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The structural and electronic properties of KTaO;/KZnF; and KTaO;/KNiF; oxyfluoride superlattices are
studied from first-principles density functional theory calculations. We highlight, that beyond a critical layer
thickness, these systems exhibit an insulator to metal transition that gives rise to the appearance of two-
dimensional electron and hole gas, confined both, due the band alignment, within the oxide layer. The origin
of the insulator to metal transition is related to the polar discontinuity at the interfaces. The behavior is discussed
in terms of a simple electrostatic model and compared to that of the prototypical LaAlO;/SrTiOs oxide system.
The magnetic properties KTaO3; /KNiF; superlattices are further discussed, revealing a sizable Rashba-type spin
splitting at these interfaces, much larger than in similar oxide/oxide systems.
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I. INTRODUCTION

Unique electronic properties at oxide/oxide interfaces are
accomplished by tuning the chosen constituent materials’ fer-
roic (electric and/or magnetic) properties. This optimization
is driven by the complex electron-electron interactions in
strongly correlated material interfaces, which gives rise to
a broad set of intriguing phenomena [1,2]. In oxide/oxide
interfaces, these phenomena include the appearance of two-
dimensional electron gases (2DEG) and its counterpart,
two-dimensional hole gases (2DHG) at the oxide insula-
tor/insulator interfaces [3,4], exotic electronic states due to
strong spin-orbit coupling with an intriguing spin texture [5],
metal-insulator transitions tunable by electric fields [6], inter-
facial magnetic phases [7], improper ferroelectricity [8—10],
and multiferroic interactions [11]. While studies of these phe-
nomena have focused only on complex oxide materials, there
are strong indications that complex fluorides may have similar
properties concerning the oxide materials.

To date, little experimental and theoretical work has been
devoted to fluorides, either in bulk [12-15] or in thin-films
forms [16,17], and therefore, there is minimal knowledge
about their surfaces and interfacial properties [17]. In addition
to the different bulk fluoride studies, much less is known
about the multifunctional properties of interfaces and surfaces
of complex fluorides [17]. By searching in the literature, it
can be found that there are just a few reported examples of
complex fluorides thin films and the corresponding interface
characterization. These include Fe/KFeF; bilayers [16] and
the trilayered system Fe/KNiF3/FeF; [18] that has a dynamic
and rotatable exchange anisotropy. For example, it has been
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reported the phenomena of exchange bias in these systems.
This property is shown as a magnetic hysteresis loop center
shift away from H = O T. The latter as a result of the mag-
netic interface interaction with the antiferromagnetic material.
Additionally, it has been shown that NaMnF; epitaxial thin-
films grown onto SrTiO;3 exhibit ferroelectric and magnetic
behavior [17].

Recently, researchers have focused on the study and un-
derstanding of multi-ion systems. Here, oxygens in oxide
perovskites are replaced with fluorine ions with different
possible stoichiometries. Therefore, this process, also called
fluorination, has been successfully applied to the epitaxial
growth of SrFeOs_,F, (x from O to 1) thin films [19] where
substantial changes in the electric conductivity and transport
properties have been demonstrated. These changes are mainly
due to an induced change in the nominal oxidation state of the
Fe cation. Then, and even more surprising, multifunctional
properties such as superconductivity in Sr,CuO,F,,s [20],
ionic conductivity at BaFeF,Os_s [21], and robust antifer-
romagnetism in Bag gSrg,FeF,03_s[22] can be tuned and/or
modified in fluorinated oxides, also called oxyfluorides.

On the other hand, mixed SrTiO; and KAgF;, AgF,
interfaces were proposed where, superconducting behavior
has been theoretically predicted [23,24]. Thus, oxyfluoride
materials have been highlighted as materials with potential ap-
plications in the next-generation rechargeable batteries, with
enhanced properties compared to their oxide counterparts
[25]. Moreover, a geometrically driven ferroelectric instability
[26] was stabilized under strain in the NaMnF5 fluoride thin
films epitaxially grown on SrTiO; [17,27], as commented
before. Besides, multianionic materials (i.e., oxyfluorides,
oxynitrides, and oxysulfides) have called much attention due
to their potential applications in the design of novel materials
[28-30]. Particularly, our computational work on fluoride per-
ovskites (ABF3) indicates that ABF;/fluoride or ABF3/ABO;3
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interfaces have unique advantages in terms of their magnetic,
magnetotransport, and multiferroic properties [17,26,27].

Thus, the examples above are a few of the numerous attrac-
tive properties of high interest for science and technological
applications shown by oxide and fluoride perovskites [31],
which linked to the emerging field of multianion crystals
highlights even more appealing possibilities [29,30]. Hence,
the fundamental study of the ordered interface between an
oxide and a fluoride is particularly engaging for the discov-
ery of new phenomena for the improvement of the exotic
oxide/oxide interface properties reported so far [32]. In such
order of ideas, the theoretical exploration of the electronic
states at oxide/fluoride interfaces, the possible existence of
noncollinear ordering, and finally, the consequences of the
dissimilar oxidation states, at the interface, in the electrostatic
phenomena deserved more attention.

In this paper, we report a first-principles investigation of
the perovskite KTaO3/KMF; (M = Zn and Ni) interfaces and
superlattices. After full geometric and electronic optimization,
the system develops a two-dimensional electron gas (2DEG)
and two-dimensional hole gas (2DHG). Also, the analysis of
their properties in terms of an electrostatic model, across the
oxyfluoride superlattices, is presented with the scrutiny of the
magnetic structure for M = Ni. Finally, a Rashba-type spin
splitting at the interface is examined and discussed. Based on
our analysis, we hope to lead novel strategies for searching for
new and complex perovskite-based oxyfluoride heterostruc-
tures.

II. COMPUTATIONAL DETAILS

We performed first-principles calculations within the
density-functional theory (DFT) [33,34], as implemented
in the Vienna Ab initio Simulation Package (VASP 5.3.3)
[35,36]. We used projected augmented wave (PAW) method
[37] to represent the valence and core electrons. The
electronic configurations taken into account as valence elec-
trons were: K (3p%4s!, version 17Jan2003), Ta (5p°5d°6s2,
version 07Sep2000), Zn (3d'%4s%, version 06Sep2000),
Ni (3p®3d%4s%, version 06Sep2000), F (2s*2p°, version
08Apr2002), and O (2s22p*, version 08Apr2002). The ex-
change correlation was represented within the generalized
gradient approximation (GGA) with the PBEsol flavor [38].
This exchange-correlation functional has proven to be one
of the most accurate XC functionals for treating oxyfluoride
compounds [39]. The magnetic character was included by
performing spin-polarized calculations, and the d electrons
were corrected employing the DFT+U method within the
Liechtenstein formalism [40] for all the KTaO3;/KNiF; su-
perlattices. In this case, the U value was obtained by fitting
the the magnetic moment per atom and the magnetic or-
dering obtained from DFT+U with those obtained from the
HSEOQ6 hybrid functionals [41,42] in the 1/1 superlattice. In
the KTaO3/KZnF; superlattices, no U value was included
and only the DFT approach was considered. The periodic
solution of these crystalline structures was represented by
using Bloch states with a I'-centered k-point mesh of 6 x 6xx
(x is selected based on the ¢ parameter of the supercell with
values of x = 4, 2, and 1 for superlattices 2/2, 4/4, and
larger than 6/6, respectively) and 700 eV energy cutoff. This

TABLE I. Lattice parameters, a,, and band-gap energies, E,, for
bulk compounds. E, values were extracted within the DFT aproach
for KTaO; and KZnF;, whereas the DFT4+U (U = 6.0 eV) scheme
was employed for KNiF;. Finally, The band-gap values were also
obtained by means of HSE06-based calculation [41,42].

ag [A] E, [eV]
Compound Expt. Present Expt. Present  HSE06
KTaO3 3989 [56] 3.997  3.64[56] 2.06 3.79
KZnF; 4.055[57] 4.022 - 3.90 6.31
KNiF; 4.012 [57]  4.002 - 4.04 5.40

cutoff has been tested to give forces convergence to less than
0.001 eV A~!. Spin-orbit coupling, SOC, was included such
that its effect on the electronic structure could be analyzed
[43]. Born effective charges and phonon calculations were
performed within the density functional perturbation theory
(DFPT) [44] as implemented in the VASP code and analyzed
through the Phonopy interface [45].

To perform calculations based on hybrid functionals for
large supercells (above 2/2 ratio), and to correlate the results
of the electronic structure with the DFT4-U results obtained
with the VASP code, we have used the linear combination
of atomic orbitals (LCAQO) based CRYSTAL code [46]. This
code uses a Gaussian-type basis set to expand the Kohn-Sham
orbitals, including polarization effects, with the advantage of
a smaller basis set is required. Additionally, all the electrons
were included in K, Ni, Zn, O, and F, while a pseudopoten-
tial was used for the Ta case. For the exchange-correlations
term, the hybrid functionals taken into account are the BIWC
[47], BALYP [48,49], and PBEsol0 (derived from the PBEO
functional and based on the PBEsol approximation) [50] all
of them with a 16%, 20%, and 25% of exact exchange-
correlation term, respectively. The latter in order to investigate
the correlation and functionals’ effect on the calculations.

Finally, the effect of the electric field into the structure,
and specifically, the piezoelectric response into the KTaO3
was tested according to the implementation function-response
DFPT [51-53] using the ABINIT package [54,55] and the
PAW PBEsol [38] pseudopotentials and a plane wave basis
expanded up to 25 Ha (680 eV). We sampled the Brillouin
zone with a k-point density equivalent to a 8 x 8 x 8 grid in
the cubic Pm3m KTaO; under the superlattices xy strain.

III. RESULTS AND DISCUSSION

In what follows, we discuss the appearance of 2DEG and
2DHG at the KTaO3/KMF; (M = Zn and Ni) oxyfluorides
interfaces, the magnetic structure when M = Ni and finally,
the Rashba spin splitting at the interface.

A. 2DEG and 2DHG

At the bulk level, KTaO3 (KTO), KZnF; (KZF), and KNiF3
(KNF) share the same cubic perovskite atomic structure of
Pm3m symmetry, and they are all good insulators [57—60].
The theoretical and experimental data, related to the lattices
parameter and band-gap energy are presented in Table 1.

235140-2



OXYFLUORIDE SUPERLATTICES KTaO5;/KMF; ...

PHYSICAL REVIEW B 102, 235140 (2020)

(a) Zn*? /K”()’2° 0 ¢ (b) L\A" (‘“W
p-iype j " “L”ﬂ\m \\TWL
’JI J\ M\ \:N/UW\
¥
L
KZn ol i,
W .
'r T o T
= s/,
_ ]” = OLLWMM
TS0 /K F! RN -
n-type [ 7 8 \.JJ\.:“VJJ’\/\I}J\'A
b, pibatl 4\
B o bl 4\
KTaO3 iad “I"%AW'WW?\M
WWMMM’WUW” \’\J’LA
L«/\MMW‘L«JUWWL)\\
“ \/\M/JLMWWI""“'L‘WL
4 2 0

E-E, [eV]

5 4 4 2 0 2 4

Potential [eV]

FIG. 1. (a) Sketch of the (KTaOj3);/(KZnF3); superlattice with TaO,/KF and ZnF, /KO interfaces and evolution of the relaxed lattice
constant (K-K distance) along the stack. (b) Layer-by-layer projected electronic density of states (DOS) highlighting the presence of a 2DEG
and a 2DHG at the TaO,/KF and ZnF, /KO interfaces, within the KTO layer. (c) Macroscopic average of the electrostatic potential along the
stacking direction showing a zigzag profile confirming the presence of the electric field.

We build here stoichiometric (KTaO3),,/(KMF3), superlat-
tices, with distinct ZnF, /KO and TaO,/KF (001) interfaces
and in which the thickness n of each compound (in unit
cells, u.c.) is ranging from 1 u.c. to 8 u.c. In each case,
the in-plane lattice parameter of the superlattice is moreover
set to the average of the bulk lattice constants of the two
related materials (i.e., 4.022 A for KTO/KZF and 4.001 A
for KTO/KNF). Such a choice imposes a compressive strain
of —0.81% (—0.27%) on KZF (KNF) and a tensile strain of
+0.84% (40.30%) on KTO in KTO/KZF (KTO/KNF) su-
perlattices. Then, an optimization process is performed were
the electronic structure, internal coordinates, and volume are
allowed to relax.

Interestingly, while alternating K*'F~! and M*?F;!
atomic planes are formally neutral in KZF and KNF, the
K*'0~2 and Ta*SOZ_ 2 planes carry formal charges of —1
and +1 in KTO. This charge distribution means that (001)-
oriented KTO/KMF interfaces are polar in the same way as
the accessible SrTiO;/LaAlOj interface [61]. Electric fields
will, therefore, naturally develop in KTO/KMF superlattices,
eventually giving rise to an insulator to metal transition (IMT)
[62]. It is worth noticing that in such transition, an in-plane
conduction and out-of plane insulator behavior is observed.
Since KTO and KMF layers have nearly the same thickness,
these fields have to be almost equal and opposite.

In Fig. 1, we report a sketch of a KTO/KZF superlattice
with n = 7 u.c. [Fig. 1(a)]. We have included the evolution
of the relaxed lattice constant along with the stack, measured
from consecutive K-K distances. At the interfaces, we observe
substantial atomic relaxations due to the asymmetric O-Ta-F
and F-Zn-O bondings. At the same time, the lattice constant
quickly converges to a homogeneous value in the interior of

each layer. The lattice constant in the KZF layer (4.110 A)is
larger than the bulk value (4.055 A), which could be explained
by the compressive epitaxial strain imposed in the superlat-
tice. However, the KTO layer similarly shows a value (4.060
A) larger than the bulk one (3.989 A), although it experiences
a tensile epitaxial strain. This strain is compatible with the
presence of electric fields within the layers and the related
electrostrictive effect [63].

In Figs. 1(b) and 1(c), we report the layer-by-layer
projected electronic density of states (pDOS) and the macro-
scopic average of the electrostatic potential along the stacking
direction. As anticipated from the polar discontinuity at the
interface, the electrostatic potential confirms the presence of
opposite macroscopic electric fields in the two layers. This
field’s appearance means a polarizing electric field in KZF
and a depolarizing electric field (i.e., as opposed to the for-
mal polarization) in KTO. The pDOS also clarify the band
alignment at the KTO/KZF interfaces: the band offsets are
very similar at both interfaces with the valence band of KTO
located ~0.5 eV above the valence band of KZF and the
conduction band of KTO located ~1.5 eV below that of KZF.
This offsetting means that both valence and conduction states
in the superlattice are located in KTO. They relate respectively
to O-2p and Ta-5d,, states. The electric fields then pro-
duce bending of the bands. For sufficiently large thicknesses
n, a Zener breakdown will appear: electrons will be trans-
ferred from the TaO, /KF interface to the ZnF, /KO interface
giving rise to a two-dimensional hole gas (2DHG) at the first
interface and a two-dimensional electron gas at the other. Due
to the band alignment, this is expected to appear when the
drop of potential across the KTO layer reaches the band gap
of KTO, and both 2DEG and 2DHG will be located within
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the KTO layer (i.e., the fluoroperovskite film will act as a
condensing layer maintaining the two gases in the oxide). This
boundary effect means that the situation will remain almost
identical in KTO/KNF superlattices.

We see in Fig. 1(b) that the n = 7 KTO/KZF superlattice
is metallic, with 2DEG and 2DHG indeed located in the KTO
layer. Shorter superlattices (like n = 5, not shown here) are,
however, insulating. In those cases, the opposite electric fields
on both layers are equal to £ ~ 100 mV A~! (see discussion
at the end of this section). Since the theoretical band gap of
KTO is about 2 eV, its lattice constant is 3.997 A and valence,
and conduction states come mainly from TaO, planes, a Zener
breakdown should appear when the distance between TaO,
planes at both interfaces reaches five u.c., corresponding in
practice to a superlattice with n = 6. We observe indeed that
superlattices with n > 6 are metallic. However, we notice
that the theoretical band gap of KTO is underestimated with
respect to the experimental band gap of 3.64 eV [56] (3.8 eV
with HSE hybrid functional). From that, we anticipate that
the experimental Zener breakdown should better appear at
n =~ 10.

At the metallic interface, we observe that the effective
masses in both M = Zn and Ni cases are close to 0.3m, in
plane for the electrons at the 2DEG in the lowest 5d,,:Ta band.
In contrast, heavier hole carriers with m* of 1.1m, are found
to be localized at the 2p-O at the KO layer. Hence, in the
2DEG at the oxyfluoride superlattices, we have at our level
of approximation highly mobile carriers lighter than those
reported in SrTiO3/LaAlO; [64,65].

We notice that the electric fields within the superlattice
are much larger than those previously reported for LaO/STO
superlattices (58 mV A’l) [64]. In an attempt to clarify this
issue, we develop an electrostatic model equivalent to the
charged plates approach of Ref. [63,64]. First, the total polar-
ization P; in each layer i (with i = 1 for KTO and 2 for KZF)
can be written as the sum of the polarization in zero field, Pio,
and the polarization induced by the field Piind = ¢ox;&; such
that at linear order in the field:

P =P} + e xi&i. (1)

Here, € is the vacuum dielectric permittivity while x;, and
&; are the dielectric susceptibility and electric field in each
layer. Considering now, on the one hand, short-circuit bound-
ary conditions with similar band offsets at both interfaces
(i.e., Li&E; = —Ly&,, where Ly and L, are the KTO and KZF
thicknesses) and, on the other hand, the continuity of the dis-
placement field in the direction perpendicular to the interface
(i.e., €g€1+P, = €y&>+P>) we can deduce:

Ly(P) — P)
g =2 =h) @)
€o(erly +eLy)
L, (P° — PO
& = +M 3)

eo(€1Lr + €2Ly)’

with €; and e, the dielectric constants of KTO and KZF.
Assuming further that L; = L, (e.g., forn =7: L} =28.49 A
~ L, =28.69 A), we get finally the much simpler expression:

Gte)

£ =& =172
! : €(e1 + €)

“

The fields are independent of the KTO and KMF layer thick-
nesses as soon as they are kept equal.

On the one hand, KZF has no formal polarization (neutral
planes) and is robustly paraelectric. Even under a small com-
pressive strain within the superlattice, it stays in a paraelectric
P4 /mmm phase with P, = 0 and €; = 9.41 (computed in the
bulk strained phase). On the other hand, KTO has a formal
polarization (e/2-®, where ® is the unit-cell area) related to
its polar planes. This polarization can potentially develop a
further spontaneous polarization P under external constraints
such as an epitaxial strain or a macroscopic electric field, so
that Py =e/2-© + P}.

If we first assume that KTO layer of the superlattice re-
mains in a centrosymmetric P4/mmm strained phase, then
P} =0 and we compute (in bulk) €; = 93.66. Using Eq. (4)
we get & ~ —& = —54.29 mV A~', which is much smaller
than the observed first-principles value ~ —100 mV A~!
(which suggests an effective €; ~ 45).

The epitaxially strained P4/mmm phase of KTO shows an
in-plane polar instability, yielding potentially the system to
a Amm?2 phase with in-plane polarization. In such case, along
the z axis, P! = 0 again but the dielectric constant along z now
becomes equal to €; = 128.34. With these values, we obtained
a still smaller value & ~ & = 40.62 mV A~'. Moreover,
in such a phase, the out-of-plane lattice constant is smaller
than the in-plane one and also than the cubic one, which is in
contradiction with what is observed in Fig. 2.

The c lattice parameter in the central part of the KTO layer
is larger than the cubic one, and this could be explained by the
presence of the strong macroscopic electric field. To check
that, in Fig. 2(a) we report the change of c¢ is a function of
the applied electric field in the same direction of bulk KTO.
The electric field is applied by keeping the xy-plane lattice
parameters constant to the superlattice value and allowing
only the z axis and internal coordinates to relax. At a field
of 100 mV A~!, we observe an expansion of ¢ of ~0.25%.
This expansion is qualitatively consistent with the expansion
observed in the superlattice due to the internal electric field
along the z axis. In Fig. 2(b), we then report the change of
frequencies of the lowest polar mode of KTO along with
different polarization directions (w;, with i indicating the po-
larization direction) when keeping the in-plane lattice constant
of the superlattice, but expanding the c-lattice parameter.
At the relaxed strain value measured concerning the cubic
structure, only wy, mode is unstable in line with a Amm?2
ground state. However, when the c-lattice parameter expands,
w, is destabilized and becomes quickly much more unstable
than w,,. At ¢ = 4.06 A as observed in the superlattice,
w, is strongly unstable yielding a P4mm ground state with
out-of-plane polarization. All this suggests that, through the
electrostrictive effect, the built-in electric field in the KTO
layer might bring the system to a polar P4mm state. Such a
field-induced transition from para- to ferroelectric phase is
similar to what can be typically observed in the paraelectric
regime of regular ferroelectric like BaTiOs3, close above the
Curie temperature [66].

In such a polar strained P4mm phase witha = b =4.022 A
and ¢ = 4.060 10%, the bulk spontaneous polarization is P =
—27.57 uCcm™2 (in line with the atomic distortion observed
in the KTO layer in Fig. 1) and €; = 44.65 (the effective
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FIG. 2. (a) Electric field induced elongation, 7., along the z axis
at the KTaOs. (b) Lowest polar modes at I' point along distinct
polarization directions (w, = w,, and ;) in the KTaOj3 as a function
of the c-lattice elongation. Negative values correspond to imaginary
frequencies. (c) Averaged electric field computed for each of the
superlattices going from n = [ = 4-8. The vertical size of the point
correspond to the computed error in each case.

dielectric constant we anticipated above assuming KTO re-
mains P4/mmm). Coming back to the electrostatic model and
using Eq. (4), we get, however, again & =~ & = 45.86
mV A~!. Although, the smaller dielectric constant of this
phase should a priori yield a larger &, its spontaneous polar-
ization partly screens the formal polarization [64,67], yielding
again a field smaller than that observed in the superlattice.

All this suggests that KTO is less polarizable than expected
from the bulk dielectric constant. Assuming that KTO is in
such a P4mm polar phase, the electric field of 100 mV A" can
only be explained by an effective dielectric constant €; & 15.
This value could eventually be explained, assuming that the
seven u.c. layers are made of a central five u.c. part with €,
= 44.65 in series with less polarizable interface 1 u.c. parts on
both sides with €;,; = 5. The presence of such dielectric dead
layer at the interface would, however, become predominant at
low thickness, suggesting that the field should increase in the
insulating regime.

In Fig. 2(c), we so report the evolution of the amplitude of
electric fields, equal and opposite in each layer, as a function
of the layer thickness. A first observation is that the fields
remain constant until n = 7 and then drop at n = 8 while the
IMT appears already at n = 6. A priori, charge transfer, and
field reduction, should appear from the IMT threshold. This
anomaly can be traced back to the electronic band structure

in Fig. 1(b): the DOS is very small in the lowest part of the
conduction bands of KTO, so that a substantial transfer of
charge (and drop of the field) only appear from a thickness
where the Fermi level reaches the first substantial peak, which
happens from n = 8. A second observation is that the fields
seem to remain almost constant (within the accuracy of the
estimate, see Fig. 1S in the Supplemental Material [68]) in
the insulating regime, which is not directly supporting the
existence of a low-polarizable interface layer. In such a case,
the field should indeed progressively increase as the thickness
decreases from 100 mV A~! forn = 7to 150 mV A~ forn =
3 (see Fig. 2S and Table IS in the Supplemental Material [68]).
However, this assumes that the frozen-in P, and dielectric
constants of the interface and middle layers are independent
of thickness, which might not necessarily be the case.

In summary, KTO/KZF superlattices with polar interfaces
show a behavior qualitatively similar to LAO/STO super-
lattices, although with slightly distinct features such as the
effective mass and localization of the carriers at the interface
or the critical thickness. The behavior is globally compati-
ble with a simple electrostatic model (appearance of fields,
Zener breakdown), but, contrary to LAO/STO, a quantitative
agreement cannot be achieved when fitting such a model from
bulk dielectric constants. Our investigations suggest that KTO
might exhibit a field-induced ferroelectric transition under
the electrostatic conditions of the polar interface. The system
might also eventually present a dead dielectric layer at the
interface. However, this cannot be fully validated from the
DFT results and call for further investigations.

The same amplitude of electric field (£ ~ 100 mV A~
in the insulating regime) and behavior is observed for
KTO/KNF superlattices where Ni replaces zn. Here, M = Ni
induces a magnetic ordering in the system due to its magneti-
cally active 3d orbital, as we discuss in the following section.

B. Magnetic ordering

We also analyzed the magnetic behavior of the oxyfluoride
interfaces when M = Ni. In bulk, KNiF; shows a G-type AFM
ordering with a Néel temperature of 275 K [59]. Similarly, as
it was done in the M = Zn case, we studied the superlattice
thickness from 2/2 to 8/8 u.c (see Fig. 3S in the Supplemental
Material [68].

Initially, several magnetic orderings were tested, G-AFM,
C-AFM, A-AFM, FM, and mixed G-AFM+FM layer (the
FM configuration at the NiF, immediately after the TaO, /KF
interface and at the NiF,/KO layers). According to our cal-
culations, based on hybrid functionals performed with the
CRYSTAL code, the ground-state magnetic ordering is always
G-type AFM in the KNiF; film. These results are in full agree-
ment with those obtained within the GGA+U approximation
for U values above 6.0 eV with the VASP code. However,
it is essential to mention that the mixed G-AFM+FM-layer
state, (with the FM layer close to the NiF,/KO interface),
is very close in energy to the G-AFM ground state with AE
= 0.73 meV /atom. The G-AFM+FM magnetic state is even
closer than other magnetic states such as the A-AFM and
C-AFM. All the energy values are shown in Table IIS in the
Supplemental Material [68].
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FIG. 3. Band structure for the k, path in which, s,, s,, and s, spin components are considered. The up and down orientations of the spin are
represented by red and blue colors, respectively. Figure obtained with the open-source code PYPROCAR [79].

Moreover, we also found a weak magnetic moment of m =
0.012 g atom™' localized on the Ta cations. These moments
are following a FM interaction along z axis concerning the
Ni sites (m = 1.764 ugatom™!) in agreement with a Ni+?
oxidation state. The latter is explained by the strongest FM
interaction between half-occupied 3d-Ni:e, and the empty
5d-Ta:ty, [69] rather than an AFM interaction driven by the
superexchange interaction between the Ni-O-Ta or Ta-F-Ni
bonding.

Interestingly enough, there is a magnetic-moment mod-
ulation across the entire thickness of the heterostructure’s
magnetic slab in all the calculated superlattices (see Fig. 4S
in the Supplemental Material [68]. The magnetic moment
is increased at one side of the interface and decreased at
the other side with tendency to reach constant value in the
layer center. The 7/7 case shows a different behavior at the
second side with an increase of the magnetic moment be-
fore the decrease of it. This modulation can be associated
with the effect of the electric field in the Ni’s oxidation state
and the magnetic moment per atom, as observed previously in
the SrTiO3/Lag 7S1rp3MnOs thin films [70].

C. Cubic-Rashba spin splitting

Recently, the appearance of spin splitting followed by
a complex spin texture related to a Rashba effect [71]
was reported to be attained at oxide interfaces such as
SrTiO3/LaAlO5; [5,72-74]. Moreover, some reports have
shown similar behavior in SrTiO3- and KTaOj3-based tran-
sistors [75,76]. In these single perovskite-based devices, a
predominant k-cubic dependence of the splitting was observed
in comparison to the linear term [see Eq. (5)]. The latter in
agreement with the linear plus cubic dependence of the normal
Rashba splitting occurring at LaAlO3/SrTiO; interface, and
mainly due to the dyy-d,./,, multiorbital nature of the lowest
bands [73]. Additionally, in the case of Au(111) metal surface,
it has been shown that even when the surface states exhibit
mainly p-orbital character, the d orbitals drive the Rashba

splitting and dictates the direction of the spin through the
orbital-angular momentum (OAM) [77,78].

In order to look for the spin-texture and spin-orbit coupling
(SOC) effects in the oxyfluoride interfaces, the analysis of
the electronic structure has been performed by taking into
account the SOC. Due to the high computational cost, the
study of the bands was performed up to the 4/4 superlattice.
For such, the electronic structure was calculated within the
VASP code and analyzed within the PYPROCAR package [79].
These results can be traced up to the 7/7 system where the
2DEG and 2DHG are formed, and the IMT takes place, as
shown previously. Thus, the results presented here can be
extrapolated to larger n/I superlattices.

In Fig. 3 we can observe the electronic band structure
along the k, path where the s,, s,, and s, spin components
are presented separately and a color notation for the majority
(red) and minority (blue) spin orientation is adopted. First, it
is noted that the electronic structure and the spin texture at the
conduction bands above of the Fermi level (and thus, close
to the TaO,/KF interface of the 7/7) are entirely 2D spin
polarized in the k,-k, plane. Therefore, no band dispersion is
observed for the s, spin component. Surprisingly, a large spin
splitting of the bands is present at the energy around 2.0 eV
with respect to the Fermi energy. Additionally, the SOC effect
is observed at the heavy d,;/,, crossing with the d., lighter
bands (see the upper inset in Fig. 3).

The observed Rashba splitting is of the cubic-type char-
acter as observed in oxide surfaces, and interfaces, and it is
expressed by the Hamiltonian presented in Eq. (5):

Hpy = a3&,i(K oy — kloo), 5)

where o3 is the cubic-Rashba coupling term, which mea-
sures the strength of the splitting (in units of eV A%), oy =
1/2(o % ioy) and oy, are the Pauli matrices. The &; is the
electric field perpendicular to the electron’s plane movement
denoted by ky = (k. % ik,) [75]. Here, the E vs. k profile for
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the bands is represented by the relationship:

272
Erd) = 25 4o (6)
2m*

This type of spin splitting can be understood like an op-
posite rotation of the lowest spin—up band with respect of
the spin down around an axis fixed at the vertices of the
parabolic d bands. This is in contrast with the linear horizontal
displacement (or offset) of the spin—up and spin-down bands,
respectively, observed in the most common linear-Rashba ef-
fect! present in materials such as BiTel [80].

To obtain an idea of the order of magnitude of the spin
splitting, we compare it with other perovskite-based systems.
At the energy value of 2.0 eV we found that Ak = 0.044
A~!, which is more than twice of the one found at the KTaOs-
based transistor (i.e., Au/parylene-Al/KTaOs3) [81]. Besides,
the energy difference between up- and down- spins is AE
= 64 meV at the same bands, as shown in Fig. 3. To com-
pare with oxide/oxide interface, we computed the spin-texture
of the SrTiO3/LaAlO; system under the same conditions in
a 4/4 superlattice (not shown here). We found that Ak =
0.011 A~ and a AE = 11 meV. Then, this spin splitting is
four times smaller in comparison to 0.044 A~! and 64 meV at
the oxyfluoride interface.

It is important to note that the SOC in the Ta is at least 11
times larger than the one in the Ti cation. This energy splitting
can be taken as an advantage in the mixed oxide/fluoride inter-
faces. This difference can be due to the significant disparity in
lattice parameters of the fluoride perovskites. This difference
will allow the incorporation of a more prominent perovskite
oxide with 4d and 5d orbitals. This mismatch provides for
new design rules for superlattices and interfaces with mixed
properties.

From the magnetic KTaO;/KNiF5; superlattice, we no-
ticed that the same spin texture remains at the TaO,/KO.
Nonetheless, the spin texture is becoming more complicated
due to the overlapping of the 5d:Ta band with the unoccupied
3d(e,):Ni states above the Fermi level. It is essential to take
advantage of the fact that the magnetic properties can be con-
served in KNiF;. Then, mixed multifunctional properties of
2DEG+2DHG+k3-Rashba-splitting+G-AFM could be con-
densed in the same heterostructure. Therefore, other possible
properties can be engineered in these heterostructures, which
is worth to be investigated in future works.

Moreover, it is worth noticing that the relevance of the
k*-Rashba dependence has been highlighted in the field of
multifunctional properties based on the significant difference
in the effective field symmetry between the k linear and the
k* Rashba. Thus, the k> symmetry influences all of the SOC
related phenomena in materials, which is not the case of the
k-linear Rashba term. For example, in the case of the spin Hall
effect, it has been predicted that the k-cubic Rashba term can
give rise to a more significant spin Hall conductivity [82,83].

Remarkably, as the polarization and the magnetic ordering
close to the interface increases, a more complex behavior of

IThe linear-Rashba effect has the E vs. k form: E*(k) =
(*k?/2m*) + «|k| coming from the Hamiltonian of the form Hy =
alik_oy —k,o_).

the spin texture could be expected. Therefore, further studies
focused on the exploration of the spin texture in the flu-
oride/oxide interfaces, by using complementary theoretical
approaches as proposed in Refs. [84,85], could provide ad-
ditional insights on the physics behind spin transport at the
interfaces.

Finally, in this system, the possible tuning of the energy
position of the 5d:Ta bands concerning the Fermi energy, by
controlling the n/[ ratio, stand as an additional feature of these
systems. Therefore, the amount of splitting and, consequently,
the spin-transport properties can be tuned as well, which
makes this type of interface even more appealing. Moreover,
in the M = Ni superlattices case, the transport at the interface
could be affected by the magnetization giving, as a result, a
Hall conductivity that worth to be explored in further analysis.

IV. CONCLUSIONS

We have studied the electronic and structural properties of
oxyfluorides (KTaO3),,/(KMF3;); M = Zn and Ni interfaces
from first-principles calculations. We found that an IMT oc-
curs in these superlattices, due to the polar discontinuity at
the interfaces. The IMT appears for a critical layer thickness
n larger than in LAO/STO superlattices despite the large
electric fields in the two layers. Due to the band alignment,
both resulting 2DEG and 2DHG are confined within the oxide
layer, and the 2DEG show particularly low effective masses.
Fitting the DFT data with an electrostatic model with bulk
parameters does not provide a quantitative agreement; it sug-
gests that KTO might experience a field-induced ferroelectric
transition in the built-in field and, the possible presence of a
dead dielectric layer at the interface, although this should be
further studied.

We also observed that the magnetism in the KTaO3 /KNiF;
exhibits a moment magnitude modulation but keeping on av-
erage the bulk G-type AFM. Surprisingly, we observed a large
k3-Rashba-type splitting at the oxyfluoride interfaces, at least
four times larger than the one reported in SrTiO3/LaAlO; in-
terface and twice that of the KTaO3-based transistor. Thus, we
believe that the oxyfluoride superlattices can be highlighted
as novel perovskite-based systems where rich multifunctional
properties can be tuned as in their oxides/oxides counterparts.
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