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Oscillatory changes in the tunneling magnetoresistance effect in semiconductor quantum-dot
spin valves
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We experimentally study the tunneling magnetoresistance (TMR) effect as a function of bias voltage (Vgp)
in lateral Ni/InAs/Ni quantum-dot (QD) spin valves showing Coulomb blockade characteristics. With varying
Vsp, the TMR value oscillates and the oscillation period corresponds to conductance changes observed in the
current-voltage (I-Vgp) characteristics. We also find an inverse TMR effect near Vgp values where negative
differential conductance is observed. A possible mechanism of the TMR oscillation is discussed in terms of
spin accumulation on the QD and spin-dependent transport properties via excited states.
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Spin-dependent single-electron tunneling and its related
transport phenomena have been studied experimentally in
micro- or nanofabricated double-barrier junctions which con-
sist of a small metallic or molecule island and ferromagnetic
electrodes (FEs).!”7 In Co/Co-Al-O/Al-O/Al junctions,’
Yakushiji ef al. reported tunneling magnetoresistance (TMR)
oscillations as a function of bias voltage (Vgp) and an en-
hanced spin lifetime in Co nanoparticles, which are induced
by spin accumulation due to an injection of spin-polarized
electrons. Recently, Bernand-Mantel ef al. demonstrated an
inverse TMR effect through a single Au nanoparticle in
Co/Al,0;/Au/Al,04/Co nanojunctions.®

Up to now, lots of theoretical studies of the metallic
quantum-dot (QD) spin valves (SVs) have also reported the
effect of spin accumulation, which causes the spin splitting
of the Fermi level in the QD, on the TMR.2>:8-16 Thege
studies described that a spin accumulation with Coulomb
blockade characteristics leads to an oscillatory variation in
the TMR value with varying Vgp,8'¢ and a marked splitting
of the spin states in the QD can induce a sign inversion of the
TMR.3%-16 In addition to these considerations, recent theories
have also discussed that orbital levels in the QD can affect
the spin-dependent transport properties.'>!317-1 Weymann
and Barna$ predicted that the effect of the orbital levels leads
to negative differential conductance (NDC) and oscillatory
changes in the TMR effect in a finite-Vgp, regime.!®

For semiconductor systems, we recently succeeded in the
fabrication of Co/InAs/Co lateral QDSVs and observed
TMR effect. Also, an electric-field control of the TMR ef-
fect was demonstrated in Ni/InAs/Ni QDSV devices.?!
However, the origin of the TMR effect observed remains
elusive. To exhibit the first experimental results for semicon-
ductor QDSVs and to understand the mechanism of the TMR
effect, we should study the dependence of the TMR effect on
Vp. 30818

In this work, we examine TMR effect as a function of Vg
in lateral semiconductor QDSVs—i.e., Ni/InAs/Ni devices.
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We show an oscillatory variation in the TMR value with
increasing Vgp. The oscillation period corresponds to fine
conductance changes observed in current-voltage (I-Vgp)
characteristics. Also, an inverse TMR effect is observed at
Vsp where negative differential conductance is seen. We dis-
cuss a possible mechanism of the TMR oscillation in terms
of spin accumulation on the QD and spin-dependent trans-
port properties through excited states.

Self-assembled InAs QDs were grown on a substrate
made of 170-nm-thick GaAs buffer layer/90-nm-thick
AlGaAs insulating layer/n*-GaAs(001) which is utilized as
the backgate electrode. The Ni/InAs/Ni QDSV devices were
fabricated by using a conventional electron-beam lithogra-
phy and lift-off method, as shown in our previous
reports.?2! The same fabrication process was utilized for
observing the Kondo effect in Ni/InAs QD (ferromagnetic
metal/QD) (Ref. 22) and Al/InAs QD (superconducting
metal/QD) (Ref. 23) interfaces, so that we believe that the
quality of the Ni/InAs QD interface is guaranteed for obtain-
ing spin-related properties. A schematic diagram of our de-
vice is illustrated in Fig. 1(a). A single InAs QD is weakly
coupled to two Ni electrodes that have a thickness of 40 nm
and asymmetric wire shapes.”?! The size of the InAs QD is
~120 nm, and both Ni electrodes overlap the InAs QD.
Transport measurements were performed by a dc method in a
dilution refrigerator at 7~ 50 mK. External magnetic fields
(B) were applied parallel to the long axis of the wires.
The magnetoresistance (MR) ratio (%) is defined as
{(Io—1Ip) 115} X 100, where I, and I are the tunnel currents
for zero field and for a magnetic field of B, respectively.

Prior to exploring the MR features, we first measured the
I-Vgp characteristics of the device for various Vg, where Vg
is the backgate voltage. The tunnel resistance was much
larger than the quantum resistance of //e?~25.8 k{, so that
electrons tunnel sequentially through the QD. In Fig. 1(b)
diamondlike changes in the differential conductance di/d Vs,
are observed as a function of Vgp and Vg for a parallel mag-
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FIG. 1. (Color online) (a) A schematic diagram of our lateral
quantum-dot spin-valve device. (b) A two-dimensional plot of dif-
ferential conductance dI/dVsp as a function of Vgp and Vg in par-
allel magnetic configuration at B=0.1 T and T=50 mK. (c) I-Vgp
curve measured at Vg=0.1 V.

netic configuration of Ni electrodes (B~0.1 T). The gray
region indicates the Coulomb blockade regime, and the black
and white regions are the regimes of dI/dV¢y>0 and
dl/dVyn <0, respectively. The charging energy E, estimated
from the Coulomb diamond was ~18 meV. Although the
number of electrons (N) observed here is likely in between
N=5 and 15, we could not assign it exactly for this device.
Note that the NDC (dI/dVsp<0) varies systematically with
Vi and the NDC strips run almost parallel to a direction of
the diamond edges. We also present an I-Vgp curve at B
~0.1 T in Fig. 1(c), measured at V5=0.1 V [the cross sec-
tion of the red (dark gray) dashed curve in Fig. 1(b)]. The
Coulomb staircases are identified in the positive Vgp regime,
together with the fine structures (see arrows). The fine struc-
tures arise from the presence of the conductance strips ob-
served in Fig. 1(b), which are inherent properties of our de-
vice. The energy spacing between the fine structures is
smaller than E,~ 18 meV. From these results, we conclude
that the fine structures observed between the Coulomb stair-
cases originate from the excited states due to the orbital en-
ergy levels € of the QD (E, > 8¢).!>!3 Furthermore, the very
asymmetric I-Vgp feature is shown about the polarity of Vgp,
which is probably caused by the quite asymmetric tunnel
barriers. With regard to this, the coupling strength between
electrons in the InAs QD and in the Ni electrodes can also be
deduced to be asymmetric.

Next, we examine MR features for various Vgp at Vg
=0.1 V. The representative MR curves are shown in Fig. 2,
in which the red (dark gray) curves and blue (light gray)
curves illustrate the data for up-sweep and down-sweep mea-
surements, respectively. These curve shapes include MR
jumps near B~ *0.02 T where the magnetic configuration
of Ni electrodes switches from parallel to antiparallel and
from antiparallel to parallel. In Fig. 2(a) we observe a posi-
tive MR curve at Vgp=12 mV, while in Fig. 2(b) we see a
small inverse MR curve at Vgp=15 mV. At Vgp=17 mV
[Fig. 2(c)], we get the positive MR feature again. With fur-
ther increasing Vgp, we get the inverse and positive MR
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FIG. 2. (Color online) The representative MR curves for various
Vsp, (@) 12 mV, (b) 15 mV, (¢) 17 mV, (d) 21 mV, (e) 30 mV, and
(f) 39 mV, measured at Vg=0.1 V and T=50 mK.

curves continuously in Figs. 2(d)-2(f). It should be noted
that the MR curve shape is markedly varied with Vgp. In
addition to this, we find an unexpectedly huge MR signal
(>300%) in Fig. 2(a). Here, we define the TMR value as the
maximum change in the MR value showing hysteretic be-
havior, as shown in Figs. 2(a)-2(f).

We summarize TMR values as a function of Vgp at
V5=0.1 V in Fig. 3(a). First, an enhanced TMR value is
observed in the vicinity of threshold Vgp of the Coulomb
blockade.?* Second, we can clearly see an oscillatory change
in the TMR value and the amplitude of the oscillation seems
to decay with increasing Vgp. Last, the inverse TMR value
observed is relatively small compared to positive TMR one.
In Fig. 3(b) we also exhibit the corresponding dI/dVgp-Vgp
curve at B~0.1 T. The relatively large dI/dVgp peaks are
seen near 11 and 29 mV, corresponding to the current jumps
in Fig. 1(c), and the peak spacing is almost equal to E.. The
other fine structures derived from the excited states include
both positive and negative dI/d Vs, values, as previously de-
scribed in Fig. 1(c). By a comparison of Figs. 3(a) and 3(b),
the Vgp values showing the inverse TMR are qualitatively
consistent with those showing the NDC (see arrows). We
have confirmed that these tendencies such as the enhanced
and inverse TMR values corresponding to the I-Vgp charac-
teristics are reproduced for other Ni/InAs/Ni QDSVs (not
shown here). These features are consistent qualitatively with
previous theories based on spin accumulation on the QD due
to the spin injection.>®*!=1> Hence, one of the possible ori-
gins for our data observed in Fig. 3 is spin accumulation on
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FIG. 3. (Color online) (a) TMR value as a function of Vgp at
Vs=0.1 V. The inset shows schematic diagrams of tunneling pro-
cesses via excited states. An energy window between the occupied
in the right and empty in the right electrodes is opened by applying
Vsp. The solid blue and dashed pink lines exhibit the ground and
excited states in the QD, respectively. (b) The corresponding
dl/dVsp-Vsp curve at Vg=0.1 V and B~0.1 T.

the InAs QD. However, the oscillation period in TMR vs Vgp
curves corresponds to the conductance peaks and dips, which
result from both the Coulomb staircases and the fine struc-
tures shown in Figs. 1(c) and 3(b). With respect to this, since
previous theories have reported that the oscillation period
corresponds mainly to the Coulomb staircase,>®1113-15 we
speculate that our data in Fig. 3 include another influence in
addition to the spin accumulation.

Weymann and Barna$ theoretically studied spin-
dependent transport properties through a two-level QD
weakly and asymmetrically coupled to ferromagnetic elec-
trodes in the sequential tunneling regime,'® in which their
assumption can be somewhat applicable to the present ex-
perimental conditions. They theoretically revealed that there
is a blocking process of current flows when an electron tun-
nels to the second level associated with the presence of or-
bital levels.'® As shown in Figs. 1(b), 1(c), and 3(b), the
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presence of some excited states in the /-V characteristics can
be deduced in our case, so that the current blockade process
through the excited states should be involved. The inset of
Fig. 3 shows schematic energy diagrams of the tunneling
processes of an electron via the ground and/or first excited
states. Here, we assume that the eigenstate of the ground
state or the first excited state allows mainly up-spin transport
or down-spin transport, respectively. When the tunneling of a
spin-down electron through the excited state spends a long
time in the QD for parallel magnetic configuration because
of the minority spin transport, the current flows through the
ground state can be blocked (lower diagram), while, when a
spin-up electron tunnels through the ground state, the current
blockade process can be suppressed because of the majority
spin transport (upper diagram). Namely, we can also regard
the NDC seen in Fig. 3(b) as a consequence of the tunneling
of electrons through the excited states. With varying Vgp, the
other transport windows are opened and these consecutive
tunneling processes occur through other excited states,'® so
that the TMR can oscillate with ordinary and inverse values.

From these considerations, we now deduce that the ob-
served TMR oscillation results from the above two phenom-
ena: i.e., spin accumulation on the InAs QD and spin-
dependent transport properties via excited states in the QD. It
seems that not only the presence of the NDC but also the
inverse TMR effect is due to the spin accumulation on the
QD.>8%11-15 On the other hand, we also get an inverse TMR
effect at Vg values where the NDC can be seen in the I-V
characteristic, which is consistent with the theory reported by
Weymann and Barna$.'® To interpret our experimental data,
further theoretical studies of spin-dependent transport via ex-
cited states including spin accumulation should be required.

Next, we comment on the huge TMR value of >300% at
Vsp=12 mV (around threshold Vgp). In a previous theory
reported by Takahashi and Maekawa,” the TMR value in
single-electron ferromagnetic transistors can be enhanced by
the Coulomb blockade. Yakushiji et al.>® have experimen-
tally demonstrated the enhanced TMR at threshold Vg, of the
Coulomb blockade regime. From these facts, it is possible
that the TMR value of >300% at Vsp=12 mV can be af-
fected by the enhanced TMR due to the Coulomb blockade.
In our experimental data, spin accumulation on the InAs QD
in antiparallel configurations induces slight shifts of the
threshold Vg, of the Coulomb blockade.'? As a consequence,
if I-Vgp characteristics have clear Coulomb staircases, as
shown in Fig. 1(c), a huge TMR effect can be observed at the
threshold Vgp. Second, when we assume Zeeman splitting
(AE) between spin-up and spin-down states in the InAs QD
under a magnetic field and Vgp is smaller than AE, the QD
acts as a spin filter,””-?® and then highly spin-polarized cur-
rent can flow from the QD into the ferromagnetic drain elec-
trode through the tunnel barrier. Since we infer that the g
factor of InAs QD is large at least, the above spin-filtering
effect can induce the large TMR value in small-Vgp regime.

We finally comment on the effect of magneto-Coulomb
oscillation, which was discovered by Ono et al.,! on the
transport data described in the present study. In general, the
magneto-Coulomb oscillation arises from the exchange split-
ting at the Fermi level for FEs connected to the island under
magnetic fields. This effect can induce resistance changes as
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a function of external magnetic field (B). Recently, van der
Molen et al? theoretically claimed that this magneto-
Coulomb oscillation is a possible origin of hysteretic MR
features for previous carbon-nanotube spin valves.” In the
Coulomb blockade regime, the conductance (G) changes can
be expressed by

Gl4.B)=Glg) + Z20q(B), (n
q

where ¢ is the charge state of the island at zero field and Ag
is an additional charge. As described in Eq. (1), the conduc-
tance is proportional to B and the conductance increases or
decreases linearly as a function of magnetic field up to mag-
netization switching fields. With regard to this, our present
data shown in Fig. 2 have almost no linear increase or de-
crease in the MR with varying magnetic fields before the
magnetization switching; MR data change abruptly at the
fields where the magnetic configuration of Ni electrodes
switches, in particular in Figs. 2(a), 2(d), and 2(e). In addi-
tion, the feature seen in Fig. 2(f) including both a positive
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MR increase and inverse TMR value cannot be explained
only by Eq. (1). These can be considered that the influence of
magneto-Coulomb oscillation on the TMR data presented in
Fig. 3 is small, but we cannot rule out it completely from the
MR data in Fig. 2.

In summary, we have studied TMR effect as a function of
Vgp in lateral Ni/InAs/Ni QDSVs showing Coulomb block-
ade characteristics. With varying Vsp, TMR oscillations can
be observed and the oscillation period corresponds to con-
ductance changes observed in I-Vgp, characteristics. We also
find inverse TMR effect near Vg values where NDC is ob-
served. A possible mechanism of the TMR oscillation is dis-
cussed in terms of spin accumulation on the QD and spin-
dependent transport properties via excited states.
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