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ABSTRACT
AlN-based alloys find widespread application in high-power microelectronics, optoelectronics, and electromechanics. The realization of fer-
roelectricity in wurtzite AlN-based heterostructural alloys has opened up the possibility of directly integrating ferroelectrics with conventional
microelectronics based on tetrahedral semiconductors, such as Si, SiC, and III–Vs, enabling compute-in-memory architectures, high-density
data storage, and more. The discovery of AlN-based wurtzite ferroelectrics has been driven to date by chemical intuition and empirical
explorations. Here, we demonstrate the computationally-guided discovery and experimental demonstration of new ferroelectric wurtzite
Al1⌐xGdxN alloys. First-principles calculations indicate that the minimum energy pathway for switching changes from a collective to an
individual switching process with a lower overall energy barrier, at a rare-earth fraction x with x > 0.10–0.15. Experimentally, ferroelectric
switching is observed at room temperature in Al1⌐xGdxN films with x > 0.12, which strongly supports the switching mechanisms in wurtzite
ferroelectrics proposed previously [Lee et al., Sci. Adv. 10, eadl0848 (2024)]. This is also the first demonstration of ferroelectricity in an
AlN-based alloy with a magnetic rare-earth element, which could pave the way for additional functionalities such as multiferroicity and
opto-ferroelectricity in this exciting class of AlN-based materials.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0251168

I. INTRODUCTION

Ferroelectric (FE) materials are potentially useful for energy-
efficient computing architectures, including compute-in-memory,
neuromorphic computing, and high-density non-volatile memory,
among other circuit components.1,2 Wurtzite nitride ferroelectrics
are of particular interest due to their chemical, structural, and pro-
cess compatibility with commercial semiconductors, such as Si, SiC,
and GaN, all of which exhibit tetrahedron-based crystal structures.3
In addition, the relatively low deposition temperatures (<400 ○C)
required for growth of wurtzite nitrides make them compatible with
back end of line (BEOL) semiconductor manufacturing processes if
full integration is not necessary. Wurtzite nitrides are also gener-
ally resistant to anion migration,4,5 which is responsible for fatigue
and aging in common oxide ferroelectrics, such as Pb(ZrxTi1⌐x)O3

(PZT) and HfO2.6,7 Here, and subsequently, the term “wurtzite” also
includes wurtzite-derived structures.8

However, there are challenges in employing wurtzite nitride
FEs in practical applications. The electric field required to switch
polarization, i.e., the coercive field (Ec), is typically a few MV/cm,
which is close to the breakdown field (EB) of all known wurtzite
ferroelectrics. Such large Ec requires FE thin films with thicknesses
on the order of nanometers to meet the operating voltage specifica-
tions of 1–2 V (or less) in conventional microelectronics. With such
aggressive scaling, interfaces and their associated defects become
increasingly dominant, which means that successful scaling in this
case would require the coercive voltage to decrease with thickness
faster than any associated increase in detrimental characteristics
such as leakage and trap states. Lowering Ec and controlling bulk and
interfacial defects remain major challenges for wurtzite FEs.9 Since
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FIG. 1. Ferroelectric and structural characteristics of Al1⌐xMxN alloys (M = B, Sc, and Gd). The data for Al1⌐xScxN are taken from Ref. 21. (a) M3+ cations that form MN
nitrides in non-wurtzite ground-state structures. The alloys of AlN with elements in blue are examined in this study. (b) Calculated polarization switching barrier as a function
of alloy composition. (c) Deviation in Al–N bond lengths in Al0.945M0.055N relative to pristine AlN, categorized into basal and axial Al–N bonds. (d) Spontaneous polarization
as a function of alloy composition. (e) Wurtzite c⌜a ratio as a function of alloy composition. (f) Born effective charges in the polar c-axis direction. The standard deviations
can be found in Figs. S2 and S5.
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the initial demonstration of polarization switching in Al1⌐xScxN in
2019, efforts have primarily focused on Ec reduction through strain
engineering.10–14 While in-plane biaxial tensile strain can reduce Ec,
it is not as effective as in oxide perovskite FEs.15 First-principles cal-
culations suggest that Ec can be modestly reduced by certain defects
in nitrides, including native vacancies and oxygen impurities, but
these studies await experimental verification.9

An alternative approach is to discover and/or develop new
materials with lower Ec.16–19 Recent experimental and theoretical
efforts have focused on heterostructural alloying of AlN and GaN
with various nitrides of M3+ cations, e.g., M = B, Sc, and Y [Fig. 1(a)].
Ferroelectricity has been reported in various nitride alloys, includ-
ing Al1⌐xBxN,12 Ga1⌐xScxN,11 and Al1⌐xYxN,20 with Ec of similar
order. Computationally-guided searches have identified additional
candidates for ferroelectricity,17–19 but most still await experimental
confirmation.

In principle, other AlN alloys (in fact, any polar material for
which Ec < EB) should also exhibit ferroelectricity. We are particu-
larly interested in rare-earth M3+ elements because of their chemical
similarity to Sc and Y. In addition, successful demonstration of
FE polarization switching with rare-earth M3+ cations will open up
opportunities to introduce additional functionalities, such as opti-
cal emission, multiferroicity, and/or other phenomena in wurtzite
nitrides, although this is beyond the scope of the current study.

In this work, we demonstrate the computationally-guided dis-
covery of new FE wurtzite Al1⌐xGdxN alloys. Our prior work
suggested that the key mechanism by which Sc additions reduce
Ec of Al1⌐xScxN alloys is by disrupting the nearby Al–N bonds,14

so we chose to study large ions that should be effective in dis-
rupting the Al–N network with more ionic bonding. We employ
first-principles density functional theory calculations in conjunc-
tion with the modern theory of polarization and solid state-nudged
elastic band (SS-NEB) method to predict that polarization switch-
ing can be achieved in alloy compositions of x above 0.10–0.15. We
show that the switching barrier, which is related to Ec, is reduced
when the switching mechanism changes from collective to individ-
ual.21 For wurtzite materials, previously predicted minimum energy
paths between positively and negatively polarized structures show
that the cation-centered tetrahedra within a unit cell can flip their
polarities together (collective switching) or sequentially (individual
switching).19,21

To experimentally test our theoretical predictions, we per-
form a systematic study on Al1⌐xGdxN thin-film capacitors and
observe room-temperature ferroelectricity at compositions with
x ≥ 0.12, with Ec decreasing with increasing Gd content, both in
agreement with our computational predictions. Our work broadens
the palette of functionalities in wurtzite nitrides to include potential
multiferroicity and opto-ferroelectricity.22,23

II. METHODS
A. Computational
1. DFT parameters

We used Vienna Ab initio Simulation Package (VASP 5.4.4)
to perform density functional theory (DFT) calculations.24 All the
calculations are based on the following description unless speci-
fied. We used plane-wave basis sets with a cutoff kinetic energy

of 340 eV and the generalized gradient approximation (GGA) of
Perdew–Burke–Ernzerhof (PBE) as the exchange correlation func-
tional.25 The valence electrons were treated with the projector-
augmented wave (PAW) method.26 In particular, the following
pseudopotentials distributed with VASP were utilized: Al 04Jan2001,
N_s 07Sep2000, Gd_3 06Sep2000, and B_s 22Jan2003. We applied
an effective on-site Hubbard potential U = 3.0 eV to the Sc d orbitals.
The Brillouin zone was sampled using an automatically generated
ω-centered Monkhorst–Pack k-point grid defined by a length factor(Rk) of 20.

2. Switching barrier
The solid-state nudged elastic band (SS-NEB) method was used

to find the polarization switching pathways between the positive-
and negative-polarity structures.27 We utilized the VASP Transition
State Theory (VTST) tools developed by Henkelman and Johnson,28

as implemented in the vtst-182 code. The positive- and negative-
polarity structures were fully relaxed (cell volume and shape and
ion positions), and we generated the initial images along the path-
way via linear interpolation between them. The SS-NEB calculations
were iterated until the forces on each atom were below the toler-
ance of 10⌐2 eV/Å. We note that a large number of intermediate
images (>100) are needed to fully resolve the complex minimum
energy pathways for the alloys. More details, including guidelines
for convergence, can be found in Ref. 21.

3. Polarization
The modern theory of polarization, as implemented in VASP

5.4.4., was applied to calculate the electronic contribution to the
spontaneous polarization.29,30 This approach is based on the Berry
phase approximation, and we chose (0.25, 0.25, 0.25) crystal coor-
dinates as the center of the reference frame for dipole calculations.
Point charges for the ionic contribution were assumed. Using the
SS-NEB pathway, we utilized the implementation in pymatgen to
determine smooth adiabatic paths and lattice quanta.31 We visu-
ally inspected the smoothness of the paths and manually identified
the smooth ones if the smooth path finding algorithm in pymatgen
failed.

4. Electronic bandgap
The hybrid functional HSE06 was utilized to fully relax the

72-atom supercells for AlN-based alloys and to calculate their elec-
tronic band structure. The Brillouin zone was sampled using a
ω-centered Monkhorst–Pack 2 ⌐ 2 ⌐ 2 k-point grid. Bandgaps of the
alloys were obtained by averaging over four supercells.

5. Born effective charge
We calculated the Born effective charges based on self-

consistent response to finite electric field, with the fourth order
finite difference stencil, as implemented in VASP. Homogeneous
electric fields in the x, y, and z directions are set at 0.01 eV/Å.
Damped molecular dynamics method was used to calculate the
self-consistent response, and a time step of 0.1 was chosen to
ensure convergence. We used a kinetic energy cutoff of 520 eV and
ω-centered Monkhorst–Pack k-point grids corresponding to
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nkpts ⌐ natoms ≈ 2000, where nkpts and natoms are the numbers of
k points and atoms in the cell, respectively.

6. Structural distortion
The wurtzite c⌜a lattice parameter ratio was calculated to char-

acterize the global structural changes induced by alloying. The
c⌜a ratio is calculated for the fully-relaxed structures, and we only
considered the lengths of the lattice vectors a, b, and c, such that

c⌜a = ⌜c⌜
0.5(⌜a⌜ + ⌜b⌜) . (1)

The Al–N bond lengths were computed to capture the local struc-
tural changes due to alloying. We used the Al–N bond lengths in
relaxed wurtzite AlN as the reference. The bonds are categorized into
axial and basal-plane bonds based on the direction of the polar axis.
Considering the volume change due to alloying, we also scaled the
reference bond lengths by 3

⌝
Valloy
VAlN

, where Valloy and VAlN are volumes
of relaxed supercells of AlN-based alloys and wurtzite AlN, respec-
tively. The Al–N bonds in relaxed structures of AlN-based alloys
are also categorized into axial and basal-plane bonds. We calculated
the deviation from the reference Al–N bond lengths only within the
same sets.

B. Experimental
1. Synthesis

The 200–260 nm Al1⌐xGdxN films were deposited on platinized
silicon substrates via reactive RF magnetron sputtering under the
following growth conditions: 2 mTorr of Ar/N2 (5/15 sccm flow) and
a target power density of 7.4 W/cm2 on a 2 in. diameter Al target and
0–2.5 W/cm2 on a 2 in. diameter Gd target. The substrate was rotated
and heated to 400 ○C during deposition. The base pressure, partial
oxygen, and water vapor pressure at 400 ○C were <2 ⌐ 10⌐7 Torr,
PO2 < 2 ⌐ 10⌐8 Torr, and PH2O < 1 ⌐ 10⌐7 Torr, respectively. Top Au
(100 nm)/Ti (20 nm) contacts (50 ωm in diameter) were deposited
on the Al1⌐xGdxN film via electron beam evaporation through a
metal shadow mask pattern.
2. Characterization

The crystal structure of the film is investigated using x-ray
diffraction (XRD) on a Bruker D8 DISCOVER diffractometer. The
XRD profiles were obtained by integration of 2-dimensional detec-
tor images. The c lattice parameter is determined by pseudo-Voigt
fitting of the wurtzite (002) diffraction peak assuming a hexagonal
lattice. The cation composition is measured using x-ray fluores-
cence analysis calibrated with microprobe analysis described in our
previous study.32

Ferroelectric polarization—electric field hysteresis and
current—electric field curve measurements were taken with a
Precision Multiferroic system from Radiant Technologies. The
applied triangle excitation field was up to 6000 kV cm⌐1 at 10 kHz.
To wake-up the polarization–electric field hysteresis, we applied the
electric field ∼5 times sequentially. The remanent polarization, Pr ,
was calculated from time dependent current under the triangular
excitation field, which is expressed as

Pr = 1
2 ⩀ jsdt = 1

2 ⩀ ( j − jc − jl)dt, (2)

where js is the switching current density, j is the measured current
density, jc is the capacitive current density, and jl is the leakage cur-
rent density. The capacitive current density is a positive or negative
offset under the triangular electric field determined by the electric
field slope and capacitance. The leakage current density is estimated
assuming that there is no leakage hysteresis, namely the leakage
current density is identical at the same electric field regardless of
ramping up or down (Fig. S9).

Magnetic properties were measured via superconducting quan-
tum interference device (SQUID) magnetometry in a Quantum
Design Magnetic Property Measurement System (MPMS3) with a
vibrating sample magnetometer. The films were measured from
T = 2–300 K under applied fields from −7 to +7 T. The measured
Al0.86Gd0.14N film was an ∼5 ⌐ 5 mm2 piece grown on a p-Si sub-
strate. It was ∼230 nm thick. To isolate the signal of the film, a bare
substrate was also measured and subtracted.

III. RESULTS AND DISCUSSIONS
A. Predicted ferroelectric parameters
of Al1⌐xM3+

x N alloys
To model Al1⌐xMxN (M = Gd, Sc, and B; Sc and B are for

benchmarking our computational models) alloys at a given x, we
consider four 72-atom supercells (3 ⌐ 3 ⌐ 2 of the wurtzite AlN
unit cell) with Al randomly substituted with M. Since the alloys
are ensembles of different local environments, we consider four dif-
ferent alloy structures for each composition to achieve a balance
between ensemble sampling and computational cost. We previously
adopted this approach to model polarization switching properties
of Al1⌐xScxN and found good agreement with published experi-
mental results.21 At each x, we statistically averaged the structural,
electronic, and ferroelectric properties across the four supercell
models.

Figure 1(b) shows the calculated polarization switching barrier(ϵs) as a function of alloy composition (x) of Al1⌐xMxN (M = B,
Sc, and Gd). Our previous results for Al1⌐xScxN alloys are included
in Ref. 21 For Al1⌐xScxN, we found that ϵs decreases almost lin-
early with increasing Sc content, which is qualitatively consistent
with the reported linear decrease in experimental Ec with x.10,14,21,33

More importantly, we found that the polarization switching process
at the atomic scale depends on the alloy composition. At low x, col-
lective switching prevails, in which the cation and anion sublattices
collectively squeeze through one another via a nonpolar hexagonal
BN-like structure. Collective switching essentially causes all cation-
centered tetrahedra to “flip” simultaneously along the polar axis, e.g.,
from pointing along c to −c. At larger Sc compositions (x ⋊ 0.28),
“individual” switching is observed, in which the cation-centered
tetrahedra flip along the polar axis in a sequential manner rather
than collectively. The collective and individual mechanisms are dis-
cussed in more detail in Ref. 21. Of particular importance to this
work is the observation that when individual switching is observed,
it represents a lower energy barrier to polarization reversal than the
corresponding collective switching pathway.

For benchmarking, we calculated the polarization switching
properties, including ϵs and spontaneous polarization (Ps), of
Al1⌐xBxN alloys (Fig. 1). The transition from collective to individ-
ual switching mechanism with increasing B composition is similar
to that found in Al1⌐xScxN. At low B compositions (e.g., x = 0.028),
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collective switching is observed in all four alloy supercells. Interest-
ingly, ϵs increases slightly relative to AlN, which is attributed to the
slightly larger kinetic barrier near the peak of the minimum energy
pathway associated with moving B across the hexagonal BN plane
(Fig. S1). With further increase in B composition beyond x = 0.055,
individual switching is observed in all four alloy supercells along
with a concomitant decrease in ϵs, again similar to Al1⌐xScxN.21

In contrast, the transition in the switching mechanism occurs at
much lower B compositions (x ∼ 0.055) compared to Al1⌐xScxN
(x ∼ 0.28). Beyond x = 0.055, ϵs plateaus, unlike in Al1⌐xScxN,
where ϵs progressively decreases almost linearly up to x = 0.44
(highest x considered). Our computational results are qualitatively
in agreement with the experimental report by Hayden et al.,12

in which the authors demonstrated ferroelectric behavior at x ⋊
0.02 and plateauing of the coercive field at x ⋊ 0.13. However, we
must note that even though we predicted lower ϵs for Al1⌐xBxN
compared to Al1⌐xScxN, experimentally measured coercive fields
in ferroelectric Al1⌐xBxN thin films are higher than in Al1⌐xScxN.
It is known that experimental coercive fields are dominated by
extrinsic factors, such as measurement frequency,34 defects,35,36 and
domain wall structure,37,38 which are not taken into account in the
DFT calculations. Future studies should address larger length-scale
simulations that account for domain walls, as has been done for
oxide perovskites.39

We find that AlN alloyed with Gd exhibits a similar polariza-
tion switching behavior to alloys with Sc and B. Similar to B, alloying
with Gd induces a slight increase in ϵs at x = 0.028 followed by a
drop in ϵs at x = 0.055, which is associated with the transition from
the collective to individual switching mechanism. However, there
are subtle differences in the trends seen for B and Gd. For Gd, the
initial increase in ϵs at x = 0.028 and drop at x = 0.55 are less abrupt
compared to B. Unlike B, Gd alloying does not induce a sudden tran-
sition from collective to individual switching, but instead, there is
a transition region where collective switching is observed in some
supercells, while individual switching is seen in others, similar to
Al1⌐xScxN.21 While the limited number of supercells and finite com-
positions studied demand caution, the results suggest that B is more
effective in promoting individual switching than Gd or Sc. From
these results and comparisons with Al1⌐xScxN, we predict that room
temperature ferroelectric switching should be feasible in wurtzite
Al1⌐xGdxN for x ≥ 0.14.

Next, we assess the effect of alloying on spontaneous polar-
ization (Ps). The calculated Ps decreases with increasing Sc and
Gd content (x), while it increases with B content in Al1⌐xMxN
alloys [Fig. 1(d)]. The latter is consistent with previously reported
calculations.12,40 At first glance, the Ps increase with B content is
unintuitive because the addition of B introduces large structural dis-
tortions away from the perfect wurtzite crystal structure of AlN; such
distortions generally lead to lowering of Ps based on our current
understanding of Al1⌐xScxN alloys and the resulting reduction in
the wurtzite c/a lattice parameter ratio [Fig. 1(e)]. However, Ps also
inversely depends on cell volume. Owing to the small size of B, alloy-
ing causes a sharp decrease in the cell volume (by ∼6.2% at x = 0.14),
as shown in Fig. S4. Therefore, the increase in Ps is due to the vol-
ume contraction associated with B alloying. Alloying with Sc and Gd
is associated with a quantitatively similar and almost linear decrease
in Ps with increasing x [Fig. 1(e)].

A side effect of alloying AlN with M = Sc and Gd is the reduc-
tion in the bandgap because these MN nitrides are either metallic or
small bandgap rocksalts.41–43 h-BN has a hexagonal structure with
a large indirect bandgap of 5.9 eV.44 Bandgap reduction can reduce
the breakdown field and/or increase leakage currents—both unde-
sirable for dielectrics. We calculated the bandgaps of Al1⌐xMxN for
a limited range of compositions using the hybrid DFT functional
HSE06 (see Fig. S3) and found that the calculated average bandgap
of Al0.86Gd0.14N (∼4.5 eV) is comparable to that of Al0.64Sc0.36N
(∼4.6 eV). Therefore, relatively large bandgaps are maintained upon
alloying AlN with Gd within the range of compositions explored in
this study.

Since a transition in the switching mechanism from collective
to individual switching is associated with a substantial reduction in
the switching barrier and is, thus, a promising strategy for reduc-
ing Ec below breakdown field, we seek to deduce the underlying
composition–structure–property relationships.19,21 There is emerg-
ing evidence that larger structural distortions away from the ideal
wurtzite crystal structure promote polarization switching.19 Given
the large differences in the ionic radii between Al and M = B, Sc, and
Gd, we quantitatively investigate the local structural distortions in
Al1⌐xMxN alloys. Figure 1(c) shows the distribution of deviations in
Al–N bond length in Al0.945M0.055N relative to pristine AlN of the
same volume (see Sec. II for details). We categorize the bond length
deviations into basal and axial Al–N bonds; the cumulative proba-
bility of the basal bond length deviation is higher than that of the
axial bonds because the number of basal bonds is three times that
of the axial bonds. The shape of the distribution is an indicator of
the extent of the distortion. Small distortions will translate to tight
distributions with a single strong peak near zero deviation, while
larger distortions will result in wider and flatter distributions. The
distributions of basal Al–N bond length deviations are character-
ized by multiple peaks (bimodal and trimodal distributions), while
the distributions of the axial bonds are more gradual, regardless of
M. The deviations in the Al–N bond lengths reflect changes in the
local structure in the vicinity of M. The Al–N bonds in the vicinity
of B, where Al and B form bonds with the same N, are relatively
longer than the average Al–N bonds in AlN. The opposite is the
case of Sc and Gd, where those Al–N bonds are relatively shorter.
The difference in the behavior between B and Gd/Sc is related to the
M–N bond lengths in their respective ground-state structures, with
B–N bond lengths in hexagonal BN being significantly shorter than
Sc–N and Gd–N bond lengths in the rocksalt structures. Among the
three M considered, Gd alloying induces the largest structural dis-
tortions compared to Sc and B, while still maintaining tetrahedral
coordination of Gd up to x = 0.22.

In our previous studies,14,19,21 we have proposed that the
increased ionicity of Sc–N bonds (relative to Al–N) promotes polar-
ization switching in Al1⌐xScxN. M are nominally 3+ cations, but
M–N have both ionic and covalent character. Born effective charge is
one indicator of the degree of iono-covalency of the bonds, but it also
accounts for the lattice softness.14 Fig. 1(f) shows the Born effective
charges along the polar c axis as a function of the alloy composition.
The Born effective charges in the a–b plane are shown in Fig. S5.
Gd has the highest Born effective charges followed by Sc, Al, and B,
which are consistent with their Pauling electronegativities. Alloying
does not considerably affect the average Born effective charges of Al,
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but the standard deviation increases, reflecting the local structural
distortions (Fig. S5).

B. Experimental verification of ferroelectricity
in Al1⌐xGdxN alloys

To investigate the predicted ferroelectricity of Gd-substituted
AlN, we deposited Al1⌐xGdxN thin films of various compositions(x) on platinized silicon substrates to fabricate ferroelectric capac-
itors (see Sec. II). The Al1⌐xGdxN films crystallize in a phase-pure
wurtzite structure up to at least x = 0.18, with strong polar-axis tex-
ture up to x = 0.14 [Fig. 2(a)]. The diffraction patterns show wurtzite
diffraction peaks originating from the Al1⌐xGdxN films as well as a
(111) peak from the Pt bottom electrode. Successful incorporation of
Gd in AlN is confirmed by the increase in the lattice parameter with
Gd content [Fig. 2(b)]. The lattice parameter c is in good agreement
with our previous report on Al1⌐xGdxN films on Si substrates,32 and
the trend is consistent with our DFT results (Fig. S4). The detailed
lattice parameter analysis and microstructure on Al1⌐xGdxN films
were discussed in the previous report.32

The (100) and (101) wurtzite diffraction peaks observed in the
film with x = 0.18 indicate various out-of-plane crystal orientations,
whose polar axes are not parallel to the surface normal direction
and extrinsically affect the observed ferroelectric properties. The
omega rocking curves for the (002) diffraction peak for the film with
x = 0.18 is broad and poorly textured compared to the films with
x ≤ 0.14, which are consistent with the 2 theta profiles [Fig. 2(c)]. The
full width at half maximum (FWHM) of the rocking curve ranges
from 2○ to 4○ for the textured films with an increasing trend with

Gd content, while the film with x = 0.18 has ∼9○ FWHM [Fig. 2(d)].
Hereafter, we focus on the films with x ≤ 0.14 for the ferroelectric
measurements.

Unambiguous ferroelectric hysteresis loops are observed for
the Al1⌐xGdxN films. As shown in Fig. 3(a), the nested ferroelectric
polarization–electric field loops of Al0.88Gd0.12N taken at 190 ○C are
square and possess a large remanent polarization (>100 ωC cm⌐2),
comparable to other wurtzite AlN-based ferroelectrics.10,45 Along
with the hysteresis loops, distinct switching current peaks at the
coercive field (∼4000 kV cm⌐1) are observed, supporting the polar-
ization reorientation under the electric field. The ferroelectric
switching between the two distinct up- and down-polar states is con-
firmed with the abrupt increase in remanent polarization at the coer-
cive field and remanent polarization saturation beyond the coercive
field, as shown in Fig. 3(b). The gradual increase in the polarization
is associated with the leakage current contribution, which compli-
cates the quantification of the precise remanent polarization value
from the plot.

To understand the effects of Gd substitution and compare the
experiments to the computational predictions, we investigated the
ferroelectric properties as a function of composition. Figure 4(a)
illustrates the coercive field contour map for various x and measure-
ment temperatures, based on hysteresis loops in the variable space
(Fig. S6). At room temperature, the films with x ≥ 0.12 show ferro-
electric switching, which is quantitatively consistent with the com-
putational prediction showing an abrupt switching barrier decrease
at x ≈ 0.14 [Fig. 1(b)]. At room temperature, the films with x < 0.12
do not show ferroelectric switching and undergo dielectric break-
down at an electric field that is lower than the coercive field. The

FIG. 2. Crystal structure of Al1⌐xGdxN
films on Pt/TiO2/SiO2/Si substrate. (a)
XRD 2ϑ profiles shows pure wurtzite
phase and polar texture up to x = 0.14.
(b) Lattice parameter increases with Gd
content, indicating a solid solution. (c)
XRD rocking curves of wurtzite (002)
diffraction peaks, and (d) the full width
at half maximum (FWHM) of rocking
curves show degradation of wurtzite
(001) texturing for the film with x = 0.18.
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FIG. 3. Ferroelectric hysteresis loops for Al0.88Gd0.12N at 190 ○C. (a) Nested
polarization–electric field hysteresis and current loops show ferroelectric switching.
(b) Saturation behavior of remanent polarization (Pr).

switchable composition range widens with increased measurement
temperature. Above 140 ○C, polarization switching is observed for
values as low as x = 0.03. In addition, the coercive field decreases
with increased measurement temperature, which is consistent with
other wurtzite FEs.12,13,46,47

The coercive field also decreases with increased Gd content.
Figure 4(b) shows the extracted coercive fields and breakdown fields
under ferroelectric loop measurement conditions (10 kHz bipolar
triangular voltage) as a function of Gd content at 190 ○C. The trend
of decreasing coercive field is consistent with the calculated barrier
height [Fig. 1(b)]. Note that the absolute value of the experimental
coercive field is not directly transferable from the barrier height due
to extrinsic effects such as defects and domain structures.35–38

The relationship between the coercive field and (greater) break-
down field enables ferroelectric switching. In the current study, the
breakdown field does not change substantially with Gd content,
although there are large error bars attributed to the inter-device
variability (∼ ±400 kV cm⌐1). Extrapolating coercive field from this
study to a composition of x = 0 suggests a value of ∼5000 kV cm⌐1,
which is comparable to both the breakdown strength for all sam-
ples in the current study and the reported coercive field of AlN at
190 ○C.47 Thus, the low-temperature and low-Gd content region of

FIG. 4. Ferroelectric properties of Al1⌐xGdxN in composition and measurement
temperature space. (a) Coercive field contour map in ferroelectric switchable
range. The black dots represent measurement points, and the color map is lin-
early interpolated. (b) Coercive field and breakdown field as a function of Gd
content at 190 ○C, showing that the coercive field decreases with Gd content,
while the breakdown field does not change substantially. (c) Remanent polarization
decreases with Gd content. For comparison, the coercive field of an Al0.7Sc0.3N
film under the same measurement condition (Fig. S7, supplementary material) is
shown as a horizontal dashed line.

Fig. 4(a), where switching is not observed, is explained by the coer-
cive field increasing beyond the breakdown field. This relationship
and its temperature-dependence are shown further in Fig. S8 of the
supplementary material.
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Remanent polarization also decreases with Gd content. The
remanent polarization values are obtained by removing leakage
and capacitive contributions from switching current measurements
(see Sec. II and Fig. S9 of the supplementary material).48 Figure 4(c)
shows the extracted remanent polarization as a function of Gd con-
tent at 190 ○C. The uncertainty is dominated by uncertainty in
defining the electrode boundary and, thus, device size, but the trend
is comparable to the DFT calculations [Fig. 1(e)].

We note that Al1⌐xGdxN is the first example of an AlN-based
ferroelectric material that incorporates a magnetic rare-earth cation
and, thus, might exhibit interesting magnetic properties. To test
whether the addition of magnetic (Gd3+) to AlN might induce mag-
netic order and thus multiferroicity, we measured the magnetic
susceptibility of an Al0.86Gd0.14N film grown on a Si substrate. As
shown in Fig. S10, no evidence of long-range magnetic ordering
was observed down to T = 2 K. The magnetization as a function of
applied magnetic field exhibits no hysteresis curve at T = 2 K, and
no peak is observed as a function of temperature: the data are con-
sistent with paramagnetism and Gd3+ cations. Some of the primary
challenges of introducing multiferroicity to this family of materials
will be (1) introducing a sufficient amount of the magnetic cation to
induce long-range magnetic order and that (2) the tetrahedral coor-
dination may often lead to antiferromagnetic interactions instead of
ferromagnetic interactions, which are more technologically useful.
However, single-phase multiferroics are exceedingly rare, so if this
family of materials can successfully be designed to simultaneously
exhibit ferroelectricity and magnetic order (i.e., by incorporating
enough of a magnetic cation), it will not only be scientifically inter-
esting (as these properties are generally mutually exclusive) but
also highly relevant to applications in energy technologies such as
spintronics and low-power computing.

IV. CONCLUSION
In summary, we computationally predict and experimentally

verify ferroelectricity at room temperature in Al1⌐xGdxN alloys.
Our calculations show that Al1⌐xGdxN, along with Al1⌐xBxN,
have a drastic change in the polarization switching barrier due
to a change in switching mechanisms as the amount of alloy-
ing element is increased. Further structural analysis shows that
larger local distortions due to alloying promote this change in
the switching mechanism from collective to individual. Our pre-
dictions for the alloy compositions, where this change in switch-
ing mechanisms occurs for Al1⌐xBxN and Al1⌐xGdxN, are qual-
itatively consistent with experimental results, with ferroelectric
switching clearly demonstrated at low alloying contents (x ≲ 0.1).
These results provide strong evidence that promoting individ-
ual switching at the atomic scale can assist with ferroelectric
switching in wurtzite AlN-based alloys by reducing coercive fields.
We note, however, that the predicted intrinsic switching barriers
are not yet quantitatively comparable to experimentally measured
coercive field values. Finally, the Al1⌐xGdxN alloy is the first exper-
imentally demonstrated wurtzite ferroelectric material with a rare-
earth cation. This suggests a route to possible multi-functionality,
such as multiferroicity and opto-ferroicity in tetrahedral-based
microelectronics.

SUPPLEMENTARY MATERIAL

See the supplementary material for the details in the mini-
mum energy paths for Al0.972M0.028N alloys (M = Sc, B, and Gd),
hybrid DFT functional HSE06 bandgap, the standard deviation for
Figs. 1(b), 1(d), 1(e), and 1(f), predicted structural data of Al1⌐xMxN
alloys (M = Sc, B, Gd), measured ferroelectric hysteresis loops
for Al1⌐xGdxN films with various Gd contents and temperatures,
breakdown field and coercive field comparison at 23, 75, 140, and
225 ○C, time dependence of measured current for remanent polar-
ization calculation, and magnetic susceptibility measurements on
the Al0.86Gd0.14N film grown on a pSi substrate.
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