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Superlattices constructed with the wide-band-gap semiconductor ZnO and magnetic oxide FeO, both in the
wurtzite structure, have been investigated using spin-polarized first-principles calculations. The structural,
electronic and magnetic properties of the (ZnO),/(w-FeO), superlattices were studied in great detail. Two
different interfaces in the (ZnO),/(w-FeO), superlattices were identified and they showed very different
magnetic and electronic properties. Local symmetry-driven interfacial magnetization and electronic states
can arise from different Fe/Zn distributions at different interfaces or spin ordering of Fe in the superlattice.
The local symmetry-driven interfacial magnetization and electronic states, originating either from different
Fe/Zn distribution across interfaces | and Il, or by spin ordering of Fe in the superlattice, can be identified. It
was also found that, in the case of the ferromagnetic phase, the electrons are more delocalized for the
majority spin but strongly localized for the minority spin, which resulted in interesting spin-dependent
transport properties. Our results will pave the way for designing novel spin-dependent electronic devices
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1. Introduction

Due to broken periodicity, interfaces between distinct materials
have manifested physical and chemical characteristics that are
unique and absent in their bulk phase," with two-dimensional
electron gases (2DEGs) being the most notable examples.”
Oxide interfaces have received particular attention in the past
decades®® due to the potential novel physics that they offer.>”"®
Heterostructures combining magnetic oxides and other non-
magnetic oxides were studied for spin transfer in the search for
suitable materials for spintronics, with both ferromagnetic and
antiferromagnetic oxides being explored.’

A superlattice (SL) is a kind of material that contains a
periodic structure of two or more layers of sublattices, which
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through the construction of superlattices from semiconductors and multiferroics.

alternates in the growth direction and potentially offer unique
features not found in the bulk phase of the constituent
materials,'® including superconductivity'>'® and interface
ferromagnetism."® Interfaces are everywhere in a SL, and the
interfacial coupling that arises gives rise to many unique
properties,****> which can be controlled by varying the layer
thickness, enabling the tuning of their properties.'®™® Unsur-
prisingly, numerous applications have been discovered for SLs,
e.g., solar cells,®*" electronics,”* and water splitting.>*>*

ZnO is a wide-band-gap (~3.4 eV) semiconductor with a
wurtzite structure, where one zinc ion is tetrahedrally bonded
to four oxygen ions. It possesses many desirable qualities,
including a wide and direct band gap, low toxicity, ease of
growth, and stability. Therefore, ZnO has received enormous
attention in the past, and many potential applications have been
investigated, ranging from optoelectronics,”® photocatalysis,*®
power electronics,”” and LEDs.”® ZnO has also been used to
form SLs along with other oxides, such as w-NiO, CuO, and w-
MgO. The SLs formed have shown promising properties, for
instance, ZnO/(w-NiO) and ZnO/CuO are predicted to have half-
metallic properties, which are wuseful for spintronic
applications.>*° Wurtzite-based superlattices are also interest-
ing because two different interfaces are formed in them, which
have different coordination environments and due to the differ-
ent electronegativities of the metals surrounding the interfacial
oxygen ions, polar bonds may be formed. In other words, the
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formation of interfaces is related to the modification of the local
symmetry of atomic arrangements and crystal potentials. It has
been shown that the thermoelectric transport properties are
mainly determined from the asymmetry of the electron states
with respect to the Fermi energy.*" It would be interesting to see
how the asymmetries of the ZnO-based superlattice affect the
electronic and magnetic properties. Moreover, interface states’
may emerge in the superlattice and can be tuned by the thick-
ness of the superlattice, thus creating a superlattice with unique
electronic properties. Indeed, ZnO/w-MgO has been found to
exhibit superior piezoelectric response.®

In this work, we combine wurtzite ZnO with a wurtzite form
of FeO, i.e. w-FeO, to form (ZnO),/(w-FeO),, (0001) superlattices
(n=1,2, ..., 6). First-principles calculations by Martin-Garcia
et al.*® have confirmed that w-FeO is an antiferromagnetic
conductor with an in-plane lattice constant that closely
matches that of ZnO. Freestanding w-FeO has not been experi-
mentally synthesized and is likely to be metastable and spon-
taneously transformed to the stable rocksalt FeO., It is likely
that w-FeO can be grown and stabilized by using ZnO as the
substrate. This has been shown possible in previous
studies,***® where heating ZnO with Fe deposition led to the
formation of FeO. This superlattice combination is interesting
due to the difference in their 3d orbitals: Zn is completely filled
but Fe is only partially filled, which leads to net charge transfer
through an interfacial O atom, and is likely to depend on the
local interfacial environment. Moreover, w-FeO is predicted to be
antiferromagnetic (AFM) while ZnO is a wide-bandgap semicon-
ductor. Thus, there is a possibility of spin injection, as seen in
the previously discussed combinations that have half-metallic
properties®” that are desirable for spintronic applications.

We constructed (ZnO),/(w-FeO),, based on the in-plane lat-
tice constant of ZnO and studied the energetics of the compet-
ing AFM and FM phases. The results revealed that the AFM
phase is favoured for all values of n, with increasing energetic
stability as n increases. We also analyzed the ionic charge
population and magnetic moments for AFM and FM SLs with
n = 6, which shows evidence of spin-polarized electron transfer
across the interface from Fe to Zn, and the Zn ions acquire
nonzero magnetic moments. However, due to the screening
effect of the O ions, the internal ions farther away from the
interface remain relatively unaffected. There are also clear
differences between the two interfaces, with charge transfer
being more pronounced at one interface than at the other.

2. Computational details

Spin-polarized density functional theory (DFT)*® calculations
were carried out on a plane-wave basis, as implemented in the
Quantum ESPRESSO (QE)***° code. In all calculations, we used
the revised Perdew-Burke-Ernzerhof generalized gradient
approximation*' for solids (PBEsol)**> and the projector aug-
mented wave (PAW)**** pseudopotential method with a high
plane wave cutoff of 90 Ry to explicitly include the core wave
function of the 3s and 3p orbitals of Fe. The Monkhorst-Pack k-
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point sampling scheme*’ is used for Brillouin zone integration
and the k-point grid is selected such that its density is
~0.20 A7 in each direction. Additionally, DFT+U as imple-
mented in QE is used to include the effect of strong correlation
of Fe d-orbital electrons, and the Hubbard parameter U is set to
4.36 eV, as calculated using the HP code,*®*” which employs
density-functional perturbation theory to determine the Hub-
bard parameter. In order to make our results be more compar-
able with experimental results, we also performed additional
calculations to correct the band gap of ZnO by applying on-site
Hubbard U values of 10 eV to Zn-3d orbitals and 6.5 eV to O-2p
orbitals,*®*® respectively.

3. Results and discussion
3.1 Bulk ZnO and w-FeO

The relaxed lattice of bulk ZnO is shown in Fig. 1(a), with lattice
parameters a = 3.23 A and ¢ = 5.24 A, which are in good
agreement with the experimental data®®* (¢ = 3.25 A and ¢ =
5.21 A) and close to our previous GGA calculation results.”>">*
Fig. 1(d) displays its electronic band structure and density of
states (DOS) exhibiting a direct band-gap E, = 0.69 eV, which is
much smaller compared to the previous DFT result of 1.51 eV,
but both are much lower than the experimental value of
~3.4 eéV>** due to the typical band gap underestimation of
standard DFT exchange-correlation (XC) functionals,®® and
PBEsol has also been proven to underestimate the band-gap
calculated using only PBE.*

There are two possible magnetic phases for w-FeO: ferro-
magnetic (FM) and antiferromagnetic (AFM). The optimized
lattice parameters and their relative energies are tabulated in
Table 1, which also includes the results from the constrained a
(= b) calculations discussed in the next paragraph. Clearly, the
AFM phase is favoured over the FM phase, with a large
difference of 160 meV per cell, and the planar lattice constant
a of the former is also larger than that of the latter, but the
converse is true for the vertical lattice constant c. Our value of a
is 3.22 A, close to 3.26 A by Martin-Garcia et al.,*® but their
reported c is 5.39 A, which differs from our value of 5.50 A by
2.6%. This could be due to a variety of reasons, such as the
pseudopotential used, different Hubbard U values, and the
chosen method.

The electronic band structures and density of states (DOS) of
the different w-FeO phases are shown in Fig. 1(c) and (d). In both
phases, w-FeO displays a metallic character. Near the Fermi level,
the free electron parabolic-like dispersion is obvious for the
majority spin (spin-up), while for the minority spin (spin-down),
localized bands dominate. This suggests that the 4s orbital of Fe is
responsible for the majority spin while the 3d orbital contributes
to the localized bands for the minority spin. The presence of the
Hubbard term penalizes the occupation of the minority spin,
thereby shifting the energies of the minority 3d orbitals up while
pulling them down in the case of the majority spin.

As the superlattice will be assembled with a fixed at that of
ZnO, we also studied the w-FeO lattice with a = 3.23 A fixed,
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(a) Wurtzite Crystal Structure
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Fig. 1 Crystal structures of bulk ZnO (left) and bulk w-FeO (right) (a). Electronic band structure and density of states of ZnO (b) and w-FeO, fully relaxed
lattice for AFM (c) and spin-polarized FM (d), and fixed a FM (e) and AFM (f).

Table1l Lattice parameters and relative energies for different phases of w-FeO

Relative energy

w-FeO phase a (A) c(A) (meV per cell)
AFM 3.22 (relaxed) 5.53 0

3.23 (fixed) 5.50 1
FM 3.07 (relaxed) 5.81 160

3.23 (fixed) 5.50 240

equating to an in-plane biaxial tensile strain of about 0.3%,
while the value of ¢ and the atoms are allowed to relaxed
completely, yielding ¢ = 5.50 A for both phases. The AFM phase

12086 | Phys. Chem. Chem. Phys., 2024, 26, 12084-12096

is again favored over the FM phase, with a substantial differ-
ence of 239 meV per cell. As the strain induced for AFM w-FeO
is minimal, the electronic properties of the structure remain
almost the same, whereas, for FM, only the separation of the
valence and conduction bands changed: decreased for majority
spin and increased for minority spin. However, these changes
occur below the Fermi level; hence, they have little impact on
the overall electronic properties.

3.2 (ZnO),/(w-FeO),, superlattice: magnetic properties and
charge transfer

We constructed a (ZnO),/(w-FeO), superlattice with n = 1, 2,
3, ..., 6, assuming epitaxial growth on ZnO, with the in-plane

This journal is © the Owner Societies 2024
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lattice constant a fixed at 3.23 A. Their crystal structures are
shown in Fig. 2(a). For each n, we performed both antiferro-
magnetic and ferromagnetic calculations, where Fe has anti-
parallel and parallel spins with respect to the nearest Fe

(a) Crystal Structure of (ZnO)./(w-FeO),
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neighbour(s) along the superlattice, as shown in Fig. 2(b),
respectively. Note that in the case of the odd n AFM phase,
the AFM order is only locally realized as there is only a spin left
uncancelled, which results in an overall FM magnetic moment.
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Fig. 2 (a) Crystal structure of the relaxed superlattice (SL) (ZnO),/(w-FeO), forn =1, 2, ..., 6. The red spheres represent O atoms. The brown and silver
tetrahedrons contain Fe and Zn atoms at their respective centers. The energies and magnetic moments of the AFM and FM states, depicted in (b), for each
n are shown in (c) and (d), respectively. Two different interfaces (IFs) of the superlattices are highlighted in (e).
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This is evident in Fig. 2(c), which shows that the magnetic
moment of the AFM superlattice alternates between 0 and 4 ugp
per cell when n alternates between odd and even numbers. The
energies for both FM and AFM phases with different thick-
nesses n are displayed in Fig. 2(d), where the AFM alignment
gradually stabilizes energetically as n increases. This is likely
caused by the increase of the bulk character of w-FeO, which
strongly favours the AFM phase. As n — oo, we predict that
the energy difference between the two magnetic phases will
approach that of bulk w-FeO.

For n > 1, the SL has two different interfaces that have
different local symmetries. As depicted in Fig. 2(d), the inter-
facial O ion is nearest to a Zn ion and three Fe ions for interface
I (IF-I), while the opposite (O bonded with three Zn ions and
one Fe ion) is true for interface II (IF-II). Fig. 3(b)—(e) shown =6
AFM and FM magnetic moments and net charge population of
atomic layers in the SL, which are labelled according to Fig. 3(a).
Note that the values are obtained using atomic orbital projections,
which are highly dependent on the basis sets used; thus, only the
relative trends, but not absolute values, are meaningful. The
trends of the Zn ions are similar in both phases, where the
internal ions (Zn2 to Zn5) have almost constant charges and
magnetic moments, whereas Znl and Zn6 have higher values.
Inside the ZnO layers, the O ions (O1 to O5) have constant
magnetic moments and charges, whereas in the FeO layers, O7
to O11 have decreased charges but increased magnetic moments.
As the net charges of all O ions are positive, this implies that there
is charge transfer from Zn and Fe ions to O ions, which is
expected from the higher electronegativity of O (3.5) compared
to Fe (1.83) and Zn (1.65). The higher difference in electronega-
tivity causes a larger charge transferred from Zn, but the charge
transferred from Fe is polarized, which results in a nonzero
magnetic moment for the O ions that reside in the FeO layers.

n=6 AFM

Znl Zn2 Zn3 Zn4 Zn5 Zn6 Fel Fe2 Fe3 Fed Fe5S Feb

View Article Online
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At the interfaces, the O ions are bound to different numbers
of Zn and Fe ions; thus, they possess different magnetic
moments and charges. The charges and magnetic moments
of O12 at IF II are similar for both AFM and FM phases, but at
IF I, O6 has a higher magnetic moment in the AFM phase,
despite having the same charge. The trend in the Fe ions is
much more varied; the internal Fe charges and magnetic
moments are nearly constant in the AFM phase but vary in
the FM phase. In the AFM phase, the interfacial Fel and Fe6
have lower charges but higher magnetic moments, compared to
the inner Fe ions; however, in the FM phase, this is only true for
Fe6: Fel at IF I has a higher charge and a lower magnetic
moment. This indicates that the charge transferred away is of
minority spin, thereby increasing the magnetic moment in Fe
ions and O ions, which gained polarized charge. The different
local environments at IF I and IF II caused notable differences
in charges and magnetic moments. The O ion is bound to more
Fe ions at IF I than at IF II, which increases the polarized charge
received from Fe ions, and subsequently results in a higher
magnetic moment but lower charge received, as it is bonded to
fewer Zn ions, which is more electropositive.

3.3 (Zn0),/(w-FeO), superlattice: spin-dependent electronic
properties

The electronic band structures and DOS of the SL with all n
and both AFM and FM phases are shown in Fig. 4(b)-(g),
where the Brillouin zone path depicted in Fig. 4(a) is adopted.
For all n and magnetic phases, the superlattices are metallic
and the AFM band structure closely resembles that of bulk
AFM w-FeO. Overall, the energy bands retain the free-electron-
like behaviour close to the Fermi level, but they break due to
the interaction with the Fe 3d orbitals, except in the majority
spin (spin-up) of the FM phase. Similar to the FM w-FeO, the

n=6 AFM
Znl Zn2 Zn3 Zn4 Zn5 Zn6 Fel Fe2 Fe3 Fed Fe5S Fe6 5
-0.5

by (T T S e e B e S
052 o
(ﬂ) ( )’E | ' b Tt . o *—e
IF 1T --f=283 g =z o TeE 50Ny — /
p— = 001 L ' & 056 - - .
g | ER i
= 4 = t i —e—Fe
Fe6- S a — S ossl '
2 T9O0l1 2 / 1 g2 § t |
Fes S00¢ S T JEn e & SR —a—n—a—" IFI
O10eT] ] e—eo—o— L :
Fe _oasf 4\ Joas 060F e A A—A—A 10
@ o] 1 o] 1 1
9T OY 2 oxf P NA A a_a—A 1020 © 057| i a 057
Fe3 § ot | Jous 2 | —a-0 1
ll =1 = |- - 0.5
8 E owf i —A—0 Jo10 SO 4 i 054
] ' A 1
Fé N OF S 005t ' Al 0.05 0.51 F :\ dos1
000 A—a—a—a—4 Jo.00 A—a—A—a—4 |
P S R R T oag L o oy " 048
IF I Y e Fel o1 02 03 04 05 06 O7 08 09 010 O11 012 0l 02 03 04 O5 06 O7 08 09 010 O11 017
1 -
=6 FM n=6 FM
71 d  Zul Zu2 Zud Zat ZuS Za6 Fel Fe Fed Fed FeS Fes Zul Zw Zad Zod ZaS Zus Fel Fe2 Fe3 Fed Fes Feo
LM OF (d) oo DTl T Bt Bt o R RS R T T RS (g)  Zal B f o s B
~ ' > Er I
D4 DS 2 | —e—Fe g osmf B NG J./ ‘o
Y 2 001 F a7 I 43785 80 [ L N0 &
5 n I g g0%r I O E
= - = S r 1 o
P08 £ L P e 158 Soossf : —e—Fe ] ,z;z
g _\. | e o—.\ g3 [ : -0
5 0.00 - — = - | S ——— |
D2 ¢1 QZn3 S R 3 ¢ FI37 06| SRR L .05
| H
030 F i Jo30 [ i ]
ZI@ 0l _ |/A—A—A_A/‘ 0.60 A A A A—A 10.60
hi = A o O58F | Joss
LA Zof Ho0.20 b o e
‘/?_‘%nl ] | %’oaa- i —A—0 _g:()
g | G 54 -
S o010t H —A—0 Ho.10 S ! 1054
g i a 02| 4\ ] o 52
i
000  A—A—A—A—4 000 050, A—a—a—a—L  Joso

Ol 02 03 04 O5

Fig. 3 (a) Atomic configuration of (ZnO)e/(w-FeO)s with each atom and

L L L L L L
06 07 08 09 Ol0 Oll 012

Ol 07 03 OJ 05 06 07 OS 09 010 011 Ol‘

interface (IF) labelled. The Léwdin net charge population and magnetic

moments for the AFM and FM phases are shown in (b) and (c) and (d) and (e), respectively.

12088 | Phys. Chem. Chem. Phys., 2024, 26, 12084-12096

This journal is © the Owner Societies 2024


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4cp00481g

Open Access Article. Published on 26 March 2024. Downloaded on 8/2/2025 8:16:11 AM.

Paper

(@) Brillouin zone (
@ Special point
=) Reciprocal Lattice Vector ¥
) Path taken
L A
H

M

)

b)

Energy (eV)

R S N

O R STy

o

View Article Online

PCCP

Spin Up 1 n=1 Spin Down |
\%

L Y A
S A b b A S SN e s oo

[=}
O
12}

Energy (eV)

Energy (eV)

(e) Spin Up 1

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Energy (eV)

12345
DOs

n=4,AFM

12345

(c) SpinUp 1 _ n=2,AFM  Spin Down | Spin Up 1 n=2FM Spin Down | s
7 VIZANE!
F E F 43
=2
H H 11
s oSk | < | B (S O P el )LV N = o
' S A g 2
MK TA 5 MK TAG T3 MoK TAG T 2 370
DOs Dos DOs
n=3,AFM  Spin Down | SpinUp 1 n=3, 5
4
3
2
11
AT A= 0
12
A F {3
+ 4
M K iy ‘5

MoK TAOTES4Sel M K TA012345
DO DOs

®

(ec)
E.nergy (eV)

L S N S R ST

n=6,AFM  Spin Down |

(2)

Energy (eV)
LI S N T I )
T oy T T

8

DOS

Fig. 4 (a) The Brillouin zone path taken for electronic band structure plot of (ZnO),/(w-FeO), for all n and both AFM and FM phases, as shown from (b) to

(g) along with the density of states, spin-polarized.

This journal is © the Owner Societies 2024

Phys. Chem. Chem. Phys., 2024, 26,12084-12096 | 12089


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4cp00481g

Open Access Article. Published on 26 March 2024. Downloaded on 8/2/2025 8:16:11 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

PCCP

characteristics of the energy levels between the majority and
minority spins are in stark contrast: they are delocalized for
the majority spin and strongly localized for the minority spin,
which will result in interesting spin-dependent transport
properties.

The splitting of bands close to the Fermi level can be
observed in the minority spin FM band structure, which
remains highly degenerate in the case of AFM. The difference
between odd n and even n can be observed in the AFM band
structure: at an energy of 2 eV, the bands for the minority spin
(spin-down) are thicker than those for the majority spin (spin-up).
This is caused by the addition of Fe atoms with a majority spin,
creating an imbalance between the majority and minority spin
orbitals. For even n, we can notice differences between the two
spins in the DOS, especially around 2 eV, which can be attributed
to the difference in the two interfaces.

In Fig. 5, we display the projected valence orbital band
structures for the n = 6 superlattice in the FM phase, demon-
strating the notable differences between the atoms around
interfaces I and II, which are less distinct in the AFM phase.
Here, the reciprocal space path is truncated as the segment of I’
to A does not contain new information. At the Fermi level, we
can see a clear shift of the energy level at the K point of spin-
down projected Fe orbitals, where at interface I, the energy
band is below the Fermi level while at interface II it is above
and thus unoccupied. This corroborates the Fe charge shown
in Fig. 3(e), in which the charge of Fe at interface I is higher
than that at interface II by about 0.06 e. Furthermore, as this
missing charge originates from the minority spin, the magnetic
moment increases, matching the magnetic moment data in
Fig. 3(d). The most distinct difference for Zn ions is far above
the Fermi level, and is almost imperceptible near the Fermi
level, but the small differences also match their charge
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differences. For O ions, a stark difference can be seen: the
states below the Fermi level are much more abundant for IF II,
which is again reflected in the charge differences. More
detailed atomic-layer projected spin-polarized density of states
for AFM and FM (ZnO),/(w-FeO),, when n = 1, 2, ..., 6 are
presented in Fig. S1 (ESIt), which clearly shows the differences
in the spin-dependent electronic properties and differences
between IF I and II

3.4 Effects of adding Hubbard U to Zn-3d and O-2p orbitals

In the previous section, the obtained ZnO band gap was far lower
than the experimental value. This is in line with the data
collected in a previous review," where using DFT alone far
underestimates its band gap, which can be corrected by enabling
the Hubbard correction for both Zn and O species.***° Here, we
re-calculated the band gap using U = 10 eV and 6.5 eV for Zn-3d
and O-2p orbitals, respectively, as was used in Harun et al,*®
which utilized the same type of functional (PBEsol). The band
gap we obtained is 3.05 eV, which is in good agreement with
their band gap of 3.102 eV and much closer to the experimental
value of ~3.4 eV.

Using this setting, we repeated the band structure computa-
tion for all SL, and plotted both AFM and FM phases for n = 6 in
Fig. 6, with the rest of the n in Fig. S2 (ESIt). For both phases
and all n, there are no significant changes at the Fermi level,
and no band gap is opened. In both AFM and FM phases, the
major difference is the opening or widening of the band gap
~2 eV below the Fermi level, which does not alter the electro-
nic conduction properties near the Fermi level. Additionally,
there is further splitting of bands located below —2 eV, which is
more noticeable in the AFM phase.

The lack of change around the Fermi level is expected as the
bands in this region are made up of Fe-3d and Zn-4s orbitals, as
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Fig. 5 Projected orbitals in the band structures for n = 6 FM phase at interfaces | and II: spin-polarized projected Fe 3d orbitals (a) and (b), projected Zn

4s orbitals (c) and (d), and projected O 2p orbitals (e) and (f).
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Fig. 6 Electronic band structure and density of states with and without Hubbard U correction added to Zn-3d and O-2p orbitals, for ZnO (a), and AFM (b)

and FM (c) phases of (ZnO)g/(w-FeO)s.

can be seen in Fig. 6, which are left unchanged. After adding
the Hubbard correction, the bands 2 eV below the Fermi level
are shifted downward because these bands originate mainly
from the O-2p and Zn-3d orbitals. The split among the bands is
then due to the different amounts of Hubbard U added to the
respective orbitals, and the individual orbitals are shifted by
different magnitudes.

With the inclusion of extra Hubbard correction, we expect
the charge transfers and hence the magnetic moment to be
affected, and we have shown the comparison of the charge and
magnetic moments in Fig. S3 (ESIf) for n = 6 SL. Overall, the
charge transferred to all O ions increased by roughly 0.10 e,
while the opposite was true for Fe and Zn ions. Despite the
increased charge transfer, the O ions in the FeO layers have a
reduced magnetic moment, while the Fe ions have the opposite
trend. At both interfaces, the magnetic moments of the Zn

This journal is © the Owner Societies 2024

ions decreased, which could be due to the increased screening
of O ions. The atomic-layer projected density of states, for n =
6 SL, namely, (ZnO)¢/(w-FeO)s, as shown in Fig. S4 (ESIt),
clearly shows the difference in electronic structures between
the majority and minority spins, as well as those between IF
I and II

3.5 Effects of different spin states and ordering

For completeness, we will also discuss the different FM spin
states and AFM spin ordering of the SL in a larger supercell (2 x
2 x 1). There are three possible spin states for Fe** (d°): low,
intermediate, and high, which correspond to the nonmagnetic
(S = 0), partially (S = 1), and fully (S = 2) magnetized phases. As
illustrated in Fig. 7, there are four AFM spin orderings, denoted
as A-, C-, and G-types. In previous sections, the FM spin state
and AFM spin ordering considered are high and of A-type
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ordering, respectively. The energy comparison is shown in AFM ordering, followed by the G-type and then the A-type. C-
Table 2, and it is clear that the high-spin state is the most type ordering has the highest amount of nearest-neighbour
stable for FM, while the C-type ordering is the most favorable opposite-spin pairing, while A-type has the least, with G-type
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Table 2 Relative energy for different FM spin states and AFM spin
orderings forn = 2 SL

Relative energy AFM spin Relative energy
FM spin state (eV/Fe atom) ordering (eV/Fe atom)
Low 1.20 A 0.58
Intermediate 0.65 C 0.00
High 0.00 G 0.49

in the middle. If we examine the spin-order-induced local symme-
try, for example, taking oxygen as the center of the FeO, tetrahe-
dron, there are three Fe | and one Fe 1 for the A-type (Fig. 7(a)), two
Fe| and two Fe for the C-type, and one Fe | and three Fe for the
G-type. This means that the C-type has the smallest amount of local
ferromagnetism, unlike the A-type, which is ferromagnetic in each
layer. The maximization of antiferromagnetism is likely the reason
it is the most stable.

The band structure and density of states for different AFM
spin orderings are shown in Fig. 7(b) and (c), respectively. Note
that the A-type band structure shown here is different from that
in Fig. 4 due to the band folding caused by the larger supercell
used. The most noticeable difference in the C-type band
structures is the downshifting of the bands near the Fermi
level, which removes the wide gap of about 1.5 eV below the
Fermi level. This can also be seen in the G-type band structure,
but to a lesser extent. The DOS of the C-type also reflects this: at
a Fermi level and up to about 1.8 eV, the DOS is minimal
compared to the A- and G-types. This difference causes a
reduction in the anti-bonding electronic energy, resulting in a
lower energy for the C-type. The SL remains metallic for all
types. The downshifting of the localized bands at the Fermi
level can be understood as the reduction of Pauli repulsion, as
the 3d electrons possessing similar quantum states and spin
among the nearest neighbors have been minimized.

To understand the effect of C-type AFM ordering on the charge
transfer and magnetic moment, we also investigated the n = 4 SL,
as it has a sufficient thickness such that there is a contrast
between interfaces I and II. In Fig. S5 (ESIT), we show the atomic
arrangement and spin alignment, and the net charge and mag-
netic moment of each atomic layer. For type C AFM ordering, a
clear distinction between interfaces I and II can be observed,
which is in good agreement with the other magnetic orderings but
with different details. Within each layer, the atomic charge and
magnetic moment are constant. The trend for net charge is
similar to that of A-type, except for the Fe ions, where at IF II,
the net charge is the same as that of the bulk Fe ions. Despite
having a similar magnitude of net charge, the O ions have
substantially a lower magnetic moment. A plausible explanation
is that the alternating spins within a layer contribute charges of
opposite spins to the O ions, thereby reducing the magnetization
of the O ions and becoming negligible.

4. Conclusions

In summary, we have performed spin-polarized density func-
tional theory calculations to investigate the detailed structural,

This journal is © the Owner Societies 2024
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electronic and magnetic properties of novel superlattices con-
structed using a wide-band-gap semiconductor, ZnO, and typi-
cal multiferroics, FeO. Our calculations showed that the AFM
phases of (ZnO),/(w-FeO), are energetically more favorable than
the FM phase. In terms of spin states and ordering in SL, it is
found that the high-spin state is the most stable state for FM,
while the C-type ordering is the most favorable AFM ordering.
The magnetic moments and ionic charge population of SLs are
analyzed. Spin-polarized electron transfer across the interface
from Fe to Zn is observed, and nonzero magnetic moments are
found for Zn and O at the interfaces. Two different interfaces in
the (ZnO),/(w-FeO),, superlattices have been identified, which
show very different magnetic and electronic properties. These
effects arise from variations in the Fe/Zn distribution across
different interfaces or from the spin ordering of Fe within the
superlattice structure. The oxygen ions have much higher
interface-induced magnetic moments at interface I (oxygen
bonded with three Fe ions and one Zn ion) than at interface
II (oxygen bonded with one Fe ion and three Zn ions). For all
and magnetic phases, the superlattices showed metallic band
structures. It was also found that, in the case of the ferromag-
netic phase, the electrons are more delocalized for the majority
spin but strongly localized for the minority spin, which results
in interesting spin-dependent transport properties. The inter-
esting electronic and magnetic features of the (ZnO),/(w-FeO),
superlattices may shed some light on the design of novel
devices with a combination of semiconductors and functional
materials such as multiferroics. Furthermore, given the rapid
development of machine learning in materials science,®" one
can expect that research on superlattices including (ZnO)n/(w-
FeO)n and other semiconductor/multiferroic superlattices or
interfaces can benefit from advances in artificial intelligence.
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SL Superlattice
FM Ferromagnetic
AFM Antiferromagnetic
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