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Spin transport in ferromagnet - 2DEG sys-

tems

We investigate experimentally the interface properties of Co/2DEG via side con-

tacts. The ferromagnetic electrodes are embedded within the semiconductor het-

erostructure after wet etching. These junctions are later used to fabricate a four

terminal device, which would allow spin injection and non-local detection. We

couldn’t observe spin signal, however we observe hysteretic behavior in magnetic

field, which is caused by spurious effects like Hall effect from the fringe magnetic

fields of the Co electrodes.
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98 Chapter 8. Spin transport in ferromagnet - 2DEG systems

8.1 Introduction

The electrical spin injection from ferromagnetic metal into semiconductor has

been progressed considerably from both experimental and theoretical point of

view in recent years. A tunnel barrier that acts as a spin-dependent interface is

indispensable to inject spin polarized electrons [1,2], for example, the Schottky

barrier under reverse bias [3,4] or the aluminum oxide barrier [5, 6]. Earlier ex-

periments for a spin injection into 2DEG [10,11] showed that transport properties

had some magnetic field dependence. However, the observed behavior was prob-

ably related to a local Hall effect because these spurious phenomena will often

closely resemble the signals expected from spin transport due to the dependence

on the local magnetization of the contacts. In fact, they used an ohmic contact

between an InAs strip and ferromagnetic electrodes at that time, hence there was

no reason to be able to observe a spin-dependent signal. This point was clearly

shown in experiment [12] and theory [13], later known as conductance mismatch.

Recently there were some results showing spin dependent signals measured in a

non-local geometry [14,15]. In this work we propose the possibility of spin accu-

mulation in a 2DEG by extracting spin-polarized electron. First we concentrate

on the description of the experiment’s idea and the device. Next, the focus is on

the properties of Co-2DEG interface resulting from I-V measurements. The last

part is dedicated to non-local measurements aiming at spin accumulation and to

the discussion of spurious effects masking the relevant spin signal.

In order to inject spin-polarized electron from Co electrode into 2DEG, a

reverse bias condition is necessary. However, in the case of GaAs/AlGaAs 2DEG

system, when one applies a negative bias, the bias pushes away electrons in 2DEG

and the depletion region around electrode increases. We estimated depletion

width in our sample to be 200 nm at 0 V and it reaches 500 nm at -2 V. We

had no current even at 4V at 4.2 K. This fact indicates that we cannot inject

electron into 2DEG under a negative bias. Therefore to generate spin polarization

in 2DEG, we tried to use a forward bias condition. If the tunnel barrier acts as

a spin-selective barrier, extraction of spin-polarized electrons from 2DEG leads a

spin accumulation in 2DEG, which is equivalent to the injection of spin-polarized

electron from ferromagnetic metal. This spin-extraction will cause a chemical

potential difference between up-spin and down-spin electrons in 2DEG.

We used non-local measurement geometry to measure the spin accumulation

signal (Fig. 1(a)). In usual non-local geometry, electrons are sent from contact 1 to

3 and the signal is measured between contacts 2 and 4 [12]. In our case, electrons

are extracted from 2DEG instead of being injected into 2DEG. Due to spin-
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Figure 8.1: a) and b) are typical circuits configurations for non-local measure-

ments. On the bottom of there is a SEM picture of the actual Co electrodes and

a cartoon depicting a cross section through the electrodes.
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selective barrier, a spin accumulation will form at the interface and it will extend

over a spin flip length. When there is spin-imbalance in the strip, it causes the

chemical potential difference between up-spin and down spin electrons. Another

ferromagnetic electrode at the vicinity of the interface can be used as a spin

selective voltage probe to detect spin accumulation. Since there is no current in

voltage measurement circuit, we can directly measure the spin-up and spin-down

chemical potential using a ferromagnetic electrode. The separation of the current

and voltage circuits allows us to remove other spin-dependent contributions such

as AMR of the ferromagnetic electrodes and Hall effect induced by a stray field.

This scheme can be applied in the case that both of the chemical potentials of leads

separated by a transparent interface or a tunnel barrier are same in equilibrium

condition.

The significant problem in our system is the existence of the Schottky barrier

at the interface between a semiconductor and a ferromagnetic metal. If there is a

certain chemical potential difference between up-spin and down-spin electrons in

2DEG, the Schottky barrier and the band bending in space charge region might

smear out the difference. Therefore we can consider two types of measurement.

(1) Usual non-local measurement: If the Schottky barrier height can be modu-

lated by chemical potential difference between spin-up and spin-down, a magnetic

probe voltage will follow this difference. In this case, we do not need to apply an

extra bias on a detection electrode. Consider that density of states of 2DEG is N ,

the number of electron n = n↑ + n↓, the difference of spin-up and spin-down elec-

tron is ∆n = n↑ −n↓. Fermi energy measured from a conduction band bottom of

semiconductor is EF = (µ↑ + µ↓)/2, where µ↑ and µ↓ are the chemical potentials

of each spin. Since n↑(↓), the energy difference generated by spin accumulation is

estimated to:

∆µ = µ↑ − µ↓ = 2EF
∆n

n
(8.1)

Assuming that EF is 20 meV and ∆n/n ∼ % at the detection electrode, then

∆µ is estimated to be 1.0 meV, which can be detected at low temperature. By

requiring no current in the voltage prove, the detected potential of the ferromag-

netic voltage probe is a weighted average of µ↑ and µ↓ by the tunneling spin

polarization P:

∆Vprobe = P (µ↑ − µ↓) (8.2)

(2) Extended non-local measurement: We apply an extra bias voltage to a

detection electrode to realize almost flat band condition. Under such a condition,
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what we measure is the difference of the spin-dependent current, which corre-

sponds to the number of electrons of each spin. (Fig. 2(b)) Thus since a current

also flows in probe circuit, we have to be more careful to interpret obtained data

because this possibly includes signals other than a spin accumulation. In 2DEG

system, the density of states is constant, so we can write the spin-dependent

current at low temperature (f(E) = 1) as:

Iσ = Tσ′
e

h

∫ µσ

0

dE = Tσ′
e

h
µσ (8.3)

where σ, σ′ is ↑ or ↓. We obtain the total current under parallel (P) and

anti-parallel (AP) magnetization configuration:

IP (AP ) =
e

h
(µ↑T↑(↓) + µ↓T↓(↑)) (8.4)

Hence the current spin polarization can be written as:

IP − IAP

IP + IAP
=

µ↑ − µ↓

µ↑ + µ↓

T↑ − T↓

T↑ + T↓
= 2

∆µ

EF
P (8.5)

Assuming that EF is 20 meV, ∆µ is 1 meV and P is 30% from above discussion,

the current spin polarization is estimated to about 3%.

8.2 Co-2DEG junction

Before proceeding to the actual non-local measurements, the focus is concentrated

on the junction between the ferromagnetic metal (Cobalt) and the 2DEG. This

type of junction is actually one of the basic ingredients of our experiment as well

as original. This new approach was motivated by the fact that spin injection from

the top of a standard 2DEG heterostructure is affected by the complicated shape

of the conduction band (from surface to the 2DEG). A side contact is supposed

not to suffer from these limitations. However, a side contact can raise further

questions due to the fact the junction is made between a 3D metal (Cobalt) and a

2D electron sea. This fact can change the standard situation of a Schottky barrier

and has to be clarified in order to understand spin transport.

Since our measurements are limited by the fact that in this type of junctions

one cannot inject current into 2DEG in reverse bias, we have concentrated mainly

to the forward case (mostly room temperature measurements but also 4.2K). A

typical example is shown in figure 2, all the measurements being performed at

room temperature (details about the wafer used and some other experimental
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Figure 8.2: Current-voltage characteristics of Co-2DEG junctions for different

areas. The inset shows on linear-linear scale the relation between the current and

the voltage at low voltages.
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clarifications are given in section 3 of this chapter). The plot shows the I-V char-

acteristics of some Co-2DEG junctions with different areas. There are several

points to be made about this plot: first, the I-V characteristics show a steeper

slope with the increase in the junction’s area. Secondly, one can notice a similarity

of the current for very small voltages. The inset gives a more clear description:

our characteristics at room temperature and small voltages show a linear relan-

shionship between the current and the voltage. This behaviour can be explained

by the possibility of leakage through the substrate. Since in the spin related mea-

surements one is forced to bias the junction in order to induce enough electrons

draged out of the 2DEG, we were concerned with the regime at very low biases.

Apparently, at room temperature this is governed by leakage. A possibility would

be to increase the area of the electrode (and implicite the perimenter) which can

result in more current at lower voltage (voltages larger than 100mV however).

The summary for low voltages is shown in figure 3 where the amount of current

at different areas and diffrent bias voltages is shown. As can be seen from the the

second plot, there is very small current variation for small voltage. The situation

is changed in the case of large area samples, where there is always a good amount

of current to flow.

The calculated formula for the thermoionic emission current between a 3D

metal and a 2DEG is:

J2D = A∗
2DT 3/2exp[−qΦBn

kBT
]exp[− E0

kBT
]exp[

qV

nkBT
− 1] (8.6)

where A∗
2D is the bidimensional Richardson constant, T is the temperature,

ΦBn is the build-in potential, kB is the Boltzmann constant, n is the ideality

factor and V is the applied voltage. The main difference is in the appearence

of a new exponential which has the effect of increasing the build-in potential by

the E0 which is the energy of the first quantized level in a 2DEG. This effect

was confirmed by previous measurements [16] (the barrier height was deduced

from temperature dependent measurements). We have applied also this formula

to our data. First, the ideality factors range in between 1.3 for the largest area

contact and 1.9 for the smallest. The barrier height extracted by fitting the

above formula to the experimental data gives however smaller values than the

expected ones (in the range of 0.4 to 0.5 eV). These values are obtained using a

value for the E0 = 0.045eV as calculated using a program which gives the energy

levels in quantum well for all sorts of heterostructures (1D Poission courtesy of

D. Snider of University of Notre-Dame). The low levels of the barrier heights

can be explained in two ways at the moment. First, there is a possibility the the

roughness of the interface to create variable (locally) barrier heights, situation
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Figure 8.3: Forward current dependence on the area of the junction at different

applied voltages. The figure on the right is a zoom-in in current for the figure on

the left.
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which has the effect of lowering the total measured (from the I-V’s) barrier height.

Secondly, and this should be taken into account when explaining other features of

our curves, is that there a possibility of another kind of current transport: field

assisted emission (tunneling trough a thin barrier). This is a common transport

mechnism in 2DEGs at low temperatures where the electrons (with energies close

to the Fermi energy), tunnel through. When the temperature is increaded, the

electrons energies are also increased, so and the tunneling takes place close to the

top of the barrier and transport in this case is thermionic-field emission. This type

of thansport is usually common to highly doped semiconductors (which a 2DEG

is). It would be interesting to be able to fit some of our data with a combination

of thermionici emission and field emission current formulas, calculated for the

3D-2DEG case.

8.3 Non-local measurements

The sample was fabricated from AlGaAs/GaAs heterostructure with a 2DEG

located 60 nm beneath the surface. The carrier density and mobility determined

by a Shubnikov-de-Haas measurement were 4.2 x 1011 /cm2 and 1.0 x 106 cm2/Vs,

respectively. A mean free path was estimated to be about 10 µm. As is shown

in Fig. 4, a 2DEG strip with the width of 3 µm was formed by a conventional

photolithography patterning and wet etching technique. The etching depth was

80 100 nm, which was enough deep to separate 2DEG from other region. Each

end of strip had an ohmic contact that was formed by AuGe/Ni/Au alloying.

Four Co electrodes (two sets of face to face electrodes) were contacted within

the strip. Facing electrodes were used for a pinched-off measurement to estimate

a bias dependence of a depletion region. We used two adjacent Co electrodes

for spin accumulation measurement. These Co electrodes were deposited by e-

beam evaporation after e-beam lithography patterning, wet-etching again and

leaving for a few tens of minutes to form oxidation barrier. Thus Co electrodes

were contacted with side of 2DEG layer through tunnel barrier. The widths

of Co electrodes were 200 nm for narrow one and 400 nm for wide one. The

difference of width makes sure to have a different magnetic switching field, and

the coercive field of 200 nm and 400 nm electrodes were 30 mT and 70 mT at

4.2 K, respectively. The spacing between adjacent electrodes was 1 µm and the

distance between facing electrodes was 600 nm. The width of 2DEG strip and

the spacing of the electrodes were sufficiently smaller than the mean free path.

The Schottky characteristics were measured at R.T. and 4.2 K. and can be

seen in figure 4. Assuming the junction area is a side face area of Co electrode,
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Figure 8.4: Typical IVs for the junctions used in non-local experiments, at room

temperature (on the left) and at 4.2K (on the right).
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Figure 8.5: Non-local resistance measured at different DC biasing of the Co-2DEG

junctions. The ac amplitude of the excitation was kept constant at 10 µA. The

cartoon on the top shows the electronic connections of the circuit.

the Schottky barrier height was estimated to be about 0.5 eV and the ideality

factor n = 3 at R.T. The barrier height was lower and the ideality factor was

higher than usual, which implies that the interface between Co and GaAs was not

perfect, but tunnel barrier would be there to some extent. At 4.2 K, a current

was 0 within experimental error (< 1nA) under 0.8V, and then suddenly began to

flow at 0.8V. Under negative bias, we were not able to send current to -4 V. Spin

accumulation measurements were performed by standard ac-lock-in techniques at

4.2 K. We sent current of 1nA up to 1µA both as DC as well as AC. Detection

was performed using the methods and circuits shown in figure 1 as well as the

insets in figure 5 and 6.

We were not able to observe spin signal. Typical non-local measurements are

shown in figure 5. The values of non-local resistance were in the range of several

hundreds of Ohms. This could be done by carefull calibration of the junction

resistance. The measured voltage was of milivolts order, however, the noise in

the system was of tens of microvolts. Our estimations could have been optimistic,
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Figure 8.6: Non-local resistance measured with the detector un-biased. The other

conditions correspond to one in figure 5.
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since we have considered pretty high polarizations (tunneling spin polarizations).

This is however, not known, and due to the fact that our junctions are rough,

additional scattering can be induced, which decreases the amount of polarization.

Intersting experiments are shown in figure 6. Here the detector is not biased

(DC bias) and only the barrier on the injector is lowered. However, one can

measured hysteresis loops, depending on how the electrodes are connected. The

most probable explanation for this behaviour is Hall effect caused by the stray

field of the electrodes.
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