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Theoretical study on the electric field effect on magnetism of Pd/Co/Pt thin films
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Recent x-ray magnetic circular dichroism experimental investigations on the magnetism of Pt overlayers
deposited on ferromagnetically ordered Co films demonstrated the possibility of controlling the induced mag-
netic moment in Pt by applying an external electric field [Phys. Rev. Lett. 120, 157203 (2018)]. Based on
first-principles calculations, we investigate the electronic and magnetic properties of Pt layers in Pd(001)/Co/Pt
thin film structures exposed to an external electric field. Due to the Co underlayer, the surface Pt layers have
induced moments that are modified by an external electric field. The field-induced changes can be explained by
the modified spin-dependent orbital hybridization that varies nonlinearly with the field strength. We calculate
the x-ray absorption and the x-ray magnetic circular dichroism spectra for an applied external electric field
and examine its impact on the spectra in the Pt layer around the L2 and L3 edges. We also determine the
layer-dependent magnetocrystalline anisotropy, and we show that the anisotropy can be tuned easily in the
different layers by the external electric field.
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I. INTRODUCTION

The control of the magnetization of a system by an external
electric field, which is known as the magnetoelectric effect,
has been widely investigated during recent years experimen-
tally as well as theoretically due to its potential application in
spintronics [1–3]. The magnetoelectric effect was investigated
in particular for bulk magnetic compounds with noncollinear
magnetic structures [4–6], magnetic semiconductors [7,8],
and multiferroics [9–12]. Within these studies, the modifica-
tion of the magnetic properties by an external electric field has
been associated with various electronic mechanisms, such as
the shift of the Fermi level or a change in the charge-carrier
density.

Recent studies have reported that an external electric field
may affect the physical properties of layered systems in a very
pronounced way [13,14]. For example, for thin films of Pd, it
was shown that the electric field induces a phase transition
from the para- to the ferromagnetic state. This finding could
be explained by the Stoner instability caused by the applied
electric field, which leads to a change in the occupation of
the electronic states and shifting that way the Fermi level to
a position with a high density of states (DOS). In the case
of magnetic systems, an electric field changes their magnetic
properties first of all due to its influence on the spin polar-
ization of the valence electrons. Such a manipulation of the
magnetic state by the electric field can lead to interesting and
important effects concerning possible applications [15–17].
Performing first-principles calculations, it was demonstrated
that a well-defined change in the magnetic moment can be
observed in the case of a ferromagnetic free-standing thin
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Fe, Ni, or Co film, for which the magnetic moments show
a linear dependence on the strength of the external electric
field [18]. In this case, the electron populations in the different
spin channels are varied and thus the balance of majority- and
minority-spin electrons is distorted, leading in turn to a change
of the spin magnetic moment in the system. Apart from the
spin magnetic moment, many other magnetic properties may
be controlled by an applied electric field, such as, for example,
the orbital moment and its anisotropy as well as the magnetic
anisotropy energy [18–20].

In the case of the Co/Pt bilayer system, it was demon-
strated by means of anomalous Hall effect measurements that
the Curie temperature of the Co layer can be controlled by
an electric field [21]. For the Curie temperature of the bulk
3d transition metal alloys, a Slater-Pauling like behavior was
found from first-principles calculations [22]. However, experi-
mental results on thin films showed that the Curie temperature
is increasing with an increasing number of valence electrons,
and it does not follow the Slater-Pauling-like behavior [21].
This finding indicates that in the case of thin films—when
compared to the bulk situation—other mechanisms can play
an important role for the magnetic properties in the presence
of an electric field.

Paramagnetic metals, such as Pt and Pd, that are close
to the Stoner instability, have substantial induced moments
due to the proximity effect when deposited on magnetic
substrate layers. In the case of Pd deposited on the Pt/Co
bilayer system, it was demonstrated experimentally and the-
oretically that the induced magnetic moment of the Pd layer
can be controlled by an applied electric field [14]. The in-
terrelation between the influence of an electric field on the
magnetic state and the electronic structure of Pt deposited
on a magnetic substrate was investigated in a recent work
by exploiting the component-specific x-ray absorption spec-
troscopy (XAS) together with the x-ray magnetic circular
dichroism (XMCD) [13].
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XMCD is one of the most powerful probes for investigating
the magnetization of layered systems in an element-resolved
way [23]. The XMCD spectra give for a magnetized sample
the difference in absorption for left- and right-circularly-
polarized x rays. XMCD spectra are often analyzed on the
basis of the XMCD sum rules, which link the integrals of
the XAS and XMCD spectra to the spin and orbital magnetic
moments of the absorbing atom [24–28].

Motivated by a recent experimental XMCD study by
Yamada et al. [13], we investigated the electronic and mag-
netic properties of Pt layers in the surface film system
Pd(001)/Co/Pt in the presence of an external electric field by
means of first-principles calculations. In this way, we investi-
gated how the electric field influences the electronic states, the
magnetic moments, the XMCD spectra of the Pt layers, and
the magnetic anisotropy in the case of the considered systems.

The paper is organized as follows. In Sec. II, the compu-
tational methods used are briefly sketched, while in Sec. III
the results are presented and discussed. Finally, in Sec. IV we
summarize our results.

II. COMPUTATIONAL DETAILS

All calculations were performed within the framework of
density functional theory, relying on the local-spin-density ap-
proximation (LSDA). For the exchange correlation potential,
the parametrization of Vosko, Wilk, and Nusair was used [29].
The electronic structure is described on the basis of the Dirac
equation, accounting for all relativistic effects coherently this
way. Electronic states were represented by means of the corre-
sponding Green function calculated using the spin-polarized
Korringa-Kohn-Rostoker (KKR) Green function formalism
as implemented in the spin-polarized relativistic KKR (SPR-
KKR) code [30–32]. The potentials were treated on the level
of the atomic sphere approximation (ASA), and for the self-
consistent calculations an angular momentum cutoff of lmax =
3 was used. All necessary energy integrations have been done
by sampling 32 points on a semicircle contour in the upper
complex energy semiplane. Furthermore, the k-space integra-
tion over the two-dimensional Brillouin zone (BZ) was done
using a 109 × 109 two-dimensional (2D) k-mesh.

We investigated the Pd(001)/Con/Ptm thin film surface
system, where n and m denote the number of Co and Pt layers,
respectively. The first considered model system consisted of
three Pd layers, n = 2 or 5 Co layers, m = 2 Pt layers, and
three layers of empty spheres embedded between a semi-
infinite Pd substrate and a semi-infinite vacuum region. For
the second model system, the number of Pt layers was varied
with the system consisting of two Pd, n = 5 Co layers, m =
1, 4 Pt layers, and three layers of empty spheres embedded
between the semi-infinite Pd and vacuum regions. For Pd, Co,
Pt, and empty layers, ideal epitaxial growth was assumed on a
fcc(001) textured substrate with the experimentally in-plane
lattice constant of Pd, a0 = 3.89 Å. Structural relaxations
were neglected in all cases.

From the obtained self-consistent potentials, the x-ray ab-
sorption coefficients μλ(ω) for the photon energy h̄ω and
polarization λ were calculated using the SPR-KKR Green
function method on the basis of Fermi’s Golden Rule [30,33].

The corresponding XMCD signal,

�μ(ω) = 1
2 (μ+(ω) − μ−(ω)), (1)

is defined as the difference in the absorption for left and right
circularly polarized radiation. The broadening of the exper-
imental spectra was simulated by a Lorentzian broadening
function with a width parameter of 1 eV.

The magnetic anisotropy energy (MAE) was obtained by
means of magnetic torque calculations [34,35] giving in gen-
eral an access to the magnetic torque T (θ, φ) as a function of
the polar and tangential angles θ and φ. Following Staunton
et al. [34], for uniaxial magnetic anisotropy the angle de-
pendency of the energy can be evaluated using the torque
at θ = π/4 and φ = 0 (assuming weak in-plane anisotropy),
i.e., E100 − E001 = T (θ = π/4, φ = 0). Some details of the
magnetic torque calculations are represented in Appendix.

The effect of a homogeneous external electric field was
modeled by a periodic array of point charges in the vacuum
region that behave essentially like a charged capacitor plate. In
the present calculations, the array of point charges or capacitor
plate, respectively, was placed in the last vacuum layer. This
setup leads to a homogeneous electric field of strength

E = Q

a2
0ε0

, (2)

where Q is the charge of the capacitor in units of the electron’s
charge, ε0 is the permittivity of vacuum, and a2

0 is the area of
the unit cell for the Pd(001) plane. Here, the applied electric
field is perpendicular to the surface, and for the positively
charged condensed plate it points from the vacuum toward
the surface, increasing this way the spill-out of the electrons
from the Pt layers to the vacuum with increasing electric field
strength.

III. RESULTS

A. Variation of the thickness of the Co layer

To investigate the impact of an external electric field on the
electronic structure of the Pd(001)/Con/Ptm system, we focus
first on Pd(001)/Co2/Pt2 with a ferromagnetically ordered
Co film, corresponding essentially to a system composed of
0.5 nm Co and 0.4 nm Pt films, as studied recently in Ref. [13].
These experiments have been accompanied by theoretical
work, however, considering in contrast to the present study a
(111)-oriented surface. From the self-consistent calculations,
we obtained the spin magnetic moments of the layers as a
function of the electric field. The spin magnetic moments of
the Co layers without an external electric field (E = 0) are
mCo1 = 1.92 μB and mCo2 = 1.89 μB, showing a trend well
established for the thickness-dependent properties of ultrathin
magnetic films.

To see an impact of the thickness of the ferromagnetic
film on the spin and orbital polarization of the Pt film, the
calculations have been performed also for Pd(001)/Co5/Pt2.
In this case, the magnetic moments for four Co layers (for
E = 0) are very close to each other, mCo2 ∼ mCo3 ∼ mCo4 ∼
mCo5 ∼ 1.8 μB, while for the Co layer at the Pd/Co interface
the magnetic moment is the largest one, mCo1 ∼ 1.9 μB.

When the thickness of the ferromagnetic layer in-
creases, the spin magnetic moment in the middle of the
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FIG. 1. Calculated sum of the spin magnetic moment of the Pt
layers,

∑
Pt mPt, as a function of the external electric field E for

Pd(001)/Co2/Pt2 (squares) and Pd(001)/Co5/Pt2 (circles).

film approaches the value corresponding to the three-
dimensional bulk material, while the magnetic moment at
the interface/surface remains different, as a consequence of
the different arrangement for these atoms. Note that in the
case of the Pd(001)/Co5/Pt2 system, the magnetic moment
of the central layer is larger when compared to that of bulk
fcc Co, being a consequence of the larger lattice parameter
corresponding to fcc Pd in the systems under discussion. At
the Co/Pt interface, the magnetic moment is quite close to
that obtained for the central layer of the Co film, while at the
Pd/Co interface the Co magnetic moment is the largest one.
For both systems, the change of the magnetic moment of the
Co layers induced by the electric field is negligible.

In the Pt layers, induced spin moments are formed due to
the proximity effect caused by the Co layer with the value
of the induced moment being largest for the Pt layer at the
Pt/Co interface. In the presence of the external electric field,
the magnetic moments in the Pt film are modified. Despite the
small difference in the Pt spin moments, this modification is
similar for two systems with different Co thickness, as can be
seen in Fig. 1 showing the sum of the spin magnetic moments
of the Pt layers,

∑
Pt mPt, as a function of the electric field for

both considered systems.
For both systems, the magnetic moment decreases with in-

creasing positive electric field in spite of the different number
of Co layers. Moreover, in contrast to calculations for free-
standing ferromagnetic thin films [18], the Pt spin magnetic
moment in the present case does not vary linearly with the
field strength.

To understand the variation of the Pt spin magnetic moment
in the presence of the electric field, we calculated the density
of states (DOS) for the topmost Pt layer in the case of two
opposite signs of electric field, and we compared their effect
with the zero electric field (E = 0). Figure 2shows for various
electric field strengths the spin-resolved DOS projected onto
s, p, and d states for the topmost Pt layer in Pd(001)/Co2/Pt2.
The applied electric field strengths have the value ±7 V/nm,
denoted as +E and −E in the following. One can see that the
external electric field slightly modifies the electronic states of
the Pt layer. A positive electric field shifts the s, p, as well as d
states of Pt down, while a negative field shifts the states up in

FIG. 2. Calculated spin-polarized density of states, n↑(↓)(ε,±E ),
projected to s, p, and d states for the topmost Pt layer in
Pd(001)/Co2/Pt2 for the selected electric fields E = ±7 V/nm in-
dicated by ±E .

energy. Moreover, one can see that these shifts increase with
the energy of the electronic states as they are more affected by
the electric field due to their weaker localization. Due to the
difference of the DOS for the two spin channels, these shifts
lead to a change of the magnetic moments, which depend on
the sign of the electric field.

To see in more detail the changes of the band structure
induced by an external electric field, we represent the Bloch
spectral function (BSF), A(E, �k), in the vicinity of the Fermi
level. Figure 3 shows the difference of the Bloch spectral func-
tions in the presence of the electric field, positive (E = −7
V/nm) or negative (E = 7 V/nm), and one calculated for zero
electric field, A(E, �k,±E ) − A(E, �k, 0): the top and middle
panels represent the states projected onto the Pt2 and Pt1 lay-
ers, and the bottom panel represents the projection of the states
onto the topmost Co layer in the Pd(001)/Co2/Pt2 system.
According to the chosen color scale, the red and blue colors
indicate the highest and lowest values of the BSF difference,
meaning modified and not modified states, respectively. As
one can see, the electric field results in a shift of the elec-
tronic states localized in the surface Pt layers where the field
screening is only moderate. Depending on the sign of the
electric field, the shift occurs either up or down in the case of
−E (left panels) and +E (right panels), respectively. The shift
of the electronic states in the Pt layers is accompanied by an
apparent smearing due to a change of their hybridization with
Co electronic states in the interface region, as Fig. 3 shows.
The most pronounced changes of the electronic structure
in the Co layers are a consequence of such a “rehybridization.”
The bulk states are not affected by the electric field at all,
and the shift of the states localized far away from the surface
decreases due to the decay of the screened electric field.

To discuss the origin of the changes of the induced spin
magnetic moments in the Pt layers in the presence of an
applied electric field, the BSF is plotted in Fig. 4 showing
the corresponding changes of the majority- (top panel) and
minority-spin (bottom panel) states in the interface Pt layer
(Pt1). On the one hand, a general similarity of these changes
for two different spin channels can be seen. This implies
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FIG. 3. Calculated Bloch spectral function, A(E, �k, E ) −
A(E, �k, 0), demonstrating the field-induced changes of the electronic
structure for the Pd(001)/Co2/Pt2 system in Pt2 (top panel), Pt1

(middle panel), and Co2 (bottom panel) layers. The difference for
negative (E = −7 V/nm) and positive (E = 7 V/nm) electric field
are shown in the left and right panels, respectively. Red and blue
correspond to modified (highest values) and not modified (lowest
value).

in turn a rather weak difference between the majority- and
minority-spin states affected by the electric field, which may
be associated with weakly spin-polarized Pt states. On the
other hand, one can see the difference in the BSF mod-
ifications in Fig. 4, which is a result of spin-dependent
hybridization of the Pt states with the majority- and minority-
spin states of Co. This different “rehybridization” leads in turn
to the changes of induced Pt spin magnetic moments in the
presence of an electric field.

It should be noted that in contrast to the work on a free-
standing film in Ref. [13], the Fermi level is fixed as we
deal with a half-infinite substrate for which the electric field
effectively acts only on the surface. Accordingly, the value of
the Fermi energy is that of the Pd substrate for all applied
electric fields.

Another effect of the electric field seen in Fig. 2 is the
change of the amplitude of the DOS due to the change of
hybridization of the electronic states of Pt and Co layers, or as
was pointed out in Ref. [13], the hybridization of the sp-states
and the d-states of Pt. As the hybridization is spin-dependent,
this also results in a change of the magnetic moments induced
by the electric field.

As discussed in the literature [13], the above-mentioned
field-induced changes of the electronic structure and magnetic
properties can be probed in a detailed way using XAS/XMCD
spectroscopy. Focusing here on the magnetic properties of
the Pt layers, the absorption spectra at the Pt L2 and L3

FIG. 4. Calculated spin-resolved Bloch spectral function,
A(E, �k, E ) − A(E, �k, 0), representing the field-induced changes of
the majority-spin (top panel) and minority-spin (bottom panel)
states in the Pt1 layer (at the Pt/Co interface) in the case of the
Pd(001)/Co2/Pt2 system, The difference for negative (E = −7
V/nm) and positive (E = 7 V/nm) electric field are plotted in
the left and right panels, respectively. Red and blue correspond to
modified (highest values) and not modified (lowest value).

edges have been calculated both for Pd(001)/Co2/Pt2 and
Pd(001)/Co5/Pt2. The XAS and XMCD spectra without the
influence of an external electric field are given in Fig. 5,
showing only tiny differences between the two systems.

The modifications of the XAS spectra for these systems
by the electric field ±E are represented in Fig. 6, showing
the field-induced changes, μ(±E ) − μ(0), of the total XAS
and of XMCD signals, �μ(±E ) − �μ(0), for the Pt layers in
Pd(001)/Co2/Pt2 and Pd(001)/Co2/Pt4. Although only tiny
differences are found for both systems, one can see that the
changes are most pronounced at the L3 edge in both cases.
This finding is in line with the previously reported experi-
mental results [13], and it can be explained as follows. As
an electric field will in particular shift electronic states below
or above the Fermi level, pronounced field-induced changes

FIG. 5. Calculated layer-resolved XAS (top panel), μ and
XMCD (bottom panel), �μ spectra at the L2 and L3 edges for the Pt
layers in Pd(001)/Co2/Pt2 (solid line) and Pd(001)/Co5/Pt2 (dashed
line).
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FIG. 6. Difference of the calculated layer-resolved XAS (a) and
XMCD (b) spectra of Pt layers between in the absence and presence
of an electric field, μ(±E ) − μ(0), �μ(±E ) − �μ(0), around L2

and L3 edges in the case of Pd(001)/Co2/Pt2 and Pd(001)/Co5/Pt2

systems.

have to be expected first of all at the absorption edges of the
spectra. As the Pt d-states in that energy region have primarily
d5/2-character, and as the L3 and L2 spectra are dominated by
their d5/2- and d3/2-contributions, respectively, it follows that
an electric field has a much stronger impact for the L3 than for
the L2 spectrum.

The modifications of XAS and XMCD spectra depend
directly on the direction of the electric field as this determines
the direction of the field-induced shift of the electronic states
with respect to the Fermi energy. Due to the screening of
the electric field with increasing distance from the surface,
the field-induced changes of the XAS and XMCD signals are
most pronounced for the surface Pt layer and decrease toward
the interface. This behavior can be seen clearly in Fig. 6
showing the layer-resolved results for Pd(001)/Co2/Pt2. The
same trend is found also for Pd(001)/Co5/Pt2. Note that in
Ref. [13], the same findings for the electric field induced
change of the spin magnetic moments of Pt, XMCD, and XAS
spectra were obtained for the (111) orientation, indicating that
in the case of the present considered system, the electric field
effect is independent of the layer orientation.

TABLE I. Sum of the spin magnetic moment of the Pt layers,∑
Pt mPt, obtained by the sum rules and from the self-consistent cal-

culation in the case of the Pd(001)/Co2/Pt2 system for zero electric
field and two different signs of external electric fields, E .

∑
Pt mPt (μB )

E (V/nm) From sum rules From DFT calc.

+7 0.135 0.246
0 0.139 0.252
−7 0.143 0.259

Using the XMCD spin sum rule, the spin magnetic mo-
ments can also be obtained from the calculated XMCD
spectra. In the case of the Pd(001)/Co2/Pt2 system, we
compared the sum of the calculated self-consistent spin mag-
netic moment of the Pt layers,

∑
Pt mPt, with the obtained

values from the sum rules. Table I summarizes the correspond-
ing results for two different signs of the external electric field
and for zero field. Obviously, the spin magnetic moment of the
Pt layer determined from the sum rules shows the same trend
as a function of the electric field as the results obtained from
self-consistent calculation. The findings represented in Table I
are fully in line with the general experience that the obsolete
values for the moments obtained by the XMCD sum rules
may depend on the normalization of the spectra. Comparing
different systems, however, the trend is always correct. This
applies in particular in cases with small moments. Finally, it
should be mentioned that we restricted our examination here
to the spin moment as the changes of the XMCD spectra
with an electric field, because these variations are too small
to apply the XMCD orbital sum rule in a reliable way.

B. Variation of the thickness of the Pt layer

To investigate how the electric field effect changes with
an increasing thickness of the Pt film, calculations have been
performed for the Pd(001)/Co5/Ptm system, where the thick-
ness of the capping Pt layer was varied between m = 1 and
4. The top panel of Fig. 7shows the calculated spin mo-
ments of the individual layers in Pd(001)/Co5/Pt1 (a) and
Pd(001)/Co5/Pt4 (b) for various electric fields. In the case
of Pd(001)/Co5/Pt1, the Pt spin moment is mPt1 = 0.22 μB.
For Pd(001)/Co5/Pt4, the induced moment of the Pt layers
significantly decreases away from the Co interface while the
Pt layer at the Co interface possesses the largest induced
moment with mPt1 = 0.18 μB coupled ferromagnetically to
that of Co. The spin magnetic moment of the next Pt layer
is mPt2 = 0.06 μB and is also ferromagnetically aligned to the
Co moments. The remaining very small magnetic moments
for the third and fourth Pt layers are antiferromagnetically
oriented with respect to the Co layers.

The Pt spin magnetic moment in Pd(001)/Co5/Pt1 in-
creases in the case of a positive electric field (+E ) while
it decreases for −E with the value 0.23 μB and 0.21 μB,
respectively. This dependency on the electric field is oppo-
site to that of Pd(001)/Con/Pt2 shown in Fig. 1, and it can
be attributed to the screening of the electric field that gets
more important for an increasing thickness of the Pt film.
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FIG. 7. Top panel: Calculated layer-resolved magnetic spin mo-
ments of the individual atomic layers in Pd(001)/Co5/Pt1 (a) and
Pd(001)/Co5/Pt4 (b) without electric field and in the presence of a
positive and negative electric field. Bottom panel: Calculated differ-
ence for the minority and majority density of states of the interface
Co layer between positive and negative electric field for different
thicknesses of the capping Pt layer.

In particular, one can see rather strong field-induced changes
of the spin magnetic moments of the interface and next-to-
interface Co layers in Pd(001)/Co5/Pt1. In this case, the spin
moment of the Pt layer follows the changes of the spin mo-
ment of Co at the Co/Pt interface. Obviously, the impact of the
electric field on the Co spin moment significantly decreases
with the increasing thickness of the Pt film. The bottom panel
in Fig. 7 shows the difference in the density of states for
majority and minority spins of the topmost Co layer (Co5) ob-
tained for different electric fields. These electric-field-induced
changes in the DOS are decreasing for the Co layers when
the thickness of the Pt film increases. This screening effect
is also seen in the bottom panel of Fig. 8, which represents
the field-induced DOS and the spin density changes in the
different Pt layers of Pd(001)/Co5/Pt4.

One can see that the most pronounced DOS changes due
to an applied electric field occur in the surface Pt layer,
while the DOS modification in the deeper Pt layer and at
the Pt/Co interface is rather weak (see the top panel of

FIG. 8. Top panel: Electric-field-induced change of the density
of states in the different Pt layers in Pd(001)/Co5/Pt4. Bot-
tom panel: Electric-field-induced change of the difference mspin =
n↑(ε) − n↓(ε) of majority and minority DOS.

Fig. 8). Despite this trend, the bottom panel of Fig. 8 shows
that the field-induced changes of the spin polarization [i.e.,
mspin(ε) = n↑(ε) − n↓(ε)] have the same order of magnitude
for all Pt layers. This can be attributed to the strongest field
effect for the surface Pt layer on the one hand and the strongest
proximity-induced spin moment at the interface on the other
hand.

Thus, one can conclude that depending on the thickness of
the Pt layer, the field-dependent changes of the induced spin
moment can be dominated by different mechanisms associ-
ated with field-induced changes of the electronic structure and
magnetic moments either in the ferromagnetic subsurface or
in the nonmagnetic surface parts of the system.

Next, we discuss the influence of the electric field on the
XAS and XMCD spectra at the L2- and L3-edges of Pt in
Pd(001)/Co5/Ptn with n = 1 and 4 and its dependence on
the thickness n of the Pt film. First, we consider in Fig. 9
(top panel) the layer-resolved XAS spectra calculated without
including an external electric field. One can see a weak
dependence of the XAS spectra on the position of the Pt layer
in the Pd(001)/Co5/Pt4 system. However, the XMCD spectra
shown in Fig. 9 (bottom panel) exhibit a rather pronounced
decrease when going from the interface (Pt1) to the surface
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FIG. 9. Calculated layer-resolved XAS (top panel) μ and XMCD
(bottom panel) �μ spectra at the L2- and L3-edges for the Pt layers
in Pd(001)/Co5/Pt1 (left) and Pd(001)/Co5/Pt4 (right).

(Pt4) layer. Note that the XMCD signal of the surface Pt
layer even changes sign in line with the sign change for the
induced spin moment in this layer (see the discussion above).
The strongest XMCD signal occurs for the interface Pt layer
reflecting the largest induced spin moment due to its proximity
to the ferromagnetically ordered Co layers.

The changes of the XAS and XMCD spectra of Pt in
Pd(001)/Co5/Pt1 and Pd(001)/Co5/Pt4 that are caused by
the applied electric field are presented in Figs. 10(a) and 10(b),
respectively. Similar to the systems with 2 monolayer (ML)
of Pt, one finds that the change of the spectra reverses its sign
if the orientation of the electric field is reversed. In addition,
one can see the asymmetry of these modifications with respect
to a change in the orientation of the electric field. The most
pronounced changes occur for the Pt L3 edge signal, similar
to the results obtained for Pd(001)/Co2/Pt2. The intensities
of the layer-resolved changes of the XAS spectra for Pt in
Pd(001)/Co5/Pt4 gradually decrease when going from the Pt
surface to the interface layer. As discussed above, this can be
attributed to the screening of the electric field in the surface re-
gion. However, the XMCD spectra change nonmonotonously
toward the interface layer as a consequence of a competition
of the decreasing electric field strength and the increasing
impact of the neighboring Co layers controlling the Pt spin
magnetic moment via the proximity effect.

In addition to the impact of an electric field on the
XMCD spectra, its influence on the layer-resolved MAE was
investigated. Figure 11 shows the layer-resolved MAE of
Pd(001)/Co5/Pt1 and Pd(001)/Co5/Pt4, respectively, for no
electric field present as well as for an applied electric field
with positive and negative sign, respectively. The defini-
tion for the MAE used implies an out-of-plane and in-plane
anisotropy for a positive or negative sign, respectively, of the
MAE.

First, let us discuss the variation of the MAE for these
systems without an external electric field, focusing on the
layer-resolved contributions to the total MAE (see more de-
tails in Appendix). One can see a strong decrease of the
contribution from Pt and an increase of the contribution from

FIG. 10. Electric-field-induced change in the XAS (a) and
XMCD (b) spectra at the L2 and L3 edges for Pt in Pd(001)/Co5/Pt1

and Pd(001)/Co5/Pt4.

Co interface layers in the case of Pd(001)/Co5/Pt4 compared
to Pd(001)/Co5/Pt1. An increase of the MAE in alloys and
compounds containing heavy-element atoms occurs due to
hybridization of 3d-states of magnetic and 5d-states of non-
magnetic atoms, discussed, for example, in Ref. [36]. In the
case of layered systems, such a hybridization effect at the
interface between magnetic and heavy-element films can lead
to a strong enhancement of the uniaxial MAE of the system
(see, e.g. Refs. [37,38]). The dependence of the MAE on the
thickness of the magnetic as well as nonmagnetic films was
discussed by different groups [37,39–44], considering it in
particular with the thickness-dependent quantum-well states
in the films that may occur. However, to the best of our
knowledge only a few reports exist in the literature discussing
the layer-resolved contributions to the MAE [40,42]. It is well
known that the MAE is strongly determined by the electronic
states near the Fermi energy, εF . A variation with a film
thickness of the layer contributions to the MAE is caused by
a shift of these states with respect to εF and by a change of
their localization in different atomic layers. These effects are
responsible for the change of the contributions from the inter-
face layers, caused by the change of the Pt film thickness. As
one can see in Fig. 11, the Pt interface contribution decreases
and the Co contribution increases when the Pt thickness in-
creases from m = 1 to 4, which leads accidentally to a large
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FIG. 11. Calculated layer-resolved magnetic anisotropy energy
(MAE) of Pd(001)/Co5/Pt1 (top panels) and Pd(001)/Co5/Pt4 (bot-
tom panels) for no electric field present as well as for an applied
electric field with positive and negative sign, respectively. The results
have been obtained from fully relativistic calculations (SOC �= 0)
and calculations with the strength of the spin-orbit coupling in the Pt
layers set to zero (SOC = 0).

difference in the latter case. Note that a similar trend has been
reported for the Pt-decorated Co clusters [45] deposited on
Pt(111) with a leading contribution of the Co rim at the Co/Pt
interface, despite a weak SOC of Co atoms when compared to
that of Pt.

In an earlier study [19], it was already found that an electric
field may strongly affect the magnetocrystalline anisotropy of
free-standing transition metal monolayers as a result of the
distortion of the electronic structure by the applied electric
field. The authors point out that in these systems, the electric
field breaks the z-reflection symmetry, lifting in that way a
degeneration in the cross-points of the energy bands via the
field-induced hybridization between the d and p orbitals that
contribute to these states.

As Fig. 11 illustrates, an electric field also strongly mod-
ifies the MAE for the systems considered here despite the
lack of z-reflection symmetry for the field-free case. As a
reference, the figure also shows the total and layer-resolved
MAE for Pd(001)/Co5/Pt1 and Pd(001)/Co5/Pt4 for zero-
field conditions. As one can see, Pd(001)/Co5/Pt1 has a total

FIG. 12. Top panel: Contribution to the magnetic anisotropy en-
ergy from the Co5 and Pt layers (without SOC scaling and with SOC
= 0 in the Pt layers), represented as a function of occupation of
energy bands in the case of the Pd(001)/Co5/Pt1 system. Bottom
panel: Field-induced changes of the contribution to the magnetic
anisotropy energy from the Co5 layer, MAE(±E ) − MAE(0).

MAE corresponding to an in-plane anisotropy with dominat-
ing contributions from the Co layers in the middle of the
Co film, while the positive contribution from the interface
Co/Pt layer is rather small. Pd(001)/Co5/Pt4, on the other
hand, has out-of-plane anisotropy with its MAE dominated
by the contribution from the Co layer at the Co/Pt interface. It
should be noted that a strong dependence of the MAE on the
thickness of the overlayer was discussed already for several
systems [46,47]. Figures 12 and 13 illustrate the contributions
to the MAE from the interface Co and Pt layers, represented
as a function of the occupation of the valence band realized
by artificially varying the Fermi energy.

These relations have a nonmonotonous behavior with ex-
treme values always occurring when the Fermi energy is
passing through a SOC-induced avoided crossing of the

FIG. 13. Top panel: Contribution to the magnetic anisotropy en-
ergy from the Co5 and Pt layers (without SOC scaling and with SOC
= 0 in the Pt layers), represented as a function of occupation of
energy bands in the case of the Pd(001)/Co5/Pt4 system. Bottom
panel: Field-induced changes of the contribution to the magnetic
anisotropy energy from the Co5 layer, MAE(±E ) − MAE(0).
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energy bands. One can see that for both systems, the am-
plitude of the contribution to the MAE associated with the
Co interface layer is much larger than that for the Pt inter-
face layer. However, accidentally, these values can be close
to each other at a certain occupation, as is the case for
Pd(001)/Co5/Pt1 at the proper Fermi energy. It should be
noted that the MAE of materials composed of magnetic-
and heavy-element components is determined essentially by
the spin-dependent hybridization of their electron orbitals as
well as by the SOC of the heavy element (see, for example,
Refs. [36,48,49]). As the Pd(001)/Co5 substrate is common
to both systems considered, the difference in the MAE has
to be attributed to the details of the electronic structure of
these systems associated with a different thickness of the Pt
surface film. As a result, artificially switching off the SOC
on the Pt atoms leads for the Pt film to a strong weakening
of the dependence of its electronic structure on the magne-
tization direction and in turn of the MAE. This is seen in
Figs. 12 and 13, indicating that the contribution of the Co
interface layer to MAE drops down by about one order of
magnitude when the SOC is switched off for Pt. For this
situation, the layer-resolved MAE for both systems is rather
similar (see Fig. 11). The difference between the results for
the two systems can be attributed to some extent to a different
hybridization of the Co- and Pt-related electronic states, which
is obviously dependent on the thickness of the Pt film. Based
on these results, one can expect that the field-induced changes
to the MAE should be associated first of all to the influence of
the electric field on the Pt-related electronic states.

Analyzing the field-induced changes of the total and layer-
resolved MAE of Pd(001)/Co5/Pt1 and Pd(001)/Co5/Pt4,
the most pronounced changes are found at the interface,
although the changes for the other layers are not negligi-
ble. Despite the pronounced screening effect in the case of
Pd(001)/Co5/Pt4 with 4 ML of Pt, the field-induced change
of the Co interface contribution to the MAE is significant,
indicating a key role of the electronic structure changes occur-
ring in the Pt film due to the electric field. The field-induced
changes of the MAE in the systems with 1 and 4 ML of Pt
are associated primarily with the Co/Pt interface contribution.
Corresponding results for the interface layers are plotted in
Figs. 12 and 13, respectively, as a function of the occupation.
From these figures, one can see that for most of the occupation
numbers, the MAE changes have opposite sign for the oppo-
site orientation when the electric field is reversed. The origin
of these changes of the MAE can be attributed first of all to the
modification of the electronic structure of the Pt film, i.e., the
electric field controlled hybridization of the d and p orbitals,
as discussed in Ref. [19].

IV. CONCLUSIONS

In conclusion, in this work we examined the influence of
an electric field effect on the magnetic properties in the Pt
layer of Pd(001)/Con/Ptm thin film structures by performing
first-principles calculations. For this purpose, a homogeneous
external electric field was modeled by a charged plate in
front of the surface. From the self-consistent calculations, we
determined the spin magnetic moment and XMCD spectra in
the presence of an electric field. We found that in the case

of Pd(001)/Co2/Pt2 and Pd(001)/Co5/Pt2, the spin-magnetic
moments are varying independently from the number of Co
layers and not linearly as a function of the electric field
strength. An inspection of the angular momentum resolved
DOS reveals that the electric field slightly shifts the s and
p states around the Fermi level. From the calculated XMCD
spectra, it was found that the electric field has its major impact
for the L3 edge spectra. We also investigated the dependency
of the electric field effect on the thicknesses of the Pt layer. In
the case of Pd(001)/Co5/Pt1 as well as Pd(001)/Co5/Pt4, the
electric-field-induced change of the XMCD spectra is most
significant for the L3 edge, independent of the thickness of
the Pt capping layer. In addition, the layer-dependent MAE
and its dependency on an electric field were examined. It was
found that the electric field strongly modifies the MAE. It
turned out in particular that this change is still considerable
for deeper-lying layers.

Our work is mainly motivated by the recent experimental
XMCD study in Ref. [13], and we performed detailed theo-
retical calculations to investigate the electric field effect for
the Co/Pt system. Beyond the technological interest in the
Co/Pt system, our study provides more insight into the effect
of an external electric field on magnetism. We expect that
the present work may motivate further experimental investi-
gations via XMCD measurements to explore the effect of an
electric field for different systems.
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APPENDIX: TORQUE METHOD

Considering the ferromagnetically ordered system with the
magnetization oriented along the direction n̂ = (θ, φ), the
torque on the magnetic moment, Tû(θ, φ) = T n̂

û = �T n̂ · û, is
calculated within the multiple scattering formalism by using
the expression based on Lloyd’s formula and is given by the
expression [34,35]

T n̂
û =

∑
i

[
− 1

π
Re Tr

∫ EF

dE τ n̂
ii (û · Ĵ )

(
t n̂

i

)−1

−(
t n̂

i

)−1
(û · Ĵ )

]
. (A1)

Here û specifies the direction of the calculated magnetic
torque, which is perpendicular to the rotation plane of mag-
netization, and Ĵ is the angular momentum operator. The
matrices t n̂

i (E ) and τ n̂
ii(E ) are the single-site t-matrix and

the site diagonal scattering path operator, respectively, where
the index i labels the atomic sites in the unit cell.

The torque was calculated for φ = 0, assuming weak
anisotropy within the plane perpendicular to the c axis. In this
case, taking θ = π/4, the value for Tû(π/4, 0) gives immedi-
ately the energy for uniaxial anisotropy [34] as discussed in
this work.
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