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We demonstrate detection of spin polarization in a quantum wire utilizing a side coupled quantum dot.

By applying in-plane magnetic fields, spin split conducting channels are formed and produce spin

polarization in the wire. The magnetic fields also create Zeeman split spin levels in the dot and these

states are used as a spin polarization detector. Such kind of spin polarization detection with a side

coupled quantum dot will operate even in the zero magnetic field by using two-electron singlet and

triplet levels.

& 2009 Elsevier B.V. All rights reserved.
1. Introduction

Generation and detection of spin polarization in nonmagnetic
semiconductors are the key technologies in the development of
spintronics [1,2]. For the generation of spin polarization, spin
filters utilizing spin–orbit interaction [3–5] are proposed [6–9].
On the other hand, for the detection, use of magnetic material as a
lead is one possible method. But this encounters difficulties such
as conductance mismatch between two different materials [10]
and defect-induced scattering, which lead to the decrease of
detection efficiency or strong back action to the target spin source.
Here, we propose and demonstrate a detection method with least
disturbance utilizing a side coupled quantum dot (QD) [11].

A QD is a structure which confines electrons in a small region
and discretizes energy levels by size quantization [12]. The
number of electrons in a QD is fixed and controlled through the
single electron charging effect. These levels can be shifted by
the gate voltage and show spin selectivity by the effect of
exchange interaction or Zeeman splitting. In this article, we show
that by using these levels as spin detectors, detection of the spin
polarization in the target system is possible.
2. Detection method

To detect spin polarization in the target, we measure the
tunneling from the target to the spin split levels in the QD. Let us
consider the case that the level of up-spin has lower energy. When
the Fermi energy of the target EF lies between the up and down
spin levels (Fig. 1(a)), only electrons with up-spin can go into the
ll rights reserved.

suka).
QD. The tunneling rate G1 is proportional to the density of states
of up-spin electrons in the target Dm. On the other hand, when
both spin levels are below EF (Fig. 1(b)), both Dm and Dk contribute
to the tunneling rate G2. The ratio G1=G2 becomes

G1

G2
¼

Dm

DmþDk
¼

1þP

2
; ð1Þ

where P¼ ðDm � DkÞ=ðDmþDkÞ is the spin polarization.
We adopt side coupled configuration, in which a QD is coupled

to the target via a single tunneling barrier [13,14] (Fig. 1(c)), hence
there is no net current between the QD and the target. In addition,
the coupling is reduced to G� 1 kHz for minimizing the back
action.

Here the voltage on gate P of the QD VP is modulated by a
square wave and the charge state of the QD follows the wave with
the limitation of the tunneling rate. The tunneling rate is
measured by observing the modulation of fringe electric field
from the QD through the current of a quantum point contact
(QPC) placed next to the QD [15–17]. Because the fringe field
modifies the current of QPC synchronous with the square wave
Isync, the variation of the synchronous current DIsync reflects the
tunneling rate G. The relation between them is

DIsyncp1�
p2

G2t2þp2
; ð2Þ

where t is the half period of the square wave [18].
By changing the DC offset voltage on gate P VPDC, the spin split

levels shift with respect to EF (Fig. 1(d)). The gray region in the
figure shows the energy window in which the shuttling of
electrons between the QD and the target, and then the change
of the charge state in the QD occur. When a level is above (below)
this window, the level is always empty (filled). In both cases, there
is no electron shuttling. Then DIsync is observed in regions 1 and 2.
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Fig. 1. (color online) (a), (b) Energy diagram when the Fermi energy of the target EF lies between the up and down spin levels (a) and both of the levels are below EF (b).

(c) Schematic of the device structure for the detection of spin polarization. (d) Shift of spin split levels in the QD as a function of the DC voltage on gate P VPDC. The gray zone

shows the energy window in which electron shuttling occurs. (e) Schematic of synchronous current Isync as a function of VPDC. The solid (broken) line corresponds to the

unpolarized (polarized) situation.
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In region 1, only the up-spin level is in the window. In region 2,
both of spin levels are in the window. These make difference
between DIsync1 and DIsync2, which brings the information about
the polarization. In the unpolarized situation, G2 is 2G1 and a two-
step dip structure is observed (a solid line in Fig. 1(e)). In the fully
polarized case, G2 is same to G1 and a single-step dip is formed
(a broken line in Fig. 1(e)).
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Fig. 2. (color online) Synchronous current Isync as a function of the DC voltage on

gate P VPDC at two-electron states of the QD in the zero magnetic field. The inset

shows the scanning electron micrograph of the device.
3. Experiment

3.1. Spin split levels in a quantum dot

First, we measure spin split levels in a QD which can be used
for the spin polarization detection. Examples of such split levels
are two-electron singlet–triplet spin levels in the zero magnetic
field and Zeeman split levels in high magnetic fields.

The inset of Fig. 2 shows a scanning electron micrograph of the
device. Au/Ti Schottky gates are deposited on the surface of a
GaAs/AlGaAs two-dimensional electron gas wafer. A QD is formed
by gates C, P and S, and a QPC is formed with gates S and D.

Fig. 2 shows Isync as a function of VPDC in the zero magnetic
field. This measurement is done under the condition that the
number of electrons in the QD changes between 1 and 2 with
the oscillation of VP. A two-step dip structure is clearly observed.
The tunneling to the singlet level (both singlet and triplet levels)
occurs in the shallow (deep) region. The width of the shallow
region reflects the energy difference between singlet and triplet
levels EST. We estimate EST by applying bias voltage on the target
[19] as EST ¼ 0:6 meV.

The Zeeman split spin levels are also observed through Isync as
a function of VPDC with the in-plane magnetic field of B¼ 14 T
(Fig. 3(a)). The number of electrons in the QD changes between 0
and 1. The region of tunneling to the up-spin level shows the
shallow dip and that to both spin levels corresponds to the deep
dip. Fig. 3(b) shows the magnetic field dependence of the Zeeman
energy EZ evaluated from the width of the shallow region. EZ

increases linearly with B and g-factor is evaluated as jgj ¼ 0:29
from the slope. This value is consistent with other reports on QDs
[20–22] and certifies validity of the method. Note that the
electronic states in the target are also Zeeman split, but in the
present experiment, the Fermi energy is set far above the spin up
or down subband edges and the difference between Dm and Dk can
be neglected.
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Fig. 3. (color online) (a) Synchronous current Isync as a function of the DC voltage

on gate P VPDC at one-electron states of the QD. The in-plane magnetic field of 14 T

is applied. (b) Evaluated Zeeman energy EZ as a function of magnetic fields B

(markers) and the result of fitting (a solid line).
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Fig. 4. (color online) (a) Synchronous current Isync as a function of the DC voltage

on gate P VPDC with different voltages on gate W VW. Upper (lower) corresponds to

the result at VW ¼ � 0:375 ð�0:225ÞV. (b), (c) Energy diagram with the

unpolarized (b) or polarized (c) quantum wire.
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Fig. 5. (color online) Evaluated polarization P (upper) and the conductance

through the QWR GQWR (lower) as a function of the wire gate voltage VW. Solid

(open) triangles indicate the unpolarized (polarized) regions. Estimated number of

channels with up and down spins nm ;nk are represented as ðnm ;nkÞ.
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3.2. Detection of spin polarization in a quantum wire

Having identified the Zeeman split levels in the dot, next we
demonstrate the detection of spin polarization in the target. Here
we use a quantum wire (QWR) in magnetic fields as a target with
controllable spin polarization. The QWR is readily formed by
applying negative voltages on gate W VW in Fig. 2. The number of
conducting channels is also controlled through VW. Because the
external magnetic field splits the channels to those with different
spins [23], the total spin polarization also changes with the
number of channels in the QWR. This is the principle of
polarization control.

The upper curve in Fig. 4(a) shows a two-step decrease of Isync

versus VPDC at VW ¼ � 0:375 V, which is similar to the result in
Fig. 3(a). This manifests that both up and down spin subbands
have similar density of states, namely the polarization is small
(Fig. 4(b)). However, when VW is shifted to �0:225 V as shown in
the lower curve, the deep region almost disappears. This indicates
that the lower spin has very low density of states in the QWR and
the appearance of the spin polarization (Fig. 4(c)).

To be quantitative, we evaluated the polarization P from the
depths of the two-step structure DIsync1 and DIsync2 through Eqs. (1)
and (2) for different VW and plotted the result in Fig. 5 together
with the conductance through the QWR GQWR. The value of P

oscillates between 0 and 1. GQWR shows wide plateaus (marked
with solid triangles) and narrow plateaus (open triangles). The
former (latter) corresponds to the spin unpolarized (polarized)
situation, because the Zeeman energy is smaller than the subband
energy separation of the QWR. The values of GQWR at the plateaus
are not the multiples of e2=h due primarily to the complex gate
configuration of this device. By comparing P and GQWR, P is close to
0 around the wide plateaus in GQWR and P approaches to 1 near the
narrow plateaus. These results demonstrate that the side coupled
QD works as a spin polarization detector.

Next we take a detailed look at the data shown in Fig. 5. There
are two phenomena that cannot be explained when we interpret
the results simply assuming that the QWR is long enough and all
of the channels in the QWR contribute equally to the detected
signal. One is the faster increase of P than GQWR with increasing
VW in the wide QWR. This is explained by the difference between
the point at which the polarization is detected and that at which
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Fig. 6. (color online) (a) Effective tunneling rate G as a function of the wire gate
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GQWR is determined. The polarization is detected at the connection
point of the QD, and GQWR is defined at the narrowest point of the
QWR. These points will be different in a relatively short and
inhomogeneous QWR. The second is the large value of P even in
the wide QWR. In the wide QWR, the contribution of the spin
polarized channel decreases because the number of unpolarized
channels increases. This implies that channels with larger
quantum number in the QWR M have larger coupling to the QD.
In this case, the observed P reflects the polarization in channels
with larger M and takes a large value.

Such kind of change in the coupling strength is indeed
observed. Fig. 6(a) shows G as a function of VW in the zero
magnetic field. G is normalized by the tunneling rate of the lowest
ðM¼ 1Þ channel GM ¼ 1. G is evaluated from DIsync by using Eq. (2).
The broken line at M¼ 2 in Fig. 6(a) shows the expected value if
we assume all of the channels have same coupling strength. The
measured result is apparently larger than this value and the
channels with larger M have larger coupling to the QD. This is the
result of the spatial distribution of wave functions in the QWR,
which is wider with larger M because higher energy channels feel
weaker confinement. This makes larger overlap with the wave
function of the QD (Fig. 6(b)).
4. Conclusion

In conclusion, we have demonstrated spin polarization detec-
tion with a side coupled quantum dot. We measured singlet–
triplet levels and Zeeman split levels in a quantum dot as spin
split levels. By using the Zeeman split levels and a quantum wire
in magnetic fields, we confirmed the change of the tunneling
signal with the change of the spin polarization. This detection
scheme will operate in the zero magnetic field by using singlet–
triplet levels in a quantum dot.
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