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Electronic structure and spin-related state coupling at ferromagnetic material (FM)/MgO (FM =Fe, CoFe, CoFeB)
interfaces under biaxial strain are evaluated using the first-principles calculations. The CoFeB/MgO interface, which is su-
perior to the Fe/MgO and CoFe/MgO interfaces, can markedly maintain stable and effective coupling channels for majority-
spin A; state under large biaxial strain. Bonding interactions between Fe, Co, and B atoms and the electron transfer between
Bloch states are responsible for the redistribution of the majority-spin A; state, directly influencing the coupling effect for
the strained interfaces. Layer-projected wave function of the majority-spin A; state suggests slower decay rate and more
stable transport property in the CoFeB/MgO interface, which is expected to maintain a higher tunneling magnetoresistance
(TMR) value under large biaxial strain. This work reveals the internal mechanism for the state coupling at strained FM/MgO
interfaces. This study may provide some references to the design and manufacturing of magnetic tunnel junctions with high

tunneling magnetoresistance effect.

Keywords: ferromagnet material/MgO interface, biaxial strain, state coupling, first-principles calculation

PACS: 75.70.Cn, 72.25.Mk, 72.25.-b, 73.20.-t

1. Introduction

Tunneling magnetoresistance (TMR) effect in magnetic
tunnel junctions (MTJs) has been intensively studied because
of the wide application of MTJs in spintronics,!'=> such
as magnetic random access memory,® high-frequency mi-
crowave sources,!’! and magnetic sensors.®”1 Theoretically,
the TMR ratio is directly related to the spin polarization
of the tunneling electrons in ferromagnetic material (FM)

electrodes!!?
[11

| and the tunneling matrix elements of the spin
electrons.!'!! Four-fold symmetry at the electrode/barrier in-
terface is essential for common MgO-based MTJs!'?! to re-

t.[13-15] Different magnetic materials

alize a large TMR effec
have been employed as the FM electrodes. For example, Yuasa
et al. fabricated Fe/MgO/Fe MTJs using molecular beam epi-
taxy and obtained TMR ratios of 180% and 247% at 293 K and
20 K, respectively. However, numerous dislocations formed at
the interface because of the large lattice mismatch between
Fe and MgO,!"% resulting in low performance. Parking et
al. adopted CoFe alloy as the FM layers to improve the crys-
tallinity and achieved TMR ratio up to 220% at room tem-
perature and 300% at 4 K.!'718] Currently, the CoFeB mate-

rial is the most frequently used material in the FM electrode,
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and the recorded TMR ratios of CoFeB are 604% at 300 K
and 1144% at 5 K.l However, the experimental value re-

mains far below the predicted one exceeding 10000%,1314]

(201 oxygen

and most studies show that interfacial oxidations,
vacancies in the MgO barrier,[*!??] and interfacial disloca-
tions are responsible for the low TMR ratio. Thus, several
attempts, such as insertion of Mg atoms or introduction of B
atoms at the interface, were performed, which improved the
TMR effect to a certain extent.?3-251 In addition, several stud-
ies have shown that the epitaxial strain can also affect the mag-
netocrystalline anisotropy [26?”1 and TMR effect.[*8! Bonell et
al. reported the enhanced TMR effect in Feg oV 1/MgO/Fe
MT]J by replacing the Fe electrode with the Fe—V alloy, which
led to a smaller mismatch.!*®! Léhndorf e al. developed a
highly sensitive strain sensor based on the strain effect in MgO
MT]J, in which a 0.04% change in strain results in a change
of 24% in resistance.?%] However, the strain effect on the
FM/MgO interfacial state coupling, which affects the TMR
ratio of MgO-based MTJs, remains unclear. Investigating the
spin-dependence state coupling of the FM/MgO interfaces and
understanding the internal mechanism under intrinsic strain

are of particular significance for designing the FM/MgO in-
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terface and further improving the TMR ratio of MgO-based
MTlJs.

In this work, we study the effects of the intrinsic interfa-
cial strain on the state coupling in FM/MgO (FM =Fe, CoFe,
CoFeB) interfaces by using the first-principles calculations.
The k||-resolved density of the majority-spin A, state is cal-
culated to study the strain-dependent coupling effect between
the FM and MgO layers. The decomposed electronic local
densities of states (DOS) and the orbital polarization are used
to clarify the interfacial interaction and electron transfer under
the strain. The layer-projected wave function of the majority-
spin A; Bloch state is further calculated to estimate the rela-
tive TMR value of the MTJ. Considering that the biaxial strain
commonly exists because of lattice mismatch, this work re-
veals the state coupling performance of the FM/MgO inter-
face. Moreover, the internal mechanism is explained from
the perspective of the biaxial strain. Thus, this study may
provide some references to the design and manufacturing of
MgO-based MTJs with enhanced TMR effect.

2. Computational details

We perform the density functional theory (DFT)[30-32!

calculations with the Vienna ab initio simulation pack-
age code, 33 using the projector-augmented wave pseudopo-

34.35] Slab models are constructed for all

tential method.!
FM/MgO interfacial calculations.

eight FM atom layers, three MgO layers, and a vacuum

These models contain

distance of 15 A. The exchange and correlation effects are
treated by Perdew—Burke-Ernzerhof (PBE) generalized gra-
dient approximation.[*%! The plane-wave cutoff energy is set
to 520 eV, which provides a good total energy convergence of
approximately 1 meV/atom. The Brillouin zone is sampled ac-
cording to the Monkhorst-Pack method.'*”! The Fermi discon-
tinuity is smoothed using the Methfessel-Paxton smearing >8]
with a broadening parameter of 0.01 eV to improve the k-
points convergence. The number of k-points is selected to
provide a total energy convergence similar to that of the cut-
off energy. Structural relaxations are performed to ensure that
the Hellmann—Feynman forces acting on the ions are less than
0.001 eV/A. The Hubbard U is estimated to generate a tiny
effect on the results, and thus is omitted in the present work.
The two bottom layers are fixed at the theoretical bulk posi-
tion to represent the semi-infinite bulk beneath the interface,
and the other atomic layers are fully relaxed. The Fe/MgO in-
terface involves two different configurations, namely, the Fe
atom sits on top of O or Mg atom.**-*! Based on the total
energy calculations, the configuration shown in Fig. 1(a) is
energetically preferred. For the Cog,5Feq75/MgO (hereafter
simply named as CoFe/MgO) interface, the CoFe electrode

with 25% Co and 75% Fe is an optimized composition pro-
ducing the highest TMR ratio.!'’! The CoFe/MgO interface
also involves two highly symmetrical configurations, in which
the Co atom may locate at the interfacial layer or not. Accord-
ing to the total energy, the configuration with both Co and Fe
atoms in the interfacial layer is more stable (Fig. 1(b)). For the
CoFeB/MgO interface, the small B atom may occupy the cen-
ter of the tetrahedral or octahedral interstitial site of the CoFe

electron, where the latter is energetically favorable (Fig. 1(c)).

(a) (b) (c)
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Fig. 1. (color online) Stable configurations of Fe/MgO, CoFe/MgO,
and CoFeB/MgO interfaces. (a) O atoms sit atop the Fe atom for the
Fe/MgO interface, (b) the Co and Fe atoms appear in the interfacial
layer for the CoFe/MgO interface, and (c) B atom locates in the octahe-
dral interstitial site for the CoFeB/MgO interface. The orange, brownish
yellow, red, blue, and green balls represent Mg, Fe, O, Co, and B atoms,
respectively.

3. Results and discussion

A biaxial tensile strain is applied and gradually in-
creased to 3.5% based on the stable configurations of the
three FM/MgO interfaces. The applied strain is defined as
€ = (a—ap)/ap, where a and g are the xy-plane lattice con-
stants for the strained and unstrained structures, respectively.
The lattice constants of the FM metals are used as the ag val-
ues for the FM/MgO interfaces. The lattice constants from the
DFT-PBE calculations for the bulk FM metals are 2.831 A and
2.849 A for bee-Fe and CoFe, respectively. These results are
consistent with the previous studies.!*>#3] Considering that the
small B atom occupies the center of the octahedral interstitial
site of the CoFe electron, the lattice constant of bulk CoFe is
approximately adopted for the CoFeB/MgO unstrained lattice
constants.

Generally, an expansion applied in a direction results in
the compression in the transverse direction, the biaxial strains
in the xy-plane, and the transverse response in the z-direction.
The optimized FM-O bonds in the three FM/MgO interfaces

under the biaxial strain are shown in Table 1. The stability
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of atomic structure of the three FM/MgO interfaces under the
biaxial strain is evaluated. The Fe—O equilibrium distance for
the unstrained Fe/MgO interface is 2.191 A, consistent with
the previous results.[**] The interfacial O atom of the un-
strained CoFe/MgO interface bonds to both Fe and Co atoms
with bond lengths of 2.103 A and 2.224 A, respectively. The
shorter bond length of Fe—O in the CoFe/MgO interface sug-
gests stronger interaction between O and Fe atoms than that in
the Fe/MgO interface. The bond lengths of Fe—O and Co-O in
the unstrained CoFeB/MgO interface are 2.126 A and 2.227 A,
respectively, larger than the values in the CoFe/MgO inter-
face. This result indicates that introducing B atoms slightly
weakens the interaction between the interfacial Fe(Co) and O
atoms. All FM-O bond lengths decrease when the biaxial ten-
sion strain is applied to the three FM/MgO interfaces. Among
the three interfaces, the bond lengths of Fe(Co)-O in the
CoFeB/MgO exhibit the minimum change when the biaxial
strain is increased. This result suggests that the CoFeB/MgO
interface has higher geometry structural stability, which is
conducive to retain the stability of the electronic properties
compared with the other two interfaces.

Table 1. Optimized FM-O bond lengths (A) in the three FM/MgO
(FM =Fe, CoFe, and CoFeB) interfaces under different biaxial strains.

L. . Fe/MgO CoFe/MgO CoFeB/MgO
Biaxial strain
Fe-O Fe-O Co-O Fe-O Co-O
0% 2.191 2.103 2.224 2.126 2.227
1.4% 2.169 2.084 2.195 2.119 2.196
2.8% 2.143 2.066 2.170 2.106 2.183
3.5% 2.126 2.050 2.144 2.098 2.178

For the MgO based MT]J, the dominant contribution of
tunneling conductance is from the A; state of the majority spin
channel. The full spin-polarization of the A state is of crucial
importance for the spin-polarized transport properties.!1446]
Given this, partial DOS (that corresponds to the A; state in
the majority spin channel) near the FM-MgO interface un-
der various biaxial strains is calculated to infer the strain-
dependent coupling efficiency between the FM and MgO lay-
ers. Figures 2 and 3 illustrate the k)|-resolved partial DOS of
the majority-spin A; state near the Fermi energy for interfa-
cial Fe (Co) atoms in the three FM/MgO interfaces. Accord-
ing to Ref. [47], states with the same Bloch states at the two-
dimensional Brillouin zone (2DBZ) have different decay rates
for different k|| values. For example, states far from the cen-
ter of the 2DBZ decay faster than those close to the center. A
strong peak of the majority-spin A; state for the interfacial Fe
atom of the unstrained Fe/MgO interface locates at the cen-
ter (kj = 0) of the 2DBZ and is surrounded by four weaker
peaks (Fig. 2(a)). The A; state of the Fe atom at the Fe/MgO
interface is found to be sensitive to the biaxial strain. The cen-
tered and four surrounded peaks rapidly weaken and finally

disappear as the biaxial strain gradually increases from 1.4%
to 3.5% (Figs. 2(b)-2(d)). Therefore, the coupling efficiency
of the majority-spin A; state between Fe and MgO layers de-
creases sharply as the biaxial strain increases, and the coupling
channel will mostly be closed when the biaxial strain exceeds
a threshold value of 2.8%. This result suggests that the interfa-
cial biaxial strain induced by lattice mismatch plays an impor-
tant role in the spin-dependent transport which should not be
ignored in the Fe/MgO interface. The majority-spin A; state
at the Fermi energy (Fig. 2(e)) in the interfacial Fe atom in
the untrained CoFe/MgO interface is slightly weaker than that
in the untrained Fe/MgO interface. However, as the biaxial
strain increases, the decay rate of the centered peak at k) =0
obviously becomes slower (Figs. 2(e)-2(h)). Consequently,
some majority-spin A; states remain located at the center of
the 2DBZ under a biaxial strain of 3.5%. This essential differ-
ence from that of the Fe atom in the Fe/MgO interface implies
that even under a large biaxial strain, the majority-spin A; state
can also couple into the MgO barrier layer through the interfa-
cial Fe atom for the CoFe/MgO interface. In addition to the Fe
atoms, the interfacial Co atom also opens up a coupling chan-
nel between the CoFe electrode and MgO barrier layer. The
centered peak of the majority-spin A; state decreases with in-
creasing strain until the state finally disappears under 3.5% bi-
axial strain. The threshold value here is higher than that (2.8%)
of the Fe atom in the Fe/MgO interface. Given the large biax-
ial strain induced by lattice mismatch, the majority-spin A;
state can be more effectively coupled into MgO through CoFe
electrode than through Fe electrode.

1.4%

Fe/MgO(Fe)

ky/(w/a)
CoFe/MgO(Co) CoFe/MgO(Fe)

[ - .
0 0.01 0.02 0.03 0.04 0.05

ka/(m/a)

Fig. 2. (color online) k” -resolved densities of state (DOS) at the interfa-
cial Fe and Co atoms in the Fe/MgO and CoFe/MgO interfaces near the
Fermi energy with A; symmetry. Majority-spin channels for the interfa-
cial ((a)—(d)) Fe atom in the Fe/MgO interface, ((e)—(h)) Fe atom in the
CoFe/MgO interface, and ((i)—(1)) Co atom in the CoFe/MgO interface.
Left to right panels correspond to the biaxial strains of 0%, 1.4%, 2.8%,
and 3.5%, respectively.

Although the CoFe is superior to the Fe electrode when
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the large mismatch-strain is considered, the distinct decay of
the majority-spin A; state still restricts the coupling efficiency
between the electrode and barrier layer. Compared with these
two interfaces, the CoFeB/MgO interface can markedly main-
tain the majority-spin A; state at the Fermi energy by intro-
ducing B atoms into the CoFe alloy electrode and thus keep

ky/(7/a)

k‘_,/(ﬂ'/a)

a high coupling efficiency. The decay of the majority-spin A;
state is obviously slower than that in the above two cases when
the biaxial strain increases (Fig. 3). Even under a 3.5% biaxial
strain, large coupling channels exist, with which the majority-
spin A; state can effectively couple into MgO through both the
interfacial Fe and Co atoms in the CoFeB/MgO interface.

CoFeB/MgO(Fe)

CoFeB/MgO(Co)

[
0 0.01 0.02 0.03 0.04 0.05

Fig. 3. (color online) k|-resolved DOS at the interfacial Fe and Co atoms in the CoFeB/MgO interface near the Fermi energy with A,
symmetry. Majority-spin channels for the interfacial ((a)—(d)) Fe and ((e)—(h)) Co atoms. Left to right panels correspond to the biaxial

strains of 0%, 1.4%, 2.8%, and 3.5%, respectively.

1 (a)

DOS/(states/eV)

2 majority-spi

minority-spin ! As .

—6 —4 —2 0 2
Energy/eV

DR 5 -6 -4 -2 0 2
Energy/eV

Energy/eV

Fig. 4. (color online) Orbital-decomposed DOS for the interfacial (a) Fe atom in the Fe/MgO interface, (b) Fe atom in the CoFe/MgO
interface, and (c) Co atom in the Fe/MgO interface. Details around Ef for the A state are shown in the inset. The red and black lines

correspond to the biaxial strains of 0% and 3.5%, respectively.

The origin of the redistribution of the majority-spin A
state under biaxial strain is further investigated by calculat-
ing the four spin-polarized Bloch states with different symme-
tries for the interfacial Fe (Co) atoms. Orbital-decomposed
DOS of the interfacial Fe atom in the unstrained and 3.5%
biaxial-strained Fe/MgO interfaces are shown in Fig. 4(a). The
majority-spin Bloch states for all four symmetries are highly
occupied, while the minority-spin states are partially occupied
in both unstrained and strained Fe/MgO interfaces. Signifi-

cant minority-spin states are located at the Fermi level for the
Ay, Ay, and As symmetries. This characteristic indicates that
the minority-spin states are sensitive to the biaxial strain. Fur-
ther examination of the behavior of the different states shows
that the peaks are shifted by the biaxial strain. The occu-
pied majority-spin A state shifts to higher energy, which is
attributed to the enhancement of the repulsive force between
the interfacial Fe and O atoms induced by the reduced Fe—
O bond length. Meanwhile, the majority-spin A; states at
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the Fermi level decrease as the biaxial strain increases. Con-
versely, the occupied majority-spin A (dxz,yz) state shifts to
lower energy because of the reduced repulsive force due to
the increased distance between the in-plane Fe atoms under
the biaxial strain. Several electrons in the minority-spin anti-
bonding orbital under the Ay Bloch state shift to the bonding
orbital. Therefore, the minority-spin A, orbital will accom-
modate more electrons. Thus, the spin-polarized Bloch states
of the interfacial Fe atoms in the Fe/MgO interface may be un-
stable under the biaxial strain, and the electrons may transfer
from A orbital into A, and Ay orbitals as the biaxial strain in-
creases. Orbital-decomposed DOS of the interfacial Fe and Co
atoms in the CoFe/MgO interface are shown in Figs. 4(b) and
4(c), respectively. The minority-spin A; states of Fe atom at
the Fermi level are relatively smaller than those at the Fe/MgO
interface, which is expected to be more stable under the biax-
ial strain. Given that Co atom has an additional 3d electron
compared to Fe atom, the interaction between these atoms re-
sults in the electron transport from interfacial Co into Fe atom.
Further comparison of the four Bloch states between the Fe
and Co atoms shows that the Ay and As states of the Fe atom
have the same bandwidth and spin split energy as those of the
Co atom and, in particular, they show the same shift behav-
ior under the biaxial strain. This phenomenon indicates that
the electrons transport from the interfacial Co into Fe atom
mainly through the A, and As states. This process will sup-
press the electron transport between the A; and Ay states for
the interfacial Fe atom, effectively stabilizing the Fe A; state
as the biaxial tensile strains increase. However, for the inter-
facial Co atom, the A; state shifts to higher energy, indicating

the electron transport from the A; state into the other states.
Consequently, the majority-spin A; state of the Co atom at the
center of the 2DBZ is reduced and finally disappears under
increasing biaxial strain. The majority-spin A; states for Fe
and Co at Fermi level in CoFe/MgO interfaces decrease as the
biaxial strain increases, similar to that in Fe/MgO interface.

Figures 5(a) and 5(b) show the orbital-decomposed DOS
of the interfacial Fe and Co atoms in the CoFeB/MgO in-
terface, respectively. Similar to those of the Fe/MgO and
CoFe/MgO interfaces, the four majority-spin Bloch states are
highly occupied and the minority-spin Bloch states are par-
tially occupied in the unstrained and strained CoFeB/MgO in-
terfaces. The majority-spin A; states at the Fermi level for
Fe and Co in the CoFeB/MgO interfaces increase as the bi-
axial strain increases, and this trend is contrary to that in the
Fe/MgO and CoFe/MgO interfaces. Comparison of the dif-
ferent states in the CoFeB/MgO interface with those in the
CoFe/MgO interface shows that all bonding states of the Fe
and Co atoms in the CoFeB/MgO interface shift to lower en-
ergy. This phenomenon can be attributed to the bonding states
produced by the hybridization between B 2p and Fe (Co) 3d
orbitals. The downshift of these states leads to the significant
diminution of the minority-spin A, and As states at the Fermi
level for the interfacial Fe and Co atoms, which is beneficial
for electronic stability under the biaxial strain. Moreover, the
B-Fe and B-Co (2p-3d) bonding states will suppress the charge
redistribution between the Ay and A; orbitals as the biaxial
tensile strain increases. This phenomenon leads to more stable
interface states for the CoFeB/MgO interface.

1T (a)

- (b)

DOS/(states/eV)

2 L 1 L 1 L ; L 1
1 [ majority-spin : i
0
-1 [ minority-spin As i
_2 1 1 1 1
—6 —4 -2 0 2 —6
Energy/eV Energy/eV

Fig. 5. (color online) Orbital-decomposed DOS in the CoFeB/MgO interfaces for the interfacial (a) Fe and (b) Co atoms. Details
around EF for the A; state are shown in the inset. The red and black lines correspond to biaxial strains of 0% and 3.5%, respectively.
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The majority-spin A; state coupling between the FM and
MgO layers is critical for the TMR ratio of MgO-based MT1Is.
The relative TMR values of MTJ for the three FM/MgO in-
terfaces with or without biaxial strain are estimated by calcu-
lating the layer-projected wave function of the majority-spin
Ap Bloch state at the Fermi level (Fig. 6). The decay rates of
the majority-spin A; state in the MgO layers are determined
by fitting the wave function in the MgO layers, and the re-
sults are summarized in Table 2. The decay rates for the un-
strained Fe/MgO, CoFe/MgO, and CoFeB/MgO interfaces are
1.46, 1.44, and 1.42, respectively, which agree well with the
previous results.!'*] Compared with that of the unstrained in-
terface, the decay rate is strongly enhanced to 2.84 under 3.5%
tensile biaxial strain for the Fe/MgO interface, which leads to
a significant reduction in the amplitude of the A; state within

MgO. Meanwhile, the decay rates of the A; state only slightly
increase to 1.58 and 1.43 in the 3.5% strained CoFe/MgO and
CoFeB/MgO interfaces, respectively. This result suggests that
the majority-spin wave function with the A; symmetry still can
efficiently transport in the MgO layers for the CoFe/MgO and
CoFeB/MgO interfaces under high biaxial strain. In addition,
the majority-spin A; Bloch state exhibits a smoother evolution
tendency in the strained CoFeB/MgO than that of the strained
CoFe/MgO interface, indicating a more stable transport prop-
erty for the CoFeB/MgO interface. Given the large biaxial
strain induced by lattice mismatch, the MTJ with CoFeB/MgO
interface is expected to maintain a higher TMR value. This
phenomenon indicates another origin for the enhanced perfor-
mance of CoFeB/MgO MTIs.

——
10-4 Fe
—&— CoFe
—A— CoFeB
10-5 L 1 L 1 L 1 L 1 1 1 L 1 1 L 1 L 1

2 4 6 8
Layer number

2 16 8
Layer number

10

Fig. 6. (color online) Majority-spin A; Bloch state characters around the Fermi level as a function of layer number for the Fe/MgO,
CoFe/MgO, and CoFeB/MgO interfaces (a) without and (b) with 3.5% tensile biaxial strain, respectively.

Table 2. Decay rates of the majority-spin A; state in MgO layers for the
three FM/MgO interfaces without and with 3.5% biaxial tensile strain.

Biaxial tensile strain 0% 3.5%
Fe/MgO 1.46 2.84
CoFe/MgO 1.44 1.58
CoFeB/MgO 1.42 1.43

4. Conclusion

The effects of biaxial tension strain on the electronic
structure and the spin-related state coupling in the Fe/MgO,
CoFe/MgO, and CoFeB/MgO interfaces are investigated us-
ing first-principles calculations. The kj-resolved density of
majority-spin A; state for the three interfaces is calculated to
determine the strain-dependent coupling efficiency between
the FM and MgO layers. As the biaxial strain increases, the
state coupling between the Fe and MgO layers is seriously
attenuated in the Fe/MgO interface. Moreover, the coupling
channel is mostly closed when the biaxial strain exceeds the
threshold value of 2.8%. The majority-spin A; state of Fe atom
in the CoFe/MgO interface is more stable and can still be cou-
pled into MgO under large biaxial strain. The interfacial Co

atom also opens up a coupling channel, which is closed under

a higher threshold strain of 3.5%. The CoFeB/MgO interface,
which is superior to the other two tested interfaces, maintains
larger coupling channels for the majority-spin A; state under
large biaxial strain. The coupling efficiency through both the
interfacial Fe and Co atoms into MgO is obviously enhanced
with this interface. Orbital-decomposed DOS for the inter-
facial Fe and Co atoms are calculated to reveal the internal
mechanism of the redistribution of the majority-spin A; state.
Accordingly, the bonding interactions between the Fe, Co,
and B atoms and the electron transfer between different Bloch
states are deduced, which well explain the strain-dependent
coupling efficiency between the FM and MgO layers. In ad-
dition, layer-projected wave function of the majority-spin A;
Bloch state is calculated, and the results suggest slower decay
rate and more stable transport property for the CoFeB/MgO
interface. Therefore, the MTJ with CoFeB/MgO interface is
expected to maintain a higher TMR value under large biaxial
strain. This work provides some references to the design and

manufacturing of MTJs with enhanced TMR effect.
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