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Effect of the electric field on magnetic properties of linear chains on a Pt(111) surface
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Performing state-of-the-art ab initio calculations we study the effect of the electric field on magnetic properties
of Co and Co-Pt chains on Pt(111). Our studies give clear evidence that an externally applied electric field could
permit one to tailor magnetic anisotropy in chains. It is demonstrated that the physics behind this effect is related

to the spin-dependent screening of an external electric field at the chains. A strong enhancement of magnetic
anisotropy energy in mixed Co-Pt chains, compared to pure Co chains, is found. The interplay between atomic

structure and the magnetic anisotropy energy is discussed.
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I. INTRODUCTION

Recent studies in the areas of magnetoelectronics and
spintronics suggest that it could be worthwhile to control
magnetic properties of devices and their elements by means
of the electric field.' The coupling between electric and
magnetic properties of a material, i.e., the magnetoelectric
effect, has already been suggested as a new promising
technology for magnetic data storage devices.*> There are two
mainstream approaches to exploit magnetoelectric phenomena
in device applications. The first one is based on multiferroic,
multifunctional materials, where the coupling between the
magnetic properties and the external electric field is provided
by the change of the structure due to the field-induced
polarization.® A field effect transistor based on a single-phase
BiFeO3 multiferroic has been recently created.'®!! Another
way to couple the electric field and magnetic properties
is implemented in magnetic semiconductors with carrier-
mediated magnetic interaction. The applied field alters the
concentration of carriers, thus varying the magnetic interaction
and, consequently, the magnetic order. This scheme was im-
plemented in experimental devices based on Mn-doped InAs.’
The gate voltage controls the concentration of holes mediating
the interaction between Mn dopants. Unfortunately, both of
the approaches mentioned have a major drawback: The critical
temperature, at which thermal fluctuations destroy magnetic
order, is too low for most semiconductors and multiferroics.'?
Only very recently a magnetic semiconductor, which allows
switching its magnetic state from the paramagnetic to the
ferromagnetic one at room temperature by means of the gate
voltage, has been invented.!?

The problem of thermal instability can be solved by using
Pd/Pt-3dM compounds, which have blocking temperature 7}
far above the room temperature.'* The high 7}, of these
compounds is explained by the large magnetic anisotropy.
Achieving a giant magnetic anisotropy energy (MAE) is,
thus, of crucial importance and could be used to stabilize
magnetic moments against thermal fluctuations. MAE can be
enhanced if magnetic nanomaterials of reduced dimensions are
used. For example, it was shown that OD (adatoms)'>'® and
1D (chains and wires)!”23 nanostructures on metal surfaces
exhibit larger MAE than bulk structures. The experimental
study of Co clusters supported by the Pt(111) surface showed
that the MAE per Co atom increases while the cluster size
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decreases; indeed, for a single Co adatom a giant MAE of
9 meV was measured.'>?*?° Large MAE of Co chains on the
Pt(997) surface was observed.?' Nowadays, clusters and chains
of various sizes and compositions can be created on surfaces
by means of STM manipulation.?*=! The alternative way is
to evolve nanostructures using atomic self-assembly.?>5 A
reduced dimensionality of Pt-3dM nanochains and a large
spin-orbit coupling of Pt may lead to a large MAE.

The MAE can be tuned by the electric field.'*3¢37 For
example, it has been revealed that the net charge of Fe-Pt/Pd
films embedded in an electrolyte medium is changed upon
exposure to the external electric field.'"* The corresponding
variation in the number of unpaired d electrons in the
response to the applied electric field changes the MAE. In
the Fe/MgO tunneling junction, a large change in MAE has
been observed when the external electric field was applied.*®
This phenomenon originates from the change in the electron
filling of the Fe layer. Other experimental studies on magnetic
nanostructures and junctions show that it is also possible to
modify magnetic properties using an electric field.®*! The
magnetoelectric effect on surfaces, thin films, and atomic
chains has been confirmed by theoretical studies.****! As an
example, Fe monolayers on the Pt(001) and Pd(001) surfaces
exhibit a linear dependence of MAE on the applied electric
field, and it was revealed that the relative increase of MAE
was higher in Pt than in Pd substrate by a significant factor.*+*3
Similar works on monolayers and thin films confirm such an
effect.6 The electric field has been used to switch the magnetic
states of Mn dimers on metal surfaces.*’ In another study, it
was found that the MAE of freestanding Fe chains could be
altered by the external electric field.

In the present work we concentrate on the effect of the
electric field on magnetic properties of atomic chains on metal
surfaces. As a model system we choose pure Co and mixed
Co-Pt chains on the Pt(111) surface. In fact such systems could
be produced at low temperatures using STM.? We reveal the
interplay between atomic relaxations (in the chain and the
substrate) and the MAE. Our studies demonstrate that the MAE
in Co-Pt chains on the Pt(111) surface is enhanced by 35%
compared to the MAE of pure Co chains. We have found that
atomic relaxations in Co-Pt chains and the Co chain increase
the MAE. Varying an external electric field from —1 V/A to
1 V/A, one can significantly increase or decrease the MAE
(by 67%). The organization of the paper is the following:
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Computational aspects of the work are covered in Sec. II.
Our results related to the interplay between structural effects
and magnetic properties and to the effect of the electric field
on MAE are presented in Sec. III and Sec. IV, respectively.
Finally, a brief conclusion is presented in Sec. V.

II. COMPUTATIONAL METHOD

The calculations were performed in the framework of
the density functional theory using the projector augmented
wave technique®*>* implemented in the VASP code.’>® The
exchange correlation effects were treated using the local
spin density approximation (LSDA) by Cerperly and Adler.>’
The general gradient approximation (GGA, PBE)>® was also
used for test calculations. The spin-orbit coupling (SOC) was
included self-consistently. The MAE was calculated from the
ground state energies for magnetization aligned in the most
relevant directions. A charge density cutoff of 400 eV was used
for the plane wave expansion, and the ground state energies
were converged down to the difference of 1076 eV. To calculate
the MAE, which is of the order of meV, the use of dense k-point
meshes is compulsory. We used 4 x 16 x 1 and 4 x 8 x 1
k-point samplings of the Brillouin zone for the Co chain and
the mixed Co-Pt chain on the Pt(111) surface, respectively.®!
A smearing parameter of 2 meV was applied.

The systems that we consider are the pure Co chain and the
mixed Co-Pt chain on the Pt(111) substrate. The mixed Co-Pt
linear chain is a 50% composition of each Co and Pt atoms
on the Pt(111) surface. The top view of the unit cells is shown
in Fig. 1(a) and 1(b), for the Co chain and the Co-Pt chain,
respectively. The lattice constant of bulk Pt (3.91 A), using
LDA, was optimized using the Birch-Murnaghan equation of
states.”® Surface slabs were built using six layers of Pt atoms
stacked in the (111) manner based on the bulk lattice parameter.
We used 4 x 1 and 4 x 2 supercells for the Co chain and
the Co-Pt chains, respectively. The nanochains are located
on one side of the Pt slab. The system was relaxed until the
forces acting on each atom were less than 5 meV/A. The
magnetization direction (M) was defined using polar angles 6
and ¢. Angles 6 and ¢ use the z axis and x axis, respectively,
as reference Cartesian axes; this is shown in Fig. 1(c). A static
electric field was applied perpendicular to the surface and
dipole correction was taken into account.’ A positive electric
field is directed towards the side of the slab which holds the
atomic chains, and vice versa for a negative electric field.

III. RESULTS AND DISCUSSION

A. Effect of structural relaxations on magnetic properties

In this section we discuss structural and magnetic properties
of the Co and the Co-Pt chains on the Pt(111) surface. In Fig. 2
we present the relaxed geometry of both chains. The bond
length and the vertical distances to the substrate are shown.
The nanochains were initially placed at the height of the bulk
interlayer distance of 2.25 A, with respect to the topmost layer
of the Pt(111) surface. Starting from the ideal geometry, we
relaxed the structure by minimizing the forces. In the relaxed
geometry of the Co chain on the Pt(111) surface, the Co atom
lies at the distance of 1.71 A from the surface and its magnetic
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FIG. 1. (Color online) Schematics for the unit cells of (a) pure
Co chains and (b) mixed Co-Pt chains on Pt(111) surface. (¢) A
sketch of the Cartesian and polar frames, used for the definition of
the magnetization (1\71 ). Angles 6 and ¢ are measured with respect to z
axis and x axis. Pt atoms in the chain and the substrate are represented
by dark edge ring and light edge rings, respectively. The atomic chains
on the surface are constructed in the [101] crystallographic direction
of Pt(111).

properties are changed. Our results are reported in Table I for
both relaxed and nonrelaxed geometries of Co chains.

First, we concentrate on the Co chains on the Pt(111)
surface. The easy axis of the Co chain in the nonrelaxed
geometry lies out of the surface plane (8 = 0° and ¢ = 0°),

(a)

FIG. 2. (Color online) A sketch for the crystallographic structure
of (a) the pure Co chain and (b) the mixed Co-Pt chain. The vertical
distance between the atomic chains and the top layer are shown in
(c) and (d). All the distances shown in the figure are in units of
angstroms. The easy axes of relaxed structures of both systems are
directed perpendicular to the surface (6 = 0 and ¢ = 0).
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TABLE I. Spin magnetic moments (m_), orbital magnetic moments (m_), and the MAE of pure Co and the mixed Co-Pt chains in the
Pt(111) surface. The two columns represent relaxed and unrelaxed geometries. Pt atoms in the mixed chain and Pt substrate atoms nearest to
the chain are denoted by Pt; and Pt,, respectively. All the spin magnetic moments are presented for the easy axis of magnetization.

Pure Co Chain Mixed Co-Pt Chain
Unrelaxed Relaxed Unrelaxed Relaxed

MAE (meV) 2.2 2.8 2.0 43
Co, mg (iup) 2.1 2.0 2.22 2.03
Co, m,(easy) (ig) 0.29 0.16 0.29 0.19
Co, my(hard) (up) 0.16 0.07 0.14 0.1
Pt;, mg (ug) 0.23 0.18
Pty, mg (ug) 0.13 0.26 0.15 0.08
Easy axis (0,¢) 0,0 0,0 (90,90) (0,0)
Hard axis (0,¢) (90,0) (90,0) (90,0) (90,0)

and the MAE is 2.2 meV.°! When the system is relaxed the
easy axis of magnetization is still oriented perpendicular to
the surface, and the value of MAE is 2.8 meV. The spin and
orbital moments of Co atoms in the chain, for the out-of-plane
direction, change after relaxation from 2.1 upg to 2.0 wug,
and from 0.29 pp to 0.16 wp, respectively. From Table I
the higher value of the spin moment of the Pt substrate in
the relaxed structure is explained by the shorter bond lengths
[Fig. 2(c)], which provide a stronger hybridization between
d states of Co and Pt. In our calculation, the Pt atoms in the
substrate have an induced magnetic moment of 0.26 ppg in
relaxed geometry.

Similar noncollinear calculations were performed using the
GGA (PBE)® exchange-correlation functional, for relaxed
pure Co chains on the Pt(111) surface. The equilibrium lattice
parameter is 3.99 A. It was found that the MAE is 2.8 meV
and the easy axis is oriented perpendicular to the surface.
Compared to the LDA the spin magnetic moment of Co and Pt
increases by 0.05 upg and 0.01 ug, respectively. At the same
time, the orbital moment of Co atoms in the Co chain is reduced
in the case of the GGA. To address recent calculations’>
performed for Co chains on Pt(111), we also did similar studies
by means of the PWscf code of Quantum-ESPRESSO® using
the LDA fully relativistic ultrasoft pseudopotential (USPP).
Employing a lattice parameter of 3.92 A, the MAE in the
relaxed geometry was found to be 0.9 meV and the easy axis
is in-plane along the direction of the chain (90, 90), which
agrees with Ref. 52. However, with regard to both the MAE
and the easy axis, these results do not agree with those based
on the PAW technique. Further studies have been done using
LDA, VASP to see the change of MAE with respect to the
variation in the lattice parameter. At 4.08 A we observe a
decrease in the MAE (1.04 meV) and switch of the easy axis,
from out of plane to in plane (along the chain). This leads to
the conclusions that the MAE strongly depends on the lattice
parameter. The origin of the discrepancy between the PAW
and the USPP calculations is unclear for us. We believe that
the PAW pseudopotential is more accurate than the ultrasoft
pseudopotential.

We now discuss the Co-Pt atomic chains supported on the
Pt(111) surface. The summary of the results on the interplay
between magnetic properties and the geometrical relaxation
of the Co-Pt mixed chain is presented in Table I. The vertical

distance of the chain atoms from the surface and the length
of the bonds are displayed in Fig. 2. The Co and Pt atoms
in the chain are situated at the vertical distances of 1.77 A
and 1.94 A from the Pt surface, respectively. The Co atom
in the Co-Pt mixed chain lies 4% higher compared to the
vertical distance of the Co atom in the relaxed Co chain. As a
result of oscillatory vertical distance of Co and Pt atoms along
the chain, the Co-Pt chain forms a zigzag-like shape. The
interaction between the Co atom and the Pt atom is stronger
than the interaction between Pt atoms, which is the reason for
the stronger relaxation of the Co atom towards the Pt surface
than the Pt atoms in the chain. In addition, the Co atoms in
the Co-Pt chain also interact with Pt atoms in the chain, which
prefer to stay higher.

The spin and orbital magnetic moments of the Co atom in
the relaxed (nonrelaxed) geometries are 2.03 (2.22) up and
0.19 (0.29) wp, respectively. In nonrelaxed geometry, the Pt
atom in the chain has a spin magnetic moment of 0.23 5. The
induced magnetic moment of the Pt atom in the substrate is
0.15 pp. In the relaxed geometry the Pt atom in the chain and
the Pt atom in the substrate have magnetic moments of 0.18
and 0.08 wp, respectively. For both relaxed and unrelaxed
geometries the Pt atom in the chain has less coordination
number than the one in the Pt(111) surface, which is the
origin for the higher induced magnetic moments of Pt in
the chain. The approximation which correlates MAE and or-
bital anisotropy, MAE = & /4 g[m,(easy) — mo(hard)],®-¢7
is valid for all systems and geometries that are considered
in this study, where ¢ is the spin-orbit coupling constant. The
MAE per atom is evaluated for isolated chains of Co and Co-Pt
chains with respective interatomic distance of 2.76 A and
2.77 A, the distance between the atoms on the Pt(111) surface.
A very high MAE is found to be 31 meV and 22 meV, with an
easy axis perpendicular to the chain and parallel to the chain
for Co and Co-Pt chains, respectively. The relation between
MAE and orbital anisotropy is valid for the freestanding Co-Pt
chain.

As shown in Table I, the MAE in the Co-Pt chain increases
from 2.0 meV for a nonrelaxed geometry to 4.3 meV for
the relaxed one.®” The enhancement of the MAE due to
atomic relaxations could be explained using the second-order
perturbative consideration.*>® The energy difference between
two quantization axes, the x axis and the z axis, can be written
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FIG. 3. Orbital-projected minority d LDOS of the Co atom in
the Co-Pt chain (without external electric field), for relaxed (full
lines) and unrelaxed (dashed lines), is represented. Only the minority
density of states is considered, because the density of majority states
is negligibly small at the Fermi level.

in simplified form as

V2 —
MAB Y A e AU

Er — &1

where ¢, and ¢ are occupied and unoccupied states, and qu and
I, are angular momentum operators. The second quantization
contribution due to the spin-orbit coupling between occupied
and unoccupied eigenstates near the Fermi level affects the
ground state energy at most.*>0>%% The orbital-projected
LDOS for the minority d states of Co atom in the Co-Pt chain,
which are the most dominant states near the Fermi energy, are
shown in Fig. 3. Relaxations split the degenerate d levels in a
close proximity to the Fermi energy providing, thus, the first
contribution to the change of the MAE.

In the nonrelaxed Co-Pt chain the easy axis of magnetiza-
tion is directed along the chain direction (¢ = 90 and 6 = 90)
and the MAE is 2 meV. Following geometrical relaxation
the easy axis changes to normal to the surface (¢ = 0 and
6 = 0) and the MAE increases by more than two times. In
the nonrelaxed geometry there is a higher density of d,,
and dj,2_,»> states just below the Fermi energy; however for
relaxed geometry these states split and the density of states
is shifted to higher energies (Fig. 3). The later effect, i.e.,
redistribution of d.,, dy>_,2, and ds;>_,» states around the
Fermi energy, decreases the SOC between dj,2_,> states with

dy; and d,, coupled by the lx operator [Eq. (1)]. Additionally,

PHYSICAL REVIEW B 85, 205447 (2012)

from the change in the spin-orbit coupling matrix element
for the easy and hard axis, which is provided in the VASP
code,% the coupling between occupied and unoccupied states
of dyy and d,>_,> (for the easy axis) through l, increases,
with an aggregate effect of enhancing the MAE in the relaxed
geometry.

The change of the easy axis can also be seen from the
variation in the spin-orbit coupling matrix elements of the
easy and the hard axis of magnetization. The spin-orbit
matrix elements of the Co atom in the nonrelaxed and the
relaxed Co-Pt chain reveal that the magnetization direction
parallel to the surface is mostly determined by the spin-orbit
coupling of ds,>_,» states with d,; and d,. ones, through .
In the nonrelaxed geometry this firmly decides the spin-orbit
coupling contribution to the ground state energy of the easy
axis. The magnetization axis perpendicular to the surface is
characterized by the SOC between d,, and d,>_,> states by
the l; operator, in addition to the coupling already stated
above. And these couplings play the main role here. Atomic
relaxations decrease the interaction between ds._,2 states
with d,; and d,., for the magnetization direction parallel to
the surface. There is also an increase in the SOC between
dyy and d,>_ 2, which decreases the energy of the easy axis
configuration for the relaxed geometry. From the variation
stated above, the direction of the easy axis changes from
parallel to the surface in nonrelaxed geometry to normal to
the surface in relaxed geometry.

B. Effect of the electric field on the MAE

In this section we discuss the influence of the electric field
on magnetic properties in the Co and the Co-Pt chains on
the Pt(111) substrate. The strength of the electric field varying
from —1.0 V/A to 1.0 V/A is used. The positive electric field is
directed towards the surface, which supports the atomic chains
(opposite to the z axis). Here we particularly analyze the tuning
of the MAE (E,, = E, — E;; E\, = E, — E.) [Fig. 1(¢)] of
the Co and the Co-Pt chains on the Pt(111) surface by means of
the electric field. The MAE of the Co chain and the Co-Pt chain
as a function of the electric field is presented in Fig. 4. For both
Co and Co-Pt chains the MAE shows linear-like dependence
as a function of the electric field, and the MAE is enhanced
when the strength of the electric field, directed outwards from
the surface, increases.

The relative variation of the MAE (E), when the electric
field changes from 1.0 V/A to —1.0 V/A, is 67% and 57% for
the Co chain and the Co-Pt chain, respectively, whereas E,,
increases by 34% and 39% in the same electric field range. The
change of MAE in the absolute value is as large as 1.2 meV
for the Co chain and 1.4 meV for the Co-Pt chain. The results
discussed above suggest that for higher electric field one can
switch the easy axis from out of plane to in plane along the
chain (intermediate axis). The origin of the change in the MAE
is related to the spatial redistribution of the electronic density
in response to the electric field, and the corresponding changes
of the density of states near the Fermi energy. Furthermore,
the surface screening phenomena in ferromagnetic metals are
found to be spin dependent.”’ Figure 5(a) shows the density
of states for the p orbital (majority and minority) of the
Co atom in different external electric fields. The majority

205447-4



EFFECT OF THE ELECTRIC FIELD ON MAGNETIC . ..

24iL I T I T T I T I 3-6
E - vV v %33?.#J
=21 V oy 1 =
st 13
S vy 1 =
o 18l (v 975
= | v Y 1=
T EEYS

: L1 Lo Y P

T T L R B
A A —4.8
% 2.4 A N | %
= £ 25 4 44i
W21k 2 N
S A A {1 <€
3| A A | &)
CPE n 4.03
= i (b) ﬁ E =
1.5 | ! | ! ! | ! | 4%6
0.8 0.4 0.0 0.4 0.8

Electric field(V/A)

FIG. 4. (Color online) The effect of the electric field on the MAE
of (a) the Co chains, and (b) the Co-Pt chain. In both cases [(a) and
(b)] E,, E,, and E_ are hard, intermediate and easy axes, respectively.
The shaded triangles represent E,; and unshaded triangles are for E,.

and minority p electrons screen the electric field differently,
in which the minority states show higher variation to the
change of the electric field. This phenomenon has once more
revealed the spin-polarized charge distribution on the vertical
cross-sectional area above the Co-Pt atomic chain. Figure 6
shows the difference in the charge distribution when the system
is exposed to the electric field of —0.8 V/A and 0.8 V/A
[or)(E = —0.8) — py(y)(E = 0.8)] for both (a) the majority
and (b) the minority spin channels. In this figure it is clearly
seen that the effect of the external electric field on the minority
states of Co is stronger than on the majority ones. This is
associated with the screening by the delocalized p states
[Fig. 5(a)], which in turn affects d states in the Co atom and
alters the magnetic properties.

In Fig. 5(b) the orbital projected density of states for d
orbitals of the Co atom (d,,; and d3,2_,2) in the Co-Pt chain
is presented, for the electric field of —0.8 V/A, 0.0 V/A, and
0.8 V/A. No significant changes are observed in d,,, d, and
dy>_ > states near the Fermi energy. Depending on the direction
and the magnitude of the electric field, the density of states near
the Fermi level changes. In particular, when the electric field
is changed from 0.8 V/A to —0.8 V/A, the density of d3,>_,
states just below the Fermi energy decreases and the density
of d, states above the Fermi energy rises.

As was mentioned in Sec. III A, in the Co-Pg chain the
interactions of d,; and dy; with ds,>_,-, through the [, operator,
are responsible for the hard-axis configuration. For the electric
field of —0.8 V/A there is significant decrease of ds._,
states just below the Fermi level, compared to these states
at 0.8 V/A. The coupling of d,, and d,, with ds.>_, for the
field —0.8 V/A also decreases, compared to the couplings for
the field 0.8 V/A. This increases the energy of the hard-axis
configuration. Recalling the second-order perturbation Eq. (1),
one can see that the operator l; couples the occupied and
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FIG. 5. (a) The density for p states of the Co atom in the Co-Pt
chain for spin up and spin down is presented. (b) Orbital-projected
d LDOS of the Co atom in Co-Pt mixed chain for minority states
of dy., dy2_,2. The gray line, full line, and dashed line represent

density of states at —0.8 V/A, 0.0 V/A, and 0.8 V/A electric fields,
respectively.

unoccupied states of d,; and d,; with ds,>_,2, and the coupling
is stronger for 0.8 V/A than —0.8 V/A. This has an effect of
decreasing the second term in the numerator at —0.8 V/A,
which obviously gives higher MAE. Displacement of the
atomic chains due to the electric field, i.e., 0.6 mA per 1 V/A
in the Co-Pt chain, is negligibly small.

FIG. 6. (Color) The difference in the charge distribution at
—0.8 V/A and 0.8 V/A plotted over vertical section which crosses
the atomic chains, for (a) the majority and (b) the minority states.
The contour lines represent zero charge difference. The dimensions
z and y measure the vertical and the horizontal distances of the
cross-section.
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IV. CONCLUSION

Based on the ab initio approach, we have calculated the
MAE and the magnetic easy axis of the pure Co chains and
the mixed Co-Pt chains supported on the Pt(111) surface. The
MAE in the Co-Pt chain increases by more than one third, com-
pared to the Co chain. The relaxed geometry of the Co chain

PHYSICAL REVIEW B 85, 205447 (2012)

and the Co-Pt chain has an easy axis normal to the surface. We
have demonstrated the tuning of the MAE by means of the elec-
tric field. In both Co and Co-Pt chains the MAE increases as
the electric field directed outward from the surface increases. It
is shown that the spin-dependent screening of the electric field
at chains plays a dominant role in their magnetic properties.
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