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Electrical investigation of the oblique Hanle effect in ferromagnet/oxide/semiconductor contacts
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We have investigated the electrical Hanle effect with magnetic fields applied at an oblique angle (8) to
the spin direction [the oblique Hanle effect (OHE)] in CoFe/MgO/semiconductor (SC) contacts by employing
a three-terminal measurement scheme. The electrical oblique Hanle signals obtained in CoFe/MgO/Si and
CoFe/MgO/Ge contacts show clearly different line shapes depending on the spin lifetime of the host SC. Notably,
at moderate magnetic fields, the asymptotic values of the oblique Hanle signals (in both contacts) are consistently
reduced by a factor of cos?(8) irrespective of the bias current and temperature. These results are in good agreement
with predictions of the spin precession and relaxation model for the electrical OHE. At high magnetic fields
where the magnetization of CoFe is significantly tilted from the film plane to the magnetic-field direction, we
find that the observed angular dependence of voltage signals in the CoFe/MgO/Si and CoFe/MgO/Ge contacts
is well explained by the OHE, considering the misalignment angle between the external magnetic field and the

magnetization of CoFe.
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I. INTRODUCTION

The electrical injection of spin-polarized electrons from a
ferromagnet (FM) into a semiconductor (SC) and the subse-
quent detection of the resultant spin accumulation are the major
building blocks of SC-based spintronics.'” By engineering
ferromagnetic tunnel contacts, the electrical injection and
detection of the spin accumulation in various SC systems have
been demonstrated up to room temperature (RT) through the
Hanle effect.*>

The approach based on the Hanle effec in which a
magnetic field transverse to the spins suppresses the spin
accumulation in a SC via spin precession and dephasing,
provides an unambiguous means to establish the presence of
spin accumulation in a SC. In particular, the oblique Hanle
effect [i.e., the Hanle effect in an oblique magnetic field
(OHE)]%'9 enables us to obtain additional information of spin
dynamics and convincing proof of spin accumulation in the
SC. The optical OHE using an optical detection technique (or
the circular polarization of emitted light) in SC®!! has been
intensely studied in spin light-emitting diodes (spin LEDs).
However, the counterpart of the electrical OHE in SC still
needs to be explored.®7:1%13

Here, we report the electrical investigation of the OHE in
FM/oxide/SC contacts and their generic features using a three-
terminal measurement scheme. The electrical OHE signals
obtained in CoFe/MgO/Si and CoFe/MgO/Ge contacts show
clearly different features depending on the spin relaxation
time of the host SC. Notably, their asymptotic values (in both
contacts) are consistently reduced by a factor of cos*(f) in
moderate magnetic fields at an oblique angle () to the spin
direction irrespective of the bias current (/) and temperature
(T). These results are highly consistent with predictions of
the spin precession and relaxation model for the electrical
OHE. The angular dependence of voltage signals obtained
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at high magnetic fields where the magnetization of CoFe is
significantly tilted from the film plane to the magnetic field
direction is also well explained by the same model, taking into
account the misalignment angle between the external magnetic
field and the magnetization of CoFe.

II. EXPERIMENTAL DETAILS

A. Device fabrication

Two types of CoFe(5 nm)/MgO(2 nm)/n—type SC(001)
tunnel contacts were prepared using a molecular-beam-epitaxy
system. The first type is a highly textured CoFe/MgO/Si
contact [Fig. 1(a)] in which the Si channel is heavily As-doped
(ng ~2.5x 10" cm™3 at 300 K),'"* and the second is a
single-crystalline CoFe/MgO/Ge contact [Fig. 1(b)] in which
the Ge channel consists of a heavily P-doped surface layer
(ng ~ 10" cm™ at 300 K) and a moderately Sb-doped sub-
strate (ng ~ 10'® cm™3 at 300 K).'* All layers were deposited
by electron-beam (e-beam) evaporation with a working pres-
sure better than 2 x 10~ Torr. The MgO film was deposited
from an MgO single-crystal source with a deposition rate of
~0.17 nm/min at 300 and 125 °C on Si(001) and Ge(001)
substrates, respectively. The CoFe layer was deposited from
a rod-type CoFe source having a composition of CoygFes (in
atomic percent) with a deposition rate of 0.25 nm/min at RT.
The sample was subsequently annealed in situ for 30 min at
300 °C to improve the surface morphology and crystallinity.
Finally, the sample was capped by a 2-nm-thick Cr layer at
RT to prevent the oxidation of the sample. The structural
characterization using in situ reflective high-energy electron
diffraction (not shown) and ex sifu transmission electron
microscopy [Figs. 1(a) and 1(b)] confirmed the highly (001)
textured and single-crystalline structures of CoFe/MgO/Si
and CoFe/MgO/Ge samples, respectively, with smooth
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FIG. 1. (Color online) High-resolution tunneling electron microscope (TEM) images of (a) CoFe(5 nm)/MgO(2 nm)/Si(001) and (b)
CoFe(5 nm)/MgO(2 nm)/Ge(001) samples. Typical J-V characteristics of (c) CoFe/MgO/Si and (d) CoFe/MgO/Ge tunnel contacts at 300 and
5 K. Representative M-H loops of (e) CoFe/MgO/Si and (f) CoFe/MgO/Ge samples along the [110] and [100] directions of CoFe with in-plane
fields. M-H loops of (g) CoFe/MgO/Si and (h) CoFe/MgO/Ge samples with perpendicular fields.

interfaces. To measure the electrical OHE in the ferromagnetic
tunnel contacts, we fabricated devices consisting of multiple
CoFe/MgO/SC tunnel contacts (100 x 100 pm?). Details of
the sample preparation as well as the structural characterization
of the samples are available in the literature.'*

It should be noted that the dominant transport mechanism
for both contacts (CoFe/MgO/Si and CoFe/MgO/Ge) is tun-
neling, as proven by the symmetric /-V curve and its weak
T dependence in Figs. 1(c) and 1(d); both types of contacts
exhibit the small resistance-area (RA) products of ~5 x
107° @ m? (300 K) to ~1 x 107>  m? (5 K) at the constant
bias voltage (Vp—g) of —0.3 V, which is associated with the
narrow depletion region of ~5 nm.

To estimate the magnitude of the local magnetostatic
field (B}"*), which scales with the roughness of the FM
interface and the magnetization (M) of the FM,'>16 we have
characterized the roughness of MgO/SC reference samples
without CoFe using atomic force microscopy (AFM) and the
magnetic property of complete CoFe/MgO/SC samples using
a vibrating sample magnetometry (VSM) and a supercon-
ducting quantum interference device (SQUID). The MgO/SC
reference samples show a root-mean-square (RMS) roughness
of ~0.2 nm, peak-to-peak height variations of ~0.3-0.4 nm,
and lateral correlation lengths of ~30-50 nm (not shown).
The CoFe/MgO/SC samples have saturation magnetization
(M) values of ~1600 £ 150 emu/cm? (CoFe/MgO/Si) and
~1650 %+ 150 emu/cm® (CoFe/MgO/Ge) with a normalized
remanence (M,/M,, where M, is remanent magnetization)

of ~0.93 (CoFe/MgO/Si) and ~0.95 (CoFe/MgO/Ge) for the
(in-plane) easy-axis magnetization as shown in Figs. 1(e)
and 1(f). Both CoFe/MgO/Si and CoFe/MgO/Ge samples
do not have a noticeable magnetic anisotropy in the film
plane. The normalized magnetization (M /M) values in the
CoFe/MgO/SC samples saturate at ~2.2 T with the perpendic-
ular magnetic field as shown in Figs. 1(g) and 1(h), indicating
that the perpendicular magnetic anisotropy is also negligible.

Taking into account the similar depletion width, roughness,
and magnetization, it is likely that the magnitude of B}™ at the
interface is not fundamentally different in both CoFe/MgO/Si
and CoFe/MgO/Ge contacts.

B. Measurement scheme

Figures 2(a)-2(e) illustrate the electrical detection of the
OHE in a FM/oxide/SC tunnel contact by means of the three-
terminal measurement scheme, where a single ferromagnetic
tunnel contact is used for electrical injection as well as for
the detection of the spin accumulation in the SC.'*2° The
direction of the spin injection and the spin detection coincides
with the direction of the M of the FM [see Figs. 2(d) and 2(e)].

The OHE signal depends on the magnitude and angle of
the external magnetic fields. When an external magnetic field
(B®™Y) much smaller than poM, of FM (where pg is the
permeability of free space) is applied at an oblique angle 6
to the x axis [Fig. 2(a)], the M of FM almost remains in-plane.
The electrically injected spins in the SC under reverse bias
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FIG. 2. (Color online) (a)—(e) Schematic illustration of the electrical detection of the oblique Hanle effect (OHE) in a ferromag-
net/oxide/semiconductor tunnel contact for different external magnetic field (B®*') ranges using the three-terminal measurement scheme.

(I < 0) are precessed around the total magnetic field (B™")
direction, given by the vector sum of Bj™ and B™. It is
noteworthy that, even at zero B®, the injected spins are
initially precessed and dephased by B having random
directions at the SC interface.!>'°

At intermediate values of B! [poM, > B®™' > B™S;
Fig. 2(b)], the spins are precessed around B®*' and the average
spins are saturated along the oblique B®*, resulting in an
asymptotic value of the spin signal depending on the angle
0 [Fig. 2(d)]. The resultant spin signal () in SC is reduced to
Sox cos(0). Because the same ferromagnetic tunnel contact is
used to detect the spin signal, the magnitude of the spin signal
(Sy) at the detector is further reduced to S, cos(8).

When a very large B exceeding uoM; of the FM is
applied [Figs. 2(c) and 2(e)], the M of FM is significantly
tilted from the film plane to the B direction with the tilting
angle (¢). The misalignment angle (9 — ¢) between B®* and
M is determined by minimizing the total magnetic energy
(E) of the FM layer which consists of the Zeeman energy
and the demagnetization energy (or shape anisotropy energy),

Eiot = —MBex cos(0 — ¢) + TuoM?sin*(¢), (1)

2
¢ = 6 — arctan [sgn(e)\/<cos(29) :i-n(g;x);/qus)> T

(©))

_ c08(26) + (Bew/HoM,)
sin(26)

In this case, the misalignment angle (0 — ¢) can give rise to
the OHE, resulting in the angular dependence of the voltage
signal proportional to S, cos2(0 — o) [Fig. 2(e)].

III. RESULTS AND DISCUSSION

A. Model calculation of the electrical oblique Hanle
effect in ferromagnetic tunnel contacts

To obtain insight into the generic features of the electrical
OHE (in the ferromagnetic tunnel contact), we calculated
the oblique Hanle curves for different spin lifetime values
(t5r) with a fixed value of B} using the spin precession and
relaxation model,'® including the initial spin precession and
the dephasing due to the B}™. Here we assumed the M of FM
is in-plane (B**' < uoM;) for simplicity. The general case,
where the M is tilted from the film plane [Fig. 2(c)], will be
discussed in Sec. III C. R

In the case of electrical spin injection S; (So,0,0)
[see Fig. 2(d)], the S, component of the steady-state spin
polarization S at the SC interface, which is parallel to the M
direction of the FM detector, in B™" consisting of B and
B is expressed as

DR N ! 3
x — O0x w_%‘i‘ w% (1+(0)L‘L’Sf)2> ) ()
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FIG. 3. (Color online) (a) Calculated Hanle curves for various oblique angles (0°-90°) with two different 7y values of 0.20 and 1.00 ns,
respectively, at a fixed 1/w}™ value of 0.21 ns. For comparison, the ideal OHE curves, where B} ~ 0 kOe (or 1/w}® & oo ns), are also shown
(blue lines). (b) Asymptotic values of the OHE vs 6 for the two 7y values of 0.20 and 1.00 ns. (c) Calculated interfacial spin depolarization
(ISD) [Sox — Sy (B = 0)/S,(B*" = 0)] and critical oblique angle (6;) — 7 plots for two different 1/w]* values of 0.21 (red symbol) and co

ns (blue symbol).

where Sp, is the injected spin polarization without any
magnetic field, w; (= gupg B /h) is the Larmor frequency,
0} =’ + a)f + @2, and ©; = O™ + 0™ (x,y,2). Here, g is
the Landé g—factor, g is the Bohr magneton, 7 is the Planck
constant divided by 277, and ™ (x,y,z) was set such that it had
periodic spatial variation with w}*® cos(2mx/A), where w]® ~
4.7 ns7! (or 1/ ~ 0.21 ns, corresponding to a B value
of 0.3 kOe) and A = 40 nm and where the spin polarization
was averaged in space over a full period A for simplicity.

Two important features of the electrical OHE are obtained
from the calculated Hanle curves [normalized, Fig. 3(a)] at
various angles (0°-90°) with two different spin lifetimes (zg)
of 0.20 and 1.00 ns, respectively, at a fixed 1/} value of 0.21
ns. For comparison, ideal OHE curves, where B]™ ~ 0 kOe
(or 1/w}® & oo ns), are also shown [blue lines; right panels
of Fig. 3(a)]. The first feature shows that the oblique Hanle
line shapes are significantly dependent on 7y (at a fixed
value of 1/wj™®). For a large value of 7, the inverted OHE,
indicative of the initial spin suppression due to B™,!>:1¢
becomes pronounced as the 6 value approaches 0°; the width
of the oblique Hanle curve at the angle 6 of 90° (red line)
is remarkably broadened in comparison with the ideal Hanle
curve (blue line) without B}™. The injected spins with a large
value of 7y (strictly, T+ > 1/w]™) are precessed many times
in B} and randomized within their values of 7. This results
in the sizable suppression of the spin polarization and spin
coherence, as discussed in the literature.!’

The second feature is that, in spite of the different features of
the electrical OHE (depending on the values of 7, and 1/w}®),

their asymptotic values at a high B®*' are identical [see the
top and bottom panels of Fig. 3(a)]. For a more quantitative
analysis, we plotted the asymptotic value of the OHE versus
6 for the two 1 values of 0.20 and 1.00 ns. As shown in
Fig. 3(b), the asymptotic value of the electrical OHE depends
only on the angle 6, thus revealing the unique dependence on
cos?(0). This result is predicted by Eq. (3). When B >> B
(or B**' ~ B"") and w; T > 1, the normalized S, value is
determined only by the ratio of the B component, (B')?/
(B2, which can be written in terms of the angle 9, cos2(0).

In addition, from the electrical OHE measurements, it is
possible to extract the critical oblique angle (6,): the smallest
angle 6 at which the asymptotic value of the OHE signal
coincides with the Hanle signal at zero B! [see Fig. 3(a)], 0. =
arccos[+/Sy(B=t = 0)/Sox]. This can be another quantitative
measure of the effect of B} on the spin accumulation in
SC. In Ref. 15, we have introduced a physical quantity
called the interfacial spin depolarization (ISD), defined as
[Sox — Sx(B®X' = 0)]/S(B*' = 0). This quantity describes
how much the spin accumulation in SC has been decreased due
to the initial spin precession and dephasing caused by Bs.!>16
The 6. value is determined by 7, and B If 7y < 1/w]*(B™
is small), the spins are completely relaxed within their spin
lifetime before being precessed by B;*. In this case, the
suppression of spin accumulation by B} is negligible, leading
to a small 6.. In contrast, if T > 1/ (B]™ is large), the 0,
becomes pronounced because the spins are precessed many
times in B}™ and randomized within their 7y, resulting in the
sizable suppression of the spin polarization by B}". Figure 3(c)
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shows the calculated ISD and 6. — 7t plots for two different
1/w}® values of 0.21 and oo ns. When 1/w]® ~ oo ns (or

1 ~ 0 kOe; blue symbol), the ISD and corresponding 6. are
negligible irrespective of 7y.!> In contrast, when 1/0™ ~
0.21 ns (or B ~ 0.3 kOe; red symbol), the ISD and

corresponding GC are strongly enhanced as a function of y.'

B. Experimental observation of the electrical oblique Hanle
signals in CoFe/MgO/Si and CoFe/MgO/Ge contacts

We experimentally checked whether the electrical OHEs
obtained in the CoFe/MgO/Si and CoFe/MgO/Ge contacts
show the features consistent with the above model calculations.
At the beginning of each Hanle measurement, we applied
a large enough in-plane magnetic field (>1 T) along the
easy magnetization axis to create homogeneous in-plane
magnetization in each contact, and thereafter we decreased
the in-plane magnetic field to zero. A constant bias current (/)
is applied across the tunnel contact while the V' is measured
as a function of applied B®** at a fixed angle 6 [see Figs. 2(a)
and 2(b)]. It is noteworthy that the control experiments*>!7
using a nonmagnetic interfacial layer confirm that the observed
Hanle signals in our system are genuine and arise from the spin
accumulation.

Figures 4(a) and 4(b) show the obtained OHE sig-
nals (|AVopg|) at various 6 in the CoFe/MgO/Si and
CoFe/MgO/Ge contacts, respectively, applying I of — 0.5 mA
(spin injection condition) at 300 and 5 K. At RT [the top
panels of Figs. 4(a) and 4(b)], the CoFe/MgO/Si contact with
an effective value of 74 (Tsr) of 106 ps, as extracted from the
Lorentzian fit of the Hanle curve at an angle 6 of 90° (note that

(a) CoFe/MgO/Si (b) CoFe/MgO/Ge
(I=-0.5 mA) (I——O 5 mA)
1.0}  Spin injection 0.6 Spln |nJect|on
T=300K el T=300K
R 0°35%
6:00% Aé}s&‘@o &m
B 0.4}

W, o

0.2
T ook a0 S 0.0pE
= T Vpog=0311V © 3 Vpo=-0.317V
w m T T T
>% Spin injection >5 12 Spin injection
< T=5K < =

25 00 25 50
B (kOe)

1.5 3.0 -5.0

-3.0 -15 0.0
B (kOe)

FIG. 4. (Color online) Obtained OHE signals (A Vopg|) in the
(a) CoFe/MgO/Si and (b) CoFe/MgO/Ge contacts, respectively, at
the bias current (/) of —0.5 mA (spin injection condition) with
various 6 values for 300 and 5 K.
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the extracted 7.5 value should be considered as the lower bound
for the 7 due to the artificial broadening of the Hanle curve
caused by the B,‘j‘s),ls’16 shows a pronounced inverted Hanle
signal at 6 of 0° and 30°. In contrast, the inverted Hanle effect
is relatively weak for the CoFe/MgO/Ge contact having a Teg
value of 66 ps. Atalow T of 5 K [bottom panels of Figs. 4(a)
and 4(b)], the s values increase and the inverted OHEs at the
6 values of 0° and 30° become larger; moreover, the increases
of 7.¢ and the inverted OHEs of the CoFe/MgO/Ge contact
are more pronounced than those of the CoFe/MgO/Si contact,
both of which are consistent with the findings in previous
work.!®> Considering that the magnitude of the BJ™ (at the SC
interface) and the related T dependence are not fundamentally
different in both contacts, it is clear that the different features
of the electrical OHE in the CoFe/MgO/Si and CoFe/MgO/Ge
contacts are mainly ascribed to the different gt values,” as
predicted by the model calculation.

It should be mentioned here that the obtained spin-
RA values of 14 (88) kQ um? for CoFe/MgO/Si and 10
(164) k2 um? for CoFe/MgO/Ge at I of — 0.5 mA (spin in-
jection condition) at 300 (5) K are several orders of magnitude
larger than the expected values from the existing spin injection
and diffusion theory.?! This discrepancy between experiment
and theory in the three-terminal Hanle measurement has been
consistently observed with many types of tunnel barrier and
SC, as discussed in the Ref. 4. The origins of this discrepancy,
i.e., other enhancement factors not yet incorporated in the
existing theory, are still under investigation.’

Another important feature of the electrical OHE is the
unique angular dependence of the asymptotic value of the
oblique Hanle signal. In the model calculation [see Fig. 3(b)],
itis expected that the asymptotic value at an intermediate value
of B! [poM, >> B' > B™ (or B ~ B"Y) and w7 > 1]
shows the cos’(9) dependence on the angle . To check
this, we measured the asymptotic values of |AVpgg| of the
CoFe/MgO/Si and CoFe/MgO/Ge contacts as a function of the
angle 6 with oblique B®** values of 3 and 5 kOe, respectively.

An oblique B applied under the angle 6 in the direction
of the (in-plane) easy axis M of the FM [x axis, see Figs. 2(d)
and 2(e)] will force M to be tilted out of plane by the amount
of the tilting angle (¢). Using Eq. (2), we calculated the
tilting angle ¢ as a function of the field angle & when the
B®' is 3 kOe (CoFe/MgO/Si) and 5 kOe (CoFe/MgO/Ge)
and the puoM; of CoFe is 2.2 T [see Figs. 1(g) and 1(h)].
As depicted in Fig. 5(a), the ¢(0) values do not exceed 9°
for CoFe/MgO/Si and 14° for CoFe/MgO/Ge contacts. If we
measure the [AV ()| as a function of angle 6 (from in-plane
to out-of-plane), the measured voltage is proportional to
Sox c0s(8 — @) as explained in Sec. Il A. As a consequence,
we can obtain different curves depending on the magnitude
of B*'. Figure 5(b) shows the calculated A Vopyg, asym. value(0)
curves for three different cases: (i) ¢(0) = 0 (black dashed
line) when B is small enough to retain in-plane M, (ii)
@(0) # 0 when B®' = 3 kOe (purple line), and (iii) ¢(0) #
0 when B®™' = 5 kOe (pink line). In this calculation, we
assumed that the tunnel spin polarization and spin lifetime
do not have a significant angular dependence (Sp,= Sox)
because of the low tilting angles. We have noticed that the
AVOHE, asym. value(9) curves deviate slightly from the ideal case
[no tilting; ¢(8) = 0; black dashed line]. From this, we can
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FIG. 5. (Color online) (a) The tilting angle (¢) variation with 6 at the B*** values of 3 (for CoFe/MgO/Si) and 5 kOe (for CoFe/MgO/Ge).
(b) Calculated A VouE, asym. vaiue(f) curves for the B values of 3 (for CoFe/MgO/Si) and 5 kOe (for CoFe/MgO/Ge) using the ¢(6) values
exhibited in Fig. 5(a). For comparison, the ideal A Vogg, asym. vawe (0) curve, where there is no tilting (¢ = 0), is also shown (black dashed line).
Asymptotic value of |AVoug| (or |AVouE, B=3 or 5 k0e|) VS 0 obtained in (c) CoFe/MgO/Si and (d) CoFe/MgO/Ge contacts at the / value of

— 0.5 mA (spin injection condition) at different temperatures.

conclude that the tilting of M with a B®*' smaller than 5 kOe
does not significantly affect the major angular dependence of
the OHE signal proportional to cos?(6).

Figures 5(c) and 5(d) show the asymptotic value of
|[AVoug| (or |AVonE, B=3or5k0e|) versus 6 measured with
the CoFe/MgO/Si and CoFe/MgO/Ge contacts, respectively,
at the I of —0.5 mA (spin injection condition) at different
temperatures. These figures clearly show that the asymptotic
values of the oblique Hanle signals in both contacts are
consistently reduced by a factor of cos?(6) (black lines) over
a wide T range (5-300 K). This result is in good agreement
with the model prediction, in which the asymptotic value of
the electrical OHE depends only on the angle 6, revealing the
unique cos’(#) dependence.

As discussed in Sec. III A, from the electrical OHE
measurements, we can extract the critical angle .. (6, = arccos

Sy (Bext = 0)/S0,]) which is the quantitative measure (with
angular dimension) of the ISD. Figure 6 shows the temperature
dependence of 4., ISD (=[Sy; — Sy (B = 0)]/S,(B*' = 0)),
and 7. measured with the CoFe/MgO/Si and CoFe/MgO/Ge
contacts. A large 6.(or a large ISD) indicates that the
spin signal is sizably suppressed by Bj*. We have indeed
observed the large 6, value of 52° (36°) for the CoFe/MgO/Si
(CoFe/MgO/Ge) contact at 300 K. As T is decreased from
300 to 5 K, the 6, is increased from 52° (300 K) to
58° (5 K) for the CoFe/MgO/Si contact, and from 36°
(300 K) to 66° (5 K) for the CoFe/MgO/Ge contact. As
discussed in Sec. III A, the 6. is related to both 74 and B}™.
Because B™(T) o< (1 — aT??) with @ =3.2 x 107 K%/
for the CoFe,”>” the T dependence of ™ is relatively
weak. Therefore, the increase of 6. with decreasing T

in both contacts is mainly ascribed to the increased
[see Fig. 3(c)]. This result is consistent with the observa-
tion that the measured . (a lower bound of true spin

7o—§ ®
el CoFe/MgO/Si
T 50 S
o’ +
sl 1=-05mA g ]
CoFe/l\/|90/Ge\E
30} |
7 t
ik (b)
asSsL
gl b
& 1| —
£ i 2
0 ‘ | :
L, (c)
5 90| h
60| i
0 100 200 300

Temperature (K)

FIG. 6. (Color online) (a) Measured 6., (b) ISD
(|AVg—po /AVy—9p-]), and (c) effective spin lifetime (7er) in
the CoFe/MgO/Si and CoFe/MgO/Ge contacts as a function of the
temperature (7') at the I value of — 0.5 mA.
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FIG. 7. (Color online) (a) Calculated misalignment angle (6 — ¢)
and (b) corresponding A popg (normalized) as a function of B angle
6 at the B and poM; values of 50 kOe and ~2.2 T, respectively.

lifetime in SC) is increased with decreasing 7 as shown in
Fig. 6(c).

C. Angular dependence of voltage signals
at large magnetic fields

Next we investigated the angular dependence of voltage
[|AV(8)|] signals when the applied B** is larger than poM;.
In this case, as discussed previously, the M is significantly
tilted from the film plane to the B®" direction [see Figs. 2(c)
and 2(e)]. When we measure the spin accumulation (A toyg)
as a function of angle 6 (from in-plane to out-of-plane),
the Apone(f) does not follow a simple cos2(0) angular
dependence.

(@  CoFe/MgO/Si (b) CoFe/MgO/Ge
(T=5 K, B=3 kOe) (T=5 K, B=5 kOe)
45

0.91 8.4 1.22

3.0 0.61 5.6 0.81
1.5 \. [0.41
0.0¢ %0.00

45 1.39

£ 30 0032 €

8" 2
=15 0462
s ,; &

2 0.0¢ %0.00

1.44
. 096

X, 10.48
--yoozgieivq0-00

90 -45 0 45 90
0 (deg)

3.0

()  CoFe/MgO/Si (d)
(T=5 K, B=50 kOe)
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If the M perfectly followed the applied B**' (when
B = 00), there would be no angular dependence of Apong
arising from the OHE.?* However, the misalignment angle
(0 — @) between the applied B®*' and the M of the CoFe is
non-negligible even when B is very large [see Eq. (2)].
Figure 7(a) shows the calculated angle (6 — ¢) as a function
of angle & when the B is 50 kOe and the uoM, of CoFe
is 2.2 T. The misalignment angle (6 —¢) is smaller than
12° having extrema at —58° and 58°. If the tunnel spin
polarization and spin lifetime do not have a significant angular
dependence (S, & So.),%* the spin accumulation [A z1opg(9)]
is proportional to Sy, cos?(d — ¢). Therefore, the Aons(9)
does not follow a simple cos?(9) angular dependence, but
follows a more complex cos?(f — ¢) angular dependence as
depicted in Fig. 7(b). The variation of Apuopg (normalized)
as a function of 8 with large magnetic fields is relatively
smaller than the case with small magnetic fields. For example,
in Fig. 7(b), the variation of Apuoyg (at the B*' of 50 kOe) is
less than 5% of full spin accumulation.

We have indeed measured the | AV (9)] of the CoFe/MgO/Si
and CoFe/MgO/Ge contacts with moderate magnetic fields (3
or 5 kOe) and with a large magnetic field (50 kOe) at various
reverse bias currents (I < 0; spin injection condition) at 5 K.
Figures 8(a) and 8(b), respectively, are obtained with applying
the B*™' of 3 kOe for the CoFe/MgO/Si contact and 5 kOe
for the CoFe/MgO/Ge contact. The |AVp_3or5k0e| Signals
in both contacts clearly reveal a cos2(0) dependence (black
lines) irrespective of I, which is well consistent with the
generic feature of the OHE; both contacts exhibit the twofold
symmetry with the peak at an angle 6 of 0° as well as valleys
at 0 angles of —90° and 90°. The magnitudes of the MR
values, defined as (AV/ Vy—op:| =3 or 5 k0e) X 100%, are ~1.0
(CoFe/MgO/Si) and ~1.2% (CoFe/MgO/Ge) at 5 K.

Figures 8(c) and 8(d), respectively, are obtained by ap-
plying the large B*' of 50 kOe for the CoFe/MgO/Si and

CoFe/MgO/Ge
(T=5 K, B=50 kOe)

1.26; 1=-0.5mA 0.18

=-0.191V

90 45 0 45 90 .90 45 0 45 90
0 (deg) 0 (deg)

FIG. 8. (Color online) (a), (b) |AVp_3 or5k0e| and (c), (d) |AVp_soxoe| signals vs 8 curves for the CoFe/MgO/Si contact [(a), (c)] and the
CoFe/MgO/Ge contact [(b), (d)] with various reverse bias current (I < 0; spin injection condition) at 5 K. Black lines in (a) and (b) are cos*(6)

fits. Black lines in (c) and (d) are cos?(6 — ¢) fits.
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CoFe/MgO/Ge contacts. Basically, the |AVg_sooe| signals
of both contacts show distorted fourfold symmetry with
valleys at 6 angles of —60° and 60° and peaks at 6
angles of —90°, 0°, and 90°. The MR values, defined as
(AV [/ Vy—6o-| B=50 x0e) X 100%, of ~0.05 (CoFe/MgO/Si) and
~0.10% (CoFe/MgO/Ge) at 5 K are roughly one order of mag-
nitude smaller than the MR measured at moderate magnetic
fields (3 or 5 kOe). The cos?(6 — ¢) dependence [black lines in
Fig. 8(c)] provide areasonably good fit to the experimental data
of |AVp_s0koe| in the CoFe/MgO/Si contact, indicating that
the angular dependence of voltage signals with large magnetic
fields is a consequence of the misalignment between the B
and the M of CoFe [see Fig. 2(e)]. The CoFe/MgO/Ge data
deviate from the cos?(0 — ¢) fit when the 6 value is close to
0" [black arrows in Fig. 6(d)]. This may be attributed to the
Lorentz MR (LMR)** of the Ge substrate with a relatively
high mobility, since the LMR, originated from the influence of
the Lorentz force on the motion of electrons, is quadratically
proportional to the mobility times the transverse B to the
current flow.?

We have measured the bias dependence of the full spin
accumulation |A V| and the variation of |AVong, B=50 k0e|
with respect to the angle 6, and we calculated the ratio
IAVOHE, B=50 kOe/AVspin|~ The |AVSpin| is the sum of the
normal and inverted Hanle signal, and thus can be de-
termined from |AVy_go — AVy—gpe|p=30r5 koe[see Figs. 8(a)
and 8(b)]. The |AVoug s=s0ko0e| can be determined from
|AV9=90r> — AV,9:600|B:50 kOe [SCC FigS. 8(0) and S(d)] The
ratio of |AVong, =50 koe/ A Vipin| Will show how much the
spin signal is reduced due to the misalignment between
the applied B and the M of CoFe.

Figure 9 shows the |AVspin|’ | AVOHE. B=50k0e|, and
|AVOHE$ B=50 kOe/A Vspin| of the COFC/MgO/Sl and

— 8.00 (a) o o O 9o —°
g 7007 e CoFe/MgO/Ge
= 6.00f ®
3 T=5K
=" 4.00 e e o @
= e CoFe/MgO/Si
3.000 o
S | ‘
£ 0.60
= 0.50 (b) .  m—-m—a
I -
€040} =
'Ti §§ ———a——a
>5 0.20 "
& . |}
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>" (c)
2 @008
% Soosl 4 4 4% T v 3
i
g8 MZdeI
o
0.02
2
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FIG. 9. (Color online) (a) Measured |AVgl, (b)
|[AVonE, B=s0koel,» and (¢) |AVoug, =50 koe/ A Vipin| values for
the CoFe/MgO/Si and CoFe/MgO/Ge contacts with various reverse
bias currents (/ < 0; spin injection condition) at 5 K. The black
circles represent the expected value from the model calculation.
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CoFe/MgO/Ge contacts with various reverse bias currents
(I < 0; spin injection condition) at 5 K. Both the |A V,;,| and
|AVouE, B=50koe| Increase with increasing the bias current
in the same way. In Fig. 9(c), one can clearly see that the
| AVoHE, B=50 k0e/ A Vipinl, the ratio of reduced spin signal due
to the misalignment-induced OHE, remains almost constant
with varying the /. The measured |AVoug, B=50 koe/ A Vepinl
is ~0.060 (0.065) for the CoFe/MgO/Si (CoFe/MgO/Ge)
contact. This is very close to the calculated value of ~0.048
(black circles) in Fig. 7. These results strongly support the
idea that the observed |AV(0)] signals at high magnetic fields
in CoFe/MgO/Si and CoFe/MgO/Ge contacts (under spin
injection condition) mainly originate from the variation of
Apogg due to the misalignment between the applied B and
the M of CoFe.

IV. CONCLUSIONS

In conclusion, we investigated the electrical OHE in
CoFe/MgO/Si and CoFe/MgO/Ge contacts and their generic
features using a three-terminal measurement scheme. The
electrical OHE signals obtained in the CoFe/MgO/Si and
CoFe/MgO/Ge contacts show clearly different line shapes
depending on the spin lifetime of the host SC. Importantly,
irrespective of the bias current and temperature, the asymptotic
values of the OHE in both contacts reveal the universal angular
dependence with cos?(9) variation with moderate magnetic
fields. These results are highly consistent with the predictions
of the spin precession and relaxation model for the electrical
OHE. The angular dependence of voltage signals observed
at high magnetic fields where the magnetization of CoFe is
significantly tilted from the film plane to the magnetic field
direction is also well explained by the OHE, taking into
account the misalignment angle between the external magnetic
field and the magnetization of CoFe.
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APPENDIX: EFFECT OF LOCAL MAGNETOSTATIC
FIELD STRENGTH ON OBLIQUE HANLE CURVES

We have investigated the effect of a local magnetostatic field
(B]™®) on the line shapes of oblique Hanle signals obtained in
CoFe/MgO/Si and CoFe/MgO/Ge contacts for completeness.
The electrical oblique Hanle curves are calculated for different
1/w}® values of 0.06, 0.21, and 0.64 ns (corresponding to B;™
values of about 1.0, 0.3, and 0.1 kOe, respectively) with fixed
7 values of 0.50 and 1.00 ns, using the spin precession and
relaxation model'® [Eq. (3)].
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FIG. 10. (Color online) (a) Calculated Hanle curves for various oblique angles (0°-90°) with different 1/w}® values of 0.06, 0.21, and
0.64 ns, at the fixed 7 values of 0.50 (upper panel) and 1.00 ns (lower panel). For comparison, the ideal Hanle curve, where B™ ~ 0 kOe
(or 1/w}* ~ oo ns), at the angle 6 of 90°, is also shown (blue line). (b) Calculated 6. and T — 1/w}™ plots with the fixed 7y values of 0.50

(open circle) and 1.00 ns (closed circle).

Figure 10(a) shows the calculated oblique Hanle curves
(normalized) at various angles (0°-90°). For comparison, the
ideal oblique Hanle curve at the angle 8 of 90°, where B ~ 0
kOe (or 1/w}* ~ 0o ns), is also shown (blue line). As 1/w}*
increases (or B}™ decreases) with the fixed 7y value of 0.50
ns (upper panel) or 1.00 ns (lower panel), the inverted Hanle
effect becomes smaller; the 6. also decreases, and the width
of the oblique Hanle curve at the angle 6 of 90° (red line)
approaches that of the ideal Hanle curve (blue line) without
B". Therefore, the effective spin lifetime extracted from the
Hanle curve at 90° becomes larger. It should be noticed here
that the value of 6, is inversely correlated with the ¢ value.

For more clarity, we plotted the calculated 6. and s as
a function of 1/w}® with the fixed 74 values of 0.50 (open
circle) and 1.00 ns (closed circle) in Fig. 10(b). As depicted
in this figure, the increase of the 1/} value (or the decrease
of the B} value) results in a decrease of . but an increase of
Tefr, Which is apparently in contrast with our experimental
finding in both CoFe/MgO/Si and CoFe/MgO/Ge contacts
that the 6, is positively correlated with the 7. (see Fig. 6).
As a consequence, we can rule out the possibility that
the different Hanle signals observed in CoFe/MgO/Si and
CoFe/MgO/Ge contacts originate from the different values
of B®.
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