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Critical effect of spin-dependent transport in a tunnel barrier on enhanced
Hanle-type signals observed in three-terminal geometry

Tetsuya Uemura,® Kenji Kondo,? Jun Fujisawa,’ Ken-ichi Matsuda,

and Masafumi Yamamoto'

'Division of Electronics for Informatics, Hokkaido University, Sapporo, Japan
2Research Institute for Electronic Science, Hokkaido University, Sapporo, Japan

(Received 3 May 2012; accepted 7 September 2012; published online 26 September 2012)

The MgO thickness dependence of Hanle signals in CosoFeso/MgO/n-Si tunnel junctions was
investigated using a three-terminal geometry. The observed Hanle signal is several orders of
magnitude stronger than the predicted value by conventional theory as reported in many literatures.
Furthermore, the magnitude of the spin signal depends on the junction resistance rather than the
channel resistance, implying that the largest part of the observed Hanle signal is not caused by spin
accumulation in the semiconductor region. A possible origin of the observed strong Hanle signal is
due to a modulation of the tunneling resistance by a magnetic field, which is induced by the spin
precession in localized states formed in the vicinity of the CosyFeso/MgO interface. © 2012
American Institute of Physics. [http://dx.doi.org/10.1063/1.4754545]

The injection of spin-polarized electrons from a ferro-
magnet (F) into a semiconductor (SC) has attracted much in-
terest for creating viable semiconductor-based spintronics.
The Hanle effect measurement using a three-terminal geom-
etry has been widely used to evaluate the spin accumulation
in a semiconductor beneath the ferromagnetic electrode, and
clear Hanle-type signals have been observed in several semi-
conductor materials, such as GaAs,1 Si,2*6 and Ge.”'! In
most cases,lf5 711 however, the magnitude of these Hanle-
type signals was several orders of magnitude higher than
those expected from theory.'? This contrasted with the
results for the four-terminal non-local geometry, in which
the magnitude of the spin signal was modest.'*™'® Tran et al.
proposed a sequential tunneling model to explain the
enhanced Hanle-type signal observed in Co/AlO,/GaAs
junctions with the three-terminal geometry.' They assumed a
sequential tunneling process via localized states (LS) formed
in the vicinity of the semiconductor interface, and showed
that the large resistance between the LS and the semiconduc-
tor channel, which was due to a depletion region existing in
the interfacial region of SC facing the tunneling barrier,
induced the enhancement of the Hanle signal. Dash et al.”
and Iba et al.,“ on the other hand, showed the Hanle signal
could be enhanced even in the absence of a depletion region
at the semiconductor interface. Thus, the details of the
enhancement mechanism are not yet understood. Consider-
ing that the enhancement of the signals was observed in F/in-
sulator (I)/SC junctions with relatively large junction
resistance, systematic investigation of the junction-resistance
dependence of the enhanced Hanle signals is necessary.

The purpose of this paper is to clarify the origin of the
enhanced signal observed in the three-terminal Hanle-effect
measurement through investigation of the MgO thickness
(fmg0) dependence of the signals in CosgFeso(CoFe)/MgO/n-Si.
As we explain in this paper, we experimentally found that
the magnitude of the enhanced Hanle-type signal strongly
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depends on the junction resistance rather than on the channel
resistance. This indicates that the largest part of the observed
Hanle-type signal is not caused by spin accumulation in Si.
Based on our experimental findings, we discuss the origin of
the enhancement mechanism widely observed in F/I/SC
junctions.

A heavily doped n-type silicon-on-insulator (SOI) sub-
strate was used for the semiconductor channel. The resistiv-
ity (p) and the thickness of the SOI layer were 5mQQ - cm at
RT and 5 pum, respectively. The substrate was cleaned with
HF solution, and heated at 550°C for 1h in an ultra-high
vacuum chamber with a base pressure of ~6 x 107% Pa. A
MgO wedge layer ranging from 1 to 3 nm was then deposited
by electron beam evaporation at RT, and a 10-nm-thick
CoFe layer was grown by magnetron sputtering at RT. Junc-
tions with areas ranging from 50 x 50 to 250 x 250 yum*
were fabricated by photolithography and Ar-ion milling
techniques. The current (/)—voltage (V) characteristics and
magnetoresistance (MR) of each junction were measured at
293 K using a three-terminal geometry (Fig. 1(a)). In the MR
measurement, the voltage across the junction was measured
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FIG. 1. (a) Schematic diagram for three-terminal geometry. The central
electrode is made of CoFe/MgO and the outer electrodes are made of Au.
(b) I-V characteristics at 293 K for a CoFe/MgO/n-Si junction with a MgO
thickness (fvgo) of 2.2 nm. (b) Resistance-area products of CoFe/MgO/n-Si
single junctions as a function of fy;g0.

© 2012 American Institute of Physics

Downloaded 12 Nov 2012 to 133.87.26.18. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions


http://dx.doi.org/10.1063/1.4754545
http://dx.doi.org/10.1063/1.4754545
http://dx.doi.org/10.1063/1.4754545

132411-2 Uemura et al.

under a constant bias current (/,;,s) as functions of both in-
plane and out-of-plane magnetic field. The bias polarity was
defined with respect to the Si channel.

Figure 1(b) shows /-V characteristics for a CoFe/MgO/
n-Si junction with fyeo of 2.2nm. The -V curve exhibits
nonlinear characteristics and is almost symmetric against the
bias polarity, indicating that the tunneling conduction is
dominant. A slightly larger current in the positive bias region
is most probably due to a thermionic emission current
through a Schottky barrier at the MgO/Si interface. Figure
1(c) shows the resistance-area products (R - A) of CoFe/MgO/
n-Si single junctions as a function of fy,0, where R is the re-
sistance which was evaluated from the slope of the /-V curve
at V=0V, and A is the junction area. The R-A increases
exponentially with increasing fyjo0. The value of m ¢ esti-
mated from the slope of In(R - A) versus f1o0 according to the
Wenzel-Kramer-Brillouin (WKB) approximation is 0.28 eV,
where m’ is the effective mass of a tunneling electron normal-
ized by the bare electron mass and ¢ is the potential barrier
height. This value is comparable to the 0.32eV obtained in
Co,Crg ¢Fe 4Al/MgO/CosgFes, magnetic tunnel junctions
with relatively high tunnel magnetoresistance ratios of 90%
at RT and 240% at 4.2K."” These results indicate that the
MgO layer grown on Si works properly as a tunnel barrier.

Figure 2(a) shows the change in the junction voltage at
ITpias = —20 pA for a CoFe/MgO/n-Si junction with #ye0 of
2.2nm as functions of both in-plane and out-of-plane mag-
netic fields. Under this bias condition, electrons tunnel from
CoFe to Si (spin injection). The junction resistance decreases
as the out-of-plane magnetic field increases, while it
increases as the in-plane magnetic field increases. Similar
out-of-plane MR characteristics' ' ""'® and in-plane MR char-
acteristics™>"'"!® have been reported in many literatures.
The out-of-plane MR was explained by the Hanle effect in
the semiconductor channel. The in-plane MR, on the other
hand, was explained by the inverted Hanle effect, in which
the in-plane magnetic field suppresses the spin precession
induced by the stray field in junctions with a finite interface
roughness, resulting in increased junction resistance with an
in-plane magnetic field.'"® If we assume that the observed
MR characteristics come from the Hanle effect and the
inverted Hanle effect for the injected spins into Si, the spin
lifetime (7y) and the spin diffusion length (4y) are estimated
to be approximately 150 ps and 200 nm at 293 K. These val-
ues are comparable to those obtained in similar structures.?”
The magnitude of the spin signal (AV) defined by the sum of
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the voltage change in the Hanle curve and the inverted Hanle
curve is 0.31mV, and the spin resistance-area product
(ARg-A), where ARg is defined by AV/l,, is 350kQ - um?.
In the case of R-A>> p/; a condition satisfied in our devi-
ces, ARg - A predicted by the conventional theory of transport
across a single F/I/SC junction is'?

ARs - A = piy, (1)
where 7y is the spin polarization for spin-dependent tunneling.
However, the observed value of ARg-A (350kQ - ,umz) for
fmgo = 2.2nm is more than four orders of magnitude larger
than the maximum theoretical value of pAiy (approximately
10Q- um?), indicating the enhancement effect. Thus, our
CoFe/MgO/n-Si junctions also showed the enhanced Hanle
signals measured with the three-terminal geometry as often
reported in the literature.'~'" Figure 2(b) shows AV along
with the junction voltage V as a function of /,,;,, for the same
junction as in Fig. 2(a). The magnitude of V is scaled by a
factor of 0.008. In the negative bias region, where the tunnel-
ing conduction is dominant, the AV-I},,; curve matches well
with the scaled V-I,,;,, curve, indicating that AV is propor-
tional to V in the relation of AV/V =0.8%. In the positive
bias region, on the other hand, both curves are slightly devi-
ated most probably due to a thermionic emission current
along with the tunneling current, suggesting that the AV is
originating from tunnel conduction.

Figure 3 shows ARg-A at I, =—20 uA as a function
of tyvgo. The value of R-A is also plotted for comparison.
Most importantly, the observed ARg-A values show expo-
nential dependence on fy,0, and ARg is proportional to R
over a relatively wide range of R - A from 3 x 10°to 5 x 10®
Q.um?® Note that if Eq. (1) of the model of Fert and
Jaffrés'? is applicable, the maximum theoretical value for
ARg-A is given by ply, and ARg-A should be constant
against the junction resistance. Because of the exponential
dependence of ARg-A on ty,0, a value of about 10* for the
ratio of ARg- A to the theoretical value of p/y for the junc-
tion with fy,0 of 2.2 nm mentioned above is a typical value
for the given fy;,0 value. We also observed exponential de-
pendence of ARg-A on fy,o for CoFe/MgO/n-Ge junc-
tions,** indicating that our results are valid for a wide range
of F/I/SC junctions with relatively high junction resistance.

Now, we will discuss the possible origin of the enhance-
ment mechanism. We first discuss if the sequential tunneling
model proposed by Tran er al.' can explain our results.

|
— 0.008xV ) A

FIG. 2. (a) Junction voltage (V) at Iy, = —20 A
as functions of both in-plane and out-of-plane mag-
netic fields, and (b) Iy;,s dependence of AV for a
CoFe/MgO/n-Si junction with IMgo of 2.2nm. AV
E is defined by the sum of the voltage change in the
Hanle curve and the inverted Hanle curve. In (b),
the magnitude of V is scaled by a factor of 0.008
and also plotted as a function of /y;,s.
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FIG. 3. tyjz0 dependence of ARg-A at I}, =—20 uA for CoFe/MgO/n-Si
junctions. The value of R - A was also plotted for comparison.

Based on the Based on the sequential tunneling model pro-
posed by proposed by Tran et al.,' ARs- A is given by

rrs(Fen + 1)

ARS ‘A= ’y2 )
rLs +ren +1p

(@3]

where r;, is leakage resistance between the LS and the semi-
conductor channel, r; g is spin-flip resistance associated with
the LS, and r,, is semiconductor resistance defined by pi.
In the case of r;g>>ry, re, ARg - A is enhanced by a factor of
1 + rp/rep, compared with the case without LS. If 7, is much
larger than r.,, one can explain the enhancement effect of
the Hanle signals. Tran ef al.' assumed that the LS is formed
in the vicinity of the semiconductor interface to produce a
large r;, due to depletion of the semiconductor surface. If the
LS exist at the MgO/Si interface, however, r;, is independent
of fymeo because 1y, is the resistance between the LS and Si
channel; from Eq. (2), this means that ARg- A should be in-
dependent of fye0. This assumption cannot explain our ex-
perimental results that ARg-A does depend on fy,0. Thus,
the sequential tunneling model cannot explain our results
consistently.

We now propose a model of the modulation of spin-
dependent tunneling resistance by a magnetic field. Based on
the conventional theory,'>'> AV should be equal to yAu/2,
where Ay is a split of the chemical potentials in the SC. In
this formula, however, the effect of modulation of tunneling
resistance by a magnetic field is not taken into account.
Here, we extend this formula under the assumption that the
tunneling probability of electrons depends on the magnetic
field. Figures 4(a) and 4(b) show a schematic band diagram

(a)B=0 (b) 1B >>0

FIG. 4. Schematic band diagram of F/I/SC junctions under an out-of-plane
magnetic field (B) of (a) B=0 and (b) |B| > 0.

Appl. Phys. Lett. 101, 132411 (2012)

of F/I/SC junctions under an out-of-plane magnetic field (B)
of (a) B=0and (b) |B| > 0. In Fig. 4(a), the chemical poten-
tials are split by Au in the SC due to the spin injection, and
in Fig. 4(b) the splitting is reduced by B due to the Hanle
effect. The experiments are carried out with a constant cur-
rent supply. This condition requires that the tunneling current
density J at B=0 and at |B| > 0 be equal. From this require-
ment, we get

(Ef(0) — Ap/2)DiT1(0) + (Ef(0) + Au/2)D| T (0)
= E¢(B)DT1(B) + E¢(B)D,T\(B), 3)

where Au=2eypiyJ, e (< 0) is an electron charge, E/(B) is
the electrical chemical potential of the ferromagnetic elec-
trode as a function of B, Dy, is the effective density of states
for majority (minority) spins at the Fermi level, and T’ },(B) is
the tunneling probability of majority (minority) spins, which
is assumed to depend on B. The left-hand side and the right-
hand side of Eq. (3) represent the tunneling current densities
at B=0 and at |B| > 0, respectively. In the three-terminal ge-
ometry, E¢(B) is measured with respect to the electrochemical
potential of the reference electrode. From Eq. (3), ARg-A
defined by [E;(0) — Ef(B)]/eJ is given by

AuDT1(0) —D,T(0)
2€JDTTT (O) + DlTJ, (0)
n Ef(B)D1[T1(B) — T1(0)] + D|[T|(B) — T|(0)]
e] DTTT (0) + DlTl (O)
Dy[T(B) — T1(0)] + D, [T (B) — T, (0)]
DiT1(0) + DT (0) '

AR - A =

= yzp;sﬂf + R . A

“)

The first term of the right-hand side of Eq. (4) gives the
spin accumulation signal, as predicted in the conventional
theory,'>'® while the second term gives the signal caused by
the B-dependent tunneling probability. In the conventional
theory, the second term becomes zero, because the B-depend-
ent tunneling probability is not taken into account, resulting
in ARg-A =7y’pl. However, if T}(;, depends on B and R - A
is much larger than pAy, the second term becomes dominant,
resulting in AR - A being proportional to R - A. This is exactly
what we observed, as shown in Figs. 2(b) and 3. Thus, we
conclude that the main origin of the enhanced Hanle-type sig-
nals widely observed in F/I/SC junctions, including our sam-
ples, is a modulation of the tunneling resistance by a
magnetic field. The fact that the enhancement of the Hanle
signals was observed in the junctions with relatively large re-
sistance also supports this picture. Thus, the Hanle signal
measurement using three-terminal geometry is not suitable
for evaluating the exact value of Ay in the channel, in particu-
lar, for junctions with a large R - A value. The four-terminal
non-local geometry, on the other hand, has no such problem,
because the detector contact is unbiased, resulting in that the
second term of Eq. (4) is negligibly small. Therefore, Ay in
the semiconductor channel can be properly measured through
the non-local voltage. The in-plane magnetic field depend-
ence of the junction resistance (inverted Hanle curve) for the
three-terminal geometry also can be explained consistently
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with this model, because the in-plane magnetic field reduces
the out-of-plane component of the stray field arising from the
interface roughness.

As described above, our experimental result that ARg - A
is proportional to R - A can be explained if the tunnel resist-
ance is modulated by a magnetic field. However, the micro-
scopic physical model for this is not clarified at present. We
provide here one possible physical model. Considering that
AV vs. B curve can be fitted well by Lorentzian function, we
assume that the tunneling electrons are depolarized to some
extent due to a precession, and this induces the modulation
of tunneling probability. However, it is impossible that the
tunneling electrons precess in the MgO barrier since the tun-
neling time, which is estimated from the tunneling barrier
thickness and the Fermi velocity of electrons, is too short.
Therefore, we introduced LS at CoFe/MgO interface so that
electrons are trapped and depolarized in the LS. We have
calculated the tunnel current for a CoFe/MgO/Si junction
using Slonczewski’s model,>*? in which the tunnel proba-
bilities for both majority and minority electrons have been
calculated using an exact wave function within the free elec-
tron model. The applied magnetic field was treated as a pre-
cession field which induces a rotation of spins trapped in LS
at CoFe/MgO interface and depolarizes the spin states. The
steady-state spin polarization at LS under continuous injec-
tions is proportional to the time integral fgo 7y cos
wptexp(—t/ty)dt, where o, is the Larmor frequency. The
spin polarization is incorporated into the Fermi wave num-
bers for both majority and minority electrons in Slonczew-
ski’s model. Thus, we have also taken into consideration the
spin depolarization by changing the Fermi wave numbers
injected at CoFe/MgO interface. Figure 5(a) shows calcu-
lated tunnel resistance normalized by the value at B=0 as a
function of B, and Figure 5(b) shows ARg-A and R-A as a
function of fy0, respectively. The* typical parameters used in
the calculation are as follows: m ¢ =0.28 eV, t,= 150 ps,
kg =1.05%x10""m ™", and kg =0.44 x 10"°m~",** which
correspond to y =41%, where kgy, is Fermi wave
number of majority(minority) spin in the ferromagnetic Fe
electrode. Here, we have assumed that the polarization and
wave numbers for CoFe are almost equal to those for Fe.
Although the calculated value for ARg/R of approximately
8.5% is almost ten-times larger than the experimental value,
the proposed model can reproduce our experimental results
qualitatively.

In conclusion, we have experimentally found that
ARg- A is almost proportional to R - A, suggesting that the
largest part of the observed Hanle-type signal using a three-
terminal geometry is not caused by spin accumulation in the
semiconductor. We have discussed the origin of the Hanle-
type signal, and indicated that the spin-dependent transport
properties in the tunnel barrier play a crucial role for the
enhanced value of the three-terminal Hanle-type signal.
Thus, the three-terminal measurement is not suitable to
detect exactly spin accumulation in the semiconductor for
junctions with a large junction resistance, and the four-
terminal non-local measurement is indispensable.

Appl. Phys. Lett. 101, 132411 (2012)
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FIG. 5. (a) Calculated tunnel resistance as a function of out-of-plane mag-
netic field (B). The resistance was normalized by the value at B =0. (b) Cal-
culated ARg- A and R - A values as a function of fyje0.

This work was partly supported by Grants-in-Aid for
Scientific Research (Grant Nos. 21360140, 22560001,
23246055, and 24560001) from Japan Society for the
Promotion of Science.

M. Tran, H. Jaffres, C. Deranlot, J.-M. George, A. Fert, A. Miard, and A.
Lemaitre, Phys. Rev. Lett. 102, 036601 (2009).

’S. P. Dash, S. Sharma, R. S. Patel, M. P. de Jong, and R. Jansen, Nature
462, 491 (2009).

3C. H. Li, O. M. J. van‘t Erve, and B. T. Jonker, Nat. Commun. 2, 245
(2011); C. H. Li, O. M. J. van‘t Erve, and B. T. Jonker, Nat. Commun.,
e-print arXiv:1110.1620v1 (2011).

“N. W. Gray and A. Tiwari, Appl. Phys. Lett. 98, 102112 (2011).

K. Jeon, B. Min, I. Shin, C. Park, H. Lee, Y. Jo, and S. Shin, Appl. Phys.
Lett. 98, 262102 (2011).

°y. Ando, K. Kasahara, K. Yamane, Y. Baba, Y. Maeda, Y. Hoshi, K.
Sawano, M. Miyao, and K. Hamaya, Appl. Phys. Lett. 99, 012113 (2011).

H. Saito, S. Watanabe, Y. Mineno, S. Sharma, R. Jansen, S. Yuasa, and K.
Ando, Solid State Commun. 151, 1159 (2011).

SA. Jain, L. Louahadj, J. Peiro, J. C. Le Breton, C. Vergnaud, A. Barski, C.
Beigné, L. Notin, A. Marty, V. Baltz, S. Auffret, E. Augendre, H. Jaffres,
J. M. George, and M. Jamet, Appl. Phys. Lett. 99, 162102 (2011).

K. Jeon, B. Min, Y. Park, H. Lee, C. Park, Y. Jo, and S. Shin, Appl. Phys.
Lett. 99, 162106 (2011).

100 T, Hanbicki, S.-F. Chenga, R. Goswamib, O. M. J. van‘t Erve, and B.
T. Jonker, Solid State Commun. 152, 244 (2012).

g, Iba, H. Saito, A. Spiesser, S. Watanabe, R. Jansen, S. Yuasa, and K.
Ando, Appl. Phys. Express 5, 023003 (2012).

12A. Fert and H. Jaffrés, Phys. Rev. B 64, 184420 (2001).

BX. Lou, C. Adelmann, S. A. Crooker, E. S. Garlid, J. Zhang, K. S. M.
Reddy, S. D. Flexner, C. J. Palmstrom, and P. A. Crowell, Nat. Phys. 3,
197 (2007).

143, Salis, A. Fuhrer, R. R. Schlittler, L. Gross, and S. F. Alvarado, Phys.
Rev. B 81, 205323 (2010).

15T, Sasaki, T. Oikawa, T. Suzuki, M. Shiraishi, Y. Suzuki, and K. Noguchi,
IEEE Trans. Magn. 46, 1436 (2010).

16, Uemura, T. Akiho, M. Harada, K.-i. Matsuda, and M. Yamamoto, Appl.
Phys. Lett. 99, 082108 (2011).

7, Marukame, T. Ishikawa, W. Sekine, K.-i. Matsuda, T. Uemura, and M.
Yamamoto, IEEE Trans. Magn. 42, 2652 (2006).

185, p. Dash, S. Sharma, J. C. Le Breton, J. Peiro, H. Jaffres, J.-M. George,
A. Lemaitre, and R. Jansen, Phys. Rev. B 84, 054410 (2011).

M. Jonhson and R. H. Silsbee, Phys. Rev. Lett. 55, 1790 (1985).

205, C. Slonchewski, Phys. Rev. B 39, 6995 (1989).

21y, Fabian, A. Matos-Abiague, C. Ertler, P. Stano, and 1. Zutié, Acta Phys.
Slov. 57, 565 (2007).

22K. Kondo, J. Appl. Phys. 111, 07C713 (2012).

23D, Grundler, Phys. Rev. Lett. 86, 1058 (2001).

24G.Hf. Li, M. Miki, K.-i. Matsuda, T. Uemura, and M. Yamamoto, “Tunnel
barrier thickness dependence of Hanle signals in CoFe/MgO/n-Ge tunnel
junctions investigated in three-terminal geometry” (unpublished).

Downloaded 12 Nov 2012 to 133.87.26.18. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions


http://dx.doi.org/10.1103/PhysRevLett.102.036601
http://dx.doi.org/10.1038/nature08570
http://dx.doi.org/10.1038/ncomms1256
http://dx.doi.org/10.1063/1.3564889
http://dx.doi.org/10.1063/1.3600787
http://dx.doi.org/10.1063/1.3600787
http://dx.doi.org/10.1063/1.3607480
http://dx.doi.org/10.1016/j.ssc.2011.05.010
http://dx.doi.org/10.1063/1.3652757
http://dx.doi.org/10.1063/1.3648107
http://dx.doi.org/10.1063/1.3648107
http://dx.doi.org/10.1016/j.ssc.2011.11.033
http://dx.doi.org/10.1143/APEX.5.023003
http://dx.doi.org/10.1103/PhysRevB.64.184420
http://dx.doi.org/10.1038/nphys543
http://dx.doi.org/10.1103/PhysRevB.81.205323
http://dx.doi.org/10.1103/PhysRevB.81.205323
http://dx.doi.org/10.1109/TMAG.2010.2045347
http://dx.doi.org/10.1063/1.3630032
http://dx.doi.org/10.1063/1.3630032
http://dx.doi.org/10.1109/TMAG.2006.878859
http://dx.doi.org/10.1103/PhysRevB.84.054410
http://dx.doi.org/10.1103/PhysRevLett.55.1790
http://dx.doi.org/10.1103/PhysRevB.39.6995
http://dx.doi.org/10.1063/1.3677799
http://dx.doi.org/10.1103/PhysRevLett.86.1058

