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Abstract 

The strong impact of MBE growth and Synchrotron Radiation characterization 

tools in the understanding of fundamental issues in nanomagnetism and spintronics is 

illustrated through the example of fully epitaxial MgO-based Magnetic Tunnel 

Junctions (MTJs). If ab initio calculations predict very high TMR in such devices, some 

discrepancy between theory and experiments still exists. The influence of imperfections 

in real systems has thus to be considered like surface contaminations, structural defects, 

unexpected electronic states, etc... The influence of possible oxygen contamination at 

the Fe/MgO(001) interface is thus studied, and is shown to be not detrimental to TMR. 

On the contrary the decrease of dislocations density in the MgO barrier of MTJs using 

Fe1-xVx electrodes is shown to significantly increase TMR. Finally, unexpected 

transport properties in Fe1-XCox/MgO/Fe1-XCox (001) are presented. With the help of 

spin and symmetry resolved photoemission and ab initio calculation, the TMR decrease 

for Co content higher than 25% is shown to come from the existence of an interface 

state and the shift of the empty ∆1 minority spin state towards the Fermi level. 
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Introduction 

In 2001, huge Tunnel MagnetoResisance (TMR) was theoretically predicted in 

the single-crystalline Fe/MgO/Fe(001) system [1]. Such high TMR values were 

experimentally confirmed in Fe/MgO or Fe1-XCox/MgO(001) based Magnetic Tunnel 

Junction (MTJ) by several groups in the world since 2001. The basis of spin polarized 

transport in fully epitaxial MgO-based MTJ is explained by considering the particular 

electronic structure along the BCC(001) structure and the symmetry filtering of the 

MgO barrier [1]. However, the TMR observed in real systems is not as large as the 

TMR predicted theoretically. Many assumptions were thus proposed to account for 

lower values in experiments (impurities at the interfaces, vacancies in the barrier, 

surface states). The strategy of our group was to look systematically on the special 

properties of the MBE-grown MTJs and to answer to many questions: Is the interface as 

good as in the calculations [2-4]? Are there any impurities at the interface? What are the 

consequences of the interface doping with C or O [5]? What about defect in the MgO 

barrier [6]? Is there some interface electronic state [3,7]? What is its impact on the 

tunnelling process? To highlight these different points, we first studied the effect of 

Fe/MgO interface doping with O, showing that it does not lead to detrimental effect on 

the TMR. Second, the use of Fe1-xVx electrodes instead of Fe (increasing x decreases the 

misfit with MgO) allows us to clearly show that the dislocation density in the MgO 

barrier strongly affects the TMR. But the most contradictory and intriguing results were 

obtained on the transport properties observed on CoxFe1-x/MgO(001) based Magnetic 

Tunnel Junction by several groups [7]. In this paper, we detailed these different points 

and try to quantify these effects on the amplitude of TMR. The main physics that 

govern the transport in epitaxial MgO-based MTJs is recall in the first part of the paper. 

In the second part the effect of O contamination at the Fe/MgO interface is explored. In 

the third part we focus on the influence of misfit dislocations in the MgO barrier on the 

magneto-transport. Finally, the special and unexpected properties observed in Fe1-XCox-

MgO based MTJs are examined in the last part. 

 

I – Magneto-transport theory in MgO-based MTJs 

A magnetic tunnel junction consists in two ferromagnetic electrodes separated 

by a nanometer-thick insulating barrier. To obtain a non-negligible tunnelling current 
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applying a voltage bias to the structure, the thickness of the barrier has to be in the 

nanometer range since the intensity of the tunneling current decreases exponentially 

with it. The TMR is usually defined in terms of resistance R or conductance G in P and 

AP configuration as: 

 TMR =  
RAP−RP

RP
=

GP−GAP

GAP
      (1) 

Four basic points have to be noticed to understand the huge TMR obtained in MgO-

based MTJs [1,8]: 

(i) The tunnelling current in the coherent regime (without electron scattering by 

defects or interfaces) is established keeping the spin and symmetry of the 

electronic states. 

(ii) The current is roughly perpendicular to the interface that is along (001) 

(inclined trajectories are more attenuated, especially for thick MgO barrier).  

(iii) There is no density of state (DOS) for minority spin along (001) direction ,Δ 

in the reciprocal lattice. In other words, Δ1 states have a half-metallic 

behaviour. 

(iv) The other channels of conduction via Δ2, Δ2' and Δ5 states are strongly 

attenuated by MgO. The MgO barrier plays the role of symmetry filter.   

To go further, let’s consider a weak periodic potential of the electrodes [1]. The 

electrons are thus described by Bloch wave functions ψ(r) = uk(r)eikr where uk(r) 

gets the potential symmetry. First, the probability of finding the electron on the other 

side of the tunnel barrier is exponentially decreasing with the thickness d of the latter, 

but this is not the only reason for that. Indeed, the potential can be decomposed in 

Fourier series with reciprocal lattice vector G, and depending on the value of G, the 

symmetry of the wave function changes: Δ1 for G = 0, Δ5 for G = 2π a⁄ , Δ2 for 

G = 2π√2 a⁄ . The decay term in the barrier then depends on G as:  

 T ∝ exp − 2κ𝐺d            (2) 

The decay rate in the barrier is thus much lower for a Δ1 state than for Δ2 and Δ5 states. 

As the decay for Δ2 symmetry is strong, the conductance is almost entirely due to Δ1 

states in the P configuration and to Δ5 states in AP configuration in Fe/MgO/Fe. 

Therefore, the conductance decay with the MgO thickness is of Δ1 type for P 

configuration, and of Δ5 type for AP. Thus, the TMR should increase with the thickness 

of MgO [9,10], but a too large MgO thickness may lead to undetectable tunnel currents. 
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A thickness around 12 atomic planes is a good compromise. Very high TMRs are 

calculated, around 1000% at 0K for Fe/MgO/Fe(001). Even larger TMR values are 

predicted using equimolar FeCo electrodes. Indeed, there are no more Δ5 states at the 

Fermi level for majority spin, leading to theoretical TMR as large as 6000% (using 

equimolar FeCo ordered alloy) [11].  

 On the experimental point of view, very large TMR were actually observed, but 

not as large as predicted. The best reported values were 480% at 20K in MBE grown 

Fe/MgO/Fe(001) [8], 530% in MBE grown Fe0.75Co0.25/MgO/ Fe0.75Co0.25(001) [7], and 

around 1100% in FeCoB/MgO/FeCoB at 5K [12]. The main theoretical hypotheses 

which were explored to explain such discrepancy were (i) C or O contamination at the 

MgO interface and (ii) vacancies in the MgO barrier. The possibility of interface state 

existence and influence is also pointed out. We looked at these different possibilities in 

real systems. 

 

II – Oxygen doping at the Fe/MgO(001) interface 

The first hypothesis explored by theorists to explain the differences between 

experiments and theory is the presence of impurities at the interfaces. Ab initio 

calculations were carried out by several groups [13,14] to look at the influence of O at 

the Fe/MgO interface. They all show a strong TMR decrease due to oxygen. To clarify 

this point, tunneling transport in MTJs has been investigated by carefully doping the 

Fe/MgO interface with O [5]. The O deposition was performed on Fe(001) surfaces 

using O2 gaz delivered by a leak valve. The O adsorption kinetics was recorded in real 

time using X-Ray Photoemission Spectroscopy (XPS using a Al anode), and the surface 

morphology using STM after the growth. A summary of the results are given in fig.1. 

Without annealing, oxygen atoms layer is disordered up to around 1ML. A phase 

transition occurs above this thickness leading to FeO islands creation that perfectly 

match the underneath Fe(001) lattice (fig.1a). Another very interesting point is that, by 

annealing, a disordered 1ML O layer on Fe(001) leads to a perfect O 1x1 lattice 

arrangement on top of Fe, as shown by STM. We thus looked at the effect of both 

interfacial disordered and ordered O layer on the magneto-transport properties. A TMR 

decrease with O doping is actually observed, but it remains low compared to the 
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calculations and does not seem to be the real origin of the disagreement between 

measured and calculated TMR. 

 

III – Influence of misfit dislocations in the MgO barrier 

Another way to improve our understanding of magneto-transport in real systems 

is to consider the presence of defects in the MgO barrier. On the theoretical point of 

view, the effect of vacancies in MgO was considered [15,16], whereas more extended 

defects are difficult to implement in the calculations. In real MgO-based MTJs, such 

vacancies density is certainly small and was not clearly quantified. However, another 

type of defects in the barrier has been clearly identified, i.e. dislocations arising from 

the 4% misfit between Fe and MgO. Such a misfit leads to a very high density of 

dislocations (every 5nm) [6]. Moreover, as well-known in FCC materials, the 

dislocations in MgO are inclined by 45° (dislocation + glide plane) (fig.2a-b). So far it 

is impossible to perform ab initio calculations for such extended defects. To estimate 

their influence on the transport, Fe was replaced by BCC Fe1-xVx alloys having larger 

lattice spacing than pure Fe. By increasing the concentration of V, the misfit is thus 

reduced and the dislocation density should therefore decrease in the barrier. Using High 

Resolution Transmission Electron Microscopy (HRTEM) and strain mapping technique, 

we actually observed a decrease of the dislocation density in the MgO barrier when 

increasing the V content [6]. However, we verified by spin-resolved photoemission [6] 

that the spin polarization of Fe1-xVx also decreases with V content, and should reduce 

the TMR. To disentangle these two effects, MTJs have been grown with two different 

magnetic electrodes, Fe1-xVx on one hand and Fe on the other. Starting growth by the Fe 

electrode, the dislocation density in MgO is fixed by the 4% misifit between Fe and 

MgO. The second electrode is Fe1-xVx alloys for x ranging from 0 to 30%. As expected, 

TMR decreases when increasing x, due to the polarization decrease of the Fe1-xVx alloy 

[6]. By starting then the growth with Fe1-xVx electrode, the dislocation density is thus 

reduced compared to pure Fe. The choice of the Fe second electrode is important to 

keep the same couple of electrodes to get similar initial and final electronic states for the 

conduction process. A TMR increase was observed up to 10% of V, meaning that the 

Fe1-xVx polarization decrease was largely offset by improving the MgO barrier 

crystalline quality (Fig.2c). This is a clear experimental evidence of the misfit 

dislocations influence on tunneling in MTJs [6].  
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But we can go further since TMR variations are roughly linear with V content 

above 8% V for both for Fe/MgO/Fe1-xVx (top) and for Fe1-xVx/MgO/Fe(top) (fig.2c). 

This can be understood considering the variation of both dislocation density and spin 

polarization with V content. The TMR(x) curve obtained on Fe/MgO/Fe1-xVx (top) 

accounts for the variation of the polarization, the dislocation density being roughly 

constant. Such a variation is almost similar for x>8% in the case of Fe1-

xVx/MgO/Fe(top), which means that the main parameter that thus varies with x is the 

polarization. This is finally not surprising considering that the dislocation density is 

related to the inverse of the misfit. So for large misfit (from 0 to 8% V), the dislocation 

density varies significantly in the MgO barrier and the TMR of Fe1-xVx/MgO/Fe(top) 

MTJ increases. For larger V content (x>8%), the misfit becomes smaller, so the distance 

between dislocations increases a lot. The fact that this former TMR(x) variation is thus 

close to the case of Fe/MgO/Fe1-xVx(top) means that the main parameter that decreases 

the TMR is then the spin polarization, and the dislocations effect becomes negligible 

because of the too long distance between them. This is an opportunity to estimate what 

should be the TMR in Fe/MgO/Fe(001) without dislocation effect, just looking at the 

TMR(x)  linear variation intercept with x=0 in Fe1-xVx/MgO/Fe(top) MTJs. We obtain 

around 290% to compare to the 190% routinely obtained on Fe/MgO/Fe (at room 

temperature). This means that in this case the dislocations in the MgO barrier in contact 

with Fe lower the TMR by a factor around 1.5 at room temperature. 

 

IV – Do Fe1-xCox electrodes increase the TMR? 

FeCo(B)/MgO/FeCo(B) (001) multilayers fabricated by molecular beam epitaxy 

(MBE) or sputtering deposition are widely utilized for their high spin current injection 

because of the huge TMR predicted by ab initio calculations (6000% at 0K [11]). It 

should be noted that these calculation were performed in the case of the equimolar and 

B2 ordered Fe0.5Co0.5 alloy and for pure BCC Co. However, two groups observed that 

epitaxial Fe0.5Co0.5/MgO/Fe(001) and Fe/MgO/Fe(001) MTJs exhibit the same TMR 

[7,17]. Moreover, the B2 order assumed in [11] is not observed. And finally, if Lee & al 

[18] observed a TMR increase up to 25% Co, a TMR drop down is found for higher Co 

content. These authors explained their result by the poor crystallization of the stack after 

annealing for high Co content. We have prepared similar Fe1-xCox MTJs grown by MBE 

for Co content in the range 0-70% (for higher content, the Fe1-xCox alloys are no longer 
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BCC, but HCP) and the same result was obtained (fig.3). The origin of this anomaly has 

been determined by performing spin- and symmetry-resolved photoemission 

experiments at SOLEIL synchrotron on Fe1-xCox alloys coated with MgO [7].  

 The Fe1-xCox alloys were grown by co-evaporation of Fe and Co sublimated 

from Knudsen cells. The epitaxy relationship, growth rates and stoichiometry were 

checked by using Reflexion High Energy Electron Diffraction (RHEED) during the 

growth of pure Fe, pure Co or Fe1-xCox alloys on Fe(001) buffer layers. One should note 

moreover that to get large TMR the Fe1-xCox should be in the BCC structure. The 

crystalline structure of bulk Fe1-xCox layers is known to be BCC up to x around 70%, 

and HCP for higher Co content. However, it is possible to stabilize the BCC structure 

for the whole Co concentration range by growing very thin Fe1-xCox alloys on a BCC 

Fe(001) buffer layer, as verify by using RHEED. Micron-size MTJs were patterned by 

optical lithography and Ar ion milling. Fig.3 displays the TMR variations as a function 

of x, at 20K. As explained in the introduction, the TMR increases continuously from 

x=0 to x=0.25, but a dramatic decrease is observed for larger values of x, exactly like in 

sputtered FeCoB/MgO/FeCoB MTJs [17]. Since MgO quality in our MBE-grown MTJs 

does not change with Co concentration, we can conclude that poor MgO crystallization 

is not the main origin of the observed TMR variations as expected in Ref. [18]. To 

understand this general behavior, we need information on the real electronic band 

structure, spin and symmetry resolved. Spin-resolved photoemission is a well-known 

tool to get the spin-resolved DOS. A typical experiment is to measure the photo-emitted 

current in two opposite magnetic configurations in order to eliminate the MOTT 

asymmetry. Since we are interested in Δ states, the sample normal axis is oriented along 

the detector axis, and the detector aperture was decreased at its minimum (1.8°). The 

photon energy was fixed in the range 30-60eV for which the absorption cross section is 

maximum for 3d metals. It is also possible in some case to get symmetry information 

using the polarization of the impinging photons. Indeed, the electron extraction from an 

orbital during the photoemission process obeys to selection rules that can be formulated 

using symmetry rules [18]. Thus, the symmetry of the explored orbital has to be the 

same as the symmetry of the photon electric field. We thus used the linear polarization 

of the photons with a sample + detector + photon beam geometry showed in fig.4. For 

the so-called s polarization (E-field perpendicular to the incident and reflected trajectory 

plane in optics), the electric field is in the plane of the sample for this geometry. The 

axis defined by the photon electric field is thus a symmetric axis, and the perpendicular 
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axis an anti-symmetric axis. Δ5 states possess this symmetry and can thus be excited. 

However, this is not true for Δ1 states who got a revolution symmetry axis 

perpendicular to the surface (Δ1 is a convolution of s, pz and dz
2
 orbitals). To excite 

these states, the photon electric field vector should have a non-zero projection along Δ. 

This is the case for a p polarization (E-field in the incident and reflected trajectory plane 

in optics). A typical experiment is thus performed by measuring the photo-emitted 

current on the same sample for the two photon E-field polarization. These experiments 

were performed on a series of Fe1-xCox alloys grown on Fe(001) buffer layers (x=0, 25, 

37.5, 50, 62.5, 75, 100%). The observed transitions on the photoemission spectra (PES) 

were thus identified with respect to their spin and symmetry [7]. Above 50% Co a new 

Δ1 state is observed below EF for minority spin channel and using High Resolution PES 

this state was identified to be a surface state. Such a state is thus observed to be below 

the Fermi level for Co content above 30% and may play a significant role in the 

magneto-transport process in MTJs since it breaks the half-metallic magnetic behavior 

of the Δ1 states. However a key point was to verify if this surface state still exist when 

growing MgO on top of Fe1-xCox (becoming an interface sate). We have shown that it is 

actually true for pure Co, and we checked it recently on a Fe0.25Co0.75 layer covered by 

MgO. The results are shown in fig.5 for photon energy of 50 eV. The reduction of PES 

between p and s photon polarization for majority spin informs us on the Δ1↑ symmetry 

of this excited state. This is consistent with ab initio calculations we performed for this 

purpose [25] (for bulk chemically disoredered BCC Fe1-xCox alloys). A Δ5↓ is also 

clearly identified looking at the minority spin PES, also in good agreement with 

calculations. Finally, the interface state is clearly observed around 0.4eV below EF on 

minority spin PES. Its intensity is strongly reduced using s polarization compared to p 

one, indicating a Δ1 symmetry. It should be noted moreover that this interface state is 

certainly not the only reason for decreasing the TMR for large Co content. Indeed, we 

also observed that the empty Δ1↓ at 1eV above EF in BCC Fe starts to slightly cross EF 

for Co content above 30%. The transport properties are thus explained by considering 

both effects (fig.3) [7]. 

 

V – Conclusions 

The origin of the discrepancy between calculated and observed TMR in MgO-

based magnetic tunnel junction is thus certainly not due to a unique effect, but probably 
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to a combination of several undesired phenomena. The interface contamination with O 

and C participates to a TMR decrease, but in a limited way. The impact of dislocations 

in the MgO barrier is certainly more important, since TMR is observed to increase when 

decreasing the dislocation density even for Fe1-xVx electrodes less spin polarized than 

Fe. The impact of interface state (since surface state on (001) BCC surface almost 

always exist) can be very strong and should be taken into account in every studied 

system. But ab initio calculations performed considering Fe1-xCox electrodes for the 

whole Co concentration range also showed us that special feature on the bulk electronic 

structure may lead to detrimental effect on the TMR. Now Fe1-xCox-MgO based MTJs 

are commonly used in various topics in spintronics. One very promising route is to 

prepare such MTJs with perpendicular magnetization [19] for many reasons, the most 

important being the decrease of critical current for changing the magnetization by spin 

transfer torque. But since a few years, a new concept for manipulating the 

magnetization using an electrical field is explored. The demonstration of such effect 

was performed in 2007 by tuning the magnetic anisotropy with an applied field [20]. 

Subsequent studies confirmed these results [21] and we recently observed very strong 

effect of the electric field in the MgO barrier on the perpendicular magnetic anisotropy 

of a 5 monolayer thick Fe film inserted in a MTJ [22]. However, the physical 

explanation of this huge effect is definitely not established [22,23]. In particular, a link 

between perpendicular magnetic anisotropy and the existence of quantum well states 

has been established [24]. Thus, the role of interface states or/and quantum well states 

should be explored in details in magnetic tunnel junctions in the near future. 
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Figure Captions 

 

Figure 1: a) Scanning Tunneling Microscopy image of a (001) Fe surface covered by 

1.2 ML of oxygen. FeO islands form after the Fe surface was covered by O. b) TMR 

variation with the O coverage at the Fe/MgO interface (see [6]). 

 

Figure 2: a) HRTEM image of a Fe/MgO/Fe(001) stack where a dislocation in the MgO 

layer is highlighted. B) Corresponding strain image showing the core of the dislocations 

(bright). c) TMR variation with V content x for two series of MTJs with Fe1-xVx as a 

top or bottom electrode. The dashed lines show the variation and help to extrapolate the 

TMR value for x=0 without dislocations (see text). 

 

Figure 3: TMR variation at 20K with Co content for a series of Fe1-xCox/MgO/Fe1-

xCox (001) MTJs. The TMR increase at low Co content is consistent with calculation, 

whereas TMR decreases above 25% Co due to the Interface State (IS) and empty bulk 

∆1↓ band that cross the Fermi level for large Co content. 

 

Figure 4: scheme of the symmetry selection rules between the photon E-Field and the 

orbitals. For s polarization, only ∆5 orbitals have the E-Field symmetry whereas for P 

polarization the photon E-Field can be projected along (100) and (001) allowing 

respectively ∆5 and ∆1 states excitation. 

 

Figure 5: spin resolved photoemission spectra (PES) obtained on Fe0.25Co75% covered 

by 1.2ML of MgO using the two s and p photon E-Field polarizations. The increase of 

PES below -3eV is due to the beginning of MgO DOS. In majority spin channel (left), 

the PES just below EF is strongly attenuated meaning that the symmetry is ∆1, as 

expected according to bulk calculations. In minority spin channel, the transition around 

-1eV is not reduced and is identified to a ∆5↓ state which actually corresponds to a bulk 

band. The transition at -0.4eV is the interface state identified as a ∆1↓ state. 

 



12 
 

 

Figure 1 

 

 



13 
 

 

 

Figure 2 

 

 

 

Figure 3 



14 
 

 

 

Figure 4 

 

 

 

 

Figure 5 


