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Abstract

The electric-field-induced modification in the Curie temperature of prototypical transition-metal
thin films with the perpendicular magnetic easy axis, a freestanding Fe(001) monolayer and a
Co monolayer on Pt(111), is investigated by first-principles calculations of spin-spiral structures
in an external electric field (E-field). An applied E-field is found to modify the magnon (spin-
spiral formation) energy; the change arises from the FE-field-induced screening charge density in
the spin-spiral states due to p-d hybridizations. The Heisenberg exchange parameters obtained
from the magnon energy suggest an F-field-induced modification of the Curie temperature, which
is demonstrated via Monte Carlo simulations that take the magnetocrystalline anisotropy into

account.

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



Electric field (E-field) induced magnetism in itinerant transition-metals has shown
promise as a potential approach offering a new pathway to control magnetism at the
nano-scale with ultralow-energy power consumption. It was originally reported that the
coercivity of thin films of FePt and FePd was reversibly varied by the application of a
voltage [1]. Later, the magnetocrystalline anisotropy (MCA) of the 3d transition-metal thin
films with MgO interfaces was successfully controlled by a voltage [2-6], thus opening a new
avenue towards MgO-based magnetic tunnel junction electronics [6]. It is now agreed that
a change in the screening charge density due to the E-field, which causes a small change in
band structures around the Fermi energy (Ep), gives rise to the modification of the MCA
energy [7-10].

A continuing challenge is an F-field control of the Curie temperature, T, of ferromagnets
[11-18]. In diluted ferromagnetic semiconductors such as (Ga,Mn)As and (In,Mn)As, a
modification in the carrier density by an applied voltage leads to a change in the T [11-
13], but with the serious shortcoming that T is inevitably less than a room temperature.
Recently, a small change (~12K) in the Tt with an applied gate voltage was reported
experimentally for metal thin Co films (4 A) [15] where the T is around 300~330 K.
Further, the very large E-field created by the electrolytic double layer formed by a polymer
film containing an ionic liquid enhances the change in 7 up to about 100 K [16]. Similar
behavior was also suggested for metal thin Fe films from electrolytic double layer experiments
[17].

Theoretically, an E-field-induced T modification at metal surfaces was proposed based
on the surface critical phenomena [19] and the change in the number of electrons, N, but
the experimental observations for Co/Pt(111) [15, 16] that an increase of N (by a positive
E-field) tends to increases T¢ was opposite to the theoretical prediction [20]. In films with
two-dimensional (2D) character, a change in the MCA with the perpendicular magnetic easy
axis may further drive the T¢ modification [21, 22]. However, an quantitative understanding
of the underlying physics and the mechanism of the E-field-induced T modification is still
lacking, which hinders a search for other promising thin film candidates.

Here, we demonstrate an F-field-induced T modification from first-principles calcula-
tions for prototypical transition-metal thin films with perpendicular magnetic easy axis, a
freestanding Fe monolayer and a Co monolayer on Pt(111). The results predict that an

applied E-field modifies the magnon (spin-spiral formation) energy compared to the zero
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field value, leading to modification of the Heisenberg exchange parameters.

Calculations were performed using the full-potential linearized augmented plane-wave
(FLAPW) method [23-25] that treats a film geometry by including fully the additional
(non-periodic) vacuum regions outside of a single slab. This geometry allows the inclusion
of an E-field along the surface normal with proper boundary conditions [8, 26]. For treating
spin-spiral structures in an FE-field, the generalized Bloch theorem|[27, 28] is introduced
into the FLAPW method [29, 30]. Self-consistent calculations were carried out in the scalar
relativistic approximation based on the local spin density approximation (LSDA) [31] for the
freestanding Fe monolayer and the generalized gradient approximation (GGA) [32] for the
Co/Pt. LAPW functions with a cutoff of |k + G| < 3.9 a.u., muffin-tin (MT) sphere radii
of 2.2 a.u. for the Fe and Co atoms and 2.4 a.u. for the Pt atom, and an angular momentum
cutoff of /=8 were used. The spin-orbit coupling (SOC), needed to obtain the MCA in an
FE-field, was included using the second variation method. The uses of 9,000 and 3600 special
k-points in the full two-dimensional Brilliouin zone (BZ) for the freestanding Fe monolayer
and the Co/Pt(111), respectively, were confirmed to suppress numerical fluctuations in the
spin-spiral formation energy.

For a simplicity in discussion, first, we present for the freestanding Fe monolayer with an
in-plane lattice constant of MgO(001) in E-fields of zero and 1 V/A. The applied E-fields,
defined at vacuum region enough far from the surfaces, may be near the maximum expected
fields attainable before the dielectric breakdown of high-x gate insulators in devices [1§]
such as MgO (dielectric constant is 9.8) and HfO (20). The calculated magnon (spin-spiral
formation) energy, E(q), relative to the antiferromagnetic state as a function of the spiral
wave vector, ¢, along high-symmetry directions is shown in Fig. 1. In zero field, the £(q) in
the neighborhood of I increases approximately proportional to the square of q, characteristic
of a ferromagnet. We confirmed that there is almost no change in the magnetic moments
(~3.2 up) as q varies. When an E-field is applied, F(q) shows the same trend as in zero
field, but an E-field-induced modification in E(q) is observed, e.g., along I to M E(q) is
modified by a few meV /atom compared to zero field.

The density of states (DOS) for the spin spiral states with q along I' to M illustrate the
E-field-induced modification of the band structures, as shown in Fig. 2 (a). In zero field,
the DOS at I' has a wide bandwidth due to its itinerant ferromagnetic behavior. When

q increases, however, the bandwidth gradually narrows, since the electron hopping to the
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neighboring atoms, where the spin-up and -down states do not mix, is suppressed due to
the spin-spiral rotation. When an F-field is applied, two small pseudogaps below and above
the Er (arrows in the figure) appear at I' , originating from the screening charge density in
the E-field, as pointed out previously [8]. An important trend can be further discerned: the
pseudogaps have a noticeable variation with respect to q, and tend to disappear when q is
close to M. Thus, the screening charge density behaves differently depending on q, leading
to the modification in the magnon dispersion (c.f., Fig. 1).

To get a clearer understanding of such screening behavior, the partial DOS projected
onto the p, and d.» orbitals are presented in Figs. 2 (b) and (c). In zero field, the p, and
d.» states at [ extend widely above and below Ep. However, the application of an E-field
causes a p-d hybridization that induces the pseudogap above Fr. The pseudogap below Ep
in Fig. 2 (a) was confirmed to arise mainly from p, ,-d,.,. hybridization. As pointed out
previously (8], an E-field at an atomic site is described by the Y' spherical harmonic, which
couples orbitals with ¢ and ¢ + 1 (e.g., p and d orbitals) and the same magnetic quantum
number m. Indeed, the p, (m = 0) orbitals couple to the d.2 states, inducing an energy gap.
Similarly, the p,, (m = £1) orbitals couple to the d,. . states. As q moves away from T,
the bandwidths of the p and d orbitals narrow, and the p states shift down in energy below
Ex while the d states shift up above Efy, decreasing the p-d hybridization.

The exchange parameters for zero and 1 V/A within the classical Heisenberg model,
H=> ; Jijei - €;, obtained by back Fourier transforming the magnon energy [33, 34],
are shown in Fig. 3 (a). (The J;; are extracted from the E(q) given on an uniform 10x10
g-points in the first BZ.) In zero field, the nearest-neighbor exchange parameter (Jy;) has
a positive value which stabilizes parallel alignment between the nearest-neighbor atomic
moments; for the third-neighbors (Jy3), an antiparallel coupling is favorable. When an FE-
field is applied, Jy; increases by 0.5 meV compared to that in zero field, which enhances the
ordering of the parallel magnetic moment alignment, but for the third nearest neighbors, the
Joz decreases by 0.3 meV, which tends to favor the antiparallel alignment. The difference
in the integrated exchange interaction energy, > Jo;(1V/A) — > Joi (OV/A), is 1.5 meV,
which suggests that the applied E-field increases T, by 11 K within mean-field theory
(MFT).

The Heisenberg exchange parameters are, however, unsatisfactory for a 2D ferromagnet

such as the present Fe monolayer, since according to the Mermin-Wagner theorem [35] the
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isotropic Heisenberg ferromagnet cannot order above zero temperature. A perpendicular
MCA, however, is known to stabilize long-rage ferromagnetic order at finite temperatures
by introducing an anisotropy-induced gap at the bottom of the spin wave spectrum [21, 22].
Since calculations with SOC are restricted to commensurate spin spiral states [29], we simply
included the MCA energy, Hyca = Y, K eii, where K is a MCA parameter, in Monte Carlo
simulations [36] with a 70x70 square-lattice cell to estimate T. As shown in Fig. 3 (b), T¢
varies significantly with K, with T decreasing to zero as K approaches zero, in agreement
with the Mermin-Wagner theorem [35], while the modification of T¢ due to the change in
the exchange interaction is small. Since K of the freestanding Fe monolayer changes from
0.2 meV /atom to almost zero when an E-field of 1 V/A is applied [8], the T modification
is governed by the change in the MCA, where T decreases when K decreases.

We now consider a Co monolayer on Pt(111) in E-fields of —0.5 and 0.5 V//A. The Pt(111)
was modeled by a three-atomic-layer slab and the Co atoms are located on hcp sites of the
Pt(111) surface, as shown in an inset in Fig. 4, as in calculations for Co adsorption on the
Pt(111) surface [38]. The Co and top Pt layers were allowed to fully relax using the atomic
forces while the lower two Pt layers are fixed in the positions to the calculated bulk value.
Almost no relaxation caused by the F-fields is observed, the distance between the Co and
top Pt layers were altered by less than 0.2 % for both E-fields compared to that in zero
field.

The calculated E(q) is presented in Fig. 4, where E(q) shows ferromagnetic charac-
teristics. Although F(q) in both FE-fields have the same trend with variations of q, the
FE-field-induced modification is clearly observed due to the different screening behavior of
the charge density in the spiral wave states, as also seen in the freestanding Fe monolayer.
The energy difference between the ferromagnetic (I') and antiferromagnetic (K) states in-
creases by 11.0 meV/Co-atom when the applied E-field is varied from —0.5 V/A to 0.5 V/A;
this stabilizes the ferromagnetic ordering and so increases the exchange interaction of the
Jo1 and Jog by 1.1 and 0.8 meV, respectively, as shown in Fig.5 (a). The difference in the
integrated exchange interaction energy, > Jo; (0.5V/A) — > Joi(—0.5V/A), is 10.3 meV,
which suggests that the positive E-field increases T compared to that in a negative field,
by 80 K in MFT.

The MCA energy, as calculated using the FLAPW method with SOC, results in K=0.50
and 0.10 meV /atom for —0.5 and 0.5 V/ A, respectively, where the magnetization energet-
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ically favors orienting along the perpendicular direction. The positive (negative) FE-field
decreases (increases) the MCA energy, in agreement with experiments [39]. As discussed for
the freestanding Fe monolayer, if T is governed by the MCA, T will decrease when the
positive E-field is applied, but this trend is opposite to experimental observations [15, 16].

Taking K into account, Monte Carlo simulations with a 70x70 triangular-lattice cell
were carried out. The magnetization, M /Msg, as a function of the temperature 7', are shown
in Fig. 5 (b). The results clearly demonstrate that T for positive E-fields is higher than
that in negative fields, by about 20 K, in agreement with experiments [15]. The calculated
critical exponent is about 0.26 for both E-fields; the value gets roughly closer to experimental
one [15]. The quantitative discrepancy to the experimental T¢ of ~320 K [15, 16] may be
attributed to the simplicity in the present model, e.g., an ideal interface without defects
such as inter-atomic mixing and roughness, but these effects will not alter the conclusions
regarding the F-field dependence.

Finally, we comment on the relationship of between a change in the number of electrons
(N) and the modification of T¢. In the present calculations, the positive E-field (0.5 V/A)
increases N of the Co atom by 3.8 x1073 electrons compared to that in the negative E-
field (—0.5 V/A), as would naturally be expected. However, the number of the d electrons
decreases by 1.1 x1072 electrons while the sp electrons increase by 4.5 x10 3electrons,
since the later electrons predominately contribute the screening of the E-field. The relation
between the number of d elections and T behaves like the Slater-Pauling curve for 3d
magnetic alloys [20], where when the valence d electrons decrease as T¢ increases.

In summary, we investigated the electric field modification of T of a freestanding Fe
monolayer and a Co monolayer on Pt(111) based on first-principles calculations that treat
spin-spiral structures in an applied E-field. Our results predict that the calculated magnon
(spin-spiral formation) energy in the presence of the E-field is modified by more than sev-
eral meV compared to zero field. The Heisenberg exchange parameters obtained from the
calculated magnon energies suggest that T will be modified by an E-field, a conclusion
supported by Monte Carlo simulations that take the MCA into account.
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FIG. 1. (color online) Calculated magnon (spin-spiral formation) energy, E(q), in E-fields of zero
and 1 V/A for an freestanding Fe monolayer as a function of the spiral wave vector, q. The reference
energy (E=0) is set to the value at M [q=(0.5,0.5)] corresponding to an antiferromagnetic state,
and open (blue) and solid (red) circles represent results at zero and 1 V/A, respectively. Top in
the figure shows the energy difference energy between zero and 1 V/A. The inset shows a model

of the monolayer in an E-field.
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FIG. 2. (color online) (a) Calculated density of states (DOS) of an freestanding Fe monolayer at
the spin wave vector q(g,q) from I' [q=(0,0) to M [(0.5,0.5)]. Broken (blue) and solid (red) lines
represent the DOS in zero and 1 V/ A of E-field, respectively, and the Fermi energy is set to zero.
Arrows indicate pseudogaps induced by the E-field. (b) and (c) Partial DOS projected to the p,
(green solid lines) and d,» (black broken lines) orbitals in zero and 1 V/A; the p, DOS is magnified

by 40 times with respect to the d,. DOS.
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FIG. 3. (a) Calculated exchange parameters, Jy;, for an freestanding Fe monolayer obtained from
back Fourier transforming the magnon energy, where the top curve shows the difference between
zero and 1 V/A. (b) Curie Temperature, T¢, as a function of the magnetocrystalline anisotropy
parameter, K, obtained by Monte Carlo simulations. Open (blue) and solid (red) circles indicate

results for FE-fields of zero and 1 V/ A, respectively.

13



I
NoORM~OPS

|
iR
(wore-0D/A8wW) (Y/AG 0-b)3 - (W/AS0'b)3

E(q) (meV/Co-atom)

M

FIG. 4. Calculated magnon (spin-spiral formation) energy, E(q), in E-fields of —0.5 and 0.5 V/A
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solid (red) circles represent results at —0.5 and 0.5 V/ A, respectively. Top curve shows the energy
difference between —0.5 and 0.5 V/A; the inset shows a model of the Co monolayer on Pt(111) in

a positive E-field.
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FIG. 5. (a) Calculated exchange parameters, Jy;, for a Co monolayer on Pt(111) in E-fields of
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M /Mg as a function of the temperature, 7', obtained from Monte Carlo simulations. Open (blue)

and solid (red) circles indicate results for —0.5 and 0.5 V/A, respectively.
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