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We predict the giant ferroelectric control of interfacial properties of Ni/HfO,, namely, (i) the magnetocrys-

talline anisotropy and (ii) the inverse spin and orbital Rashba effects. The reversible control of magnetic
properties using electric gating is a promising route to low-energy consumption magnetic devices, including
memories and logic gates. Synthetic multiferroics, composed of a ferroelectric in proximity to a magnet, stand
out as a promising platform for such devices. Using a combination of ab initio simulations and transport
calculations, we demonstrate that reversing the electric polarization modulates the interface magnetocrystalline
anisotropy from in-plane to out-of-plane. This modulation compares favorably with recent reports obtained upon
electromigration induced by ionic gating. In addition, we find that the current-driven spin and orbital densities
at the interface can be modulated by about 50% and 30%, respectively. This giant modulation of the spin-charge
and orbit-charge conversion efficiencies opens appealing avenues for voltage-controlled spin- and orbitronics

devices.

DOI: 10.1103/PhysRevB.111.L.140405

The design of extrinsic multiferroics, formed by the as-
sociation of a ferroelectric material with a ferromagnet in
heterostructures, has been a subject of intense research aim-
ing to obtain large magnetoelectric couplings [1]. Indeed,
switching the magnetization by applying an electric field
represents an extraordinary opportunity to reduce the power
consumption of magnetic memory devices compared to us-
ing large magnetic fields or spin-transfer torques. For a few
years now, much effort has been devoted to manipulating the
magnetization through spin-orbit torques (SOT), which takes
advantage of spin currents or densities generated electrically
through spin-charge interconversion, i.e., the spin Hall or
Rashba-Edelstein effects. These new approaches have led to
the emergence of novel logic and memory devices such as
the magnetoelectric spin-orbit (MESO) [2], the ferroelectric
spin-orbit (FESO) [3] or the SOT-magnetic random access
memory (SOT-MRAM) [4] devices.

In these devices, spin-orbit coupling plays a central role as
it governs the spin-charge interconversion phenomena. Ferro-
electric compounds can substantially boost these mechanisms
by altering the crystal structure in a non-volatile manner.
Consequently, nonvolatile switching of the spin texture and
spin-charge interconversion can be achieved by reversing
the ferroelectric polarization using electrical gates [3,5-7].
The structural change accompanying ferroelectric reversal is
also expected to alter the orbital transport that has recently
dragged attention as a nonrelativistic (spin-orbit coupling-
free) alternative to spin transport [8—12]. Therefore, extrinsic
multiferroics demonstrating efficient control of the spin and
orbital properties are highly desired for low-power consump-
tion devices.
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However, the use of ferroelectric compounds in minia-
turized devices faces several challenges [13]. The electric
polarization is indeed known to vanish below a critical thick-
ness when the ferroelectric material is grown in thin films
because of the increase of the depolarizing field. A second
important problem comes from the fact that the most widely
used ferroelectric compounds so far are oxides with a per-
ovskite structure that is difficult to grow on silicon substrates,
making them incompatible with complementary-metal-oxide-
semiconductor technologies. Of these observations, the recent
discovery of ferroelectricity in doped hafnia (HfO,) films
[14-17], which do not suffer from the aforementioned is-
sues, has been welcomed with enthusiasm for the design
of ferroelectric-based applications or memories involving
resistive-switching processes [18,19].

In spintronic devices, hafnia needs to be incorporated
in thin-film heterostructures in which it is interfaced with
ferromagnetic metallic electrodes [19]. Several studies have
already demonstrated the possibility of controlling the mag-
netic properties (spin polarization [20], magnetic anisotropy
[21], magnetization [22-24]) by reversing the electric polar-
ization in hafnia thin films. In this Letter, using first-principles
calculations, we assess the ferroelectric control of spin-
orbit properties of Ni/HfO, bilayer. We demonstrate that
switching the electric polarization not only tunes interfacial
magnetism but also modifies the interfacial magnetocrys-
talline anisotropy from in-plane to out-of-plane. In addition,
we show that current-driven spin and orbital densities can be
controlled in a nonvolatile manner by ferroelectricity, opening
avenues for the gate-controlled spin-charge and orbital-charge
interconversion.

To model the effect of the electric polarization on the
Ni electrode, we considered a periodic Ni/HfO, superlattice,
shown in Fig. 1(a) and formed by a total of 20 atomic layers
and two interfaces at which the electric polarization P is

©2025 American Physical Society
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FIG. 1. (a) Atomic structure of the Ni/HfO, superlattice used for
the calculations, (b) Layer-resolved density of states (LDOS) calcu-
lated for the two interfaces IF1 and IF2. Positive and negative DOS
correspond to the majority/minority-spin channels, respectively. The
LDOSs of HfO, atomic layers have been multiplied by 2 for better
clarity.

either pointing inward (P |, IF1) or outward (P 4, IF2). Our
numerical investigation is based on the density functional the-
ory and nonequilibrium transport calculations. More details
about the numerical methodology and the optimization of the
structure are provided in Sec. SI of the Supplemental Material
[25].

As can be seen in Fig. 1(a), HfO, possesses two inequiv-
alent oxygen atoms, labeled O1 and O2. At the center of the
film, the positions of the Ol atoms are off-centered, with a
difference of out-of-plane z coordinates between the Hf and O
atoms of approximately 27.4 pm. This observation confirms
that the electric polarization is stable in the HfO, film, al-
though slightly reduced with respect to the bulk value (~28.5
pm) due to the presence of a depolarizing field. At the two
interfaces, we observe a variation of this difference of z coor-
dinates, which increases up to 27.8 pm at IF1, while it tends
to reduce to 25.1 pm at IF2 [see Fig. S1(c) [25]]. As shown in
Fig. S1(d) [25], the electric polarization is accompanied by an
internal electric field of approximately 1.73 x 108 V m~! that
shifts the layer-resolved densities of states (LDOS) higher in
energy when moving from layer / = 6 to [ = 14. In Fig. 1(b),
we detail the contributions to the LDOS of the different atoms
forming the two interface layers. The electric polarization
and the different relaxation of the O atoms at the interfaces
IF1 and IF2 result in a difference of charge transfer and hy-
bridization between the O-p and Ni-d orbitals, as confirmed
by the variation of the atomic spin moments and Mulliken
charges reported in Table. S1. Because we choose to model
both interfaces with the Ni electrode by a full oxygen layer
composed of two O1 and two O2 atoms, the whole HfO, film
is not stoichiometric by construction, which explains the shift

@
2r IF1 IF2|X 1
o 0 5 ece@@@@@edﬂ\
g R_AS ' N \“ R4
e ) Ly
RS -
> 2 V\/\Z \PT
g
U" “4f —E001] — E[100 i
S 6t — Ej001] — Ejo10) |
Lé] ——E001] — E[110]
8t 1
-10 Ni Ni 1
01234567 89101112131415161718192
(b) no.layerl
E
(meV/nm?)
2
Ay & 0
o |
4

IF1 (P))

FIG. 2. (a) Layer-resolved MCAE AE,SOC calculated for differ-
ent crystallographic directions, (b) d-orbital contributions to the
MCAE of the Ni atoms in the interface layer IF1 (/ =4 - P |) and
IF2 (I = 16 - P 1). The red and blue bars correspond to positive and
negative energies.

of the Fermi level toward lower energies. The LDOSs show
that the Ni bands at IF1 are more depopulated than at I[F2, and
that their hybridization with the orbitals of Ol is stronger than
with O2 at this interface, while it is almost equivalent for the
two types of oxygen atoms at IF2. This difference of charge
transfer between the two interfaces is responsible for a vari-
ation of the local magnetic moment of 1.44 up per interface
area (see Table S1 [25]), characteristic of the emergence of
a magnetoelectric coupling, as discussed in Sec. SII B [25].
The data displayed in Fig. S2 [25] shows that the variation
of charge transfer and local spin magnetic moment is not
linear as a function of P; as explained below, these properties
mostly depend on the position of the O1 atoms located at the
interface.

Because of the difference of orbital overlaps between
the two interfaces, i.e., when P is reversed, it is also ex-
pected that the magnetocrystalline anisotropy energy (MCAE)
varies upon switching the electric polarization. We find that,
for the whole supercell, the easy axis is oriented along the
[001] direction, with a total MCAE of —13.6, —23.7, and
—18.9 meV nm~2 with respect to the [010], [100], and
[110] axes, respectively. In Fig. 2(a), we report the layer
projection of the MCAE, AESOC, in order to distinguish the
individual contribution of each Ni/HfO, interface. Whereas,
in the center of the Ni layer, AE ISOC remains slightly negative
(~ —1.3 meV nm~? with the [110] direction, close from the

L140405-2



FERROELECTRIC CONTROL OF SPIN AND ORBITAL ...

PHYSICAL REVIEW B 111, L140405 (2025)

TABLE 1. Magnetocrystalline anisotropy energies calculated
at various metal/ferroelectric interfaces and their variations upon
electric-polarization reversal. The values are given for a metal-layer
thickness of approximately four atomic monolayers.

Interface MCAE (meV nm~2)

Pt P A MCAE
Fe/BaTiO; [28] —8.3 —6.3 —-2.0
Co/Pb(Zr,Ti)O5 [29] 11.2 6.8 4.4
Co/PVDF [30] —-1.75 —-2.6 0.85
Ni/HfO, (This work) —6.0 ~119 5.9

value of —1.5 meV nm~2 calculated for strained bulk Ni),
it displays strong variations in the two Ni atomic layers at
the interface, with a decrease down to AEJ°C = —6.8 meV
nm~2 at IF1 (I = 4), and an increase up to the positive value
of AE1560C = +1.4meVnm~? atIF2 (! = 16). AtIF1, we thus
predict that the perpendicular magnetic anisotropy (PMA) is
reinforced, whereas it is weakened at IF2, enabling a net
in-plane magnetic anisotropy. As shown in Fig. S4, even if
the magnitude of the local MCAE at the interface depends
on the strain, we demonstrated that the reversal of its sign
with P is preserved even in the absence of tensile strain in
the Ni layer. To assess the overall impact of ferroelectricity on
the MCAE, we define the anisotropy modulation as AES?C =
Z?: | AESOC — 2122 16 AESOC. We find that reversing the fer-
roelectric polarization results in a change of MCAE of about
AESOC = 5.9 meV nm~2 (8 meV nm~2) for the [110] ([100])
direction. This modification is remarkably large as it is com-
parable to the PMA of Fe/MgO interfaces (8.5 meV nm~2)
[26] and is of the same order as the voltage-controlled MCAE
change reported by Bauer et al. [27] or calculated at other
metal /ferroelectric interfaces (See Table I). This efficient fer-
roelectric tuning of the magnetic anisotropy opens inspiring
perspectives for low-energy control of magnetism.

This strong variation of the MCAE stems from the dra-
matic impact of the ferroelectricity on the hybridization
between Ni-3d and O-2p orbitals (see Fig. S2 and S3 from
the Supplemental Material [25]) and charge transfer through
lattice distortions, responsible for the calculated changes of
the d-d contributions to the spin-orbit energy. From Fig. 2(b),
we can indeed see that the strong contribution toward the
PMA (AEFOC < 0) in the IF1(/ = 4) layer is mostly due to
matrix elements corresponding to the contribution involving
dyy and d,>_,» orbitals. At IF2(/ = 16), the magnitude of
the contributions between the d,, and d,»_,> orbitals is de-
creased, when compared with those calculated at IF1, and
we observe at the same time an increase of the positive
contributions between d. and d,., d,; orbitals, which be-
come dominant. According to the projected DOS displayed
in Fig. S3(b), the states for which these orbital contribu-
tions are mainly formed strongly hybridize with O-(p, + py)
orbitals.

To describe how the MCAE varies with the Ni-O inter-
atomic distances at the interface, we compute these interface
properties as a function of the electric polarization. To do
so, as explained in details in Sec. SI B [25], we com-
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FIG. 3. Variation of the (a) chemical bond lengths d between the
nearest Ni and O atoms and (b) MCAE projected on the interface Ni
layers, with the corresponding main d-d contributions.

pute the MCAE for different structures generated by linearly
interpolating the atomic positions between a supercell with
a centrosymmetric HfO, film, in which the atomic positions
have been kept fixed inside the hafnia film and relaxed at the
interface and in the Ni layer, and the fully optimized polar
structure. From the structural optimization, we found that the
linear variation of P from —P; to +P, modeled with this
method also induces a linear variation of the averaged out-
of-plane Ni-O1 and Ni-O2 distances at the Ni/HfO, interface
(not shown). As illustrated in Fig. 3(a), if the variation of the
averaged Ni-O chemical bond lengths remains linear with O2
atoms in the whole range of polarization, we observe a nonlin-
ear variation with the polar O1 atoms when the polarization is
negative, which is a consequence of an additional relative dis-
placement of the Ni/O atoms along the [100] axis. With this
in-plane displacement, the interface Ni atoms that are initially
located in a bridge position, i.e., with two oxygen atoms as
first neighbors, move in a hollow position and get closer to
a third oxygen atom at the interface IF1. The averaged Ni-O
bond length then passes by a minimum of dyi.o; = 1.87 A
for P = —Py/3 and reaches two maxima of dnj.o; = 2.05 A
at P = —P and dni.o1 = 2.06 A at P = +P,. The Ni-O dis-
tances at the interfaces correlates with the variations of the
local MCAE, as shown in Fig. 3(b). Similarly, the MCAE
increases linearly between 0 and +P; and is nonlinear for
negative electric polarization at IF1. The variation of MCAE
can also be correlated, according to the model presented in
Ref. [31] with the variation of Amy, = m{' —m}'° given in
Fig. S2b, which also displays a change of its sign when P is
reversed. The change of AEPCC is mostly dominated by the
change of the negative contribution between d, and d,>_,
orbitals and positive contribution between d,; and d,, orbitals.
The decrease of these values when P decreases favors the
stabilization of the PMA, but is accompanied by an increase
of the (d;, dy;)-d,» matrix elements, which has the opposite
effect.

Besides the ferroelectric control of the MCAE, reversing
the ferroelectric polarization is also expected to massively
impact the spin and orbital textures at the interface, which is
of direct interest to spin-charge and orbital-charge intercon-
version [3,32]. As a matter of fact, the inversion symmetry
breaking at the interface promotes an orbital texture that is odd
in momentum (see Fig. S6 [25]). In the presence of spin-orbit
coupling, this orbital texture is accompanied by a spin texture
[33] that unlock the so-called inverse spin [34] and orbital

L140405-3



PEZO, SAUL, MANCHON, AND ARRAS

PHYSICAL REVIEW B 111, L140405 (2025)

P~
=
=
~
=
-

6.0
= Ni
> 40 N
E =
= = 20 ,
S = AN
= = 0.0 —
= = Nt N 0
2] = N .
= =20
4.0
£ : __40r O e
E s J é 20 K "
BN . ! i , N
3 : PR o PSS =
S 8 = NPk
= 0.0 ! 74& ' 2 20 \/\«/
< I, \\/JJ I 240
v © 60
-0.2
- 4.0 o
~ ¥l Total ii i)~ Total | [y , (ifi)
: (ii) : (i) » oo
> 0.6 > i (ii) S
g g 20 oA i \
=04 (i) d = ) \\ ,,’/ Y
2 02 i S 0.0 = 5
- \//\/\ N AR - \—
“ 0.0 = — =~ -
£ 0O 220 \/
0.2 3
2 0 2 A0 0 2
E-E; (eV) E-E; (eV)
(—pPL — P --- P1-PY

FIG. 4. Spin (a) and orbital (b) responses to an in-plane elec-
tric field calculated for a top Ni electrode. The response for an
outward(inward) electric polarization P (P | ) is calculated consid-
ering the contribution of the interface IF2 (IF1, multiplied by —1).
More details are given in Sec. SI D and SIII from the Supplemental
Material [25]). The dashed black lines correspond to the difference of
both responses, i.e., 26(S,)p (a) and 26 (L,) p. The red and blue dotted
lines show the limits of the local HfO, band gap in the vicinity of the
two interfaces.

[35] Edelstein effects, i.e., the generation of a spin and orbital
density induced by a charge current. Switching the fer-
roelectric polarization is expected to modify the orbital
hybridization between O1 and Ni at the interface and thereby
tune both inverse spin and orbital Edelstein effects. We com-
pute the nonequilibrium spin and orbital densities, §(S,) and
8{Ly), using the Kubo formula within the linear-response the-
ory [36] (more details are given in the Supplemental Material
[25]). Since the noncentrosymmetric spin and orbital textures
are well localized at the interface, as confirmed by Fig. S5
[25], we focus our attention on the contributions coming from
Ni and Ol atoms at IF1 and IF2. Because the calculated
densities depend on the energy of the Fermi level, we also
restrict our study to an energy window delimited by the band
gap of HfO; in the vicinity of the two interfaces, i.e., between
—1.8(—1.5) eV and +2.5(4+2.9) eV at IF1(IF2), where only
the bands of Ni and O participate to the transport properties
(See Fig. 1(b) and Fig. S1 [25]).

Figure 4 displays both spin and orbital densities, §(Sy)
and 6(Ly), for the electric polarization pointing outward (P 1,
red lines) and inward (P |, blue lines). If the slab were
perfectly symmetric, and if the electric polarization did not
have any influence, §(S,) (and §(L,)) would be equal for P 1
and P |. The influence of the electric polarization can be

TABLE II. Antisymmetric and symmetric parts of the spin and
orbital densities at Fermi level. The unitis 107"z m V~!.

8(Sy)o  8(Sy)e ms (%) S(Ly)o  S(Ly)p ML (%)
Ni -0.02 005 -250 —096 021 -22
0O  —0.074 0 0 -1.09  0.19 —17
Total  —0.092  0.05 -53  -19 0.6 -32

analyzed by parsing the density into a symmetric, 5(Sy)o =
(8(Sy)pt + 6(Sy)py)/2, and an antisymmetric part, 5(S,)p =
(8(Sy)py — 6(Sy)py)/2, the latter being directly associated
with the electric polarization. A similar definition applies to
the orbital density §(L,). In Table II, we report the values of
the symmetric and antisymmetric parts of the spin and orbital
densities at Fermi level. We find that the average spin density
located on the interfacial Niis §(Sy)o = =2 x 1073Am V=1,
which, using a free electron model [34] with a lattice con-
stant of 2.5 /0\, corresponds to an effective Rashba strength of
~10713 eV m. Upon reversing the ferroelectric polarization,
the modulation of the spin density amounts to §(S,)p =5 X
10~137im V~!, which corresponds to a giant modulation g =
8(Sy)0/8(Sy)p = —250%. Interestingly, the spin density at the
Fermi level on the O1 atoms near the interface is unaffected by
the polarization. Summing both contributions, the total spin
density at the interface can be modulated by about ns ~ 53%.
As a comparison, Mishra et al. [37] recently demonstrated that
in Pt/Co(d)/GdOx thin films, the Rashba field Hg/ j. could be
modulated from —500 to +250 Oe A~! m? by voltage-driven
oxygen migration. The corresponding modulation of the spin
density can be obtained using S = (dM,/A)Hg/ j. [38], where
d = 0.8 nm and M, = 1400 kA m~! are the thickness and sat-
uration magnetization of the Co layer, and A is the exchange
energy (X2 eV). Using these parameters, we find that the spin
density is tuned between —10 and +5x 1073 m V~!, which
compares favorably with our prediction.

The orbital densities displayed in Fig. 4(b) are about one
order of magnitude larger than the spin density, in agreement
with the literature [8,9,39]. At Fermi level, we obtain an aver-
age interfacial orbital density of about —1.9 x 10~ m V~!,
which is comparable to the orbital densities obtained at transi-
tion metal interfaces [40] and one order of magnitude smaller
than the giant orbital density found at Al/Co interfaces [41].
The ferroelectric modulation of the orbital densities is about
32%, which is remarkable.

Away from Fermi level, the spin and orbital densities
display two extrema, labeled (i) and (ii) around energies of ap-
proximately —0.6 eV and +1.7 eV, which also correspond to a
maximal modulation upon polarization reversal. For energies
below Ef, the bands have a predominant Ni-d character and
the calculated spin and orbital responses are moderate. This
means that although Ni-d states provide reasonably large spin
and orbital projections around the Fermi level, their higher
localized nature limits their overall magnitude. This is in con-
trast with the densities observed around (ii), where sp bands
predominate, leading to enhanced responses, in agreement
with the large value of the longitudinal conductivity o, as
shown in Fig. S7 [25]. We notice a narrowing of the spin
density peak (ii), when switching from P | to P 1, and a
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shift in energy of the maximum of the orbital response, from
Er 4+ 1.93 eV to Eg + 2.47 eV, which follows the shift of the
electric potential and the response contribution of Ni atoms.
A third maximum (iii) in the spin and orbital responses can
also be noticed at E ~ Er + 2.9 eV; such an energy cor-
responds to the local conduction band minimum of HfO,
for the P 1 configuration (IF2 interface), where the oxygen
atoms interact more strongly with Hf atoms due to their larger
proximity in energy, enhancing the spin-orbit interaction and,
consequently, the spin density. This peak is shifted toward
higher energies and decreases in magnitude upon polarization
switching. At P = —P,, the peak completely disappears be-
cause of the too large Hf-O1 distance for the P | configuration
(IF1 interface - see Fig. S8 [25]).

In summary, we have found that the spin and orbital
properties at Ni/HfO, interface can be controlled through
the ferroelectric polarization via the modulation of the Ni-
O bond length. Remarkably, our calculations suggest that
the MCAE can be switched from in-plane to out-of-plane
upon reversing the electric polarization. At the same time,
the spin and orbital textures at Fermi level are also substan-
tially tuned, resulting in modulations of the spin-charge and
orbital-charge interconversion efficiency of several tens of
percent. This finding makes Ni/HfO, particularly appealing
for voltage-controlled memory and logic devices. To fully
assess the suitability of this material for MESO [2], FESO

[3] or SOT-MRAM [4], a comprehensive evaluation of energy
consumption should be conducted taking into account not
only the robustness of the magnetoelectric effects discussed
here with the oxidation states of the interface [21,42-46],
but also the magnitude of the voltage required to switch the
ferroelectric polarization, as well as the time scale of the
operation [21,42-46].
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