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Suppression of in-plane tunneling anisotropic magnetoresistance effect
in Co,MnSi/MgO/n-GaAs and CoFe/MgO/n-GaAs junctions by
inserting a MgO barrier

Takafumi Akiho, Tetsuya Uemura,a) Masanobu Harada, Ken-ichi Matsuda, and
Masafumi Yamamoto
Division of Electronics for Informatics, Hokkaido University, Sapporo 060-0814, Japan

(Received 19 March 2011; accepted 7 May 2011; published online 9 June 2011)

The effects of MgO tunnel barriers on both junction resistance and tunneling anisotropic
magnetoresistance (TAMR) characteristics of Co,MnSi(CMS)/MgO/n-GaAs junctions and
CosgFesy(CoFe)/MgO/n-GaAs junctions were investigated. The resistance-area (RA) product of the
CMS/MgO/n-GaAs junctions showed an exponential dependence on MgO thickness (fy,0),
indicating that the MgO layer acts as a tunneling barrier. The RA product of CMS/MgO/n-GaAs
with fy;,0<<1 nm was smaller than that of the sample without MgO. The observed spin-valvelike
magnetoresistance of CMS/n-GaAs and CoFe/n-GaAs Schottky tunnel junctions attributed to the
TAMR effect did not appear in the cases of CMS/MgO/n-GaAs and CoFe/MgO/n-GaAs tunnel
junctions. The lowering of the RA product and the suppression of the TAMR effect caused by
inserting a thin MgO layer between CMS and n-GaAs were both possibly due to suppression of the
Fermi-level pinning of GaAs and lowering of the Schottky barrier height. © 2011 American

Institute of Physics. [doi:10.1063/1.3595311]

The injection of spin-polarized electrons from a ferro-
magnet (F) into a semiconductor (SC) is one of the most
important challenges in spintronics. In particular, spin injec-
tion into GaAs or silicon by using F/SC Schottky tunnel
junctions or F/insulator (I)/SC tunnel junctions has been in-
vestigated intensively.lf3 To achieve efficient spin injection,
highly spin-polarized ferromagnetic electrodes are necessary.
One cobalt-based Heusler alloy, Co,MnSi (CMS), is a prom-
ising candidate material. We recently developed fully egitax—
ial magnetic tunnel junctions (MTJs) using CMS,*® and
with these demonstrated high tunnel magnetoresistance
(MR) ratios of up to 1135% at 4.2 K and 236% at room
temperature (RT), indicating that CMS has high spin polar-
ization. Aiming to apply CMS to a ferromagnetic electrode
as an efficient spin injector into SCs, we also investigated the
spin-dependent transport properties of CMS/n-GaAs
Schottky tunnel junctions, and observed a tunneling aniso-
tropic MR (TAMR) effect.” Similar TAMR was
also observed in Fe/GaAs/Au tunnel junctions8 and
CosoFeso(CoFe)/n-GaAs Schottky tunnel junctions.”'® Since
the TAMR effect occurs even in the case of a single F/SC
junction and produces a spin-valvelike MR, it may affect the
electrical detection of spin injection when F/SC heterojunc-
tions are used. Clarifying the TAMR effect in the case of
F/I/SC tunnel junctions is also important because spin
injection using F/I/SC tunnel junctions was recently
investig.gated.z’3 In this study, we investigated the effects of
MgO tunnel barriers on the TAMR characteristics of CMS/
MgO/n-GaAs and CoFe/MgO/n-GaAs tunnel junctions.

Layer structures consisting of (from the substrate side)
i-GaAs (250 nm thick), n~-GaAs (Si=4 X 10'® cm™, 300
nm), and n*-GaAs (Si=5X10'"® cm™, 30 nm) were grown
by molecular beam epitaxy at 600 °C on GaAs (001) sub-
strates. The samples were then capped with an arsenic pro-
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tective layer and transported to a magnetron sputtering
chamber. After the arsenic cap was removed by heating the
samples to 300—400 °C, a MgO wedge layer with thickness
ranging from 0.5 to 1.5 nm was grown by electron-beam
evaporation at RT. Finally, a 5-nm-thick CMS film was
grown by magnetron sputtering at RT and annealed in situ at
350 °C. A CoFe/MgO(0.8 nm)/n-GaAs tunnel junction was
also fabricated by the same procedure. Each 10X 50 wm
junction was fabricated using standard optical lithography
and Ar ion milling techniques. The current (/)-voltage (V)
characteristics and MR characteristics were measured using
three-terminal geometry, as shown in the inset of Fig. 2(a).
The bias voltage was defined with respect to the n-GaAs.
Figures 1(a)-1(d) show reflection high-energy electron
diffraction (RHEED) patterns of the CMS layers along two
different azimuths [110]g,a, and [100]g,as for CMS/GaAs
and CMS/MgO/GaAs. The streak RHEED patterns indicate
that the CMS layers grew epitaxially on the GaAs or on the
MgO/GaAs, although slightly spotty patterns which indicate
a three-dimensional growth were observed for the CMS layer
on the MgO/GaAs. Note that the RHEED patterns shown in

EB||[110]c,,.  EB|[[100],x

FIG. 1. (Color online) RHEED patterns along the azimuths of [110]g,4s and
[100]Gaas for CMS/GaAs and CMS/MgO/GaAs. (a) CMS/GaAs with
EBI[110]g,n. (b) CMS/GaAs with EBI[100]gue () CMS/MgO/GaAs
with EBII[110]g,se and (d) CMS/MgO/GaAs with EBI[100]g,xs.

CMS/GaAs

CMS/MgO/GaAs
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FIG. 2. (Color online) (a) Current-voltage characteristics of a
Co,MnSi(CMS)/n-GaAs Schottky tunnel junction measured at 4.2 K. The
inset shows a circuit configuration for three-terminal geometry. (b) RA prod-
ucts of CMS/MgO/n-GaAs single junctions at RT as a function of MgO
thickness. The inset shows schematic band diagrams of CMS/n-GaAs junc-
tions with and without a MgO barrier.

Figs. 1(a) and 1(d) are identical to that observed for CMS
along an azimuth of [110]¢ys, and those shown in Figs. 1(b)
and 1(c) are identical to that along an azimuth of [ 100]cps.
Thus, the crystallographic relationship between CMS and
GaAs was CMS(001)[110]11GaAs(001)[110] (cube-on-cube)
for CMS/n-GaAs and CMS(001)[110]11GaAs(001)[100] for
CMS/MgO/n-GaAs.

Figure 2(a) shows I-V characteristics of the CMS/n-
GaAs single junction measured at 4.2 K. The I-V curve ex-
hibited nonlinear characteristics and almost symmetric char-
acteristics against the bias polarity due to tunneling of the
electrons through a Schottky barrier formed at the CMS/n-
GaAs interface. Figure 2(b) shows the resistance-area (RA)
products of the CMS/MgO/n-GaAs single junctions at RT as
a function of MgO thickness (fyg0). The resistance was
evaluated from the slope of the I-V curve at V=0 V mea-
sured at RT. It is noteworthy that the RA product of each
sample with #y;,0<<1 nm was lower than that of the sample
without a MgO layer. The RA product increased exponen-
tially with increasing fy,0, indicating that the MgO layer
acted as a tunnel barrier. The m*¢ value estimated from the
slope of the In(RA) versus #y,o plot according to the
Wenzel-Kramer—Brillouin (WKB) approximation was 0.46
eV. Here, m" is the effective mass of a tunneling electron
normalized by the bare electron mass and ¢ is the potential
barrier height. This latter value (0.46 eV) was close to the
value, 0.39 eV, reported for Fe/MgO/Fe MTJs (Ref. 11) with
a TMR ratio of 180% at RT, and slightly larger than that,
0.32 eV, reported for Co,Cry ¢Fej 4Al/ M]%O/COZCrO_GFeOAAl
MTIJs with a TMR ratio of 90% at RT.~ The tunnel resis-
tance showing an exponential dependence on fy;,o and the
m*¢ value being comparable to those of MTJs with rela-
tively high TMR ratios suggest that the electrical quality of
the MgO layer was high. Thus, the lowering of the RA prod-
uct upon insertion of a thin MgO layer was probably due to
the depinning of the Fermi-level described below rather than
to a change in the layer growth mode, such as from a two-
dimensional growth of the CMS layer directly grown on
GaAs to a three-dimensional growth of the CMS layer grown
on the MgO/GaAs, as shown in Figs. 1(c) and 1(d). It is well
known that the Fermi-level of a metal/GaAs junction is
pinned at the midgap of GaAs by metal-induced gap-states
(MIGS) or defects. Several approaches to “depinning” the
Fermi level, including insertion of a silicon interface control
layer,” (Gd,_,Ga,),05/Ga,05," or high-k dielectrics such
as Al,O5 and HfOz,15 have been explored. The insertion of a
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FIG. 3. (Color online) MR curves measured at 4.2 K for CMS/MgO/n-GaAs
single junctions with (a) no MgO layer and (b) fy,0 of 0.6 nm, and those for
CoFe/MgO/n-GaAs single junctions with (c) no MgO layer and (d) #y,0 of
0.8 nm. An in-plane magnetic field was applied along (a) [110], (b) [110],
[100], and [110], (c) [110], and (d) [110], [100], and [110], of GaAs, re-
spectively. The MR curves are offset for clarity in [(b) and (d)].

Magpnetic field [Oe]

thin MgO barrier between the CMS and GaAs investigated in
the present study also probably decreased the density of
MIGS or defects formed at the CMS/GaAs interface, thereby
suppressing the Fermi-level pinning and lowering the
Schottky barrier height (SBH), as shown in the inset of Fig.
2(b).

Figure 3 shows MR curves measured at 4.2 K for CMS/
MgO/n-GaAs single junctions with (a) no MgO layer and (b)
ivgo Of 0.6 nm, and those for CoFe/MgO/n-GaAs single
junctions with (c) no MgO layer and (d) fy,0 of 0.8 nm,
respectively. The bias voltage was —0.15 V, and the in-plane
magnetic field (H) was applied along the [110] direction of
GaAs for CMS/n-GaAs [Fig. 3(a)] and CoFe/n-GaAs [Fig.

3(c)], and along the [110], [100], and [110] directions for
CMS/MgO/n-GaAs [Fig. 3(b)] and CoFe/MgO/n-GaAs [Fig.
3(d)]. The [110] direction of GaAs corresponds to the hard-
axis direction for the shape anisotropy of the junction. The
curves shown in Figs. 3(b) and 3(d) are offset for clarity. The
samples without a MgO barrier—i.e., the CMS/n-GaAs
and CoFe/n-GaAs—showed clear MR due to the TAMR ef-
fect [Figs. 3(a) and 3(c)]. Previously, we observed uniaxial-
type anisotropic tunnel resistance, or TAMR, in these
samples.7’9’lo The angular dependence of the tunnel resis-
tance was given by

R(0)= (R 70— Ryjp)sin® 0+ Ry g, (1)

where 6 is the angle of the magnetization (M) direction of
CMS or CoFe with respect to the [110] direction, and R

and R,j, are tunnel resistances for M|[110] and MI[110],
respectively. This anisotropic tunnel resistance produced
a spin-valvelike MR as shown in Figs. 3(a) and 3(c). For
example, in Fig. 3(a), the high-resistance state at |H]
> 100 Oe corresponds to R ;,, because the magnetic field is
applied along the [110] direction. On the other hand, the
low-resistance state under a low magnetic field (i.e., H|
<100 Oe) corresponds to R, 7, because the magnetization of

CMS lies along the easy-axis direction (i.e., [110]) under a
low magnetic field. Since R;;o>R;j, for CMS/n-GaAs and
vice versa for CoFe/n-GaAs at a bias voltage of —0.15V, the
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observed MR curves for the CMS (CoFe) electrode showed
valleys (peaks).

On the other hand, no significant MR was observed for
CMS/MgO/n-GaAs and CoFe/MgO/n-GaAs junctions, as
shown in Figs. 3(b) and 3(d), although the magnetic field
was swept along three different directions ([110], [100], and

[110]) of GaAs. These results indicate that the insertion of
a MgO barrier between CMS and GaAs or between CoFe
and GaAs suppressed the TAMR effect. From here, the
effect of the MgO layer on the TAMR is discussed. The
TAMR effect was first observed in a (Ga,Mn)As/AlO,/Au
tunnel junction,16 and it has since been observed in several
systernsj_lo’”’18 such as a CoFe/MgO/CoFe MTJ,17 a
(Co/Pt)/AlO, /Pt tunnel junction,18 and a Fe/GaAs/Au tun-
nel junction.8 The origin of the TAMR, however, differs de-
pending on the system. The TAMR effect produced in a
(Ga,Mn)As tunnel junction has been attributed to the aniso-
tropic density-of-states for tunneling electrons due to spin-
orbit interactions (SOIs).'® It was shown by first-principles
calculations that the out-of-plane TAMR in an Fe/MgO/Fe
MT]J is produced by a shift of the resonant surface states
of an Fe energy band due to Rashba-SOI as the Fe magneti-
zation rotates.© Moser et al.® observed uniaxial-type in-
plane TAMR in a Fe/GaAs/Au tunnel junction. Our results
on the TAMR effect for CoFe/n-GaAs (Ref. 9) and
Co,MnSi/n-GaAs (Ref. 7) junctions are qualitatively similar
to that for Fe/GaAs/Au. Recently, Matos-Abiague and Fa-
bian proposed a theoretical model based on the combination
of Rashba and Dresselhaus SOIs for the uniaxial-type aniso-
tropic tunnel resistance observed in Fe/GaAs/Au tunnel
junctions.20 The influence of the Rashba and Dresselhaus
SOIs on the tunneling probability at ferromagnet/n-GaAs
junctions is briefly summarized as follows. For simplicity,
the Schottky barrier formed at the ferromagnet/n-GaAs inter-
face was approximated as a single tunneling barrier with an
effective barrier height of V|. According to the WKB ap-
proximation, the tunneling probability for electrons having
Fermi energy (Ey) is given as

2
T=exp{— 2d\/ﬁ—n;(VQ—EF+w m+(E+k) . ()

where d is tunneling barrier width, n is the unit vector of
spin direction, and ky=(k,,k,) is the in-plane wave vector of
a tunneling electron. w=(ak,+Bk,,—ak,.~ pk,,0) is the ef-
fective magnetic field induced by both Rashba SOI resulting
from the structural inversion asymmetry at the interface and
Dresselhaus SOI resulting from the bulk inversion asymme-
try in GaAs. Here a and B are the effective Rashba and
Dresselhaus parameters. By expanding Eq. (2) as a perturba-
tive series of w-n, and integrating over k|, the anisotropic
tunnel resistance given by Eq. (1) is obtained.” According to
this SOI-based model, TAMR appears because of electrons
tunneling through the Schottky barrier of GaAs. The lack of
TAMR in the samples with a MgO barrier therefore supports
the Fermi-level depinning model shown in the inset of Fig.
2(b), where the SBH is lowered by the insertion of a MgO
barrier owing to the depinning of the Fermi level. In this
case, the electrons tunnel only through the MgO barrier. Note
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that the value of 8 becomes zero inside the MgO barrier,
resulting in R;p=R,]p due to a symmetric w. On the other
hand, out-of-plane TAMR in CoFe/MgO/CoFe-MTJs has
been reported,18 and the interface resonant states are thought
to cause the out-of-plane TAMR. The influence of the inter-
face resonant states on the in-plane TAMR, however, has not
yet been clarified. The change in the growth mode of the
CMS/MgO layers compared to that of the CMS layer directly
grown on GaAs also might affect the TAMR characteristics.
Thus, further experimental and theoretical investigation is
necessary to clarify the mechanism on the suppression of the
TAMR effect.

In summary, we found experimentally that the RA prod-
uct of CMS/MgO/n-GaAs junctions with fyo<<1 nm was
lower than that of CMS/n-GaAs, and that the TAMR effect
was suppressed in the cases of a CMS/MgO/n-GaAs junction
and a CoFe/MgO/n-GaAs junction. These results are ex-
plained by the suppression of the Fermi-level pinning of
GaAs and the lowering of SBH.

This work was partly supported by Grants-in-Aid for
Scientific Research, and a Grant-in-Aid for Scientific Re-
search on Priority Area “Creation and control of spin cur-
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