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Technology of electric field (EF) control of magnetic properties is attractive for spintronic
devices. In particular, it has been shown that the EF can change the magnetization and the
magnetic anisotropy.'™ According to an experimental study,? an EF less than 0.1 V/nm
causes a large change of 40% in the magnetic anisotropy energy (MAE) of the Fe/Au(001)
film. Also, another experimental study® using the Co/Pt(111) film in the EF has shown that
the Curie temperature of the film is changed up to 6 K by applying an EF of about +0.2 V/nm
while down to —6 K by applying an EF of about —0.2 V/nm.

A first-principles study of the MAE in the EF for the Fe/Pt(001) film was carried out;¥ it
has been found that the change in the MAE is in proportion to the EF with the slope rate of
0.03 meV/Fe per V/nm for Fe/Pt(001). Another first-principles study of the MAE in the EF for
the Fe monolayer was carried out;” it has been found that the MAE is affected considerably
by applying the EF. On the other hand, to our knowledge, there are no first-principles studies
of the Co/Pt(111) film in the EF although the Co films are as important as the Fe films.

In this study, we investigate the magnetic properties of the Co/Pt(111) film in the EF car-
rying out the first-principles calculations. We take account of the EF by introducing electrode
far above Co/Pt(111) and changing the total number of electrons in the film. We calculate the
spin moments and the numbers of electrons of the constituent atoms as well as the MAE of
the film self consistently.

We employ the fully relativistic full-potential linear-combination-of-atomic-orbitals
method based on the density-functional theory within the local spin density approximation.®
The exchange-correlation energy functional used in this study is the Perdew-Wang parame-
terization of the Ceperley-Alder results.”-®

As shown in Fig.1, the Pt(111) surface is modeled by a 3-layer slab. We denote the Pt
atoms in the top, middle, and bottom Pt layers by Pt(I), Pt(Il), and Pt(III), respectively. We
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assume hcp stacking of the Co adlayer on the Pt(111) surface because the Co adatom prefers
to occupy an hcep-hollow site on the Pt(111) surface.” We use the lattice constant of the tri-
angular lattice, 2.78 A, which is calculated from the lattice constant of fcc Pt, 3.92 A. All the
interlayer distances between adjacent atomic layers of Co/Pt(111) are optimized calculating
the forces acting on the Co and Pt atoms in the absence of the EF. The optimized interlayer
distances are shown in Fig.1.

The EF is applied as follows. We change the total number of electrons in the film; we de-
note this change per Co atom by AN. We introduce the following external potential originated

in the electrode shown in Fig.1:
2ne*AN
Acenl
Here, A 1s the area of the unit cell of the triangular lattice. We also use the two-dimensional

Ver(z) = — z. (D

Ewald method.!%!" All the atomic positions are fixed at those optimized in the absence of

the EF.
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Fig. 1. (Color online) Schematic diagram of the computational model. The model constitutes of the
Co/Pt(111) film and the electrode. The Co monolayer is on the Pt(111) substrate. The Co atoms are in the
hcp-hollow sites and the Pt(111) substrate is composed of three Pt layers.

We evaluate the MAE from the difference between the total energies for the easy and
hard axis magnetization directions: MAE = Et[;tlo] E!' where the easy and hard axes
are the [111] and [110] directions, respectively. The dipolar contribution to the MAE is not
considered. The basis functions adopted in this study consist of the following atomic orbitals:
1s, 2s, 2p, 3s, 3p, 3d, and 4s orbitals of the neutral Co atom, 3d, 4s, and 4p orbitals of the
Co?** atom, 1s, 2s, 2p, 3s, 3p, 3d, 4s, 4p, 4d, 4f, Ss, 5p, 5d, and 6s orbitals of the neutral Pt
atom, and 5d, 6s, and 6p orbitals of the Pt** atom. The Brillouin-zone integration is carried

out using the good-lattice-point method with 610 k points. The convergence of the MAE with
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respect to the number of k points is about 0.04 meV/Co, which occurs almost systematically
with the same set of k points, irrespective of the magnitude of the EF; hence, this error does
not affect the dependence of the MAE on the EF very much. To speed up the convergence,
we use a modest Fermi distribution smearing of eigenstates with a small width of 30 meV.
The calculated spin moments of the Co, Pt(I), Pt(Il), and Pt(Ill) atoms are shown in
Fig.2(a), (b), (c), and (d), respectively. Also, the calculated spin moments of the Co 3d and
Co 4s electrons are shown in Fig.3(a) and (b), respectively. The spin moments of the Co and
Pt(I) atoms decrease with increasing 4N. On the contrary, the spin moments of the Pt(Il) and
Pt(III) atoms increase with increasing 4N. Also, the spin moments of the Co 3d and Co 4s
electrons decrease with increasing 4N. The sum of the spin moments of the Co 3d and Co 4s

electrons is almost equal to the spin moment of the Co atom for each AN.
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Fig. 2. Spin moments of (a) Co, (b) Pt(I), (c) Pt(Il), and (d) Pt(II) atoms as a function of external electric
field.

(@ (b)

= . ‘ ~~0.02

S202 " ., £
i . 2=0.00

D 2000 . b

ST T, 8 00

= =0.04

19657 0 01 01 0 0.1
AN AN

Fig. 3. Spin moments of (a) Co 3d and (b) Co 4s electrons as a function of external electric field.

The calculated numbers of electrons of the Co, Pt(I), Pt(II), and Pt(III) atoms are shown
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Fig.4(a), (b), (c), and (d), respectively. Also, the calculated numbers of electrons of the Co 3d
and Co 4s electrons are shown in Fig.5(a) and (b), respectively. The number of electrons of
the Co atom increases with increasing 4N. The number of electrons of the Pt(I) atom depends
very little on 4N. On the other hand, the number of electrons of the Pt(II) atom increase with
increasing AN while the number of electrons of the Pt(III) atom decrease with increasing
AN. Also, the number of the Co 3d electrons is almost unchanged; this does not contradict
the decrease in their spin moment, —0.04 y,, which is the difference between AN = -0.1
and 0.1 shown in Fig.3(a), because one half of this decrease is due to a slight increase in the
number of the Co 3d electrons shown in Fig.5(a), +0.02, and the other half is due to their
redistribution. On the other hand, the number of the Co 4s electrons is changed noticeably;
this change explains the change in the number of electrons of the Co atom shown in Fig.4.(a).
The reason for this behavior might be that, compared with the Co 3d electrons, the Co 4s

electrons play a major role in the screening of the EF.
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Fig. 4. Numbers of electrons of (a) Co, (b) Pt(I), (c) Pt(Il), and (d) Pt(III) atoms as a function of external

electric field.

We now discuss the dependence of the MAE on the EF. The calculated MAE depend
very little on the EF within the range of 4N considered in this study; the calculated MAE
is 0.76+0.03 meV/Co. Fitting a straight line to the calculated MAE as a function of the EF,
the slope rate is found to be —0.0004+0.0008 meV/Co per V/nm. The experimental study of
Fe/Au(001) indicates that the slope rate is about 0.02 meV/Fe per V/nm.? The large change
in the Curie temperature due to the EF observed in the experimental study of Co/Pt(111) also
indicates a large change in the MAE.» The theoretical study of Fe/Pt(001) has shown that
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Fig. 5. Numbers of (a) Co 3d and (b) Co 4s electrons as a function of external electric field.

the slope rate is 0.03 meV/Fe per V/nm.* Compared with these results, our calculated MAE
show almost no dependence on the EF.

This might be originated in the difference between Fe and Co. Another possibility is that
we did not take account of the structure change of Co/Pt(111) due to the application of the
EF or the insulator layer on Co/Pt(111). In particular, the structure change due to the EF can
alter the dependence of the MAE on the EF. We need to study the effects of the EF on the

MAE, taking these points into account in the future.
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