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Combined measurements of normal and inverted Hanle effects in CoFe/MgO/semiconductor (SC)
contacts reveal the effect of spin relaxation rate on the interfacial spin depolarization (ISD) from
local magnetic fields. Despite the similar ferromagnetic electrode and interfacial roughness in
both CoFe/MgO/Si and CoFe/MgO/Ge contacts, we have observed clearly different features of
the ISD depending on the host SC. The precession and relaxation of spins in different SCs
exposed to the local fields from more or less the same ferromagnets give rise to a notably
different ratio of the inverted Hanle signal to the normal one. A model calculation of the ISD,
considering the spin precession due to the local field and the spin relaxation in the host SC,
explains the temperature and bias dependence of the ISD consistently. © 2012 American Institute

of Physics. [http://dx.doi.org/10.1063/1.4733478]

The electrical injection and detection of spin-polarized
carriers in semiconductors (SCs) has been successfully
achieved by employing spin tunnel contacts.'™'> However,
many aspects of the spin phenomena in these systems,''*"'¢
e.g., (i) the location, magnitude, and sign of the induced spin
accumulation, (ii) the unusual bias and temperature-
dependence of the spin signal, and (iii) the unexpected short
spin lifetime and its weak variation with temperature, require
additional investigation.

Recently, Dash er al. have shown the effect of local-
field strength on the spin signals in ferromagnet (FM)/oxide/
SC contacts; it was found that the local magnetostatic fields
(B}*) arising from the finite roughness of the FM/oxide
interface dramatically alter and even dominate the accumula-
tion and dynamics of the spins in SCs.'” Because this interfa-
cial spin depolarization (ISD) due to BJ* is deeply
interconnected with (i), (ii), and (iii),'” a systematic study of
the ISD is crucial for a complete understanding of the spin
accumulation and spin dynamics in SC near FM interface.
The inverted Hanle effect due to local-fields had been exten-
sively studied in Ref. 17, using the FM/AI,O3/Si contacts
with the same host SC but different FMs.!” FM/Al,05/GaAs
contacts also showed a similar signature of the ISD with
slightly different details, suggesting that the ISD is universal
for the three-terminal Hanle (TTH) experiments. 17

In this vein, it is of interest to investigate the role of host
SCs on the ISD in FM/oxide/SC contacts. Here we report,
using the FM/oxide/SC contacts with the same FM but dif-
ferent host SCs, the effect of spin relaxation rate on the ISD.
The combined measurements of normal and inverted Hanle
effects over wide temperature (7) and bias current (/) range18
reveal the effect of spin relaxation rate on the ISD in CoFe/
MgO/Si and CoFe/MgO/Ge contacts. We have observed, de-
spite more or less the same ferromagnetic electrode and the
interfacial roughness of the FM/oxide/SC contacts, signifi-
cant differences of the ISD depending on the host SC; the
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spin accumulation in different SCs exposed to the local fields
from similar FMs gives rise to a clearly different ratio of the
inverted Hanle signal to the normal one. This can be under-
stood in terms of two competing mechanisms in the host
SCs, namely, the spin relaxation and spin precession due to
the local fields.

Two types of CoFe(5 nm)/MgO(2 nm)/n-SC(001) tunnel
contacts were prepared using a molecular beam epitaxy
system. The first one is a highly ordered CoFe/MgO/Si con-
tact where the Si channel is a heavily As-doped (ny ~ 2.5
x10%cm ™3 at 300 K)f’ and the second one is a single-
crystalline CoFe/MgO/Ge contact where the Ge channel
consists of a heavily P-doped surface layer (ny ~ 10"cm™3
at 300K) and a moderately Sb-doped substrate
(ng ~ 10"8cm—3 at 300 K).lo In order to measure the induced
spin accumulation (Au = u' —p') in the spin tunnel
contacts, we have fabricated devices for the TTH
measurements,' * consisting of multiple CoFe/MgO/n-SC
tunnel contacts ( 100 x 100 um?). Details of the sample prep-
aration as well as the structural and electrical characteriza-
tion are available in the literature.®'®' It should be noted
that the dominant transport mechanism for both CoFe/MgO/
Si and CoFe/MgO/Ge contacts is tunneling, as proven by the
symmetric /-V curve and its weak temperature-dependence;
the both types of contacts reveal the narrow depletion
region of ~5nm and the small resistance-area values
(~5%107°Qm?(300K) to ~1x107°Qm2(5K) at
—0.25V).510

To estimate the magnitude of B}, which scales with
the roughness of the FM interface and the magnetization of
the FM,'” we have characterized the roughness of an MgO/
SC reference structure without FM using atomic force mi-
croscopy (AFM) and magnetic property of complete FM/
MgO/SC structures using vibrating sample magnetometry
(VSM). The MgO/SC reference structure show a root-mean-
square (RMS) roughness of ~0.2nm, peak-to-peak height

© 2012 American Institute of Physics
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variations of ~0.3-0.4 nm, and lateral correlation lengths of
30-50nm. The FM/MgO/SC samples have saturation mag-
netization (M) values of ~1400-1430emu/cc with a nor-
malized remanence (M,/M,, where M, 1is remanent
magnetization) of ~0.93-0.95 for the easy axis magnetiza-
tion. Because the depletion region width of both CoFe/MgO/
Si and CoFe/MgO/Ge contacts are more or less the same
(about 5 nm),(”]0 the locations of spin accumulation in both
contacts are likely to be similar to each other. Taking into
account the similar roughness, magnetization, and depletion
width, it is likely that the magnitude of Bj* at the interface
is not fundamentally different in both CoFe/MgO/Si and
CoFe/MgO/Ge contacts.

Using the CoFe/MgO/Si and CoFe/MgO/Ge contacts,
we have conducted high-field TTH measurements (up to
*3T) under perpendicular (M L B, closed circles) and in-
plane (M//B, open circles) magnetic field (Fig. 1). The TTH
measurements show the overall behavior of the spin accumu-
lation signals as a function of external magnetic fields (B
B)). The control experiments’ using a nonmagnetic inter-
layer?® confirm that the observed Hanle signals in our system
are originated from the spin accumulation.

As indicated in Fig. 1, three distinct regions were
observed in the M 1B measurements (closed circles): (i) the
Hanle effect at small magnetic fields, (ii) the rotation of mag-
netization (M), and (iii) the saturation of M. As B is
increased, the voltage signal from the spin accumulation is
sharply reduced due to the Hanle effect in region (i), and
thereafter it gradually increases when the M of the FM
rotates out of the plane in region (ii). When the M and
induced spin accumulation in the SC are fully aligned with
B, higher than the demagnetization field (~2.2T) of CoFe,
the voltage signal eventually becomes saturated in region
(iii). Both CoFe/MgO/Si and CoFe/MgO/Ge contacts show a

Appl. Phys. Lett. 101, 022401 (2012)

very similar field dependence of spin signals in the M_LB
measurements.

On the other hand, the M//B measurement (open circles)
shows a clear difference in the field dependence of spin sig-
nals between the CoFe/MgO/Si and CoFe/MgO/Ge contacts.
We have observed a sizable inverted Hanle effect'’ in the
CoFe/MgO/Si contact. At zero or small external magnetic
fields, the injected spins are precessed and dephased by local
magnetostatic fields having random directions, which result in
a reduction of the spin accumulation.'” In contrast, a larger
external magnetic field (B) can eliminate the local magneto-
static fields, restoring a full spin accumulation.!” The overall
behavior of the voltage signals (for the perpendicular and
in-plane field) is in good agreement with the findings of the
previous study on FM/AL,O5/SC tunnel contacts.'”

In the M//B measurement, the CoFe/MgO/Ge contact
shows two clear differences from the CoFe/MgO/Si contact.
First, the spin signals in the saturation region (iii) are signifi-
cantly different in the M LB and M//B measurements. This is
a consequence of the tunneling anisotropic magnetoresist-
ance (TAMR)Zl_ZS; the tunnel resistance depends on the
angle between the M and crystal axes of FM because the tun-
neling electrons experience the anisotropic density of states
with respect to M via the spin-orbit interaction. The effect of
TAMR on the spin signals has been also observed in the Fe/
MgO/Ge and Co/Al,03/GaAs tunnel contacts.®!'” The posi-
tive background signal in the CoFe/MgO/Ge contact may be
ascribed to the Lorentz MR (LMR) in Ge substrate due to its
high mobility (note that the LMR is quadratic in mobility).
The second difference between two contacts is that the
CoFe/MgO/Ge contact has a small magnitude of the inverted
Hanle effect. Considering that the injected spins experience
a similar magnitude of Bj*, the difference in the magnitude
of the in-plane Hanle signal is rather unexpected.

a b
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12 771771 L e e I
Spin injection ' I Spin injection
10 T=300 K . 1.0 | T=300 K -
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s 5 ¥, CoFe/MgO/Ge contacts at 300 K under per-
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The spin injection under the random Bj* results in the
precession of injected spins with an angular frequency of
]* = gugB}° /i, where g is the Landé g-factor, up is the
Bohr magneton, and 7 is the Planck constant divided by 2.
Accompanying the spin precession in random orientation,
the spin relaxation with a spin lifetime of 7y takes place as a
consequence of the microscopic spin scatterings inside the
SC. If 14 < 1/w]*, the spins are completely relaxed within
their spin lifetime before being precessed by Bj“. In this
case, the suppression of spin accumulation by Bj* is negligi-
ble, leading to a small |AViuerred/AVnormar]- In contrast, if
Ty > /0], the |AViperea/AVnormar| becomes pronounced
because the spins are precessed many times in Bj* and
randomized within their 7y, resulting in the sizable suppres-
sion of the spin polarization by B}".

Here we define Risp = |AViertea/ AV normai|, the ratio of
the inverted Hanle signal to the normal one, which is quite a
good measure of the ISD in CoFe/MgO/SC contacts. Despite
the similar magnitude of B7*, the inverted Hanle signals in
Fig. 1 clearly show that the R, is more pronounced for the
CoFe/MgO/Si contact than it is for the CoFe/MgO/Ge con-
tact at 300 K.

The effective strength of B} for spins located 7nm
away from the FM interface is about 0.1-1kOe,'” corre-
sponding to a 1/w}]* value of about 0.09-0.9ns for Si
(¢=2) and 0.11-1.1ns for Ge (g=1.6). The 74 estimated
from the spin scattering via the Elliot-Yafet (EY)
mechanism®®2® is about 1ns for heavily doped Si at 300 K.
Because this 7y is comparable to 1/}, a large R;sp can
be expected for the CoFe/MgO/Si contact. If the 74 in Ge
at 300K is small due to the non-negligible spin-orbit inter-
action or other scattering mechanisms, the relatively weak
R;sp in the CoFe/MgO/Ge contact at 300K can be
explained.

The interpretation above appears even more convincing
given the strong enhancement of the R;sp with temperature
(T). Figures 2(a) and 2(b) show the normal (AV,,,,.,..;) and
inverted (AV,,.q) Hanle effects on the CoFe/MgO/Si and
CoFe/MgO/Ge contacts under M_LB (closed circles) and M//

300 O 100 200 300

Temperature (K) Temperature (K)

B (open circles) measurements, respectively, at an applied
current (/) of —500 A (spin injection condition) with vari-
ous temperatures. All curves are normalized by the voltage
difference between the minimum value of the normal Hanle
curve and the saturation value of the inverted Hanle curve in
the region (i) (see Fig. 1). The magnitude of the inverted
Hanle effect of the CoFe/MgO/Ge contact has been meas-
ured by excluding the background LMR effect.

From the Lorentzian fit of the Hanle curves, we can
determine the effective ty (7.7r) of accumulated spins. It is
difficult to extract the true or real 7y from the Hanle curve
(with the Lorentzian fit) due to the artificial broadening
caused by the ISD. Nevertheless, the effective value of 7y
(or 7.pr), which should be considered as a lower bound for
74, can be deduced. For a quantitative comparison, we have
plotted the R;sp and 7. as a function of T in Figs. 2(c) and
2(d), respectively.

As T decreases from 300K to 5K, the R;5p becomes
larger and the 7,y increases gradually; the R;sp for the
CoFe/MgO/Si contact is continually enhanced ~2 times; the
increase of R;gp for the CoFe/MgO/Ge contact is even more
pronounced; the R;sp is increased ~9 times (Fig. 2(c)). Qual-
itatively the same behavior was observed in the T dependen-
ces of R;sp and 7. obtained at the constant bias voltage
(Vp—o) of —0.3V (spin injection condition) in Figs. 2(e) and
2(f). Taking into account that B}*(T) o< (1 — oT3/?) with
=32x 10 K32 for a CoFe,”"" the w}® is slightly
increased with decreasing 7. It is clear that the large
enhancement of the R;sp at low T is mainly originated from
the increase of 74, as expected in the EY mechanism.”> %’
The temperature dependence of R;qp corresponding to the
Tff Vvariation supports the interpretation based on two com-
peting mechanisms in the host SCs, namely, the spin relaxa-
tion and spin precession due to the local fields.

Using the model in Ref. 17, we have calculated the
effect of 7y on the Hanle curves with a fixed value of
1 /w’L'” According to the model,l7 the S, component of
steady state spin polarization S at the interface, which is
parallel to the M vector of FM detector, in the presence of

Downloaded 17 Aug 2012 to 143.248.118.124. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions



022401-4 Jeon et al.

local magnetostatic field (B}”) and external applied magnetic
field (B“") is expressed as

o [0} +o? 1
SX - S()x 7)2( + 2 2 2 ) (1)
o o, 1+ (o 1y)

where So, is the spin polarization without any magnetic
field, w; = o} +o} + w2, and o, = of" + " (x,y, 2).
Here, o™ (x,y,z) was taken to have a periodic spatial varia-
tion with o} cos(2nx/l), where ®~3ns ' (or
1/} ~0.33ns, corresponding to a B} value of 0.3kOe)
and 4 =40nm and where the spin polarization was averaged
in space over a full period / for simplicity.

Figures 3(a)-3(c) show the calculated normal (M_LB)
and inverted (M//B) Hanle curves, which qualitatively repro-
duce the experimental results. As 7y is increased (with a
fixed value of 1/w]* ~ 0.33 ns), the inverted Hanle effect
(brown symbols) becomes pronounced; the R;sp has been
also increased; the widths of the normal Hanle curve (wine
symbols) and inverted Hanle curve are broadened in compar-
ison with the ideal Hanle curve (blue symbols) without Bj* .

We have also calculated the R;sp as a function of 1y
with the four different 1/ ;™ values of 0.10, 0.33, 1.00, and
oo ns (corresponding to B}* values of about 1.0, 0.3, 0.1,
and 0.0kOe, respectively)

S()x - Sx(Bext - 0)

RISD = Sx(Bext = O)
(@) + (@27 ) (02’
- 2 2 2 2’ )
(@) (14 (@ ny)”) + (@) + (@)
where (a)Z”)Z: (a);"s)2+ (w;’”)2+ (co””)2 When

T3> 1 /0], the Rjgp is determined only by the ratio of each

Appl. Phys. Lett. 101, 022401 (2012)

component, ((By*)*+(B2)?)/(By)* or ()’ +(wl™)?)/
(co)?.

As depicted in Fig. 3(d), the R, is strongly enhanced at
high values of 74; when 1/w}® is small, the R;sp increases
more rapidly as a function of 7. The calculated R/ are rel-
atively smaller than the observed values because the magni-
tudes of three components (B}, B}, BI") are assumed to
be the same for simplicity.

Two important points can be obtained from the 7. vs.
7y plot with different values of 1/w}* in Fig. 3(e) (note that
the 7y is the input value for the calculation and the 7. is
the extracted value from the calculated normal Hanle curve,
see Figs. 3(a)-3(c)). The first point is that the .y
is significantly dependent on the 1/w}™. For example, for the
small values of 1/w]”, the 7.4 significantly deviates from
the 7. The second one is that, in spite of the artificial broad-
ening by Bj*, the 7, still is a monotonically increasing
function of the 7. The increase of the 7y results in the
increase of both 7.7 and R;p. This agrees with our experi-
mental finding that the R;qp is positively correlated with
the 7.7r. Based on the reasonable agreement of the calculated
curves with observed ones, we conclude that this model basi-
cally explains the experimental finding quite well and cap-
tures the basic physics.

In conclusion, our experimental results show the role of
host SC and spin lifetime on the ISD. Using the CoFe/MgO
on Si and Ge contacts with a similar interfacial roughness,
we have observed significant differences of the ISD depend-
ing on the host SC; the spin accumulation in different SCs
exposed to the local fields from similar FMs gives rise to a
clearly different ratio of the inverted Hanle signal to the nor-
mal one. The model calculation, considering the spin preces-
sion due to the local field and the spin relaxation in the host
SC, reproduces the experimental observations.

1.0F
0s}(a)
0.6} T,4=0.50ns

04} 1/®"=0.33ns
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N

o
—_—
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] 08 [V =ons/ 08  to B} values of about 1.0, 0.3, 0.1, and
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02} normal 02} ’,;” l/a)Z“=0.10 ns 0.2 mal Hanle curve (see (a)—(c)).
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