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The development of electric-field manipulation of magnetism is strongly demanded for the reduction in
operation power of future spintronic devices. The voltage-controlled magnetic anisotropy (VCMA) effect in
an ultrathin ferromagnetic metal layer [1, 2] is a promising and practical approach due to its high
applicability in an MgO-based magnetic tunnel junction (MTJ) with high-speed response [3,4]. The VCMA
effect originates from voltage-induced charge accumulation/depletion and induction of electron redistribution
at the interface between ultrathin ferromagnet and dielectric layers [5]. To show the feasibility of MRAM
controlled by voltage, called voltage-torque MRAM [6], we need further improvement in VCMA coefficient.
For example, for giga-bit class memory applications, VCMA coefficient of more than a few hundreds or even
1000 fJ/Vm is required [7]. However, high speed VCMA effect is limited to be 100 fJ/Vm at present [8].

In this talk, recent progresses in materials research for the enhancement in the VCMA effect, especially
focusing on an epitaxial Fe/MgO MT]Js, will be reviewed. Large VCMA coefticient of about 300 fJ/Vm has
been achieved by interface engineering using a transition metal doping at the ultrathin Fe/MgO interface.

We'll also introduce the evaluation of write error rate (WER) of precessional magnetization
switching induced by VCMA effect in perpendicularly magnetized MTJs [9]. By optimizing the
thermal stability and VCMA coefficient in the voltage-controlled free layer, lowest WER of
2x10%5 has been demonstrated [10]. Future strategy to realize the practical low WER value will
also be discussed.

This work was supported by ImnPACT Program of Council for Science, Technology and Innovation, and a
Grand-in-Aid for Scientific Research (No. 26709046).

References

1) M. Weisheit et al. Science 315, 349 (2007).

2) T.Maruyama et al. Nature Nanotech. 4, 158 (2009).

3) Y. Shiota et al. Nature Mater. 11, 39 (2012).

4) T. Nozaki et al. Nature Phys. 8, 491 (2012).

5) S. Miwa et al. Nat. Commun. in press

6) H. Noguchi et al. IEEE Tech. Dig. IEDM, 27.25 (2016).
7) T. Nozaki et al. Phys. Rev. Appl. 5, 044006 (2016).

8) T. Nozaki et al. Appl. Phys. Exp. 7, 073002 (2014).

9) Y. Shiota et al. Appl. Phys. Exp. 9, 013001 (2016).

10) Y. Shiota et al. The 64™ JSAP Spring Meeting, 15p-501-2 (2017).



19pD-5 Al AARRR R AR BELE (2017)

Perpendicular magnetic anisotropy at Fe/MgAl,O4 interfaces
and its voltage effect
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Voltage-controlled magnetic anisotropy (VCMA) [1] in magnetic heterostructures is expected as a key
technology for achieving low-power consumption spintronic devices such as voltage-torque magnetoresistive random
access memories (MRAMs). However, increase of both the interface perpendicular magnetic anisotropy (PMA) energy
(K;) and the VCMA coefficient (f), i.e., K; > 2-3 mJ/m? and B> 1000 fJ/(Vm), is necessary for high density memory
applications. In order to achieve such a giant VCMA effect, exploring the origin of the VCMA effect using “standard
PMA heterostructures” without any interfacial defects can be indispensable. Recently, large PMA energies were
reported in lattice-matched Fe/MgALO4 [2] and Co,FeAI/MgALO,4 heterostructures [3]. Therefore, we focused in this
study on ultrathin Fe/MgAl,04(001) epitaxial interfaces to achieve high K and £ using an electron-beam evaporation
technique. Especially, we precisely investigated the Fe thickness dependence using Fe/MgAl,04/CoFeB orthogonally
magnetized MTJs. We report that only a monolayer thickness difference has a significant impact on the PMA energy
and VCMA effect.

MT] stacks of Cr buffer (30)/Fe (tr. = 0.70, 0.84, 1.0 = 5, 6, 7 monolayers (MLs))/MgAL,O4 (2)/CozFesB2o
(5)/Ru (10) (unit in nm) were prepared on an MgO(001) substrate by electron-beam evaporation. The top 5-nm CoFeB
is the reference layer with in-plane magnetization for evaluating the VCMA effect of the bottom Fe. The Cr, Fe,
MgAl,Os, and CoFeB layers were post-annealed to improve their crystallinity and flatness. Magnetic properties were
investigated using a vibrating sample magnetometer-superconducting quantum interference device. After
microfabrication (10 um scale), magnetotransport properties of MTJs were characterized by a physical property
measurement system at room temperature. The positive bias was defined with respect to CoFeB (electron tunneling
from the lower to upper electrode).

Figure 1 shows the typical in-plane magnetization curves for the MTJ stacks with different Fe thicknesses. It
was found that the 5- and 6-ML Fe layers had perpendicular magnetization. Arial PMA energy density Epma (PMA
energy density Keg [unit in J/m3] x #g) for the 5-ML (6-ML) Fe sample was determined to be 0.85 mJ/m? (0.77 mJ/m?).
We investigated the bias voltage dependence of Eyma for the 5- and
6-ML Fe samples using normalized tunnel magnetoresistance ratios wor Fe — |
as functions of both bias voltage and in-plane magnetic field. As !

clearly seen in Fig. 2, Epma values for both the samples show i

complicated bias voltage dependence. Importantly, the Epma curve sl CoFeB |
shape significantly depends on the Fe thickness; a local minimum !

appears near +0.2 V for the 5-ML Fe sample, whereas a peak
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appears at the zero-bias voltage for the 6-ML one. We found that

between Cr and MgAlL,O4. This work was partly supported by the  Fig. 1. Magnetizations as a function of in-plane
magnetic fields for ultrathin-Fe/MgAL,Os/CoFeB
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electric-field modulation of magnetic anisotropy
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The voltage-torque magnetoresistive random access memory is the ultra-low energy consumption
non-volatile memory based on voltage-controlled magnetic anisotropy (VCMA). The VCMA coefficient was
reported to be 30-40 fJ/VVm for the MgO/Fe/Au and MgO/CoFeB/Ta films [1, 2]. Recently, large VCMA of
290 fJ/Vm was demonstrated for the MgO/Fe/Cr film [3]. However, VCMA effect larger than 1000 fJ/Vm is
required for realizing the voltage-induced magnetization switching in magnetic tunnel junctions below 30nm.
The purpose of this work is to design the magnetic film exhibiting larger VCMA. We theoretically
investigated the effect of 5d transition-metal layer insertion into the MgO/Fe interface on the electric-field
modulation of magnetic anisotropy.

We have carried out first-principles electronic-structure calculations employing the projector
augmented-wave with plane wave basis set by using the Vienna ab initio simulation package [4]. We
estimated magnetic anisotropy energy (MAE) and its electric-field modulation  for
MgO/Os(Ir)/bcc-Fe/Cu(001) films. The MAE was estimated by using the magnetic force theorem.

Figures 1(a) and (b) show the electric-field modulation of MAE for the Os/Fe and Ir/Fe films, respectively,
with and without MgO capping layer. The VCMA coefficient is estimated to be -173, 298 fJ/Vm for the
MgO/Os/Fe and MgO/Ir/Fe film, respectively, and these values are one order of magnitude larger than that
for the MgO/Fe interface. These VCMA coefficients are comparable with that of Os- and Ir-monolayer on
the Fe surface. However, perpendicular MAE is drastically decreased in both Os/Fe and Ir/Fe film by MgO
capping. In the case of Ir/Fe film, opposite sign of VCMA is obtained for the film with and without MgO.
These results indicate that the bonding between 5d transition-metal and oxygen plays an important role for
the MAE and its electric-field modulation. At the MgO/Os and MgO/Ir interfaces, the density of states
(DOS) projected on the majority-spin 5d(3z>-r?) orbital, which contributes to the in-plane MAE, is increased
near the Fermi level by the hybridization between 5d(3z%-r2) and O-2p(z) orbitals. This is the origin of the
reduction of perpendicular MAE by the MgO capping. In particular, MgO/Ir/Fe film shows the huge in-plane
MAE, since the DOS of 5d(3z%-r%) orbital is located just at the Fermi level. In the presentation, we also
discuss the origin of the sign change of VCMA coefficients for the Ir/Fe and MgO/Ir/Fe films.
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Uniaxial magnetic anisotropy (MA) plays an important role in spintronic applications in which ferromagnetic (FM) thin
films and heterojunctions are utilized. The MA in such magnetic materials originates from spin-orbit interaction (SOI)
expressed by L-S coupling and the low dimensionality of the lattice structure. As a result, out-of-plane MA often occurs
at surfaces and interfaces of these magnetic heterojunctions. The magnetization direction in ferromagnets is usually
controlled by an external magnetic field. Recently, control of magnetic ordering by using spin-transfer torque, the
magnetostrictive effect, ferroelectricity, the piezoelectric effect, and electric field has attracted much attention in the
field of spintronics.

Quite recently, another type of SOI, the Rashba-type SOI (R-SOI) was proposed to be a source of MA.
Theoretical analysis of MA was performed for a two-dimensional layer by using exchange-split free electron and
single-orbital TB models with R-SOL'™ The study using TB model” predicted that the layer shows in-plane MA for
both low and high electron densities, while it shows out-of-plane MA otherwise. The occurrence of MA by the R-SOI
may be attributed to a characteristic change in the Rashba-split energy state under an exchange field produced by the
FM layer itself or by magnetic ions/atoms in an FM material attached to a non-magnetic (NM) layer. It is interesting to
note that the R-SOI may be controlled by an external electric field because of its intrinsic nature.

In this work,” we theoretically study the uniaxial MA of a bilayer made of NM and FM layers putting an emphasis
of relative role of the R-SOI on NM layer and L-S coupling, that is, atomic-SOI (A-SOI) on the FM layer. We construct
a simple model for the bilayer based on the first-principle calculation of the Rashba-split bands of the Au(111) surface.
In this model, the electronic structure of NM layer is given by a single-orbital TB model, while that of FM layer is
presented in the full 3d-orbital TB model, in addition to the orbital mixing between NM and FM layers. After numerical
calculation, we have shown that the R-SOI of the NM layer produces MA via p-d mixing between the NM and FM
layers. The MA energy caused by the R-SOI is less than 1 meV, while that caused by the A-SOI is a few meV per unit
cell. Both interactions show an oscillatory dependence of the uniaxial MA energy on the electron number. Because the
"phases" of these oscillations are different, the uniaxial MA originating from the R-SOI alone could be the same order
of magnitude as that produced by A-SOI alone under certain conditions. The result indicates that an external electric
field with reasonable magnitude may change the MA from being out-of-plane to in-plane, and vice versa.
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