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Tunneling magnetoresistance through a vacuum gap
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Abstract

We studied the tunneling magnetoresistance (TMR) effect through a vacuum barrier using spin-polarized scanning

tunneling microscopy on Co(0 0 0 1). By varying the gap width at a fixed bias voltage or by varying the bias voltage at a

fixed gap width, the fundamental behaviour of the TMR across the vacuum gap was investigated. At large gap widths

the TMR is constant with the width in agreement with Julli"eres model. At gap widths below E4:5 (A, a decrease of the

TMR was found which cannot be explained on the basis of this model. The decrease is correlated with a strong decrease

of the local barrier height underneath the tip and is explained in the framework of Slonczewski’s model. The TMR

across the vacuum barrier does not show the characteristic drop with bias voltage usually found in planar tunneling

junctions but is rather independent on the voltage in case of large gap widths. This is related to the tunneling of

electrons predominantly perpendicular to the Co(0 0 0 1) surface and the particular band structure of Co. The voltage

dependence, however, is more complex at small gap width due to the opening up of the emission cone of the tunneling

electrons. r 2002 Elsevier Science B.V. All rights reserved.
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In 1975, Julli"ere found that the tunneling resistance

between two ferromagnetic layers separated by an

insulating barrier, depends not only on the bias voltage

but also on the relative orientation of magnetization of

the two magnetic layers [1]. The tunneling magnetor-

esitance (TMR) effect was discovered. The recent

success of reproducible fabrication of high-quality

tunneling junctions operating at ambient temperatures

[2], has prompted intensive studies on the underlying

physical mechanisms [3–8] and has stimulated many

applications in magnetic sensors or magnetic random

access memory [9–12]. In spite of the intensive funda-

mental research and the promising applications, the

TMR effect is still not completely understood and many

open questions need to be addressed. One difficulty to

obtain a coherent picture of the effect is related to the

complex structure of the tunneling junctions, often

containing poorly characterized amorphous barriers

causing higher order effects in spin-polarized tunneling

[10,13,14]. Here, we study the TMR effect across a

simple barrier, the vacuum gap of a spin-polarized

scanning tunneling microscope (Sp-STM) [15]. Sp-STM

provides a model system to test different theories for

spin-polarized tunneling as it has a simple vacuum

barrier, whose width can be controlled in a precise way,

as well as it allows to use atomically clean surfaces as

electrodes. With the use of Sp-STM, we would like to

answer two open questions. Firstly, where are the limits

of Julli"ere’s model, and secondly, is the generally

observed strong voltage dependence of the TMR effect

of planar tunneling junctions [1,2,16] also found for the

ideal vacuum barrier of the Sp-STM?

2. Experimental setup

A bulk single crystalline Co(0 0 0 1) sample was

chosen as one of the electrodes. The second electrode

was a magnetic tip of the scanning tunneling micro-

scope. The material of the tip is an amorphous Co based

alloy [17] with extremely low coercive fields (o1 Oe) and

vanishing magnetostriction (o10�8). During scanning

the tip over the surface of the Co crystal, an alternating

current of 40 kHz was passed through a small coil

wound around the magnetic tip to periodically switch
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the longitudinal magnetization of the tip. This results in

modulations of the tunnel current due to the TMR effect

[1]. These modulations were detected with a phase

sensitive lock-in amplifier to map the magnetic structure

of the sample [15,18,19]. The vanishing magnetostriction

of the material ensures that no significant vibrations of

the tip occur [19,20]. In this way, the variation of the

tunneling current is measured, while the feed back loop

keeps the average tunneling current constant, i.e., the

current asymmetry d caused by the TMR effect (see

below) can be directly obtained by dividing the lock-in

signal by the mean tunneling current of the STM. The

detailed principle and technique of Sp-STM have been

addressed in previous publications [15,18,19]. All

experiments were performed in ultra-high vacuum

(p ¼ 5� 10�11 mbar). The vacuum chamber was

equipped with an Auger electron spectrometer (AES),

low-energy electron diffraction (LEED) and a Sp-STM

[15,18,19]. Both the Co(0 0 0 1) sample and the magnetic

tip were cleaned in situ by sputtering with 1 keV Arþ

ions. The sample was annealed afterwards to 570K. In

AES spectra of the sample no traces of contaminations

could be found. LEED images showed the expected

sixfold diffraction pattern with sharp spots and low

background intensity. Tunneling images of both the

topography and the magnetic structure were recorded

simultaneously at room temperature. The typical den-

dritic like perpendicular domain pattern of Co(0 0 0 1)

was observed, similar to that seen with magnetic force

microscopy [21] and scanning electron microscopy with

polarization analysis [22]. To study the TMR as a

function of the barrier width or gap voltage, we zoomed

into a small area which contains only two domains and

one domain wall and imaged the same scan line

repeatedly as a function of the vacuum barrier width

or the gap voltage. For the measurements of the gap

width dependence, in each pixel of the scan line the

feedback loop was opened for a short time and the tip

was approached/retracted continuously up to a displa-

cement of 0.1 nm from its original position while

measuring the average tunneling current and the

modulated current caused by the TMR effect. The

current asymmetry d is calculated from their ratio. For

the measurements of the voltage dependence, we

proceeded in a similar way. The feedback loop was

opened and the sample bias was ramped while recording

the average tunneling current and the modulated current

to obtain d:

3. The limits of Julli"ere’s model

Although there are many models to explain the TMR

effect, there is wide consensus that it is a consequence of

the exchange splitting of the band structure of the

ferromagnetic electrodes which leads to an unbalanced

distribution of majority and minority electrons at the

Fermi energy. Assuming the conservation of the electron

spin during tunneling this imbalance leads to different

conductance G for parallel (p) and antiparallel (a)

magnetic configuration. Julli"ere [1] proposed a phenom-

enological model that relates the TMR, or as we would

like to phrase it here the conduction asymmetry d; to the
spin-polarization Pi at the Fermi energy of the two

electrodes. Under the assumption of low bias voltage

across the junction d is given by

d ¼
Gp � Ga

Gp þ Ga
¼ P1P2: ð1Þ

This model has been commonly used in many studies

[2,3], sometimes with the extension that the polarization

Pi is not the spin-polarization of the ferromagnet but

that of the ferromagnet/barrier interface [5–8]. To test

this model, we study the dependence of the TMR on the

gap width. In Julli"ere’s model, there is no implicit or

explicit dependence on the barrier properties. The TMR

is entirely determined by the density of states of the

electrodes. Fig. 1 shows four typical magnetic images

taken of a domain wall on Co(0 0 0 1) and the

corresponding line profiles (d as a function of position)

for the different tip displacements. Zero displacement

corresponds to the gap distance at 20mV gap voltage

and 5 nA tunneling current (E4:5 (A gap width, see

below) and negative displacements correspond to an

approach of the tip towards the surface. From the

images, it is obvious that the TMR is a function of the

tip-to-sample distance in contrast to the prediction of

Julli"ere. At small vacuum gap widths, the TMR almost

vanishes. In the framework of Julli"ere’s model, this

corresponded to a vanishing of one or both spin-

polarizations of the electrodes, i.e., at short distances

they became non magnetic. This of course is not the

case. Instead, it seems that Julli"ere’s model fails here.

To explain this unexpected drop of the TMR with gap

width, we have a closer look at the distance dependence

of both the tunneling current and the current asymmetry

d: Fig. 2a shows a typical tunneling current versus the tip
displacement obtained at 20mV sample bias. The

tunneling current increases nearly exponentially when

the tip approaches the sample surface as expected.

Fig. 2b presents the current asymmetry d as a function

of the tip displacement. It shows that the TMR is nearly

constant at large tip-to-sample distances and decreases

at shorter distances when the tunneling resistance is

smaller than 5MO (20mV, 4 nA). Assuming a contact

resistance of E24 kO; the resistance of 5MO corre-

sponds to a tip-to-sample distance ofE4:5 (A [23–26]. As

all other tunneling parameters are kept constant during

the measurement, the variation of the TMR has to be

attributed to the change of the tip-to-sample distance,

either directly or indirectly via changes of other barrier

properties induced by it.
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In the free electron approximation, Slonczewski

calculated the TMR and pointed out that it does not

only depend on the two ferromagnetic electrodes but

also on the barrier [27]. Instead of using the spin-

polarizations of the electrodes, he proposed to use an

effective spin polarization of the ferromagnetic electrode

and barrier couple Pfb to describe the TMR effect:

d ¼ P1bP2b; ð2Þ

where P1b and P2b are defined as

P1ð2Þb ¼
ðkm

1ð2Þ � k
k
1ð2ÞÞ

ðkm
1ð2Þ þ k

k
1ð2ÞÞ

ðk2 � k
m
1ð2Þk

k
1ð2ÞÞ

ðk2 þ k
m
1ð2Þk

k
1ð2ÞÞ

ð3Þ

The first factor in this equation represents the spin-

polarization of the electrodes at the Fermi energy given

by the wave vectors inside the ferromagnetic electrodes

k
m
f and k

k
f of majority and minority electrons. The

second factor represents a correction factor to the simple

spin-polarization depending on ik; the imaginary wave

vector of the tunneling electrons in the barrier. In the

limit of small bias voltage, it is defined by _k ¼
½2mðVb � EFÞ�1=2; (Vb is the barrier height). Hence,

through k; the TMR depends on the height of the barrier

Vb: When the local barrier height changes with the tip-

to-sample distance, the TMR also changes. It is well

known that the local barrier height in STM measure-

ments decreases when the tip is approached closer than

E4 (A [23–26]. The decrease is due to the fact that the

electron densities of the tip and the sample start to

overlap significantly and the tunneling electrons do not

have to overcome the full work function but only a

fraction of it. At small bias voltages, the local barrier

height f can be obtained from the tunneling current I as

Fig. 2. (a) Tunneling current as a function of tip displacement.

Negative displacements indicate an approach of the tip from the

original position corresponding to tunneling parameters of 5 nA

at 20mV. (b) Simultaneously measured current asymmetry d:

Fig. 1. Magnetic images and line scans of the current asymmetry d across a domain wall on Co(0 0 0 1) obtained by Sp-STM with

different tip displacements. (a) þ1 (A, (b) þ0:5 (A, (c) 0 (A, (d) �0:5 (A. The bias voltage is 20mV in all images. Zero displacement

corresponds to the gap distance of E4:5 (A.
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a function of the tip-to-sample distance according to the

following equation [26]:

fðeVÞ ¼ 0:952
d ln I

dS

� �2

; ð4Þ

where the barrier width S is in (A. Fig. 3a presents the

local barrier height versus the tip displacement calcu-

lated from the data shown in Fig. 2a. It is nearly

constant at large tip-sample separations and decreases

when the tip further approaches the sample. The

observed change of local barrier height behaves similarly

to the tip-to-sample distance-dependent TMR effect

shown in Fig. 2b. This suggests a correlation between

the barrier height and the TMR effect.

To quantify the influence of the local barrier height on

the TMR effect, we performed calculations in the free

electron model proposed by Slonczewski [27]. With the

local barrier height measured above, the imaginary wave

vector inside barrier for electrons tunneling near the

Fermi level is determined. Therefore, applying the

formula given in Eqs. (2) and (3), the TMR effect as a

function of the tip displacement is calculated. As one

parameter, the exchange energy is chosen to be 1 eV for

Co [28]. Since there is no direct measurement for the

spin-polarization of single crystal Co(0 0 0 1), we calcu-

late the TMR for three different values, that are: 33%

chosen from early measurement by Meservey and

Tedrow [29], 45% chosen from recently reported values

by Moodera et al. [16], and 66% for comparison

reasons. The same values are chosen for the magnetic

tip as the tip material is dominated by Co. The values

mentioned above were obtained with Al2O3 barriers

with a barrier height of E2:5 eV [16]. Using Eq. (3) and

the exchange energy of 1 eV the wave vectors for spin up

and spin down electrons in Co were calculated. With

these three different sets of wave vectors and the

distance dependent local barrier height, d as a function

of the tip-to-sample distance is calculated. Fig. 3b

presents the results of the calculations. For comparison,

the experimentally measured tip-to-sample distance-

dependent current asymmetries (filled squares) are

shown in this figure as well. All curves are normalized

to the asymmetry value at large tip-to-sample distance.

The figure shows that the calculations for all three spin-

polarizations reproduce well the decrease of the TMR

with the tip approaching, even though the polarizations

are varying by a factor of 2. Hence, the observed

distance dependence of the TMR can be explained well

on the basis of Slonczewski’s model, where the decrease

of the TMR is not related to a change of the spin-

polarization of the electrodes but to the change of the

barrier properties at small gap widths. We believe that in

general, the dependence of the barrier height should be

included in the discussion of the TMR also in planar

tunneling junctions. The mere density of states of the

electrodes in Julli"ere’s model is not sufficient to fully

explain the size of the TMR effect.

4. Bias voltage dependence of the TMR

As the second fundamental aspect of the TMR effect,

we would like to address its voltage dependence. In

planar tunneling junctions, mostly using amorphous or

polycrystalline barrier materials like Al2O3 [16], a rather

strong drop of the TMR is observed with increasing the

bias voltage [1,2,16]. For junctions of similar electrodes

but different insulators or even same insulators but

prepared in different ways, very different voltage

dependences have been observed. In the early work of

Julli"ere, only 3mV bias was needed to halve the TMR of

the junction [1]. Later, Moodera et al. fabricated

junctions, were 200mV were needed [2]. With increased

Fig. 3. (a) The tip-to-sample distance-dependent local barrier

height calculated from the tunneling current shown in Fig. 2a.

(b) Comparison between the measured current asymmetry d
and the calculated using the free electron model proposed by

Slonczewski with the local barrier height given in (a) for three

different values of the spin polarization. The calculated curves

are normalized to the measured d at large tip-to-sample

distance.
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control of the barriers, this value has been increased

considerably to 500mV [8] or even 700mV [10]. Many

different models have been proposed that explain this

drop of the TMR with bias voltage. Biasing the

junctions leads to tunneling from electrons mostly

around the Fermi energy of the negative electrode to

empty states at energies of the bias voltage above the

Fermi energy in the positive electrode. The spin-

polarization of the empty states, however, does not

need to be constant and variations of it should cause

variations of the TMR. This so called density of states

effect has been observed in crystalline junctions [5].

Secondly, the hot electrons in the positive electrode

might be spin-scattered by interfacial spins [4] or might

create magnons [30], both leading to the loss of spin-

information and reduction of the TMR. Finally, as

Zhang and White suggested, the insulator barriers might

contain localized electronic defects such that tunneling

through the barrier does not proceed in a coherent way

but the electrons tunnel via trap states reducing the spin-

polarization [13]. This model is also supported by others

based on experiments or theory [8,31,32]. In the case of a

vacuum barrier, this mechanism should not be operat-

ing, however, magnon creation, spin scattering at the

interface and the density of states effect in principle

could be present. Fig. 4a shows the current asymmetry d
as a function of the gap voltage for large tip-to-sample

distance (feed back parameters 1 nA, 1V). Obviously,

the TMR is not a strong function of the bias voltage and

only slightly decreases with raising the bias to 70:9V.
This is in sharp contrast to the drop seen in planar

tunneling junctions. For tunneling into Co(0 0 0 1), the

role of spin scattering at the interface and magnon

creation in the bulk seems of no major importance. They

do not cause a strong drop in our case. Also the spin-

polarization of the density of states does not seem to

vary much even with rather high bias voltages. This,

however, is expected from the theoretical point of view.

For large gap widths, mostly electrons with a perpendi-

cular moment to the surface contribute to the tunneling

current [27,33–35] and the emission cone of the STM is

rather focused. Therefore, when tunneling into the

empty states of the Co(0 0 0 1) electrode, mostly those

states are sampled that are along the GA direction.

Along this direction, however, there are only two

minority bands and no majority states available in

Co(0 0 0 1) [36,37]. The spin-polarization, hence, should

be rather constant and the TMR should not vary in

agreement with our experiment. For opposite bias, the

electrons tunnel into the amorphous tip which should

not display sharp features in its empty density of states.

The rather constant TMR is not found for all gap

widths. For small gap widths, the emission cone of STM

opens up and also electrons with non normal momen-

tum contribute significantly to the tunneling current

[27,33–35]. In that case, a different voltage dependence

can be observed in the current asymmetry d: The TMR

depends strongly on the voltage (see Fig. 4b taken with

feed back parameters of 1 nA, 100mV). There is a dip of

the TMR around 200mV bias. Possibly, this dip is

related to majority states which lie off normal. Due to

their majority nature, the spin-polarization is reduced

and the TMR is reduced as well. We are currently

performing first principle calculations to pinpoint the

exact states that contribute to the tunneling current [38].

From the voltage dependence of the TMR one can

learn that it is not the density of states that dominate the

size of the TMR but one has to be more careful. One has

to consider the full band structure to explain the voltage

dependence and the direction of the tunneling electrons

have to be considered as well. This has also been pointed

out from theory, recently [33–35,39]. The origin of the

rather strong drop of the TMR in planar tunneling

junctions still stays on open question. However, on the

basis of our findings, one might conclude that most of

the voltage dependence is related to the elctronic

structure of the amorphous barrier containing localized

trap states [13] and not related to magnon creation or

spin excitations at the interface.

5. Conclusions

In conclusion, using a model system with a tunable

vacuum barrier we measured both the gap width and

voltage-dependent TMR, we show the limits of Julli"ere’s

model and illuminate the importance of details of the

band structure for the TMR effect. For the dependence

of the TMR on the gap width, Slonczewski’s model is

found to be a good description. For the voltage

dependence, the details of the band structure and not

only the density of states are needed to get a full

understanding. We hope that with these measurements

more theoretical and experimental work on the TMR

effect is motivated leading to a better understanding of

the fundamental processes during spin-polarized tunnel-

ing in Sp-STM and also planar tunneling junctions.
Fig. 4. Voltage dependence of the current asymmetry d for

large (a) and small (b) vacuum gap width.
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