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Quantum-well tunneling anisotropic magnetoresistance above room temperature
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Quantum-well (QW) devices have been extensively investigated in semiconductor structures. More recently,
spin-polarized QWs were integrated into magnetic tunnel junctions (MTJs). In this Letter, we demonstrate the
spin-based control of the quantized states in iron 3d-band QWs, as observed in experiments and theoretical
calculations. We find that the magnetization rotation in the Fe QWs significantly shifts the QW quantization
levels, which modulate the resonant-tunneling current in MTJs, resulting in a tunneling anisotropic magnetore-
sistance (TAMR) effect of QWs. This QW-TAMR effect is sizable compared with other types of TAMR effect,
and it is present above room temperature. In a QW MTJ of Cr/Fe/MgAl2O4/top electrode, where the QW is
formed by a mismatch between Cr and Fe in the d band with �1 symmetry, a QW-TAMR ratio of up to 5.4%
was observed at 5 K, which persisted to 1.2% even at 380 K. The magnetic control of QW transport can open
new applications for spin-coupled optoelectronic devices, ultrathin sensors, and memory.
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Quantum-well (QW) devices have found wide adoption
in semiconductor technologies, such as QW-based lasers and
high-mobility transistors [1,2]. On the other hand, metal-
lic QWs can incorporate the large exchange splitting on
d electrons in spin-polarized QW devices [3–7]. In more
recent technological advances, spin-polarized d-band QWs
were demonstrated in magnetic tunnel junctions (MTJs),
where the confinement potential is produced both by band-gap
and band-symmetry mismatches [8–11].

MTJs have been the prominent driver in spintronics re-
search and applications. Especially, the Fe alloys/MgO MTJs
possess a giant tunneling magnetoresistance (TMR) effect
[12,13], due to the symmetry-selective filtering of d states
[14]. Another different effect is the anisotropic change of
tunneling resistance of MTJs with the relative angle between
tunneling current and magnetization direction. This tunneling
anisotropic magnetoresistance (TAMR) effect stems from the
changes in the density of states near the Fermi level, due to
spin-orbit coupling (SOC) effects [15–23]. The TAMR effect
has been of interest for understanding the important role of
SOC at ferromagnetic (FM) interfaces and for applications
requiring ultrathin spintronic sensors and memory, because of
the need for only a single FM electrode. The TAMR effect
has been reported for large-SOC materials, such as GaMnAs
[15,24], Co/Pt [20], and IrMn [21]. In single-crystal Fe/MgO
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MTJs, the TAMR effect was observed [22], and it was related
to the combined effect of SOC and the asymmetric crystal
field at the interface [22,25].

In this Letter, we find a TAMR effect linked to the transport
through QW resonant states (QWRSs) in a ferromagnetic QW
structure. The narrow QWRSs couple to the magnetization di-
rection through SOC, and the magnetization rotation controls
the energy positions and broadening of QWRSs. Therefore
the magnetization anisotropically controls the resonant tun-
neling condition, and a sizable QW-TAMR effect is obtained
[Fig. 1(a)]. This QW-TAMR effect is qualitatively different
from the much smaller TAMR effect in MTJs with bulk elec-
trodes. Furthermore, the QW-TAMR effect is sustained above
room temperature, compared with other TAMR effects, which
were observed only at cryogenic temperatures.

In the QW structure of Cr/Fe/oxide, the resonant tun-
neling is through QWRSs that form for the majority-spin
electronic states of �1 symmetry (�1,↑), due to a mismatch
of �1 bands of Fe and Cr [9,26]. In contrast to the rocksalt-
type MgO, the spinel MgAl2O4 has a small lattice mismatch
of < 1% with Fe. A dislocation-free Fe/MgAl2O4 interface
can be realized [27,28], which significantly enhances the
phase coherence in QW structures [10,11]. We measure the
QW-TAMR effect in epitaxial stacks of Cr/Fe/MgAl2O4,
with the geometry and coordinates depicted in Fig. 1(b).
The detailed film stack is MgO (001) substrate/MgO (5)/Cr
(40)/Fe (tFe)/MgAl2O4 (2)/Fe (0.5)/Co60Fe20B20(CoFeB)
(5)/Ru (10) (thicknesses in nanometers), where tFe = 0.70
and 0.84 nm correspond to five and six monolayers (MLs), re-
spectively. We used electron-beam evaporation and magnetron
sputtering to prepare the epitaxial MTJ films. Postannealing
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FIG. 1. The QW-TAMR effect. (a) In an Fe QW, the M rota-
tion shifts and broadens the sharp QW states, resulting in a large
anisotropy of tunneling resistance (TAMR). (b) A schematic of the
QW stack, and the definitions of coordinates. (c) The fine features
of resonant conduction (green arrows) are anisotropic with respect
to the M direction, resulting in a large QW-TAMR ratio (magenta
arrow). (d) The QW-TAMR effect is twofold symmetric and persists
above 300 K.

after each deposition step was done in situ to improve crys-
tallinity and flatness, except for the top Fe/CoFeB layer,
which was left as deposited. Therefore the top electrode
provides an isotropic electrode for �1,↑ electrons, due to the
lack of crystallinity and the small TAMR in CoFeB [17].
Structural analysis showed a lattice-matched (001)-oriented
epitaxial layer-by-layer growth and flat MgAl2O4 interfaces
[29,30]. The films were microfabricated into elliptical junc-
tions with a cross section of 5 × 2.5 μm, where the major
axis was along the Fe [100] axis. Further details on the
preparation and TMR properties are provided in Ref. [11].
As a comparison sample, we use a high-TMR non-QW sam-
ple epitaxially grown by sputtering with thick Fe electrodes
[28], with the film stack of MgO (001) substrate/Cr (40)/Fe
(100)/MgAl2O4 (2.17)/Fe (7)/IrMn (12)/Ru (10) (thick-
nesses in nanometers), which has a TMR ratio of 401% at 5 K
and 224% at 300 K.

We applied large saturating magnetic fields, and at each ap-
plied field angle ψ we measured the I-V curves at 1- to 5-mV
steps with the four-wire method in a physical property mea-
surement system, using source meters and nanovoltmeters.

FIG. 2. Distinguishing QW-TAMR from TMR. (a) The G-H
curves show a large QW-TAMR effect between the in-plane and
perpendicular fields above saturation. (b) The angular dependence
of TAMR shows a strong dependence on bias. The solid lines are
fitting curves to Eq. (1), and there is a vertical shift for clarity.

Subsequently, we numerically calculated the differential tun-
neling conductance G = dI/dV . The positive bias is defined
as electrons tunneling towards the top electrode.

At a Fe-QW thickness of six MLs, a QWRS forms near
the Fermi level, as seen by the peak near zero bias in the G
spectra [Fig. 1(c)]. The single G resonance peak splits into
two fine-structure peaks, when the magnetization M is rotated
by a saturating magnetic field (H = 140 kOe) from the in-
plane to out-of-plane direction [the green arrows in Fig. 1(c)].
This split is the main origin of the QW-TAMR effect, which
has a maximum magnitude in between the fine-structure
peaks [the magenta arrow in Fig. 1(c)]. The symmetry of the
QW-TAMR effect is twofold with regard to the out-
of-plane field rotation angle [Fig. 1(d)]. Furthermore,
the QW-TAMR effect decreases gradually with increasing
temperature and is still present above the room tem-
perature [Fig. 1(d)]. We should note that there is a
small fourfold component. This fourfold component is
from the small misalignment of magnetization and field,
and not intrinsic in origin [31], as discussed in the
Supplemental Material [32]. Above the saturation field, there
is no significant effect of H magnitude (Sec. S1 in the Sup-
plemental Material [32]). Moreover, the QW-TAMR spectra
are equivalent for M rotations in either Fe (100) or Fe (110)
planes. The in-plane (001) rotation has a zero QW-TAMR
(Sec. S2 in the Supplemental Material [32]). Therefore the
out-of-plane asymmetry is the main component of the QWRS
modulation.

In Figs. 2 and 3, we show the distinction of the QW-TAMR
effect from the commonly observed TMR and TAMR effects.
The G-H curves in the in-plane (H‖) or out-of-plane (H⊥)
applied magnetic field directions are shown in Fig. 2(a). The
low conductance at zero field is due to the TMR effect and
is not of concern in this Letter. It is due to the nonparallel
orthogonal magnetic configuration formed by the large per-
pendicular magnetic anisotropy at the bottom Fe/MgAl2O4

interface [30]. On the other hand, the top and bottom elec-
trodes’ magnetization vectors M1,2 are parallel at a high field
above saturation (|H | > 50 kOe). The conductances G in the
H‖ and H⊥ field directions are not equal [Fig. 2(a)], resulting
in an anisotropic tunneling conductance. This is what distin-
guishes TAMR, where conductance depends on the absolute
angle θ of M, from the usual TMR effect, where conduc-
tance depends on relative angle between two magnetizations.
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FIG. 3. The effect of QW formation on G and TAMR spectra. (a)–(c) G spectra at 5 K (solid lines) and 300 K (dashed lines). Black and red
lines were obtained at saturating H⊥ and H‖, respectively. The insets are enlarged views near zero bias. The thickness of Fe tFe is indicated on
the plots. (d)–(f) The temperature dependence of TAMR spectra. The insets in (d)–(f) show the temperature dependence of the largest TAMR
peak normalized to its 5-K value.

Furthermore, the twofold nature of the QW-TAMR effect
is shown by the dominant twofold symmetry of the depen-
dence of G on field angle ψ , above the saturation field at
H = 100 kOe [Fig. 2(b)]. As the voltage bias is increased
away from the QWRS near zero bias, the QW-TAMR shows
a strong modulation in sign and magnitude, but the twofold
symmetry is preserved. We extract QW-TAMR spectra from
fits to the ψ dependence of G at each bias, using the following
definition of TAMR ratio:

TAMR(ψ ) = G(ψ )

G(90◦)
− 1 (1a)

= const + a2ψ cos 2ψ + a4ψ cos 4ψ (1b)

≡ const + A2θ cos 2θ, (1c)

where a2ψ is the QW-TAMR apparent twofold compo-
nent in ψ and a4ψ is the corresponding fourfold component.
QW-TAMR shows only an intrinsic twofold symmetry
A2θ in the magnetization angle θ , which is linked to
a2ψ and a4ψ as follows (Sec. S1 in the Supplemental
Material [32]):

A2θ ≈ a2ψ − 2a4ψ. (2)

Figure 3 shows the distinction between the QW-TAMR
and TAMR of bulk electrodes, the effect of QWRS position,
and temperature dependence. We show the three cases of a
bulk-electrode sample (tFe = 715 MLs = 100 nm) and two
QWs (tFe = 6 and 5 MLs). Figures 3(a)–3(c) show the G-V
spectra in the H‖ and H⊥ field directions. Figures 3(d)–3(f)
show the A2θ -V spectra extracted from Eq. (2), including the
temperature dependence.

In contrast to the non-QW sample in Fig. 3(a), the
QW-Fe samples have the resonant tunneling peaks through
the QWRS near 0 V for tFe = 6 MLs and at −0.6 V for

tFe = 5 MLs [Figs. 3(b) and 3(c)]. The QW resonance peaks
in G-V curves are sustained at room temperature and above
[the dashed lines in Figs. 3(b) and 3(c)]. The presence of the
QWRS at high temperatures is due to the phase coherence
in Cr/Fe/MgAl2O4 QWs. The peak broadening of QWRS
peaks by the carrier finite lifetime [33,34] ranges from 0.23
to 0.40 eV. We estimate the maximum bound on the majority
carrier lifetime at 2.8 × 10−15 s and that the mean free path
is 3.3 nm, which are close to reported values on majority spin
carriers in Fe [9,35]. The ultrathin QW produces a large sepa-
ration between QWRSs, on the order of 0.5–1.0 eV, which is
much larger than the QWRS broadening by the thermal energy
or carrier lifetime. On the other hand, the non-QW sample
shows a smoothing of G-V curve features by increasing the
temperature [Fig. 3(a)].

The QW formation and thickness cause a drastic change
to TAMR spectra, as seen in Figs. 3(d)–3(f). Also, relatively
large QW-TAMR magnitudes are observed at our maximum
measurement temperature of 380 K [Figs. 3(e) and 3(f) and
the insets therein]. In the non-QW sample, G-V and TAMR-V
spectra have shallow valleys at ±0.25 V [Fig. 3(a)]. The
TAMR and G spectra in thick-Fe/MgAl2O4 are qualitatively
similar to the MgO barrier [22,36] but more symmetric in
bias direction, and the TAMR ratio is comparatively larger
due to better interface quality and lattice matching. When a
QWRS forms close to the Fermi level at tFe = 6 MLs, we find
a large QW-TAMR magnitude near zero bias [Fig. 3(e)]. On
the other hand, when tFe = 5 MLs and the QWRS level is at
0.6 eV away from the Fermi level, the QW-TAMR magnitude
decreases at zero bias, while QW-TAMR has a small magni-
tude at the QWRS level of −0.6 V. The quantization levels
form either close to or far from zero bias depending on the
parity of the number of Fe MLs, due to the Fe electronic struc-
ture [9,11,26]. The QW-TAMR magnitude correspondingly
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shows oscillations in tFe with a two-ML period (Sec. S3 in the
Supplemental Material [32]).

The origin of QW-TAMR in QW samples can be
considered as follows. The M direction modifies the well
potential via SOC and causes a shift or a modification of
the majority-to-majority spin conduction channel in the QW
transport. As an example, we see a main single-peak feature
in the 6-ML sample at −3 mV in the in-plane magnetiza-
tion direction, whereas a split spectrum is formed in the
out-of-plane magnetization direction, with two fine-structure
peaks at 11 and −57 mV [inset of Fig. 3(b)]. Hence a large
anisotropy in G is observed. Similarly, at tFe = 5 MLs, there
is an enhancement of TAMR at the QWRS of −600 mV.
Other shifts in the fine peaks at tFe = 5 MLs are also found
[inset of Fig. 3(c)]. In contrast, the TAMR effect in thick-
Fe/(MgO, MgAl2O4)/thick-Fe is from the relatively small
spin-flip transport channel dominated by the interfacial res-
onant states (IRSs) at an Fe surface [14,22]. The IRSs are
shifted when magnetization is rotated, causing a change in
spin-flip conductances [22,25,37]. This origin of thick-Fe
TAMR is seen as a smoothing of G spectra in the inset of
Fig. 3(a) upon the rotation of M. To sum up, the modulation
of the dominant �1 spin-conserved transport channel in an
Fe-QW MTJ gives a larger QW-TAMR effect than the modu-
lation of the much smaller IRS spin-flip transport channel of
thick-electrode TAMR.

To further elucidate the main origin of QW-TAMR, we
calculated the spin-dependent transport properties in the stack
of Cr/Fe/MgO/Fe (001) by first-principles calculations, us-
ing the QUANTUM ESPRESSO package [38,39]. Figure 4(a)
depicts the simulated structure of Al (5)/Cr (0 or 2)/Fe (1–
8)/MgO (5)/Fe (5)/Al (2) (thicknesses in MLs), where the
number of Fe MLs (nFe) was varied from 1 to 8. The density
functional theory calculations are conducted with fully rela-
tivistic ultrasoft pseudopotentials and under the local-density
approximation [40,41]. The number of k points was taken to
be 20 × 20 × 1 for electronic structure calculations and 100 ×
100 for tunneling conductance calculations. Methfessel-
Paxton smearing with a broadening parameter of 0.01 Ry
was used. The cutoff energy for the wave function was set
to 30 Ry, and that for the charge density was set to 300 Ry.
The atomic positions are fully optimized in the calculations.
The transmittance T is calculated with M oriented along
either the Fe [001] or Fe [100] directions. The aluminium
layers are included as an unpolarized bath of �1 electrons.
We confirmed the formation of the QWRSs by confinement
between the two-ML Cr layer and the MgO barrier, while
allowing for a nonvanishing conductance. The choice of MgO
in the calculations is representative of the main effects in our
QW. The tunneling transport is mainly through the oxygen
sublattice [42]; the cation-disordered MgAl2O4 is equivalent
to a lattice-matched MgO, and the band-folding effects can be
ignored [43,44].

Figure 4(b) shows the dependence of the calculated TAMR
on nFe, at the Fermi level. For the case without a Cr insertion
(without QW), the TAMR is relatively small and shows a
smooth dependence on nFe. On the other hand, in the forma-
tion of the QWRS by Cr insertion, QW-TAMR has a much
larger magnitude and oscillates with nFe, similar to the ex-
periments. We find the origin of the QW-TAMR to be the

Al (5)/Cr (0,2)/Fe(nFe)/MgO (5)/Fe (5)/Al (2)
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FIG. 4. Density functional theory calculations of QW-TAMR.
(a) A depiction of the calculated structure. (b) The thick-
ness dependence shows that TAMR oscillates with nFe for
the QW case. (c) The energy dependence of average trans-
mittance in Cr (two MLs)/Fe (six MLs)/MgO. The QWRS
level has a shift induced by the rotation of M. (d) The
calculated T -k‖ map at resonance condition (EF + 0.31 eV).
The map is calculated for M oriented along the out-of-plane (left
panel) and in-plane (right panel) directions. w/o, without.

anisotropic shift in QWRS. The interfacial magnetocrystalline
anisotropy of the Fe/MgO interface changes the potential well
leading to a shift in QWRS, and therefore QW-TAMR is ob-
served. Figure 4(c) shows the energy dependence of the total
conductance at nFe = 6 MLs. We find that the QWRSs are
mainly formed by the Fe(d3z2−r2 ) states with the �1 symmetry
at the Fe/oxide and Cr/Fe interfaces. The �1 QW states are
confined by the potential of the interfacial bonding between
Fe d3z2−r2 and O pz orbitals on one side, and the Fermi surface
mismatch between Fe and Cr on the other side. The resonant
tunneling through the QWRS is observed at E = 0.315 eV,
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TABLE I. The spin-resolved conductance components of the
QW calculated at k‖ = (0, 0), E = 0.315 eV, where Fe thickness
is six MLs. All the quantities are in units of conductance quantum
e2/h, where e and h are the electron charge and Planck’s constant,
respectively.

G↑↑ G↑↓ G↓↑ G↓↓

M‖Fe [001] 0.6747 1.10 × 10−7 1.10 × 10−7 7.63 ×10−11

M‖Fe [100] 0.4443 1.04 × 10−4 1.04 × 10−4 2.43 ×10−8

where E = 0 eV corresponds to the Fermi level. The rotation
of M causes a shift in the energy of the QWRS. The trans-
mittance peak is shifted and increases in magnitude at M‖Fe
[100] [Fig. 4(c)], which is consistent with the experiments.
We note that the calculated QWRS energy positions do not
match quantitatively with the experimental positions. This dif-
ference can be attributed to the different atomic configurations
between the experiments and the calculations, especially at the
Cr layer.

We analyze the components of conduction anisotropy in
Table I, which lists the spin-conserved (G↑↑, G↓↓) and spin-
flip (G↑↓, G↓↑) conductance components at k‖ = (0, 0). The
conduction is dominated by the resonant majority-to-majority
spin tunneling in the present QW structure, and the spin-flip
channel shows a very small magnitude. It is the modula-
tion of the QWRS that causes the large anisotropy in the
spin-conserved tunneling channel G↑↑ and hence the large
QW-TAMR effect. On the other hand, in the case of thick
non-QW Fe electrodes, the spin-flip components through IRSs
were the origin of the small non-QW TAMR effect [22,25,37].

The effect of M rotation on the QWRS can be under-
stood further by looking into the k‖-resolved transmittance
map [Fig. 4(d)]. For M‖Fe [001], the T -k‖ map is fourfold
symmetric, with narrow resonant conduction peaks. When M
lies along the Fe [100] direction, SOC causes a large deforma-
tion and broadening of the T -k‖ map, and the rotational sym-
metry is broken. Mainly, the QW resonant transmittance at the
� point is strongly modulated, while the IRSs at k‖ 	= 0
are also shifted, due to the change in the QW potential of

Cr/Fe/MgO. In this case, T -k‖ map of the M‖Fe [100] state
loses the mirror symmetry around the ky [010] axis. If the
Rashba SOC is the origin of this QW-TAMR, the bands with
k 	= 0 should divert along the k direction orthogonal to the
magnetization [25,37] and therefore break the mirror sym-
metry around the kx [100] axis. In our case, the asymmetry
around the kx axis in the T -k‖ map is very small, indicat-
ing that the Rashba SOC contribution to the QW-TAMR is
negligible. We note that the band-theory origin of bulk-Fe
anisotropic magnetoresistance is related to the spin-flip scat-
tering between �2-symmetry states [25,45]. Hence a ballistic
bulk-Fe anisotropic magnetoresistance (AMR) does not con-
tribute to TAMR in MgO MTJs [25].

In summary, we observed a large QW-TAMR effect, where
the rotation of QW magnetization modulates the majority-to-
majority resonant transmission. We measured QW-TAMR in
lattice-matched Cr/Fe/MgAl2O4 resonant tunnel junctions,
in which the resonant states are symmetry selected for �1,↑
electronic states. This QW-TAMR effect is present up to high
temperatures, > 380 K. Analogous to semiconductor QW
transistors, the magnetization angle has the same role as a
transistor’s gate voltage, where both can control the energy
positions of quantization levels. We suggest that the magnetic
gating of QWs by the spin degree of freedom can be applied
to new electronic and optoelectronic devices, such as spin-
polarized light sources and detectors [46].

The presented data and related supporting data are avail-
able from the authors upon reasonable request.
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