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We study the electric field (EF) effects on the magnetic anisotropy in the ultrathin ferro-

magnetic TM (TM=Fe, Co) films on the Pt(111) underlayer using relativistic first-principles

calculations based on the density functional theory with a special attention on the effects of

Pt segregation. The magnetic anisotropy energy, MAE, and the spin magnetic moment, Mspin,

of the Pt/TM/Pt(111) and BeO/Pt/TM/Pt(111) systems as well as those of the TM/Pt(111)

and BeO/TM/Pt(111) systems are calculated in the absence of or under the EF. It is found

that the MAE and its EF dependence of the BeO/Pt/TM/Pt(111) systems, especially those

of the BeO/Pt/Co/Pt(111) system, are considerably large. The sign of the EF dependence is

such that the MAE and Mspin are increased (decreased) when the EF increases (decreases) the

number of electrons in the system. We attribute this unique behavior to the formation of the

hybridized majority-spin states originated in the O 2pz, Pt 5d3z2−r2 , and TM 3d orbitals of the

interfacial atoms.

1. Introduction

Recently ultrathin ferromagnetic films have attracted much attention not only because

of scientific interest but also because of its potential applications.1) Following the work on

ferromagnetic semiconductors,2–4) the experimental studies of the electric field (EF) control of

the magnetic properties of ultrathin ferromagnetic transition metal (TM) films have been done

extensively motivated by requirements to achieve ultra-low power consumption of magnetic

memory storage devices.5–28) The mechanism of the EF effects on the magnetic anisotropy

energy, MAE, and the spin magnetic moment, Mspin, in ultrathin ferromagnetic TM films has

also been studied theoretically.29–41)

One of the systems of fundamental importance in understanding the EF effects on the

magnetic anisotropy is ultrathin ferromagnetic TM films on the Au(001) underlayer capped
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with the MgO insulating layer, i.e., the MgO/TM/Au(001) systems. Maruyama et al. found

a large voltage-induced magnetic anisotropy change in the MgO/Fe/Au(001) system.6) They

showed that a relatively small EF can cause a large change in the MAE of about 8.4 µJm−2

when the applied voltage is changed from 200 V to −200 V. Shiota et al. evaluated the change

in the MAE of the MgO/Fe80Co20/Au(001) system quantitatively.8, 16) They found that the

MAE depends linearly on the EF with a slope of about 30 fJV−1m−1, i.e., 0.015 meV/TM per

V/nm. It should be noted that the sign of the EF dependence of the MAE found by Maruyama

et al. and Shiota et al. is such that the perpendicular magnetic anisotropy is enhanced by the

EF that decreases the number of electrons in the system. Also the EF effects on the MAE of

ultrathin ferromagnetic Fe films have been studied theoretically.29–39) Recently we have shown

that the EF dependence of the MAE of the MgO/Fe/Au(001) system is 0.006 meV/Fe per

V/nm, which is in a semi-quantitative agreement with the experimental result, 0.015 meV/TM

per V/nm, with successful reproduction of the sign of the measured EF dependence.41)

Another system of fundamental importance is ultrathin ferromagnetic TM films on the

Pt(111) underlayer capped with the MgO insulating layer, i.e., the MgO/TM/Pt(111) systems.

Chiba et al. showed that the Curie temperature of the MgO/Co/Pt(111) system is increased

(decreased) by the EF that increases (decreases) the number of electrons in the system.13) Fur-

thermore, using the ionic liquid film, the change in the Curie temperature of about 100 K has

been achieved with the gate voltage change of ±2 V;20) the change in the number of electrons

per Co atom at the interface induced by this gate voltage was estimated to be about 0.084,

which corresponds to the EF of about 23 V/nm. They subsequently studied the EF effects

on the MAE, the coercivity, and the magnetization of the MgO/TM/Pt(111) systems.22, 26) In

particular, the magnetization measurement clearly showed that the magnetization is increased

(decreased) by the EF that increases (decreases) the number of electrons in the system;20, 22)

since, in general, a larger magnetization results in a higher Curie temperature,42) this is con-

sistent with the observed EF dependence of the Curie temperature of the MgO/Co/Pt(111)

system.13, 20) It is interesting to note that the sign of the EF dependence of the Curie temper-

ature and the magnetization of the MgO/TM/Pt(111) systems is opposite to the sign of the

EF dependence of the MAE of the MgO/TM/Au(001) and MgO/Fe80Co20/Au(001) systems

although it is not clear what relationship exists among these quantities.

For the surface or interface region of the systems with TM and Pt atoms, one point to

be noticed is that Pt can segregate to the surface or interface to form a thin Pt overlayer on

top of the TM layer.43, 44) Thus it is important to consider the possibility of Pt segregation in

the systems with the ultrathin TM films on the Pt(111) underlayer. There have been pioneer-
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ing theoretical studies of the effects of the segregation of the underlayer atoms on the MAE

and its EF dependence.32, 38, 39) Tsujikawa and Oda calculated the MAE and its EF depen-

dence of the Fe/Pt(001) and Pt/Fe/Pt(001) systems as well as those of the MgO/Fe/Au(001)

system.32, 39) Although these studies revealed some important aspects of the effects of segre-

gation in these systems, further theoretical studies are indispensable in understanding the EF

effects in the systems with or without Pt segregation, especially the ultrathin Co film on the

Pt(111) underlayer.

The purpose of this work is to study the EF effects on the magnetic anisotropy in the

ultrathin ferromagnetic TM (TM=Fe, Co) films on the Pt(111) underlayer with or without

Pt segregation using relativistic first-principles calculations based on the density functional

theory. We study the MAE and Mspin and their EF dependence of the Pt/TM/Pt(111) and

BeO/Pt/TM/Pt(111) systems as well as those of the TM/Pt(111) and BeO/TM/Pt(111) sys-

tems. We describe the method of calculations in Sect. 2. The results and discussion are given

in Sect. 3. Finally, we give the conclusions of this work in Sect. 4.

2. Method of Calculations

We examine the MAE and Mspin and their EF dependence of the TM/Pt(111),

Pt/TM/Pt(111), BeO/TM/Pt(111), and BeO/Pt/TM/Pt(111) systems. For all the systems stud-

ied in this work, we consider a single TM monolayer as the ferromagnetic layer in each

system adopting a unit cell with a single TM atom. The underlayer consists of two Pt mono-

layers and the insulating layer consists of two Be and two O monolayers. The reason why we

adopted BeO instead of MgO as the insulating layer is the small lattice mismatch, less than

3%, between the lattice constants of the (111) plane of fcc Pt and the basal plane of wurtzite

BeO. The schematic diagram of the BeO/Pt/TM/Pt(111) is shown in Fig. 1.

We employ all-electron calculations using the scalar relativistic full-potential linear-

combination-of-atomic-orbitals (SFLCAO) method and the fully relativistic full-potential

linear-combination-of-atomic-orbitals (FFLCAO) method, both based on the density func-

tional theory.45–47) We adopted the local spin density approximation using the Perdew-Wang

parameterization of the Ceperley-Alder results as the exchange-correlation energy func-

tional.48, 49) Also, to calculate the electrostatic potential, we used the two-dimensional Ewald

method.50, 51) We first optimized the structure of the system using the SFLCAO method in

the absence of or under the EF; in the SFLCAO method, both core and valence states are

calculated using an appropriate averaging procedure of the spin-orbit coupling.47) With the

optimized structure, we next calculated the MAE of the system using the FFLCAO method in
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the absence of or under the EF; in the FFLCAO method, we solve the Kohn-Sham equations

of the Dirac type not only for core states but also for valence states, thereby taking account

of all the relativistic effects including the spin-orbit coupling.46)

The EF was applied as follows. We consider a counter electrode placed far above the

system and charged oppositely to the charge state of the system. That is, we introduce the

following external potential originated in the counter electrode:

VCE(z) = −2πe2∆N
Acell

z . (1)

Here Acell is the area of the unit cell: Acell =
√

3a2/2 with a = 2.77 Å being the in-plane lattice

constant of the triangular lattice of the Pt(111) underlayer. Also ∆N represents the change in

the number of electrons in the unit cell of the system and the EF is given by −0.272∆N × 103

V/nm. In this work, we consider ∆N=−0.1, 0.0, and 0.1, which correspond to the EF of

27.2, 0.0, and −27.2 V/nm, respectively. The magnitude of the EF considered in this work

is close to that of the EF applied in the experiment employing the ionic liquid film, about

23 V/nm. Note that one half of the EF is originated in the counter electrode while the other

half is originated in the system itself. We define the direction of the EF in such a way that a

positive (negative) EF decreases (increases) the number of electrons in the system; in other

words, a positive (negative) EF corresponds to a negative (positive) voltage applied to the

counter electrode with respect to the system. We calculated the MAE as well as Mspin in the

absence of or under the EF using the FFLCAO method. The MAE calculated in this work is

the difference between the total energy for the in-plane magnetization, E[11̄0]
tot , and that for the

perpendicular magnetization, E[111]
tot . We adopt the definition that the positive (negative) MAE

corresponds to the perpendicular (in-plane) magnetic anisotropy, i.e., MAE=E[11̄0]
tot −E[111]

tot . We

do not consider the contribution of the shape magnetic anisotropy originated in the magnetic

dipole-dipole interaction.

We determined the structures of the systems as follows. The x and y coordinates of the

atoms in the system were chosen according to the in-plane lattice constant of the triangular

lattice of the Pt(111) underlayer; the in-plane primitive vectors are a1 = (a, 0, 0) and a2 =

(−a/2,
√

3a/2, 0). In this work, we assume that the TM atom is at the hcp hollow site of

the Pt(111) underlayer. Also, for the BeO/TM/Pt(111) and BeO/Pt/TM/Pt(111) systems, we

consider the geometry where the interfacial O atom is on top of the interfacial metal atom,

the TM or Pt atom, rather than at the hollow site surrounded by the metal atoms. For the

Pt/TM/Pt(111) and BeO/Pt/TM/Pt(111) systems, we also assume that the segregated Pt atom

is at the hcp hollow site; that is, we assume that the segregated Pt atom has the same x and
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y coordinates as those of the Pt atom directly under the TM layer. The z coordinates of the

constituent atoms were optimized using the SFLCAO method. We fixed the center of mass

of the system during the optimization and used the force criterion for stopping the structure

optimization of 0.01 eV/Å.

The atomic orbitals used as the basis functions are as follows: the 1s and 2s orbitals of

the neutral Be atom, the 2p orbitals of the Be+ atom, the 2s orbitals of the Be2+ atom, the

2p and 3d orbitals of the Be3+ atom, the 1s, 2s, and 2p orbitals of the neutral O atom, the 2s

and 2p orbitals of the O2+ atom, the 3d orbitals of the O6+ atom, the 1s, 2s, 2p, 3s, 3p, 3d,

and 4s orbitals of the neutral TM atom, the 3d, 4s, and 4p orbitals of the TM2+ atom, the 1s,

2s, 2p, 3s, 3p, 3d, 4s, 4p, 4d, 4f, 5s, 5p, 5d, and 6s orbitals of the neutral Pt atom, and the

5d, 6s, and 6p orbitals of the Pt2+ atom. It is worth noting that the use of the atomic orbitals

of positively charged atoms as well as those of neutral atoms is crucial to the description of

the contraction of atomic orbitals associated with cohesion. Also, to terminate the dangling

bond of the Be atom in the top insulating layer, we adopted the fictitious atom method;52, 53)

the fictitious atom used in our calculations consists of a nuclear charge of +1.5e and an

electronic charge of −1.5e with the atomic orbitals of the hydrogen atom. The Brillouin-zone

integration was carried out using the good-lattice-point method;54) we used 34 k points for

the structure optimization and 987 k points for the calculations of the MAE. To speed up the

convergence, we used a Fermi distribution smearing of eigenstates with a width of 30 meV.

For the BeO/TM/Pt(111) and BeO/Pt/TM/Pt(111) systems, we should examine the per-

pendicular component of the electric dipole moment of the unit cell, pz, and the associated

internal EF in the BeO insulating layer, Eint, because this can exist due to the lack of the inver-

sion symmetry in wurtzite BeO. We calculated pz and estimated Eint using pz as follows. The

calculated pz is about 0.5 ×10−30 Cm = 0.2 D. Assuming the thickness of the BeO insulating

layer, d, to be 4 Å and using Eint = 4πpz/Acelld, Eint is estimated to be about 2 V/nm. This

is sufficiently small in comparison with the external EF considered in this work, 27.2 V/nm,

and may not affect the results of calculations.

3. Results and Discussion

3.1 TM/Pt(111) systems

In Table I, we show the calculated MAE and Mspin of the TM/Pt(111), Pt/TM/Pt(111),

BeO/TM/Pt(111), and BeO/Pt/TM/Pt(111) systems. For comparison, we also show those of

the freestanding Fe(111) and Co(111) monolayer systems with the lattice constant taken to

match the Pt(111) underlayer.41)
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We begin with the Fe/Pt(111) system in the absence of the EF. The MAE of the Fe/Pt(111)

system, −0.24 meV/cell, is negative, showing an in-plane magnetic anisotropy. This is in con-

trast to the perpendicular magnetic anisotropy of the freestanding Fe(111) monolayer system,

0.21 meV/cell. Also Mspin of the Fe/Pt(111) system, 3.39 µB, is larger by about 0.3 µB than

that of the freestanding Fe(111) monolayer system, 3.10 µB. The enhancement of Mspin is due

to the high magnetic polarizability of Pt. We found by the Mulliken population analysis that

the contribution of the Fe atom to Mspin is 3.00 µB while that of the Pt atom adjacent to the Fe

atom is 0.33 µB.

The in-plane magnetic anisotropy and the enhancement of Mspin in the Fe/Pt(111) system

in the absence of the EF were also found by previous theoretical studies. The MAE and Mspin

calculated by Tsujikawa et al. are −0.4 meV/Fe atom and 3.1 µB, respectively.55) Moulas et al.

obtained the MAE of about −0.7 meV/Fe atom and Mspin of 3.2 µB.56) Lehnert et al. found that

the MAE and Mspin are −0.6 meV/Fe atom and 3.4 µB, respectively.57) On the other hand, in

contrast to the theoretical results, the experimentally measured MAE of the Fe/Pt(111) system

indicates a perpendicular magnetic anisotropy with a positive value of about 0.1 meV/Fe

atom.56) A possible origin of the discrepancy between the theoretical and experimental results

is that a thin Fe film can show complex magnetic structures with prevalent antiferromagnetic

order.56) Another possible origin is that the Fe atom is incorporated into the Pt top layer as

pointed out by Repetto et al.58)

When the positive (negative) EF is applied, the MAE of the Fe/Pt(111) system is increased

(decreased) to be 0.47 (−0.59) meV/cell and Mspin is also increased (decreased) to be 3.45

(3.28) µB. For the positive EF, the system shows a perpendicular magnetic anisotropy. The EF

dependence of the MAE is about 0.02 meV/cell per V/nm. This is close to the EF dependence

of the MAE of the Fe/Pt(001) system obtained by Tsujikawa and Oda, 0.03 meV/cell per

V/nm, although the surface orientation is different.32) We found by the Mulliken population

analysis that the change in Mspin is due to the change in the number of the minority-spin

electrons, which is mostly originated in the Fe 3d electrons.

We next consider the Co/Pt(111) system. In the absence of the EF, our calculated MAE,

0.24 meV/cell, is positive, showing a perpendicular magnetic anisotropy. This is in contrast

to the in-plane magnetic anisotropy of the freestanding Co(111) monolayer system, −1.43

meV/cell. It is also found that Mspin of the Co/Pt(111) system, 2.54 µB, is larger by about

0.5 µB than that of the freestanding Co(111) monolayer system, 2.06 µB. The enhancement

of Mspin is again due to the high magnetic polarizability of Pt. We found by the Mulliken

population analysis that the contribution of the Co atom to Mspin is 2.01 µB while that of the
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Pt atom adjacent to the Co atom is 0.39 µB.

The perpendicular magnetic anisotropy and the enhancement of Mspin in the Co/Pt(111)

system in the absence of the EF were also found by previous theoretical studies. The MAE

and Mspin calculated by Moulas et al. are 0.1 meV/Co atom and 2.2 µB, respectively.56) Lehnert

et al. obtained the MAE of 0.6 meV/Co atom and Mspin of 2.5 µB, where the contributions of

the Co atom and the adjacent Pt atom are 2.0 and 0.4 µB, respectively.57) The experimentally

measured MAE of the Co/Pt(111) system is about 0.15 meV/Co atom, showing a perpendic-

ular magnetic anisotropy.56) The agreement between the theoretical and experimental results

is reasonable.

When the positive (negative) EF is applied, the MAE of the Co/Pt(111) system is de-

creased (increased) to be −0.41 (0.68) meV/cell and Mspin is increased (decreased) to be 2.61

(2.49) µB. For the positive EF, the system shows an in-plane magnetic anisotropy. The EF

dependence of the MAE is about −0.02 meV/cell per V/nm, which is close to that of the

Fe/Pt(111) system in magnitude but with the opposite sign. We found by the Mulliken pop-

ulation analysis that the change in Mspin is again due to the change in the number of the

minority-spin electrons, which is mostly originated in the Co 3d electrons.

3.2 Pt/TM/Pt(111) systems

In comparison to the Fe/Pt(111) system, the calculated MAE of the Pt/Fe/Pt(111) sys-

tem is considerably increased by the existence of the segregated Pt atom; the MAE of the

Pt/Fe/Pt(111) system is 3.69 meV/cell in the absence of the EF while 4.52 (2.71) meV/cell

for the positive (negative) EF. The EF dependence of the MAE is about 0.03 meV/cell per

V/nm. We also find that, in contrast to the Fe/Pt(111) system, Mspin of the Pt/Fe/Pt(111) sys-

tem is almost unaffected by the EF.

The enhancement of the MAE by the segregated Pt atom is in agreement with the en-

hancement of the MAE of the Pt/Fe/Pt(001) system to that of the Fe/Pt(001) system found

by Tsujikawa and Oda; the MAE of the Fe/Pt(001) system is small in magnitude, less than

0.1 meV/Fe atom, while that of the Pt/Fe/Pt(001) system is large, about 5 meV/Fe atom.32)

The EF dependence of the MAE of the Pt/Fe/Pt(111) system found in this work, about 0.03

meV/cell per V/nm, is almost the same as the one found for the Fe/Pt(111) system, 0.02

meV/cell. Also our result is close to the the EF dependence of the MAE of the Pt/Fe/Pt(001)

system calculated by Tsujikawa and Oda, 0.035 meV/Fe atom per V/nm.32)

For the Pt/Co/Pt(111) system, the calculated MAE is also increased by the existence of

the segregated Pt atom; the MAE of the Pt/Co/Pt(111) system is 0.95 meV/cell in the absence
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of the EF while 2.37 (1.15) meV/cell for the positive (negative) EF. The EF dependence of

the MAE of the Pt/Co/Pt(111) system is not linear; it is about 0.05 meV/cell per V/nm for the

positive EF while about −0.01 meV/cell per V/nm for the negative EF. We also find that Mspin

of the Pt/Co/Pt(111) system is increased (decreased) by the positive (negative) EF by 0.06

(0.05) µB. The calculated MAE are slightly smaller than those of the Pt/Fe/Pt(111) systems.

3.3 BeO/TM/Pt(111) systems

We next consider the BeO/Fe/Pt(111) system. In comparison to the Fe/Pt(111) system,

the calculated MAE is increased by the existence of the BeO insulating layer; the MAE

of the BeO/Fe/Pt(111) system is 0.60 meV/cell in the absence of the EF while 0.73 (0.59)

meV/cell for the positive (negative) EF. The EF dependence of the MAE is small; it is about

0.005 meV/cell per V/nm for the positive EF while almost no EF dependence for the neg-

ative EF. The calculated Mspin of the BeO/Fe/Pt(111) system is almost the same as those of

the Fe/Pt(111) system; Mspin of the BeO/Fe/Pt(111) system is 3.40 µB in the absence of the

EF while 3.47 (3.32) µB for the positive (negative) EF. We found by the Mulliken popula-

tion analysis that the change in Mspin is due to the change in the number of the minority-spin

electrons, which is mostly originated in the Fe 3d electrons. The suppression of the EF de-

pendence of the MAE is likely due to the formation of a strong covalent bond between the O

and Fe atoms as found in the MgO/Fe/Au(111) system.41)

For the BeO/Co/Pt(111) system, the calculated MAE is considerably increased by the ex-

istence of the BeO insulating layer; the MAE of the BeO/Co/Pt(111) system is 3.56 meV/cell

in the absence of the EF while 3.80 (3.60) for the positive (negative) EF. However, the EF

dependence of the MAE is also small; it is less than 0.01 meV/cell per V/nm for the pos-

itive EF while almost no EF dependence for the negative EF. Mspin of the BeO/Co/Pt(111)

system is almost the same as those of the Co/Pt(111) system; it is found that Mspin of the

BeO/Co/Pt(111) system is 2.58 µB in the absence of the EF while 2.62 (2.56) µB for the pos-

itive (negative) EF. We found by the Mulliken population analysis that the change in Mspin is

again due to the change in the number of the minority-spin electrons, which is mostly orig-

inated in the Co 3d electrons. The suppression of the EF dependence of the MAE is again

likely due to the formation of a strong covalent bond between the O and Co atoms as found

in the MgO/Co/Au(111) system.41)
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3.4 BeO/Pt/TM/Pt(111) systems

We find that the MAE and its EF dependence of the BeO/Pt/Fe/Pt(111) system is consid-

erably large; the calculated MAE is 3.63 meV/cell in the absence of the EF while 1.27 (4.67)

meV/cell for the positive (negative) EF; the EF dependence of the MAE is −0.06 meV/cell

per V/nm. The calculated Mspin is 3.22 µB in the absence of the EF and 3.14 (3.34) µB for the

positive (negative) EF. It is important to note that the sign of the EF dependence of the MAE

and Mspin is such that they are decreased (increased) by the positive (negative) EF.

For the BeO/Pt/Co/Pt(111) system, we find that the MAE and its EF dependence of the

BeO/Pt/Co/Pt(111) system is extremely large; the calculated MAE is 13.64 meV/cell in the

absence of the EF while 10.34 (15.10) meV/cell for the positive (negative) EF. This is com-

parable to the giant MAE of 9 meV/Co atom observed in the system of single Co atoms

deposited on the Pt(111) underlayer.59) The EF dependence of the MAE is −0.09 meV/cell

per V/nm. The calculated Mspin is 2.99 µB in the absence of the EF and 2.81 (3.08) µB for the

positive (negative) EF. It is important to note again that the sign of the EF dependence of the

MAE and Mspin is such that they are decreased (increased) by the positive (negative) EF; this

is the same EF dependence found for the BeO/Pt/Fe/Pt(111) system.

The important point to be noticed is that the sign of the EF dependence of Mspin is opposite

to that found in the other systems studied in this work and our previous work.41) This unique

behavior of Mspin may be related to the origin of the EF dependence of the MAE of the

BeO/Pt/TM/Pt(111) systems. To check whether the EF dependence of the MAE and Mspin

is affected by the structure relaxation caused by the EF, we calculated the MAE and Mspin

using the same structure as the one obtained in the absence of the EF. The results given in

Table I clearly show that the origin of the unique behavior is almost purely electronic because

the MAE and Mspin are affected only very slightly by the structure relaxation caused by the

EF. It should be noted that this does not mean that the structure relaxation caused by the

EF is very small in the BeO/Pt/TM/Pt(111) system. We show the optimized structure of the

system in Table II. It is found that the interatomic distance between the segregated Pt atom

and the adjacent O atom is changed notably by the EF; it is decreased (increased) by about

0.05 (0.07) Å when the positive (negative) EF is applied. Nevertheless the MAE and Mspin are

almost unaffected by the structure relaxation caused by the EF.

We carried out the Mulliken population analysis to reveal the details of the EF dependence

of Mspin.60) The results are shown in Table III. In the table, we show the numbers of majority-

and minority-spin electrons, N+ and N−, and the difference, N+ − N−, which represents the
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atomic spin magnetic moment in unit of µB, of the O atom on top of the segregated Pt atom,

the segregated Pt atom, the TM atom, and the first and second Pt atoms in the underlayer. It

is found that the change in Mspin caused by the EF is mainly due to the following two origins.

One is the decrease (increase) in N+ of the segregated Pt atom and the TM atom while the

other is the increase (decrease) in N− of the TM atom caused by the positive (negative) EF. For

TM=Fe, the spin magnetic moment of the segregated Pt atom is 0.20 µB in the absence of the

EF and 0.16 (0.26) µB for the positive (negative) EF. Also the spin magnetic moment of the Fe

atom is 2.76 µB in the absence of the EF and 2.72 (2.81) µB for the positive (negative) EF. For

TM=Co, the spin magnetic moment of the segregated Pt atom is 0.41 µB in the absence of the

EF and 0.33 (0.44) µB for the positive (negative) EF. Also the spin magnetic moment of the

Co atom is 1.98 µB in the absence of the EF and 1.93 (2.01) µB for the positive (negative) EF.

Note that the spin magnetic moment induced by the TM atom on the segregated Pt atom as

well as those induced on the underlayer Pt atoms is much larger for TM=Co than for TM=Fe;

this is most likely the reason why the MAE of the BeO/Pt/Co/Pt(111) system is extremely

large because the spin-orbit coupling and the resultant magnetic anisotropy in Pt are sizeable.

Also it may be worth noting that the spin magnetic moment of the O atom on top of the

segregated Pt atom is decreased (increased) by the positive (negative) EF for TM=Fe while

almost unchanged irrespective of the EF for TM=Co and that the spin magnetic moments of

the underlayer Pt atoms are increased (decreased) by the positive (negative) EF for TM=Fe

while decreased (increased) by the positive (negative) EF for TM=Co. This results in a larger

EF dependence of Mspin for the BeO/Pt/Co/Pt(111) system than for the BeO/Pt/Fe/Pt(111)

system.

To understand the origin of the EF dependence of Mspin of the BeO/Pt/TM/Pt(111) sys-

tems, we examine the partial density of states (PDOS) of the Pt 5d, O 2p, and TM 3d orbitals

of the interfacial atoms. The calculated PDOS are shown in Figs. 2-7, where the upper and

lower parts of each panel are those for majority- and minority-spin orbitals, respectively. Also

each component of the PDOS is labeled with Ylm, a spherical harmonic function of degree l

and order m, which is the angular part of the corresponding atomic orbital.

In Figs. 2 and 3, we show the PDOS of the 5d orbitals of the segregated Pt atom in the

BeO/Pt/Fe/Pt(111) and BeO/Pt/Co/Pt(111) systems, respectively. In the figures, the PDOS of

the Pt 5d orbitals are labeled with Ylm of l = 2 and m = ±2, ±1, and 0. Note that Y20 represents

the Pt 5d3z2−r2 orbital, which lies along the perpendicular direction to the plane of the film.

It is found that the PDOS of the majority-spin Pt 5d3z2−r2 orbital contributes dominantly in

the vicinity of the Fermi level. The PDOS of the other majority-spin Pt 5d orbitals and all
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the minority-spin Pt 5d orbitals are small. The PDOS of the majority-spin Pt 5d3z2−r2 orbital

clearly shows that there exists a peak and the positive (negative) EF pushes up (pulls down)

this peak to the high (low) energy side, thereby decreasing (increasing) the number of the

majority-spin Pt 5d3z2−r2 electrons.

In Figs. 4 and 5, we show the PDOS of the 2p orbitals of the interfacial O atom on top

of the segregated Pt atom in the BeO/Pt/Fe/Pt(111) and BeO/Pt/Co/Pt(111) systems, respec-

tively. In the figures, the PDOS of the O 2p orbitals are labeled with Ylm of l = 1 and m = ±1

and 0. Note that Y10 represents the O 2pz orbital, which also lies along the perpendicular

direction to the plane of the film. It is found that only the PDOS of the majority-spin O 2pz

contributes dominantly in the vicinity of the Fermi level and the shape is very similar to that

of the PDOS of the majority-spin Pt 5d3z2−r2 orbital. This indicates that the majority-spin Pt

5d3z2−r2 and O 2pz orbitals hybridize with each other.

In Figs. 6 and 7, we show the PDOS of the 3d orbitals of the TM atoms in the

BeO/Pt/Fe/Pt(111) and BeO/Pt/Co/Pt(111) systems, respectively. In the figures, the PDOS

of the TM 3d orbitals are labeled with Ylm of l = 2 and m = ±2, ±1, and 0. Since the TM atom

is not directly under the segregated Pt atom, it may be useful for examining the hybridization

with the Pt 5d orbitals to show the total PDOS of the TM 3d orbitals, i.e., the sum of the con-

tributions from the five 3d orbitals for each spin degree of freedom. It is found that the shape

of the total PDOS of the majority-spin TM orbitals is also very similar to that of the PDOS

of the majority-spin Pt 5d3z2−r2 orbital. We thus conclude that the majority-spin Pt 5d3z2−r2 , O

2pz, and TM orbitals hybridize with each other to a considerable degree. In contrast to the

PDOS of the Pt 5d and O 2p orbitals shown in Figs. 2-5, there are substantial contributions

of the PDOS of the minority-spin TM 3d orbitals. Note that the PDOS of the minority-spin

TM 3d orbitals are also changed notably by the EF; this is likely the origin of the increase

(decrease) in the number of the minority-spin electrons of the TM atom caused by the positive

(negative) EF as found by the Mulliken population analysis although it is difficult to see this

quantitatively from the change in the PDOS of the minority-spin TM 3d orbitals caused by

the EF shown in Figs. 6 and 7.

Finally, we discuss a possible relation of the results of this work to the experimental

observations. Chiba et al. found a large EF dependence of the Curie temperature and the

magnetization of the MgO/Co/Pt(111) system.13, 20) The sign of the EF dependence of these

quantities is such that they are increased (decreased) by the EF that increases (decreases) the

number of electrons in the system in agreement with the sign obtained in this work. This

unique EF dependence can be caused by the formation of the hybridized majority-spin states
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originated in the interfacial O, Pt, and Co atoms due to the Pt segregation. However, our cal-

culated MAE of the BeO/Pt/Co/Pt(111) system, which is more than 10 meV/cell, is too large

in comparison to the experimental MAE, which is estimated to be of the order of 0.1 meV/Co

atom at 200 K.26) One origin of the discrepancy may be that we assume a perfect segregation

of the Pt atom on top of the Co layer in the BeO/Pt/Co/Pt(111) system, i.e., a formation of

a perfect segregated Pt monolayer. However, the segregation in the real system may not be

perfect. Another possible origin is that the interface of the real MgO/Co/Pt(111) system likely

contains many types of defect structures that can drastically affect the hybridized majority-

spin states originated in the interfacial O, Pt, and Co atoms. In the future, to study the EF

effects on the magnetic properties in the real system in more detail, we need to take account

of partial Pt segregation and defect structures.

4. Conclusions

We have studied the EF effects on the magnetic anisotropy in the ultrathin ferromagnetic

TM films on the Pt(111) underlayer using relativistic first-principles calculations based on

the density functional theory with a special attention on the effects of Pt segregation. We

have found that the MAE and its EF dependence of the BeO/Pt/TM/Pt(111) systems, espe-

cially those of the BeO/Pt/Co/Pt(111) system, are considerably large. The sign of the EF

dependence is such that the MAE and Mspin is increased (decreased) when the EF increases

(decreases) the number of electrons in the system. The origin of the unique EF dependence

of Mspin of the BeO/Pt/TM/Pt(111) systems is the formation of the hybridized majority-spin

states originated in the O 2pz, Pt 5d3z2−r2 , and TM 3d orbitals of the interfacial atoms.
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Table I. Magnetic anisotropy energy, MAE (in meV/cell), and spin magnetic moment, Mspin (in µB), for the

freestanding TM monolayer, TM/Pt(111), Pt/TM/Pt(111), BeO/TM/Pt(111), and BeO/Pt/TM/Pt(111) (TM=Fe,

Co) systems for the change in electron number ∆N=−0.1, 0.0, and 0.1. The electric field, EF (in V/nm), is given

by −0.272∆N × 103 V/nm, with the definition that a positive (negative) electric field decreases (increases) the

number of electrons in the system.

∆N = −0.1 (EF = 27.2) ∆N = 0.0 (EF = 0.0) ∆N = 0.1 (EF = −27.2)

System MAE Mspin MAE Mspin MAE Mspin

Fe(111) 0.36 3.18 0.21 3.10 0.32 3.01

Fe/Pt(111 ) 0.47 3.45 −0.24 3.39 −0.59 3.28

Pt/Fe/Pt(111) 4.52 3.64 3.69 3.64 2.71 3.60

BeO/Fe/Pt(111) 0.73 3.47 0.60 3.40 0.59 3.32

BeO/Pt/Fe/Pt(111) 1.27 1.71a) 3.14 3.15a) 3.63 3.22 4.67 4.31a) 3.34 3.32a)

Co(111) −1.24 2.14 −1.43 2.06 −1.92 1.97

Co/Pt(111 ) −0.41 2.61 0.24 2.54 0.68 2.49

Pt/Co/Pt(111) 2.37 2.98 0.95 2.92 1.15 2.87

BeO/Co/Pt(111) 3.80 2.62 3.56 2.58 3.60 2.56

BeO/Pt/Co/Pt(111) 10.34 10.32a) 2.81 2.85a) 13.64 2.99 15.10 14.38a) 3.08 3.05a)

a) Calculated with the same structure as that for ∆N = 0.0, i.e., EF = 0.0 V/nm.
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Table II. Structure of the BeO/Pt/TM/Pt(111) (TM=Fe, Co) system for the change in electron number

∆N=−0.1, 0.0, and 0.1. The x and y coordinates (in Å) are chosen according to the lattice constant of the

Pt(111) underlayer with the in-plane primitive vectors a1 = (a, 0, 0) and a2 = (−a/2,
√

3a/2, 0) where a=2.77

Å. The z coordinates (in Å) are optimized under the electric field of −0.272∆N × 103 V/nm with the definition

that a positive (negative) electric field decreases (increases) the number of electrons in the system.

z

System Atom x y ∆N = −0.1 ∆N = 0.0 ∆N = 0.1

BeO/Pt/Fe/Pt(111) Be 1.39 0.80 6.84 6.81 6.84

O 0.00 1.60 6.28 6.31 6.39

Be 0.00 1.60 4.70 4.69 4.71

O 1.39 0.80 4.17 4.22 4.30

Pt 1.39 0.80 2.04 2.04 2.05

Fe 0.00 0.00 0.00 0.00 0.00

Pt(I) 1.39 0.80 −2.04 −2.04 −2.04

Pt(II) 0.00 0.00 −4.38 −4.38 −4.39

BeO/Pt/Co/Pt(111) Be 1.39 0.80 6.80 6.76 6.79

O 0.00 1.60 6.24 6.26 6.35

Be 0.00 1.60 4.66 4.64 4.66

O 1.39 0.80 4.13 4.17 4.25

Pt 1.39 0.80 2.00 2.00 2.01

Co 0.00 0.00 0.00 0.00 0.00

Pt(I) 1.39 0.80 −2.01 −2.01 −2.02

Pt(II) 0.00 0.00 −4.34 −4.34 −4.34
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Table III. Numbers of majority- and minority-spin electrons, N+ and N−, and the difference, N+ −N−, of the

O atom on top of the segregated Pt atom (O), the segregated Pt atom (Pt), the TM atom (Fe, Co), and the first

and second Pt underlayer atoms (Pt(I) and Pt(II)) in the BeO/Pt/TM/Pt(111) systems for the change in electron

number ∆N=−0.1, 0.0, and 0.1. Note that N+ − N− represents the atomic spin magnetic moment in unit of µB.

The electric field, EF (in V/nm), is given by −0.272∆N×103 V/nm, with the definition that a positive (negative)

electric field decreases (increases) the number of electrons in the system.

∆N = −0.1 (EF = 27.2) ∆N = 0.0 (EF = 0.0) ∆N = 0.1 (EF = −27.2)

System Atom N+ N− N+ − N− N+ N− N+ − N− N+ N− N+ − N−

BeO/Pt/Fe/Pt(111) O 4.32 4.35 −0.03 4.33 4.35 −0.02 4.34 4.33 0.01

Pt 38.94 38.78 0.16 38.98 38.78 0.20 39.03 38.77 0.26

Fe 14.41 11.69 2.72 14.42 11.66 2.76 14.44 11.63 2.81

Pt(I) 39.10 38.83 0.27 39.09 38.84 0.25 39.09 38.84 0.25

Pt(II) 39.03 39.00 0.03 39.03 39.01 0.02 39.02 39.01 0.01

BeO/Pt/Co/Pt(111) O 4.36 4.32 0.04 4.36 4.32 0.04 4.36 4.31 0.05

Pt 39.03 38.70 0.33 39.09 38.68 0.41 39.12 38.68 0.44

Co 14.51 12.58 1.93 14.53 12.55 1.98 14.54 12.53 2.01

Pt(I) 39.15 38.79 0.36 39.16 38.77 0.39 39.17 38.77 0.40

Pt(II) 39.08 38.94 0.14 39.09 38.93 0.16 39.10 38.93 0.17
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Fig. 1. (Color online) Schematic diagram of the BeO/Pt/TM/Pt(111) system where TM=Fe, Co. The system

consists of the BeO insulating layer, the segregated Pt monolayer, the TM monolayer, and the Pt(111) underlayer

where the first and second Pt underlayer atoms are denoted by Pt(I) and Pt(II), respectively. The electric field is

applied by introducing the counter electrode far above the system. The direction of the electric field is defined

in such a way that a positive (negative) electric field decreases (increases) the number of electrons in the system,

pointing upward (downward) along the positive (negative) z axis direction.
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Fig. 2. Partial density of states of the 5d orbitals of the segregated Pt atom in the BeO/Pt/Fe/Pt(111) system

for (a)∆N=−0.1 (EF=27.2 V/nm), (b)∆N=0.0 (EF=0.0 V/nm), and (c)∆N=0.1 (EF=−27.2 V/nm), where ∆N

represents the change in the number of electrons in the system. The upper and lower parts of each panel are

those for majority- and minority-spin orbitals, respectively. The PDOS of the Pt 5d orbitals are labeled with Ylm

of l = 2 and m = ±2, ±1, and 0. Note that Y20 represents the Pt 5d3z2−r2 orbital. The zero of energy is taken as

the Fermi level.
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Fig. 3. Partial density of states of the 5d orbitals of the segregated Pt atom in the BeO/Pt/Co/Pt(111) system

for (a)∆N=−0.1 (EF=27.2 V/nm), (b)∆N=0.0 (EF=0.0 V/nm), and (c)∆N=0.1 (EF=−27.2 V/nm), where ∆N

represents the change in the number of electrons in the system. The upper and lower parts of each panel are

those for majority- and minority-spin orbitals, respectively. The PDOS of the Pt 5d orbitals are labeled with Ylm

of l = 2 and m = ±2, ±1, and 0. Note that Y20 represents the Pt 5d3z2−r2 orbital. The zero of energy is taken as

the Fermi level.
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Fig. 4. Partial density of states of the 2p orbitals of the O atom on top of the segregated Pt atom in the

BeO/Pt/Fe/Pt(111) system for (a)∆N=−0.1 (EF=27.2 V/nm), (b)∆N=0.0 (EF=0.0 V/nm), and (c)∆N=0.1

(EF=−27.2 V/nm), where ∆N represents the change in the number of electrons in the system. The upper and

lower parts of each panel are those for majority- and minority-spin orbitals, respectively. The PDOS of the O

2p orbitals are labeled with Ylm of l = 1 and m = ±1, and 0. Note that Y10 represents the O 2pz orbital. The zero

of energy is taken as the Fermi level.
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Fig. 5. Partial density of states of the 2p orbitals of the O atom on top of the segregated Pt atom in the

BeO/Pt/Co/Pt(111) system for (a)∆N=−0.1 (EF=27.2 V/nm), (b)∆N=0.0 (EF=0.0 V/nm), and (c)∆N=0.1

(EF=−27.2 V/nm), where ∆N represents the change in the number of electrons in the system. The upper and

lower parts of each panel are those for majority- and minority-spin orbitals, respectively. The PDOS of the O

2p orbitals are labeled with Ylm of l = 1 and m = ±1, and 0. Note that Y10 represents the O 2pz orbital. The zero

of energy is taken as the Fermi level.
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Fig. 6. Partial density of states of the 3d orbitals of the Fe atom in the BeO/Pt/Fe/Pt(111) system for

(a)∆N=−0.1 (EF=27.2 V/nm), (b)∆N=0.0 (EF=0.0 V/nm), and (c)∆N=0.1 (EF=−27.2 V/nm), where ∆N rep-

resents the change in the number of electrons in the system. The upper and lower parts of each panel are those

for majority- and minority-spin orbitals, respectively. The PDOS of the Fe 3d orbitals are labeled with Ylm of

l = 2 and m = ±2, ±1, and 0. The total partial density of states of the 3d orbitals of the Fe atom is shown with

the thick solid line. The zero of energy is taken as the Fermi level.
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Fig. 7. Partial density of states of the 3d orbitals of the Co atom in the BeO/Pt/Co/Pt(111) system for

(a)∆N=−0.1 (EF=27.2 V/nm), (b)∆N=0.0 (EF=0.0 V/nm), and (c)∆N=0.1 (EF=−27.2 V/nm), where ∆N rep-

resents the change in the number of electrons in the system. The upper and lower parts of each panel are those

for majority- and minority-spin orbitals, respectively. The PDOS of the Co 3d orbitals are labeled with Ylm of

l = 2 and m = ±2, ±1, and 0. The total partial density of states of the 3d orbitals of the Co atom is shown with

the thick solid line. The zero of energy is taken as the Fermi level.
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