to the 1/

√
T component.
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