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Abstract—Previous experiments have shown that perpendicular magnetic anisotropy (PMA) in trilayers consisting of a
CoFeB layer, an MgO layer, and a nonmagnetic metal (NM) layer depends strongly on whether the CoFeB layer was
grown on the top of an NM layer or was capped by an NM layer. In this letter, we study the physical origin of this
phenomenon through first-principles calculations. We took MgO/CoFe/Ta and Ta/CoFe/MgO as model structures and
analyzed the magnetic anisotropy energy (MAE) therein. The “substrate/Ta/CoFe/MgO” structure had a notably higher
MAE than the “substrate/MgO/CoFe/Ta” structure. This difference results mainly from different stresses in the Ta layers,
and the latter gives rise to a difference in the hybridization strength of in-plane orbits (d.,, d,>_, p., and p,). The p-orbital
hybridization in the Ta layers contributes significantly to the PMA in both structures. ’

Index Terms—Spin electronics, nanomagnetics, information storage, coupled phenomena.

[. INTRODUCTION

Magnetic tunnel junctions (MTJs) with ferromagnetic layers pos-
sessing perpendicular magnetic anisotropy (PMA) have attracted con-
siderable attention in recent years [Metaxas 2007, Ikeda 2010, Gmitra
2013, Hotta 2013, Baek 2018]. Strong magnetic anisotropy energy
(MAE) is highly desirable in order to obtain nonvolatile memory
with high density and high stability [Gambardella 2003, Khajetoo-
rians 2014, Rau 2014, Yu 2014, Ou 2015]. Over the past few years
[Cheng 2011, Wang 2011, Peng 2015, 2017], one of the main efforts
has been on the study of the impact of different 5d and 4d nonmag-
netic metals (NMs) on the PMA strength in MgO/ferromagnetic metal
(FM)/NM layered heterostructures. MgO/FM/NM and NM/FM/MgO
are assumed to be identical in previous studies using first-principles
calculations [Peng 2015, 2017], but experiments have shown that there
are notable differences between the properties of MgO/CoFe/NM and
NM/CoFe/MgO structures. For example, PMA in MgO/CoFe/NM
structures can be more sensitive to temperature than NM/CoFe/MgO
counterparts [Cheng 2011, Wang 2011]. In Cheng [2011], it was re-
ported that in a MgO/CoFeB/Ta structure, Ta may diffuse into the
CoFeB layer and replace boron therein, causing a deterioration of the
CoFeB layer at the Ta/CoFeB interface. This may result in a differ-
ence in the PMA field of the MgO/CoFeB/Ta structure and its inverted
structure. The physical reasons for such PMA differences are still
unknown.

The use of the Ta/CoFe/MgO structure to calculate the MAE was
considered in Ong [2015a, 2015b], which concluded that an expansive
strain on the FM layer leads to a weaker MAE. Thus, the analysis pre-
sented here is consistent with the previous findings. In general, strong
PMA can result from high spin—orbit coupling (SOC) energy, a special
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ligand field, and a large orbital moment [Khajetoorians 2014, Ou 2015,
Rau 2014]. In this letter, using MgO/CoFe/Ta and Ta/CoFe/MgO as
model structures, we study the origins of different types of PMA via
first-principles calculations. Our calculations showed that the MAE
in a “substrate/Ta/CoFe/MgO” structure (Ta/CoFe) is higher than in
a “substrate/MgO/CoFe/Ta” structure (CoFe/Ta). We found that this
difference results mainly from the different stresses in the Ta layers.
We also confirmed that p-orbital hybridization in Ta contributes sig-
nificantly to PMA in both the structures. Our results point a path to
optimize PMA devices through interface engineering.

[I. CALCULATION METHOD

Our first-principles calculations were performed by using the
Vienna ab initio simulation package (VASP) [Kresse 1993, Dong
1996], with a generalized gradient approximation and the projector
augmented wave (PAW) potentials [Blochl 1994]. The structures were
fully relaxed until the residual forces were less than 0.01 eV/A. We
used a cutoff energy of 540 eV and a K-point mesh of 20 x 20 x 1,
which are sufficient to ensure a good convergence of the MAE. Differ-
ent thin-film growth orders were considered. If Ta is grown first, the
properties of the CoFe layer depend heavily on the top surface of the
Ta layer, whereas in the reversed order, when the MgO layer is grown
first, the interfacial structure of the CoFe layer depends on the top sur-
face of the MgO layer. Considering this fact, in our calculations, the
in-plane lattice constants of the CoFe/Ta layers were calculated based
on the bulk MgO, whereas those of the Ta/CoFe layers were based on
the bulk Ta. A 15 A thick vacuum layer is included on the top of the two
structures. The layered structures of MgO/CoFe/Ta and Ta/CoFe/MgO
are shown schematically in Fig. 1(a) and (b), respectively.

Compared to the CoFe/MgO interface that contributes to an MAE
with an average of 0.16 erg/cm® [Peng 2015, 2017], the CoFe/Ta
interface contributes to a significant amount of MAE (1.54 erg/cm?)
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Fig. 1. (@) and (b) Schematics of crystalline structures for
MgO/CoFe/Ta and Ta/CoFe/MgO, respectively. The a-series is the
MgO/CoFe(t)/Ta structure, and the b-series is the Ta/CoFe(f)/MgO
structure. (c) MAE as a function of the atomic layer number of CoFe.
The x-axis is the number of the CoFe layers in CoFe(f)/Ta or Ta/CoFe(t)
structure. The y-axis is the total MAE per unit area. PMA is positive,
and in-plane MAE is negative.

[Peng 2015, 2017]. Thus, in this letter, we assume that the MgO/CoFe
structure and the CoFe/MgO structure are the same by default. We
focus on the difference between the Ta/CoFe and CoFe/Ta structures
in the following.

[ll. RESULTS AND DISCUSSION

Previous calculations [Ong 2015a, 2015b, Peng 2015, 2017, Od-
khuu 2016] have confirmed that three to five layers of Ta monolayers
are sufficient for PMA. Here, we use four layers of Ta in all structures.
The thickness of CoFe varies from three monolayers to 11 monolayers.
The MAE is determined as the difference of the total energies when
the magnetization orients along the in-plane ([100]) and perpendicular
([001]) directions, taking the SOC into account as [Ong 2015b, Peng
2015, 2017, Odkhuu 2016]
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where ,(v,) and E,(E,) represent eigenstates and eigenvalues, re-
spectively, and & is the SOC constant. We calculated the MAE of the
CoFe/Ta and Ta/CoFe structures, and the results are shown in Fig. 1(c).
In Fig. 1(c), the easy axis of the CoFe(3)/Ta(4) structure is out-of-
plane, but with an increase in the CoFe thickness, the easy axis of
CoFe (5)/Ta(4) has changed to in-plane. The Ta/CoFe(r) structure has
its easy axis out-of-plane for all the thicknesses considered here. Both
structures show an oscillation of MAE regarding the CoFe thickness
[Yin 2017]. The spin—orbit term is evaluated using the second-order

approximation [Kim 2009, Collet 2017] implemented in VASP
Hsoc=h—zla—VZ'§ (2)

4m2c* r or

where Z is the angular-momentum operator, s are the Pauli spin
matrices, and V is the spherical part of the all-electron Kohn—Sham
potential inside the PAW spheres. According to (2), the SOC energies
of a-series and b-series of different CoFe thickness are calculated,
which are shown in Fig. 2(a). The SOC energies from the Cog layer to
Co, layer are consistent in CoFe/Ta and Ta/CoFe structures. Interest-
ingly, the Ta layers from the Ta,; layer to Ta, are completely different.
In other words, the b-series of the Ta layers has a stronger SOC energy
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Fig. 2. (a) SOC energy difference of a-series and b-series mainly

comes from heavy metal Ta. The SOC energies of FM layers are con-
sistent in CoFe/Ta and Ta/CoFe structures. Data from Co, layer to Co;
layer are shown. Ta, (x =1, 3, ...) represents the first and third layers
at the CoFe/Ta interface or Ta/CoFe interface. Similarly, Fe, (x = 1, 2,
...)and Co, (x =1, 2, ...). (b) Heavy metal MAE versus total structure
MAE. The MAE difference between a-series and b-series is mainly due
to the huge MAE difference in heavy metal Ta.
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Fig. 3. The MAE is mainly provided by the Ta, layer in a-series and
b-series. The MAE of FM layers are consistent in CoFe/Ta and Ta/CoFe
structures. Data from the Co; layer to Co, layer are shown. Positive is
PMA, negative is in-plane MAE.

than the a-series, which may be the main reason for the different MAE
between a-series and b-series.

The magnetic anisotropy difference between the a-series and the b-
series for Ta is as high as 2 erg/cm?, as shown in Fig. 2(b). The MAEs
of SOC energy from Ta is as high as —1.5 erg/cm? in CoFe()/Ta.
Except for the CoFe(3)/Ta, the MAEs of CoFe(¢)/Ta (t=5,7,9, 11) is
about —0.9 erg/cm?. However, for Ta/CoFe(?) structures, the MAEs of
SOC energy of Ta is as high as 1.1 erg/cm?, which are consistent with
previous calculations [Peng 2015, 2017]. These results show that the
MAES of CoFe(#)/Ta and Ta/CoFe(?) structures is dominated by Ta.

In order to further study the difference in Ta for CoFe(r)/Ta and
Ta/CoFe(t), in the following, we calculated monolayer MAE. In
Fig. 3(a), the MAE of each layer Ta is larger than the MAE of each
layer CoFe in the five CoFe(#)/Ta structures, but the largest MAE is
from the Ta, layer, and the MAEs of the CoFe(#)/Ta structures mainly
come from Ta,. In Fig. 3(b), the MAEs of the Ta/CoFe(r) structures
mainly come from Ta;, and the conclusion in Fig. 3(b) is similar to
that in Fig. 3(a). The SOC energy of the Ta, layer mainly contributes
to the PMA in the CoFe(3)/Ta structure, and the Ta; layer of the
other structures (¢ > 3) is in-plane MAEs. However, the Ta, layers of
Ta/CoFe(t = 3,5,7,9, 11) structures are the PMA.

In order to understand the Ta; layers further, a detailed orbital-
resolved analysis is performed for the Ta; layer as MAEs at CoFe(#)/Ta
and Ta/CoFe(r) structures. The MAEs of CoFe(¢)/Ta(t=15,7,9, 11 ex-
cept for t = 3) prefer in-plane magnetization, but MAEs of Ta/CoFe()
(t=3,5,7,9, 11) prefer PMA. According to the particularities of
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Fig. 4. Orbital-resolved MAE of the Ta; layer in CoFe(3)/Ta and
Ta/CoFe(3) structures. Blue columns represent positive contributions
to PMA, and green columns represent negative contributions to PMA.
(a) and (c) CoFe(3)/Ta structure. (b) and (d) Ta/CoFe(3) structure.

MAE in CoFe(t)/Ta and Ta/CoFe(r) structures, we choose CoFe(3)/Ta
and Ta/CoFe(3) for more detailed study.

In Fig. 4, we show the orbital-resolved MAEs of the Ta; in
CoFe(3)/Ta and Ta/CoFe(3) structures, where matrix elements, for
example (d,y, d,,), denote the hybridization between two orbitals via
SOC. According to (1), the matrix element of L,(L,) provides a posi-
tive (negative) contribution to PMA. As a result, positive contributions
from (L) exceed negative ones from (L, ), leading to MAE with pos-
itive K;. One can see clearly that the largest positive contribution to
PMA for the Ta; in CoFe(3)/Ta [see Fig. 4(a)] comes from the ma-
trix elements (d2,d,) and (d,>_2,d,.), which means that (d>|L.|d,.)
({(dy2_,2|L|d,))is much bigger than (d 2| L,|d.)({d\2_,2| L,|d,.)), of
which the matrix element (d,2_,2.d,,) provides negative contribution
to PMA. In the Ta/CoFe(3) structure [see Fig. 4(b)], the matrix ele-
ment (d,2_2,d.,) provides positive contribution to PMA, and (d,.d,.)
provides negative contribution. Previous studies have found that the
contribution of p-orbital hybridization to PMA in Ta is larger than that
of d-orbital hybridization to PMA [Peng 2015, 2017]. We calculated
the contribution of p-orbital hybridization to PMA in two structural
systems, as shown in Fig.4 (c) and (d). The matrix element (p,,p.)
provides an extremely large positive contribution to PMA in both
the CoFe(3)/Ta and Ta/CoFe(3) structures. The contribution of matrix
element (p,,p,) to MAE is almost zero in Ta/CoFe(3), whereas in
CoFe(3)/Ta, it is —0.376 erg/cm?. Thus, it can be concluded that the
PMA of Ta/CoFe(3) mainly comes from the p-orbital hybridization,
but for the CoFe (3)/Ta structure, the PMA mainly comes from p- and
d-orbitals, which is different from previous related reports.

In the CoFe(#)/Ta structure, the CoFe film is grown on MgO with a
lattice constant up to 4.2112 2 [Karki 1997], Ta is 3.3026 f& [Mueller
1977] and CoFe is the smaller lattice constant than that of MgO and
Ta. When the CoFe film is thin, the interatomic spacings between
the CoFe atoms are large, so Ta atoms are grown in deep interatomic

CoFe/Ta Ta/CoFe

Fig. 5. CoFe/Ta and Ta/CoFe interfacial structures.

spacings between CoFe atoms, as shown in Fig. 5, The pressure on the
in-plane orbits (d,y.d,2_,2, and p,,p,) is relatively high. In Fig. 4(a)
and (b), the hybrid strength of in-plane orbits matrix elements (p.,p,)
and (d.y,d,2_,2) is significantly greater in the CoFe(3)/Ta structure
than that in Ta/CoFe(3) structure. With the CoFe thickness increasing,
the lattice constant of ultrathin CoFe begins to shrink and gradually
approaches the lattice constants of block CoFe. The stress at the CoFe
interface also begins to increase and extends to the Ta interface. The
in-plane orbital pressure of Ta; layer is increasing with the thickness
of CoFe increasing. Therefore, the PMA of CoFe/Ta structure is very
sensitive to the CoFe thickness, which is completely consistent with
the conclusion of the experiment [Cheng 2011, Wang 2011].

If Ta is grown first, the CoFe layer depends on the top surface of Ta.
When the CoFe film is very thin, Ta keeps its original structure; CoFe
atoms are grown on the surface of Ta, which is dense and has relatively
small atomic interatomic spacings, as shown in Fig. 5. Therefore, Ta
hybrid orbits are mostly vertical in Ta/CoFe(s) structures, such as
dy.,dy.,d 2, and p., which can be explained by Fig. 4. The matrix
elements (p.,p,) and (d.,,d,>_,2) provide MAE energies of —0.376
and —0.24 erg/cm? for PMA in CoFe(3)/Ta structure, whereas they are
—0.01 and 0.45 erg/cm? in Ta/CoFe(3). Therefore, the CoFe thickness
in the appropriate range will not have a significant impact on the
PMA in Ta/CoFe() structure, which is completely consistent with the
conclusion of the experiment [Cheng 2011, Wang 2011].

IV. CONCLUSION

In this letter, we investigated SOC-associated MAE in CoFe/Ta
and Ta/CoFe structures. We found that the different MAEs between
the CoFe/Ta and Ta/CoFe structures are mainly due to the regulation
of CoFe interface stress for Ta. In CoFe/Ta, with an increase in the
CoFe thickness, the in-plane compressive stress also increases. This is
because the Ta layer is grown on the CoFe layer, in-plane compressive
stress is easily passed to the first Ta layer, and the in-plane orbital
coupling enhancement of Ta is realized. In Ta/CoFe structure, however,
the situation is completely different. Since Ta is grown first, the surface
stress of the CoFe film increases with an increase in the CoFe thickness.
However, the surface of the Ta film is compact and dense, and the CoFe
surface stress is difficult to change the surface structure of the Ta film.
Therefore, the CoFe thickness in the appropriate range will not have
a significant impact on PMA in the Ta/CoFe structure.
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