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Controlling and designing quantum magnetic properties by an external electric field is a key
challenge in modern magnetic physics. Here, from first principles, the effects of an external electric
field on the magnetocrystalline anisotropy (MCA) in ferromagnetic transition-metal monolayers are
demonstrated which show that the MCA in an Fe(001) monolayer [but not in Co(001) and Ni(001)
monolayers] can be controlled by the electric field through a change in band structure, in which
small components of the p orbitals near the Fermi level, which are coupled to the d states by the
electric field, play a key role. This prediction obtained opens a way to control the MCA by the

electric field and invites experiments.

PACS numbers: 75.70.Ak, 75.30.Gw, 73.20.At, 71.20.Be

Magnetism of surfaces/interfaces and nanostructures
continues to be one of the best-studied and important
properties of materials with many exciting discoveries
related to both fundamental and applied sciences.|[1, 2]
One remaining key challenge lies in controlling and de-
signing quantum magnetic properties with application
of an external electric field, such as the use of mag-
netoelectric multiferroics that involve additional degrees
of freedom introduced by utilizing both the charge and
spin of electrons.[3, 4] Very recently, the electric field in-
duced modification of the magnetocrystalline anisotropy
(MCA) in itinerant thin film ferromagnets has been
demonstrated experimentally,[5] in thin film FePt and
FePd with liquid interfaces, where the coercivity is re-
versibly varied with application of a voltage. This ef-
fect is currently considered to be attributed to a change
in the number of d electrons at the surface in response
to the applied electric field. Further, the magnetization
direction (i.e., the MCA) in the magnetic semiconduc-
tor (Ga,Mn)As within a metal-insulator-semiconductor
structure has been successfully controlled by the applica-
tion of an electric field.[6] Such exciting findings appear
to be of great importance and to open a golden age of
innovation in novel device physics.

Motivated by these experimental findings, we propose
from first principles calculations an alternative mecha-
nism for the change in the MCA in an itinerant thin film
system by the external electric field. Indeed, we find
that the MCA energy in an Fe(001) monolayer [but not
in Co(001) and Ni(001) monolayers] is strongly modified
(even its sign is changed) due to changes in the band
structure introduced by the electric field, in which small
components of the p orbitals near the Fermi level play a
key role, which may lead to a giant MCA modification.
The prediction obtained opens a way to control the MCA
by the electric field and invites experiments.

As models, the simple systems of a free-standing
Fe(001) monolayer with the lattice constant of 5.45 a.u.
(Ag substrate), and Co(001) and Ni(001) monolayers
with that of 4.83 a.u. (Cu substrate) are employed
for investigating and understanding the electric field
effect on the MCA, in which a symmetric geometry
with a z-reflection is set up. Calculations are per-
formed by the full-potential linearized augmented plane
wave (FLAPW) method[7-9] that treats film geome-
tries, by including fully the additional vacuum regions
outside of a single slab, where the wave functions are
augmented by solutions of the one-dimensional (out-of-
plane) Schrodinger equation and two-dimensional plane-
waves. Importantly, this single slab geometry, which is
non-periodic along the surface normal (z-axis), allows a
natural way to include the effect of an external electric
field,[10] compared to calculations that assume a super-
slab geometry (slabs separated by a vacuum region) in a
bulk code.[11, 12]

The external electric field potential applied along the
z-axis, Vext = Fuxt?, 1S expanded into interstitial, MT
sphere and vacuum regions, where Foyy and z are ex-
ternal electric field and z-axis position, respectively, and
the quantization axis of the spherical harmonics is set
along the z-axis. Having a Hamiltonian with the added
Vext, self-consistent calculations are first performed in
the scalar relativistic approximation (SRA), i.e., exclud-
ing the spin-orbit coupling (SOC), based on the local
spin density approximation (LSDA) using the von Barth-
Hedin exchange-correlation[13]. Although many-body ef-
fects beyond the LDA might be of importance in electric
field problem,[14] results obtained within LDA in metal-
lic systems, as done previously,[10, 11] may be sufficient
to discuss conclusions. LAPW functions with a cutoff
of [k+ G| < 3.6 a.u. are used, where the angular mo-
mentum expansion inside the MT sphere is truncated at
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FIG. 1: (Color online) Calculated MCA energy, Emca, and

the anisotropy of orbital moments, Am°™* = mgo1 —m100, as

a function of the external electric field, Fext, for the Fe(001)
monolayer.

¢ = 8 for wave functions, charge and spin density and
potential.

To determine the MCA, first the second variational
method[15, 16] for treating the SOC is performed by us-
ing the calculated eigenvectors in the SRA, and the MCA
energy, Eyica, is determined by the force theorem,[17,
18] which is defined as the energy eigenvalue difference for
the magnetization oriented along the in-plane [100] and
out-of-plane [001] directions. With 7,056 special k-points
in the two-dimensional Brilliouin zone (BZ), the Eyca
was found to sufficiently suppress numerical fluctuations.
Table I summaries the spin and orbital moments and the
Enica calculated in an electric field of zero and 1 eV/ A
for the Fe(001), Co(001), and Ni(001) monolayers. To
confirm the validity of the force theorem, total energy
self-consistent calculations including the SOC are also
carried out, and those results are also given in Table I.
Values of the spin and orbital moments and the Eyca
in the force theorem are found to be almost identical to
those from the self-consistent calculations — which con-
firms the validity of applications of the force theorem[17]
even for the systems in an electric field.

For the Fe(001) monolayer, the Eyca in zero field
has a positive value of 0.19 meV/atom (in FT) and
0.22 meV/atom (in SC), indicating that the magneti-
zation energetically favors pointing in the out-of-plane
[001] direction. When the electric field is introduced, the
Enca significantly decreases as Fuy increases and be-
comes even negative as Feyy becomes larger than about
1 eV/A, as shown in Fig. 1. We also find that, although
the spin moments are almost identical over a range of
applied electric field, the orbital moments in the in-plane
[100] direction are strongly enhanced due to the elec-
tric field. Interestingly, in contrast, for the Co(001) and
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FIG. 2: (Color online) Calculated MCA energy, Fnca, as a
function of the number of valence electrons, NV, for the Fe(001)
and Co(001) monolayers. Dashed and solid lines represent
results for an external electric field of zero and 1 eV/A values,
respectively. The point at N = 8 (9) corresponds to the
number of valence electrons in the present Fe (Co) system.

Ni(001) monolayers, the Eyca as well as the orbital mo-
ments do not change with application of the electric field.

Next, within a rigid band model, we analyzed the be-
havior of the MCA energy with respect to an assumed
variation of the number of valence electrons, N. The re-
sults are shown in Fig. 2 for the Fe(001) and Co(001)
monolayers. For Fe(001), Enca in zero field decreases
as N increases, where the Eyica has positive values for
N less than about 8.1 and negative values for more than
about 8.1. The slope, dEyca/dN = —2.6, at N = 8,
which corresponds to the number of valence electrons in
the Fe system, indicates that an increase (decrease) of
0.01 electrons depresses (enhances) the Eyica by 14 %.
In the case of the Co(001) monolayer, the slope results
in a small positive value of 1.1 at N = 9. Note that a
scenario based on the change in the number of valence
electrons is ruled out in explaining the MCA modifica-
tion. When the electric field is introduced, the behavior
of the MCA with the number of valence electrons is qual-
itatively identical to that in zero field, but the modifica-
tion in the MCA for the Fe system clearly appears and
strongly depends on the number of valence electrons. A
maximum increment (and change of sign) of the Eyica
is achieved at N ~ 8.4.

In order to clarify the origin of the MCA modifica-
tion, the Fe(001) band structures and the MCA energy
contribution,[20] Enca(k), are calculated, and shown in
Fig. 3. In zero field, the bands crossing the Fermi level
(Er) arise mainly from the minority-spin states, while
the majority-spin bands (not shown in the figure) are
almost fully occupied and are located from -1 to -4 eV
below Er. In the minority-spin states, bands 3 (dy2_,2)



TABLE I: Calculated spin and orbital moments, mgpy" and m

Sthi® (in pg), in the MT spheres when the magnetization is

oriented along the [001] directions, the anisotropy of moments, Am = mgo1 — mioo, and MCA energy, Fymca (in meV/atom),
for Fe(001), Co(001) and Ni(001) monolayers. FT and SC represent force theorem and self-consistent ways for treating the

spin-orbit coupling.

System Method Zero field Foxs=1eV/ A
m;glln Amspin mgaliit Amorbit EMCA mg}(a)lln Amspin mgaliit Amorbit EMCA
Fe FT 3.163 0.000 0.155 -0.002 0.19 3.163 0.001 0.158 -0.014 0.02
SC 3.162 0.000 0.155 -0.002 0.22 3.163 0.000 0.158 -0.014 0.06
Co FT 2.085 -0.001 0.144 -0.099 -1.37 2.085 -0.001 0.144 -0.099 -1.39
SC 2.084 -0.001 0.144 -0.099 -1.37 2.084 -0.001 0.144 -0.099 -1.37
Ni FT 0.987 -0.002 0.125 -0.101 -1.70 0.987 -0.002 0.125 -0.100 -1.69
SC 0.985 -0.002 0.124 -0.100 -1.68 0.985 -0.002 0.125 -0.100 -1.67
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layer. Open circles and triangles represent bands having small
0.6 components (possessing more than 1 % in the Fe muffin-tin
sphere) of p. and ps,, orbitals, respectively.
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As pointed out previously,[15, 19] in this band struc-
FIG. 3: (Color online) (a) Calculated minority-spin band ture, the MCA originates mainly from the SOC between

structure along high-symmetry directions for an Fe(001)
monolayer in an external electric field of zero (dotted lines)
and 1 eV /A(solid lines). The reference energy (E = 0) places
the Fermi energy, Er. Arrows indicate band gaps induced by
the electric field. Bands 1, 3, and 4 stand for d,2, d,2_,2,
and d.y states, respectively, and bands 5 and 5* are weakly
bonding and antibonding d.,. states. (b) MCA energy
contribution, Eyca (k),[20] in zero field (dotted line) and at
1 eV/A(solid line). (c) Results when the number of valence
electrons, N, is set to 8.4 within the rigid band.

and 4 (dyy) located above and below Er, and whose or-
bitals lie in the layer-plane, show a large dispersion due
to the strong bonding between them; band 1, whose d -
orbital lies along the plane normal and shows a weak dis-
persion, is located above Er except near I'; bands 5 and
5% (dg2,y=) with weakly bonding and antibonding states
are seen to cross Ep.

the minority-spin bands crossing Er. According to per-
turbation theory,[19] the SOC between occupied and un-
occupied states with the same (different) m magnetic
quantum number through the L, (L, and L,) operator
gives a positive (negative) contribution to the Eyica (k).
As seen in Fig. 3, at around T', the SOC interaction be-
tween the occupied d,2 (m = 0) state at -0.05 eV and
the unoccupied dg, 4. (m = +1) state at 0.7 eV yields
a negative Eyca(k). Around M, the SOC interaction
between the occupied dy. ,. state at -0.1 eV and the un-
occupied d,2 state at 0.7 eV also makes for a negative
Fyca (k). However, in most of the BZ except around T’
and M, the contribution is mostly positive from the SOC
between the occupied and unoccupied dy. . states.
When the electric field is introduced, although the
overall the band structure is similar compared to that
in zero field, a significant difference is observed near re-
gions indicated by arrows in Fig. 3, e.g., two intersecting



bands 1 and 5 above Ep at 3(I-M) hybridize with each
other and are split by about 0.2 eV. Around 2 (X-T'), the
lowered band is almost pushed down below Ep by the
electric field.

The electric field, which breaks the z-reflection sym-
metry, promotes a variety of new electronic structures
such as a lifting of degenerate energy states. Impor-
tantly, the electric field potential in the MT spheres,
which is described with the Y} spherical harmonic, allows
an interaction between two states with angular quantum
numbers of £ and £ + 1 (e.g., p and d orbitals) and the
same magnetic quantum number m, since the field matrix
< U'm/|Yg [ém > is non-zero when ¢ = ¢+ 1 and m’ = m.
Indeed, small components of the p orbitals are found to
appear in the bands near Ey, as indicated by circles (p,)
and triangles (pg ) in Fig.4. Thus, the p, (m = 0) or-
bitals in band 5 above Ep at %(I-M) couple to the d.2
states of band 1, and so these bands are split. Also, the
pzy (m = +£1) orbitals in band 3 below Ep at 1(X-T)
couple to the d, ,. states of band 5; the p, orbitals in
band 5 above Ey at %(X—f) couple to the d,» states of
band 1 as well. The induced energy band gaps are found
to increase as Fy increases. Such an F.y; dependence
may justify our proposed mechanism of the MCA change
even in non-symmetric slab systems without z-reflection.
Thus, small components of the p orbitals play a key role
in determining the band structure when the electric field
is introduced.

Although the trend in Epca (k) in the electric field is
almost identical compared to that in zero field, as seen in
Fig. 3 (b), in the vicinity around %(I-M) the band gap
induced by the electric filed enlarges a region of nega-
tive Eyica (k). Around 2(X-I), the positive contribution
to Enca(k) in zero field becomes negative, where the
induced band gap near Ep gives rise to the negative con-
tribution from the SOC interaction between the d,2 and
dyz,y- states. In addition, when IV is chosen to be 8.4
within the rigid band, which corresponds to Er of about
0.12 eV, the large MCA modification can be confirmed to
be related to the induced band gaps around % (I-M) and
3(X-T') [see Figs. 2 and 3]. Moreover, for the Co(001)
monolayer, Fr further shifts above the d bands due to
an increase in the number of electrons as seen in Fig. 5,
and so the states around the induced band gaps become
occupied. Hence, no change in the MCA appears in the
Co system (also in the Ni one) as mentioned.

In summary, we investigated the effects of the exter-
nal electric field on the MCA energy in transition-metal
monolayers by means of the first principles FLAPW
method, and found that the MCA energy in the Fe(001)
monolayer (but not in the Co(001) and Ni(001) cases)
can be modified through changes in the band structure,
in which small components of the p orbitals near Ff,
which are coupled to the d states due to the presence of
the electric field, play a key role. The predicted results
open a way to control the MCA by an external electric
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FIG. 5: (Color online) Calculated minority-spin band struc-
ture and MCA energy contribution, Emca (k),[20] along high-
symmetry directions for a Co(001) monolayer in an external
electric field of zero (dotted lines) and 1 eV/A(solid lines).
Notation, the same as in Fig. 3.

field and invites experimental confirmation for systems
such as an Fe thin film sandwiched by insulators such as
MgO. Indeed, very recently, an experimental intimation
for the MCA change in an ultrathin Fe/MgO junction
was reported.[21]
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