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THE Fe/Cr INTERCHANGE INDUCES SIGN CHANGE IN
VOLTAGE-CONTROL MAGNETIC ANISOTROPY
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A new perspective in utilizing additional degrees of freedom of electron, i.e spin by using the electric
field (EF) get increasing attention in research activity in the recent year. Manipulation of the spin using EF
effect is a promising technology on a magnetic device due to low power consumption, non-volatility,
high-speed reading/writing and good compatibility with the conventional semiconductor industry
technology [1]. In case of magnetic data storage, this field shows a great potential application, especially
taking into account the recent initiative in internet of things, big data, artificial intelligence, and cloud
computing. There are a lot of experimental works and theoretical investigations on the modulation and
switching of magnetism in order to understand the mechanism and the demand for better performance.
Several physical mechanisms have been proposed such as the modulation of spin-orbit interaction by
charge accumulation and depletion [2,3,4], Rashba effect [5,6] voltage redox reaction [7] and
electromigration [8]. Nevertheless, there are still many challenges in understanding the physics behind this
phenomena and introduce several material systems including tuning strategies such as sign in EF effect. In
the case of dynamic switching, the accurate magnetic switching can occur when the direction of total
magnetic anisotropy changes from perpendicular to in-plane direction or vice versa purely by EF.

In this work, we systematically investigated EF effect in Fe/MgO interface systems with Cr
underlayers by introducing the interchange of Cr and Fe layers. Our model using slab system, vacuum
(0.79 nm)/Cr (6ML)/Fe (1ML)/Cr (1ML)/Fe (3ML)/MgO (5ML)/vacuum (0.79 nm) and vacuum (0.79
nm)/Cr (SML)/Fe (IML)/Cr (1IML)/Fe (IML)/Cr (1IML)/Fe (2ML)/MgO (5ML)/vacuum (0.79 nm). We
carried out first principles electronic structure calculations [9,10] which employ fully relativistic and scalar
relativistic ultrasoft pseudopotentials and plane wave basis by using the generalized gradient
approximation (GGA) for the exchange-correlation energy. The magnetic anisotropy energy (MAE) was
calculated from the total energy difference between in-plane magnetization ([100] direction) and
out-of-plane magnetization ([001] direction), MAE = E[100] — E[001]. In order to impose the EF, we have
applied the scheme of effective screening method (ESM) developed by Otani and Sugino [11]. Some tiny
number of electrons is subtracted from or added to the system for induction of the EF. The strength of EF
(E) is estimated from the slope of electrostatic potential at the front of ESM.

We found an opposite sign in the modification of MAE (y) as EF dependence, as shown in Fig. 1.
Interestingly, the change of y sign can be achieved only by increase thickness of [Fe/Cr] interchanges. This
result shows that underlayer structure is very sensitive to Fe layers at the interface since EF may screen
only at the interface. We attribute this a unique behavior of electronic structures in the interface resonance
state of Fe/MgO. Beside concerning hybridization between the orbitals of Fe d(3z>-°) and O p(z) which
keeps the d(3z>-r?) away from the Fermi level, Fe-Cr hybridization in the formation of antiferromagnetic
(AFM) ground state may play a crucial role in electronic structure. Furthermore, a large change in the
number of electron filling for 3d orbital spin states may correspond to the sensitivity modulation of MAE
when applied EF. The EF modulation in the electronic structure around the Fermi level can be related with
MAE by the using second order perturbative formula [12].

Opposite sign in the modification of MAE also found experimentally by Shiota e al in CoFeB/MgO
with different underlayer, Ta or Ru respectively [13]. They confirmed such phenomenon by both the static
magnetoresistance and voltage-induced ferromagnetic resonance measurement. Discussion for the reason
of observed opposite sign is related to a different spin-orbit coupling in the underlayer, a difference in
crystallinity, etc. but the origin is still an open question. Regarding this issue, a comprehensive study may
be needed in order to clarify and propose some possible origin against underlayer effect. Additionally, the
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MAE variation on band-filling may contribute to a fundamental understanding in the physics of EF effect,
particularly, the orbital occupancy in the 3d orbitals.
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Fig. 1 EF variation of MAE in system (a). Cr (6ML)/Fe (IML)/Cr (IML)/Fe (3ML)/MgO (SML) and (b)
Cr (5SML)/Fe (IML)/Cr (IML)/Fe (IML)/Cr (IML)/Fe (2ML)/MgO (5ML).
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