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Non-local measurement of spin accumula-

tion in an open quantum dot

We experimentally investigate an open quantum dot which is connected to the

reservoirs via four Quantum Point Contacts as a device where one can measure

spin accumulation. Spin resolved transport through the QPCs is achieved by

applying a large magnetic field parallel with the plane where the 2DEG is. We

investigate two simple models of such a device, a resistor model and a model based

on Landauer-Büttiker formalism. Based on these models, one expects spin signal

of several kΩs (value which is dependent on the spin-flip time τsf ). Experimental

proof of principle of the device is obtained. We then discuss the experimental

details which may mask the desired spin signals in our device.
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Chapter 5. Non-local measurement of spin accumulation in an open quantum

dot

5.1 Introduction

Spin transport in nano-devices in ballistic regime and at low temperatures is an

attractive research area which, besides its intrinsic fundamental nature, might lead

to new types of devices useful in applications [1]. One major research direction is

single electron quantum dots, where spin plays a fundamental role in quantum’s

dot properties [2]. For exemple, double single electron quantum dots are studied

as potential semiconductor qubits [1, 2]. Spin accumulation was also studied in

continuum of electrons regime, where a device exploiting the well known focusing

technique, is used to detect spin signals [3–6]. This method is important because

it combines in a single device both injection and detection of spins.

Our proposal is a device which exploits the gap between the two above men-

tioned type of experiments. We designed and measured a quantum dot device,

connected to the reservoirs via four Quantum Point Contacts, in which the de-

tection of spin accumulation is done non-locally. Our dot is an open quantum

dot which contains thousands of electrons (in between the single electron and

continuum of electrons type of experiments). The spin transport in our device

can be easily modelled using a simple resistor model which offers a direct way of

extracting spin flip time τsf . Furthermore, once the spin accumulation detection

is acomplished, the device can be changed (elongating it), allowing the study of

what happens when the spin accumulation changes its character from quasi 2D

to 1D (which will be affected by spin-orbit coupling for exemple).

5.2 Theoretical description

In this section is given a description of the principle of operation of the device,

as well as basic theoretical estimations of the magnitude of the expected spin

signal. A typical measured device is shown in figure 1. It consists of an open

quantum dot of rectangular shape coupled to the leads through four Quantum

Point Contacts (QPCs). The gates which define the QPCs are patterned on the

top of a standard 2DEG. Spin accumulation is detected in a non-local geometry,

where the current leads (I+ and I−) are connected to one half of the device and

the voltage leads (V+ and V−) are connected to the other half. In order to induce

spin resolved tranport channels we use large magnetic field which is parallel with

the plane of the 2DEG. Due to Zeeman splitting, the conductance is spin resolved

at the additional plateaux of e2

h .

One possible geometry where the non-local voltage probes should measure

spin accumulation is also shown in figure 1. The current biased QPCs are set to
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Figure 5.1: A SEM picture of a similar device measued in this chapter. The

numbering of the gates as well the contacts for the non-local geometry are also

indicated. With arrows are shown the settings for conductance (spin resolved or

not) for each of the QPCs.

transmit for one of them 2e2

h (therefore two spin channels) and for the other one
e2

h (spin polarized channel). The voltage probes QPCs are biased in a similar way

(in figure 1 the way the QPCs settings are fixed is described using arrows for each

spin species). In this way the dot is populated with spin-up for which there is no

obstacle to communicate with all the leads and therefore brings no contribution

to the non-local voltage and only the spin-down, after being injected from the

I+ QPC, can alter the V− voltage probe, therefore leading to a non-zero signal,

solely due to spin-down in the dot.

In the previous description there is, however, no direct indication of the mag-

nitude of the expected spin signal. A simple description, based on a resistor

model can be given if one takes into account that a QPC can be described as

two parallel resistors, each carrying a value of h
e2 or around 26kΩ in resistance.

An equivalent electronic description of the device can be seen in figure 2 bottom.

The circuit is made from two parallel planes where the resistance for spin-up and

spin-down form stars. Between the nodes of the spin-up and spin-down stars is

another resistance which is introduced to simulate spin flip processes. Based on

the theoretical description of spin flip resistance in the case of all metal spin valve

device [7], one can simply find a description for the spin flip resistance as:
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Figure 5.2: Plot of the non-local resistance as a function of the spin flip resistance

and spin flip time. The resistor model based on which the Rnl was calculated is

shown in the cartoon below.
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Rsf =
P 2τsf

e2νA
(5.1)

where P is the polarization of each QPC, τsf is the spin flip time, e is the

electron charge, ν is the 2D density of states and A is the area of the device.

With this simple formula one can link the values for the non-local resistance Rnl

(which depends on the Rsf to the spin-flip time τsf . The non-local resistance is

calculated as:

Rnl =
V+ − V−

I
(5.2)

where I is the current flowing through the circuit. After lenghtly but straith-

forward calculations, an expression for Rnl is found. Note that the cartoon in

figure 2 bottom represent the actual settings necessary to obtain spin signal (spin

resolved QPCs are modeled as on spin resistor of h
e2 and the other infinit large.)

In figure 2 top is ploted Rnl as a function of Rsf and τsf . The first conclusion is

the spin signal is negative and with values ranging in the kΩs range (depending

of course on the spin-flip time τsf . Secondly, the non-local resistance saturates

at very large spin flip resistance, since in this case, the resistors which form the

QPC act as voltage deviders, with a saturation value of − h
4e2 . It was checked by

numerical simulations if other settings of the QPCs (which should not produce

any spin signal in the above description) give indeed null results and the answer

is affirmative: only in the above conditions negative non-local resistance can be

found.

The resistor model described above is a good description of our device since

the measurement method is done at time scales higher with several orders of mag-

nitude as all the time scales of the physical processes involved. However, there are

aspects of the physics happening in the device which cannot be described in the

resistor model. The transport in our device is done in the ballistic regime, where

electrons can be described as waves. In previous chapter was discussed a phenom-

ena which is due to interference of electron waves (resistance fluctuations) [8]. Our

spin accumulation experiment can also be described within Landauer-Büttiker for-

malism, which is inherently based on the wave nature of the electron. One can

estimate the non-local resistance as a function of the transmission probabilities

between different QPCs as:

Rnl =
h

2e2

TV+→I+TV−→I− − TV+→I−TV−→I+

S
(5.3)

where S is the standard determinant of the transmission matrix [9]. For the

notations involved in the above formula plese refer to the previous chapter or figure
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1. The Landauer-Büttiker formalism is a simple way of calculating the output of

our device provided the transmission probabilities. In the previous chapter they

were calculated based on numerical simullations. The same can be done here but

the range of available results is very large. Complications arise when one tries to

include the spin flip processes (which are easily obtained in the resistor model)

leading to lenghtly formulas.

5.3 Experimental results

Our device is fabricated on an AlGaAs-GaAs heterostructure containing a two

dimensional electron gas (2DEG) 75 nm below the surface, purchased from Sum-

itomo Electric Co. At 4.2K, the mobility and density were µ = 8.6 × 105 cm2 V−1

s−1 and ns = 2.4 × 1011 cm−2. The dot is designed with an area of 2x2 µm2 and

the SEM picture of the device, together with the connection of the leads and the

gates are represented in figure 1. All the measurements were performed in current

bias (of 1nA) using standard ac lock-in techniques at a temperature of 130mK.

This value of current is used in all the measurements unless otherwise stated.

The magnetic field was applied parallel with the plane formed by the 2DEG. The

component of the magnetic field parralel with the plane of the 2DEG is oriented

perpendicular with the current path. The following notation conventions were

used in describing how the gates defining the dot are biased:

1. V+ is the QPC defined by gates 1 and 2. Gate 2 is always fixed at -1.8V

and the voltage on gate 1 is changed.

2. V− is the QPC defined by gates 5 and 6. Gate 5 is always fixed at -1.8V

and the voltage on gate 6 is changed.

3. I+ is the QPC defined by gates 2 and 3. Gate 2 is always fixed at -1.8V and

the voltage on gate 3 is changed.

4. I− is the QPC defined by gates 4 and 5. Gate 5 is always fixed at -1.8V

and the voltage on gate 4 is changed.

The operating conditions (the voltages on the gates defining the dot) are ob-

tained after carefull measurements of the individual QPCs in a three terminal

configuration (in magnetic field). This is due to the fact that, when all the gates

are on (voltages are applied), the electrostatic potential of each QPC is raised

more then the case were the QPCs are defined only by the adjacent gates. This

acts as a cross talk between the QPC which has to be carefull calibrated since one
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needs to know very precisely the transmission through each QPC. An exemple on

non-local resistance measurements is shown in figure 3. The strategy to prove spin

accumulation here is to sweep the voltages on the single spin QPCs (V+ and I−)

while maintaining the other two fixed (at conductance of 2e2

h ). The sweep is done

changing gate 1 (V+), covering both 2e2

h and e2

h regimes at different I− settings

(also for 2e2

h and e2

h ). The results show that in the case where the conditions for

spin accumulation are satisfied, there is a drop towards negative values in the non-

local resistance, reaching 1.5kΩ. In all other cases, the non-local resistance has

a flat dependence on gate 1 (with variations due to resistance fluctuations). The

settings for the I− are shown in figure 3 bottom on the left. It is worth mentioning

that the measured signals have a phase around zero (or 180 degrees), which in our

ac lock-in measurement system represents pure resistive signals. Phases around

90 degrees sugest capacitive couplings which can be caused by the pinch-off of one

of the QPCs involved. This situation was avoided by carefull calibration of the

QPC. The situation is further complicated by the fact that the conductance for a

QPC when all the gates are on affected by resonances and nonlinear features as

can be clearly seen in figure 3 bottom [10].

In order to further validate the results obtained in figure 3, it was measured

the dependence of the non-local resistance whith all the voltages on the gates

fixed (in several conditions) as a function of the parallel magnetic field. Such

measurements are shown in figure 4. There are several situations ploted, some

which should show spin signals and others which should not. The black dots

correspond to spin signal configurations and the open symbols and the lines are

situations where no spin accumulation should be present. All the curves have the

same behaviour in the almost whole range of magnetic field showing resistance

fluctuations (in previous chapter was shown that there are strong resistance fluc-

tuations of absolute values up to 500 Ω). A significative difference happens have

a drop of almost 600 Ohms negative values whereas the other curves remain at

the same values. The interpretation of this result is complicated by the fact the

individual quantization curves shift as a function of magnetic field (which seems

to be a material related issue, different wafers measured in the lab of newer date

showing no such behaviour, see next chapter). In fact, an analysis of quantization

curves measured in a three terminal configuration, shows that the conditions for

spin accumulation are satisfied for about 200mT, fact which is in accordance with

the measurements.
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Figure 5.3: Non-local resistance as a function of the voltage on gate 1 at different

settings of gate 4. Below are shown the conductance through each QPC (V+ and

I−) measured at 7.9 Tesla and in a three terminal configuration.
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Figure 5.4: Non-local resistance measured as a function of magnetic field. The

black symbols correspond to the case where spin accumulation should be mea-

sured. The white symbol and the lines are cases where no spin accumulation

should appear.
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5.4 Conclusions

In the above described experiments, non-local resistances were measured of nega-

tive values and ranging from 600 up to 1500 Ohms. This are consisting with pre-

dictions of a resistor model simulating our device. Based on this predictions, we

can suggest the spin flip time in our device is in the order of tens of nanoseconds.

Even though the results seem to indicate non-local detection of spin accumulation,

there are several issues that have to be further clarified for a clear proof of spin

accumulation measurements. First, resistance fluctuations have to be averaged

out. For exemple, in the experiments presented in figure 4, the resistance fluctu-

ations should average out to zero and the only increase in the non-local signal as

a function of magnetic field (for the favourable scenarios) would provide the evi-

dence for spin accumulation. The experiment will benefit from a choice of material

(2DEG heterostructure) which gives conductance quantization non-dependent on

magnetic field. Lower temperatures and a favorable choice of material provide

spin resolved plateaus of good flatness, which will help in setting the operation

conditions for measuremnt of spin accumulation.
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