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CoFe alloy as middle layer for strong spin dependent quantum well resonant tunneling
in MgO double barrier magnetic tunnel junctions
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We report on spin dependent quantum well (QW) resonances in the CoFe alloy middle layer of
CoFe/MgO/CoFe/MgO/CoFeB double barrier magnetic tunnel junctions. The dI/dV spectra reveal clear reso-
nant peaks for the parallel magnetization configurations, which can be related to the existence of QW resonances
obtained from first-principles calculations. We observe that the differential tunneling magnetoresistance (TMR)
exhibits an oscillatory behavior as a function of voltage with a sign change as well as a pronounced TMR
enhancement at resonant voltages at room temperature. The observation of strong QW resonances indicates that
the CoFe film possesses a long majority spin mean-free path, and the substitutional disorder does not cause a
significant increase of scattering. Both points are confirmed by first-principles electronic structure calculation.
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I. INTRODUCTION

The tunneling magnetoresistance (TMR) effect1,2 in a
magnetic tunnel junction (MTJ), consisting of an FM1/I/FM2
structure where FM1 and FM2 are ferromagnetic layers and
I is an insulator, has attracted considerable interest due to its
important applications in magnetic random access memories
and read heads/sensors. High TMR, desired for such type
of applications, has been reported using single MgO barrier
MTJs.3,4 However, TMR drops significantly from the maxi-
mum at zero bias with increasing bias voltage, which limits
its application in the high bias voltage region. Spin dependent
quantum well (QW) resonant tunneling effect in double barrier
MTJs (DBMTJs), comprised of FM1/I1/FM2/I2/FM3, has
received increasing attention because it may enhance TMR
at resonant voltages.5–7 In an earlier experiment, Nagahama
et al.8 observed oscillations in the tunneling conductance of a
CoFe/AlOx/Fe/Cr junction due to a QW resonance effect, yet
the measured signal was small and could only be seen in the
second derivative of the current-voltage curve. More recently,
Nozaki et al.9 reported oscillatory differential conductance
in epitaxial Fe/MgO/Fe/MgO/Fe DBMTJs,10 but the nonuni-
formity of the Fe middle layer due to the island formation
on MgO led to only a small oscillation amplitude. Later on,
Niizeki et al.11 demonstrated the QW resonant tunneling in
fully epitaxial Fe(001)/MgO/ultrathin Fe/Cr MTJs, yet the
TMR increase at QW resonance was still subtle at room
temperature (RT). Past studies have focused on using pure Fe
middle layer7–13 because of the need to preserve the coherence
of electron wave function with �1 symmetry and the belief that
pure Fe(100) is best suited for this purpose.3,14,15 However, the
observed QW resonances are weak due to a short majority spin
mean-free path (MFP) in the Fe film, which is only about 1–2
nm16,17 and very close to the film thicknesses. To enhance QW
resonance in MgO DBMTJs, it is desirable to incorporate a
magnetic middle layer with a long spin MFP as well as a bcc
MgO (001)-compatible crystalline structure. Giant TMR was
predicted in bcc CoFe(001)/MgO(001)/CoFe(001) MTJs18

and was observed in similar highly textured structures.4 Also,
CoFe can be grown using simple sputter-deposition techniques
at ambient temperature on amorphous substrate layers, which
is more suitable for practical applications. In addition, the
majority spin MFP in Co is several times longer than that
in Fe,16 hence it may be possible that CoFe (especially
Co-rich CoFe) could preserve a longer spin MFP. However,
a competing effect of alloying (disorder) may introduce an
increase of the overall amount of scattering in CoFe, reducing
the MFP and preventing the formation of QW resonances.
Therefore, the study of QW resonances in CoFe is very
important for developing practical spintronic devices as well
as understanding new physics of quantum resonant tunneling
in disordered alloys.

In this paper, we report the observation of strong spin
dependent QW resonances in the CoFe alloy middle layer
of MgO DBMTJs. Our first-principles electronic structure
calculation shows that the Fermi energy of the CoFe alloy
is completely above the d bands, and there is only a small
difference in the s-phase shift between Co and Fe atomic
potentials. Thus strong QW resonances in CoFe can be
explained in terms of a long majority spin MFP in CoFe. This
counterintuitive finding indicates that a pure, single-crystal
magnetic material is not indispensable for spin-polarized
resonant tunneling.8,13,19,20

II. EXPERIMENTS

The DBMTJ film stacks were prepared by magnetron
sputtering at ambient temperature with the following struc-
ture: Si/SiO2/10Ta/30IrMn/3.5CoFe/t1MgO/2.2CoFe/t2MgO/
2.2CoFeB/5Ta/5Ru, where the numbers t1 and t2 represent the
film thicknesses in nm. They were subsequently postannealed
at 300 ◦C in vacuum (∼1.0 × 10−7 Torr) for 30 min with
a 1 T field applied in the film plane. The high resolution
cross-sectional TEM image in Fig. 1(a) reveals the good
structural quality and homogeneity of a DBMTJ film stack

024411-11098-0121/2013/87(2)/024411(5) ©2013 American Physical Society

http://dx.doi.org/10.1103/PhysRevB.87.024411


R. S. LIU et al. PHYSICAL REVIEW B 87, 024411 (2013)

FIG. 1. (Color online) (a) Cross-sectional TEM image of
DBMTJ. (b) Three-dimensional plot of differential conductance
dI/dV vs voltage and magnetic field. The magnetic field is swept
from −0.4 to 0.4 T. (c) Plot of resistance vs magnetic field. Arrows
indicate the field sweeping directions.

after the postannealing process. The samples were patterned
into ∼40 × 40 nm2 in size by employing electron-beam and
photolithography. A detailed description of the film stack
preparation and fabrication can be found in Ref. 21.

III. RESULTS AND DISCUSSIONS

Figure 1(b) shows a typical three-dimentional plot of the
differential conductance (dI/dV ) as a function of voltage and
magnetic field for a DBMTJ with a thicker upper MgO layer
(t2 = 2.4 nm) and a thinner lower counterpart (t1 = 2.0 nm).
The measurement was conducted at 4 K with a magnetic field
applied parallel to the sample surface. Two clear high differen-
tial conductance lines (in red) can be readily resolved at −0.05
and −0.68 V, respectively, for the P magnetization alignment,
while no such features are present for the AP magnetization
alignment. Here, the P configuration has all three magnetic
layers magnetized in the same direction, while the AP config-
uration refers to the scenario where at least the magnetizations
of the top CoFeB layer and the middle CoFe magnetic layer
are antiparallel to each other (from 0.03 to 0.1 T) as the field
is swept from the negative to positive direction. Figure 1(c)
shows a full loop of the resistance versus magnetic field.

Figure 2(a) plots the dI/dV curves numerically
obtained from I -V curves measured at 4 K for the P

and AP magnetization configurations, respectively. In
our measurements, tunneling electrons flow from top to
bottom electrodes when V < 0, and vice versa for V > 0. The
presence of resonant peaks only for the P configuration is very
similar to the spin dependent QW resonant tunneling in a thin
Fe layer,9,11 where the primary resonant peaks also occurred
only in the P configuration. Yet our results are different from
those observed in Fe/MgO/Fe/MgO/Fe DBMTJs with “hot
spots”22 or thin MgO MTJs with electronic trapping states,23

where resonant tunneling peaks were present for both P and
AP states. To elucidate the important role played by the spin
dependent density of states (DOS) in the middle CoFe layer,
it is convenient to introduce the differential TMR (dTMR),
defined as dTMR = (dIP /dV − dIAP /dV )/(dIAP /dV ).

FIG. 2. (Color online) (a) Differential conductance dI/dV curves
in the parallel (in red) and antiparallel (in blue) magnetization configu-
rations at 4 K. (b) Differential tunneling magnetoresistance dTMR vs
voltage V . dTMR = (dIP /dVP − dIAP /dVAP )/(dIAP /dVAP ). The
inset shows TMR vs voltage.

Usually, the spin dependent tunneling matrix-element-
weighted DOS (TMEW-DOS) for the majority electrons is
greater than that for the minority electrons, resulting in dTMR
> 0. In our DBMTJ devices, however, dTMR oscillates with
sign changes in the V < 0 region, as shown in Fig. 2(b),
indicating that the ratio of majority and minority TMEW-DOS
varies with the bias voltage. This phenomenon may be
attributed to the creation of spin dependent QW states in the
middle CoFe layer, which can lead to partially discrete energy
levels for the majority spins, whereas continuous energy
levels for the minority spins. The majority and minority spins
dominate the current tunneling process for the P and AP

configurations, respectively, whereas dTMR is determined
by the comparison of their respective involved TMEW-DOS;
therefore, dTMR peaks are formed when the bias is aligned
with a discrete energy level of the majority spins, whereas dips
are shown when the bias lies in between two of such levels.
The dTMR dip can even become negative as the minority
spin DOS is greater than the valley states between discrete
majority spin energy levels. The negative dTMR indicates that
tunneling is dominated by minority spins rather than majority
spins in a certain bias range.

To corroborate our understanding that the observed resonant
peaks indeed originate from spin dependent QW states in
the middle CoFe layer, we performed first-principles calcu-
lations using the layer–Korringa-Kohn-Rostoker method for
a junction with the structure of CoFe/MgO(7 ML)/CoFe(10
ML)/MgO(7 ML)/CoFe, with the CoFe, MgO (x,y axis), and
MgO (z axis) lattice constants set as 2.84, 2.84, and 2.21
Å, respectively. The CoFe is chosen as the top electrode
material for the purpose of computational convenience, since
DBMTJs with the CoFe and CoFeB top electrodes show
similar behavior. The substitutionally disordered alloy (in
which 70% Co and 30% Fe are mixed randomly) is treated
with the coherent potential approximation (CPA). The CPA
cannot produce k-resolved partial DOS in the reciprocal space,
so we invoked an approximation in which after converging
the CPA at each energy, the partial DOS for each component
(Fe or Co) is calculated using only a single k point, then
the result is averaged with the Fe and Co concentrations to
approximate the k-resolved partial DOS for that k point (in
this case, the �̄ point). The resulting partial DOS does not
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FIG. 3. (Color online) Calculated s- (a) and d- (b) partial density
of states at the �̄ point in the middle CoFe layer of a CoFe/
MgO(7 ML)/CoFe(10 ML)/MgO(7 ML)/CoFe DBMTJ. (c) The DOS
for bulk CoFe on Fe and Co sites. (c) The majority s-phase shifts of
Fe and Co potentials in the alloy.

yield the correct total DOS when summed over all k points,
but it gives the correct resonant peaks for the QW states. The
confinement effect of the MgO layers is tested by increasing the
MgO thickness to 11 atomic layers, which has no perceptible
effect on the partial DOS. Figures 3(a) and 3(b) show the s

and d partial DOS of majority and minority spins at the �̄

point within the middle CoFe layer for the P configuration.
Several sharp resonances appear in the s-band DOS for the
majority spin: two sharp peaks at about −0.45 and 0.32 eV,
and a smaller peak at about −1.0 eV, while no resonances are
seen for the minority spin. The two sharp peaks in the s-band
DOS also appear in the d-band DOS of the majority spin,
indicating a strong s-d hybridization for the QW states. In
contrast, no indication of any resonance exists for the minority
spin. Since at the �̄ point the dominating tunneling wave
function has the �1 character which has the s-band symmetry,
the existence of s-band QW resonances in the middle layer
should lead to resonant tunneling in the P configuration in
which the majority spin of the middle layer matches the �1

tunneling state in the MgO. But in the AP case in which
the minority spin of the middle layer is matched with the �1

tunneling state, there should be no resonant tunneling. Note
that the first-principles calculations cannot produce resonant
peaks near zero bias region, indicating that the resonant peak
shown at −0.05 V in Fig. 1(c) may result from magnon assisted
tunneling.8,9,24

The QW resonances observed here are stronger than those
observed in the pure Fe middle layer,8,9,11–13 indicating a longer
spin MFP in CoFe. This result is somewhat counterintuitive
since CoFe is an alloy that should contain more disorder, which
would seem to destroy electron wave function coherence.
To understand why it is possible for CoFe to have a longer
majority spin MFP than pure Fe, we also performed the

electronic structure calculation of bulk CoFe and show the
results in Figs. 3(c) and 3(d). In Fig. 3(c) we show the partial
densities of states on the Co and Fe atoms in bulk CoFe. It
shows that the Fermi energy in CoFe is well above the d

band, unlike in pure Fe where the Fermi energy is inside the d

band.25 Thus the electrons near the Fermi energy are mostly s

electrons which have a much longer MFP than the d electrons.
Furthermore, in Fig. 3(d) we plot the majority s-phase shifts as
a function of the energy for Co and Fe potentials in the CoFe
alloy. The difference between the two phase shifts at the Fermi
energy is less than 0.03. This would cause a minimal amount
of scattering in the alloy. These two factors combined should
give a much longer majority spin electron MFP in CoFe than
in pure Fe. Indeed, we have measured the resistivities of Fe
and CoFe blanket films grown with the same conditions and
their values are 19.9 and 9.2 μ� · cm, respectively, indicating
a longer electron MFP in the CoFe film.

It is interesting to note that the resonant peaks are only
present in the negative bias voltage region in Fig. 2(a).
Similar behaviors were observed in Fe/MgO/Fe/MgO/Fe and
Fe/MgO/Fe/Cr structures,9,11 where they were attributed to the
asymmetric interfacial structure and the asymmetric potential
height of the tunnel barrier, respectively, for electrons tunnel-
ing from two different directions. In order to investigate the
influence of MgO barrier symmetry on the dI/dV spectra as
well as the resonant tunneling mechanism, we have compared
the QW resonant tunneling effect in DBMTJs of asymmetric
MgO thicknesses with those of symmetric thicknesses.

Figure 4(a) shows the dI/dV spectra for the same device
(with asymmetric MgO barrier thicknesses) used in Fig. 2(a),
measured at RT for the P and AP magnetization configu-
rations, respectively. Similarly, the resonant peaks are only
present in the negative bias voltage region. This phenomenon
can be explained using the following schematic model.
Figure 4(c) shows the energy potential profiles and schematic
illustrations of electron tunneling through DBMTJ for both
V < 0 and V > 0. The left (corresponding to the lower) MgO
barrier (2.0 nm) is thinner than the right (corresponding to the
upper) one (2.4 nm), resulting in an almost ten times smaller
tunneling barrier resistance than that of the right MgO barrier.
Consequently, the chemical potential of the middle CoFe layer
and the discrete excited states above this are rigidly pinned
to the chemical potential of the left CoFe electrode. When
V < 0, the energies of the electrons that tunnel from the right
electrode can line up with the discrete QW states in the middle
electrode as the bias voltage drops mostly across the right
barrier, thereby giving rise to significant dI/dV oscillations.
On the other hand, when V > 0, the energy level of the
electrons tunneling from the left electrode to the middle one is
pinned at the Fermi level of the middle electrode. Therefore no
resonant effect is observed. In order to verify our interpretation,
we have fabricated DBMTJs with a reversed MgO thickness
asymmetry, i.e., the upper (lower) MgO is 2.0 nm (2.4 nm). As
expected, pronounced resonant peaks are only observed when
V > 0, whereas dI/dV spectra are nearly structureless when
V < 0 (not shown).

In contrast, for DBMTJs with symmetric MgO barrier
thicknesses (t1 ∼ t2 = 2.4 nm), we found that clear resonant
peaks are present in both negative and positive biases, as shown
in Fig. 4(b). In this case, the Fermi level of the middle CoFe
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FIG. 4. (Color online) The differential conductance (dI/dV )
spectra in the parallel and antiparallel magnetization configurations
for different MgO barrier thickness configurations, with the upper
and lower MgO thicknesses of (a) 2.4 and 2.0 nm; and (b) 2.4
and 2.4 nm, respectively. (c) and (d) are the potential profiles and
schematic illustrations of electron tunneling through DBMTJs shown
in (a) and (b), respectively.

layer is not pinned to either of the chemical potentials of
the left and right electrodes, but rather lies between them, as
shown in Fig. 4(d), because the resistances of two MgO tunnel
barriers are similar. Therefore, electrons can tunnel via QW
states above EF for both bias voltage polarities, leading to
resonant peaks for both positive and negative voltages.

Figures 5(a) and 5(b) show the bias voltage dependent TMR
for samples measured in Figs. 4(a) and 4(b), respectively.
Pronounced TMR enhancement can be clearly observed at
resonant voltages, although it is still far below the theoretically
predicted values of more than 1000%.26,27 This discrepancy
could be due to the fact that the middle CoFe layer (2.2 nm
thick) in our DBMTJ is not thin enough for creating a very
sharp QW,26,27 whereas our sputtered middle CoFe layer
becomes granular and discontinuous as the film thickness
is reduced below 2 nm. Another reason could be that we

FIG. 5. (Color online) (a),(b) Bias voltage dependence of TMR
for the corresponding devices in Figs. 4(a) and 4(b), respectively.

cannot grow atomically flat films over entire junction lateral
dimensions28 for our sputtered DBMTJs, and such inhomo-
geneity may introduce decoherence which could suppress the
creation of the sharp QW states. Therefore, a further reduction
of the middle magnetic layer thickness as well as an improved
quality of the interface of DBMTJs, such as introducing a
CoFeB layer for achieving better homogeneity, are required to
realize strong QW effects and thus very high TMR.

IV. SUMMARY

In summary, we have observed spin dependent QW
resonant tunneling in the CoFe alloy middle layer of
CoFe/MgO/CoFe/MgO/CoFeB DBMTJs. The symmetry of
the resonant peak with the bias voltage can be tuned by
configuring two MgO barrier thicknesses. Moreover, we have
observed pronounced TMR enhancement at resonant voltages.
First-principles calculations show that strong QW resonances
are possible because in CoFe alloy the Fermi energy lies above
the d bands and the difference in the s-phase shift between Co
and Fe atomic potentials is small, leading to a longer majority
spin electron MFP than that in pure Fe. Our results suggest that
it is very promising to create sharp QW states by incorporating
a highly (001) textured magnetic alloy middle layer in MgO
DBMTJs and thus to achieve very high TMR.
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