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High entropy materials, usually composed of five or more constituent elements with a high mixing entropy have
attracted increasing attention due to the marked development of new phases of multicomponent structural and
functional materials. In particular, high entropy oxides (HEOs) are expected to realize their potential for elec-
tronic functionalities in spintronics, since the oxygen lattice required for achieving the functionalities remains
besides the cation site disorder. In this study, we explored the HEO thin films with a rock-salt-like structure of
LiTiMgAIGaO (L50) for perpendicular magnetic anisotropy (PMA), which is induced at an interface with the
CoFeB ferromagnet. The atomically homogeneous cation distributions in the 10-20 nm thick L50 films were
achieved by atomic sputtering lamination on a MgO(001) single crystal substrate. The films were grown with a
highly (001)-oriented epitaxial growth and have an atomically flat surface with an average roughness of 0.07 nm.
We observed perpendicular magnetization of CoFeB on the L50 layer after 250-350 °C post-annealing, revealing
that introduction of significantly large PMA at HEO/ferromagnet interfaces. A large interface PMA energy of up
to ~ 0.8 erg/cm? at the interface was observed due to the achievement of structurally stable epitaxial layers with
high crystallinity and sharp interfacial flatness of L50 and CoFeB interfaces. We also demonstrated that a tunnel
magnetoresistance (TMR) ratio of up to 84 % at room temperature in epitaxial Fe/L50/Fe(001) magnetic tunnel
junctions (MTJs) with ultrathin MgO insertions at the L50 interfaces, indicating that the spin-dependent
coherent tunneling mechanism is also observed in HEO-based MTJs. In addition, the L50 barrier exhibits low
barrier heights less than 1 eV due to the bandgap reduction caused by the five cations. Our results of the high
interface PMA energy, the relatively large TMR ratio, and the low barrier height show that the HEO materials can
be a promising material family of ultra-thin barriers of MTJs for the next generation of spintronic devices such as
ultra-high-density memory and spin artificial intelligence devices.

Introduction

High entropy materials gained prominence in the early 2000s,
focusing primarily on metallic alloys with five or six major constituents
[1,2]. Over time, “high entropy” has expanded to include other mate-
rials such as oxides, carbides, and borides. High entropy oxides (HEOs),
as a subclass of high entropy materials, are materials stabilized by high
configurational entropy, incorporating multiple metal cations in nearly
equal atomic concentrations [3-6]. HEOs leverage chemical disorders to
create novel solid solutions with unique local crystal structures that are
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rare in conventional materials. This disorder can affect physical prop-
erties such as electrochemical, magnetic, thermal, dielectric, and optical
behavior, providing a means to tune these properties.

HEO ultra-thin films will represent a transformative leap forward in
magnetic tunnel junctions (MTJs) beyond the conventional scope of
materials development. The MTJ is the core structure in spintronic de-
vices such as hard disk drives (HDDs) and magnetoresistive random
access memories (MRAMs), consisting of a ferromagnetic layer (FM)/a
few nm or less ultra-thin barrier/FM structure [7]. Ultra-thin HEOs with
rock-salt or spinel structures in a (001) orientation can be a promising

Received 20 January 2025; Received in revised form 4 May 2025; Accepted 15 June 2025

Available online 5 July 2025

1369-7021/© 2025 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


https://orcid.org/0000-0002-9163-5524
https://orcid.org/0000-0002-9163-5524
https://orcid.org/0000-0003-2023-8158
https://orcid.org/0000-0003-2023-8158
https://orcid.org/0000-0002-4034-7848
https://orcid.org/0000-0002-4034-7848
mailto:sukegawa.hiroaki@nims.go.jp
www.sciencedirect.com/science/journal/13697021
https://www.elsevier.com/locate/mattod
https://doi.org/10.1016/j.mattod.2025.06.025
https://doi.org/10.1016/j.mattod.2025.06.025
http://crossmark.crossref.org/dialog/?doi=10.1016/j.mattod.2025.06.025&domain=pdf
http://creativecommons.org/licenses/by/4.0/

R.R. Sihombing et al.

barrier concept for a structurally stable MTJ barrier, which will lead to
MTJs with a low resistance area product (RA) and a high interface
perpendicular magnetic anisotropy (PMA) energy, which are essential
for the state-of-the-art spintronic devices. The cubic HEOs with (001)
orientation, with their fcc-based oxygen lattices, promise significant
tunnel magnetoresistance (TMR) ratios due to the coherent tunneling
[8-10] and strong interface PMA in Fe-based FMs due to the interfacial
O 2p-Fe 3d orbital hybridization [11-13]. For practical applications,
achieving PMA at an HEO/CoFeB (CFB) interface is essential because
CFB is commonly used for perpendicularly magnetized MTJs due to the
features such as a large TMR ratio, soft magnetic properties, and good
compatibility with industrial sputter deposition processes. Furthermore,
the structural stabilization and tunability of barrier properties by
multicomponent cations offer considerable potential for innovation in
the field of spintronics.

While MgO has historically been the barrier material of choice for
MTJs [14,15], its application in meeting the requirements of spin-
transfer torque (STT)-MRAM—where device dimensions must be
shrunk below several tens of nanometers—reveals its limitations [16].
Such miniaturization for MTJs requires a significant reduction in RA, but
reducing the thickness of insulating MgO barriers to less than 1 nm is
extremely difficult. Therefore, the development of new barrier materials
with low bandgaps (low barrier heights) while maintaining a large TMR
ratio and a high breakdown voltage is urgently needed [17]. Recently,
the exploration of a ternary oxide, MgGayOy4, as a low bandgap barrier
has shown potential for improving a TMR ratio and reducing RA
[18,19]. However, challenges remain in controlling atomic diffusion and
ensuring the stability of the crystalline structure of the barrier layer. The
integration of HEO barriers with more than five cations presents a
promising avenue for achieving a stabilized crystal structure due to the
large configuration entropy.

In this study, we report the development of atomically homogeneous
cubic HEO epitaxial films with a LiTiMgAlGaO composition for interface
PMA at a CFB FM interface and TMR effect in Fe/LiTiMgAlGaO/Fe-
based MTJs. The HEO component was selected from the non-magnetic
oxides with rock-salt-based or spinel-based oxide materials established
as MTJ barriers with good insulator behavior: MgAl-O [20,21], LiMgAl-
O [22], MgTi-0O [23], and MgGa-O [18]. An increasing number of cation
components in oxide materials will be advantageous for achieving
structural stability while maintaining good insulating properties as a
tunnel barrier. In addition, we developed an epitaxial growth technol-
ogy to obtain high quality LiTiMgAlGaO thin films with atomic flatness
and high (001) orientation. For the LiTiMgAlGaO epitaxial films for
PMA, we developed an atomic-scale lamination technology based on
radio frequency (RF) sputtering using LiTiO and MgAlIGaO targets.
Epitaxial growth with a rock-salt-like symmetrical crystal structure and
an atomically flat surface was confirmed. The atomically homogeneous
cation distributions across the films were also revealed, indicating that
the stable formation of an ultra-thin HEO layer. The LiTiMgAlGaO/CFB
stacks exhibited significant perpendicular magnetization, demon-
strating that a large interface PMA energy is achieved by a chemically
sharp interface of LiTiMgAlGaO with a CFB FM interface. Using RF
sputtering of a Liy ;5Ti1,5Mg1,5Al; 5Ga; 50 target, we developed an MTJ
structure with Fe FM layers for observing TMR effect through the
LiTiMgAlGaO barrier. We observed a relatively large TMR ratio of up to
84 % using an MTJ structure with Fe/LiTiMgAlGaO/Fe(001) with MgO
nano-insertions. We also observed a small effective barrier height of
0.85-0.95 eV by the LiTiMgAlGaO barrier. These results demonstrate
that the HEO materials have the potential to catalyze the advancement
of low resistive MTJ barrier technology and provide essential insights
into the next generation of materials engineering toward ultra-high
density MRAMs and MTJ-based artificial intelligence (AI) devices.

Materials and methods

HEO-based film preparation using atomic-scale sputter lamination
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Epitaxial cubic HEO(001) films were deposited on a single crystal
MgO substrate using an ultra-high vacuum magnetron sputtering
apparatus (EIKO Corporation) with a base pressure of less than 1 x 107°
Pa. In this study, LiTIMgAlGaO (hereafter, L50) films were developed as
an HEO material using the atomic (0.3-0.5 nm) lamination of two
spinel-based oxide materials, Li-Ti-O (LTO) and Mg-Al-Ga-O (MAGO),
followed by post-annealing. Several different compositions of sintered
oxide targets with a diameter of 76.2 mm are used for the L50 prepa-
ration: LTO = Li4Ti5012 (Li44Ti56-0) and Li50Ti50-O, and MAGO =
MgAlGaO4 (Mg1/3A11/3Gal/3—O, hereafter, Mg33A133Ga33—O) and
MgzeAl3;Gazy-O.

The detailed stack structure of the L50 films for structural analysis is
MgO(001) substrate/[LTO (0.3 nm)/MAGO (tyago = 0.3-0.5 nm)],
(total 10.2 ~ 20.4 nm), as shown in Fig. 1a. Prior to the deposition, the
MgO substrate was cleaned by in-situ annealing at 600 °C. The lamina-
tion films were deposited by the RF power for LTO (MAGO) 50 or 100 W
(100 W) with an Ar pressure of 1.33 Pa at room temperature (RT).
Typical deposition rates for LTO and MAGO are between 0.02 and 0.03
nm/s. The L50 composition was tuned by the target compositions and
tmago to obtain a relative equimolar composition for high configuration
entropy. The deposited L50 films were annealed in-situ at 400 °C for 15
min to promote the cation mixing and improve the crystallinity.
Reflection of high-energy electron diffraction (RHEED) was used to
evaluate the surface crystal structure. The surface morphology was
evaluated by atomic force microscopy (AFM) after deposition. Reference
10 nm thick LTO and MAGO films were also deposited on a single crystal
MgO substrate by RF sputtering. Using X-ray reflectometry (XRR), the
densities of the reference LTO and MAGO films were estimated to be
4.08 and 5.02 g/cm®, respectively.

Inductively coupled plasma optical emission spectroscopy (ICP-OES)
was used to determine the compositions of cation elements of ~ 100 nm
thick films deposited on thermally oxidized Si substrate at RT from the
targets, Lig4Tise-O, LisoTiso-O, MgggAlggGagg-O, and Mg36A137G827-O;
the compositions were determined to be Li:Ti = 44.9:55.1 atm%, Li:Ti =
33.4:66.6 atm%, Mg:Al:Ga = 34.6:29.2:36.2 atm%, and Mg:Al:Ga =
36.9:32.8:30.3 atm%, respectively. The higher Ti composition in the
film from the LisoTi5o-O target than that of the Lig4Tise-O target may be
due to the difference in the target density. We calculated the nominal
compositions of L50 using the ICP-OES compositions and XRR film
densities of LTO and MAGO. The calculated nominal compositions of
L50 single-layer films using the ICP-OES data are listed in Table. 1.

PMA film preparation

Multilayer films with a structure of MgO(001) substrate/[Li5oTi50-O
(0.3)/Mg36A137G327-O (0.4)]15 (10.5)/C020F€60B20 (CFB) (tCFB =0.7 —
1.7)/W (0.3)/Ta (5), (numbers in parentheses in nm) were prepared, as
shown in Fig. 1b. Prior to the CFB deposition, the L50 surface was
exposed to a pure O3 gas (99.999 %, ~ 5 Pa) for 300 s in the sputtering
chamber at RT to tune the L50 interface [19,24]. Note that this oxida-
tion process is sufficiently weak and therefore does not significantly
change the L50 surface structure or the magnetic properties of the CFB
layer. After the deposition, the film stacks were annealed ex-situ at Tan =
250 °C, 300 °C, and 350 °C to promote a PMA at the L50/CFB interface.

Characterization of films

The crystal structure of the L50 films was characterized by out-of-
plane XRD (scattering vector q//MgO[001] and q//MgO[111]) 26-w
scans with Cu K radiation and an incident Ge(220) monochromator
(SmartLab HyPix-3000, Rigaku Corporation). In addition, out-of-plane
q//MgO[111] scans are evaluated at angles of y = 54.7°, and ¢ =
45.0°. The microstructure analysis of annular dark-field (ADF-) STEM
observation, and nano-beam electron diffraction (NBED) with energy
dispersive X-ray spectroscopy (EDS) was carried out at 200 kV acceler-
ating voltage using Titan G2 80-200 and Spectra Ultra S/TEM (Thermo
Fisher Scientific). To guarantee the quality of STEM investigation, a 50-
nm-thick STEM lamellae were prepared by a thickness-controllable
technique based on backscattered electrons (BSEs) intensity using
focused-ion-beam (FIB)-scanning electron microscopy (SEM) dual-beam
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(b)

Ex-situ post-annealing

tepg 1 0.7~1.7 nm

Natural O, 5 Pa

LTO0.3nm [
MAGO nm

[_Sputtering at RT
LTO 0.3 nm Total ~ 10.5 nm
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MAGO 0.4 nm
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In-situ 600°C

MAGO target: Mgs;Als3Gags-O or MgagAls,Gay-O

Fig. 1. Schematic illustration of L50 film stacks. (a) Stacking for single-layer L50 films. (b) Stacking for interface PMA samples.

Table 1

Summary of nominal compositions of L50 films determined by ICP-OES and STEM-EDS in atomic %. * for Li: the value calculated using the Li/Ti ratio (0.815) of the

ICP-OES result.

Sample Thickness (nm) Method Targets, stack design (nm) Li Ti Mg Al Ga

A 10.2 (design) ICP LisqTiss-0 0.3 23 29 18 15 15
12.7 (STEM) EDS + ICP(Li) /Mgs3Al33Gass-0 0.3 27* 33 15 12 14

B 20.4 ICp LisoTiso-O 0.3 16 32 19 17 16
(design) /MgseAl3;Gazz-0 0.3

C 20.3 ICP LisoTis0-O 0.3 14 28 20 19 18
(design) /Mgs6Al3;Gan;-0 0.4

D 20.0 ICp LisoTiso-O 0.3 12 24 24 21 19
(design) /Mgs6Al3;Gags-0 0.5

MTJ 1.9 (design) ICP LizoTizoMg20Al20Gaze-O 26 13 23 18 20

Helios5UX equipped with Auto Script (Thermo Fisher Scientific) [25].
Lithium (Li) cannot be detected by EDS in principle; thus, atom probe
tomography (APT) was carried out to analyze the Li distribution by
using Invizo6000 (AMETEK) in the 440 kHz laser pulsing mode with 50
pJ energy at the specimen temperature of 30 K. X-ray photoemission
spectroscopy (XPS) was used (Quantes, ULVAC-PHI, Inc.) to obtain the
chemical states of each cation in the films; XPS profiles were recorded
using Al K, monochromatic X-rays of 25 W and 100 pm in diameter. The
magnetic properties of the L50/CFB structures were characterized using
a vibrating sample magnetometer (VSM) at RT.

L50-based MTJ preparation and magnetotransport measurements

To investigate the magnetotransport properties, MTJs with an ul-
trathin LiTiMgAlGaO barrier were prepared using RF sputtering of a
LiTiMgAlGaO single sintered target instead of the multilayer of the LTO
and MAGO layers. The MTJ multilayer structure is MgO(001) substrate/
Cr buffer (60)/bottom-Fe (50)/bottom-MgO (tgor.mgo = 0-1 nm)/Li;,
5Ti1/5Mg1/5Al1,5Gar 50 (tso)/top-MgO  (0.3)/top-Fe  (5)/IrooMngg
(IrMn) (10)/Ru (10), (numbers in parentheses in nm), as shown in
Fig. 10a. Using ICP-OES, the composition of cation elements of a 100 nm
thick film from the Li; /sTi; sMg1/5Al; ;5Gaj /50 target was determined to
be LigeTijsMgasAligsGag-O. The bottom- and top-MgO layers were
inserted to improve the Fe/L50 interface states as used for the Fe/
MgGaz04/Fe MTJs [19]. The tgor.mgo and tso were varied within a 20
mm width wafer during deposition using a linear motion shutter. Since
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we used the thick Fe layers, the MTJs were obtained as an in-plane
magnetization type. Each layer was deposited by DC or RF magnetron
sputtering at RT and post-annealed in-situ for 15 min to improve the
flatness and crystallinity. After post-annealing of the L50 layer at
350 °C, the L50 surface was exposed to a pure O gas for 300 s at RT,
similar to the PMA sample. After the deposition, the multilayer was post-
annealed ex-situ using a vacuum annealing system (base pressure ~ 107>
Pa) at 200 °C for 30 min under a 2 kOe magnetic field application along
Fe[100] to exchange bias the top-Fe layer.

A prepared MTJ multilayer was patterned into 8 x 8 or 12 x 12 pm?
squared MTJs using maskless lithography, photolithography, and Ar ion
milling. Magnetotransport properties were characterized by DC four
probe method at RT using a Keithley 2400 sourcemeter and a Keithley
2182A nanovoltmeter. A TMR ratio (%) was defined as 100x (Rap — Rp)/
Rp, where Rap (Rp) indicates tunneling resistance for the parallel, P
(antiparallel, AP) magnetization state of the Fe layers.

Results and discussion

Surface and crystal structures

Fig. 2a shows the AFM image of the surface of a 20-nm-thick L50 film
with a design of [LisoTiso-O 0.3 nm/Mg3sAl37,Gag7-O tyago = 0.4 nml],
(Sample C, calculated composition: Lig 14Tig.28Mg0.20Alo.19Gag.18-0). An
atomically flat surface of the L50 film was achieved with an average
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Ra: 0.07 nm
P-V: 0.8 nm

L}
=
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—

Fig. 2. AFM image of the L50 film. Surface morphology of 20-nm-thick film
with a design of [LisoTise-O 0.3 nm/MgseAls7Gagy-O tyago = 0.4 nm], (Sample
C),3x3 pmz scan.

roughness (Ra) of 0.07 nm (<« one monolayer of L50 ~ 0.2 nm) and a
peak-to-valley (P-V) of 0.8 nm, which is suitable for MTJ applications.

Fig. 3 shows the RHEED patterns of 20-nm-thick L50 films with
designs of [LiggTi5p-O 0.3 nm/Mg36A137Gaz7—O tmacoln: @, tmago = 0.4
nm with electron-beam along the MgO[100] azimuth (Sample C) and b,
tmago = 0.5 nm along the MgO[110] azimuth (Sample D, calculated
composition: Lig 15Tip.24Mgp.24Alp 21Gag.19-0). Both the L50 layers
show epitaxial growth with (001) orientation. The pattern of Sample C
shows sharper spots with additional diagonal line structures (Kikuchi
lines), indicating better surface crystallinity of Sample C than that of
Sample D. Due to the absence of the spinel supper lattice streak, a rock-
salt-like structure (cation-disordered spinel) [26,27] is obtained for both
the samples, resulting in half the unit cell size of an ordered spinel
structure (lattice constant ~ 0.4 nm). This cation-disorder behavior was
also reported in MgAl,04 and MgGasO4 barriers [19,28]. There are no
additional spots or streaks in the patterns; the L50 has a single-phase
structure without any secondary phases.

Fig. 4a (Fig. 4d) shows the out-of-plane XRD pattern of 10-nm thick
L50 films with a design of [Lis4Tise-O 0.3 nm/Mgs3Al33Gass-O 0.3 nm],
(Sarnple A, LiO.ggTioinggo_lgAlol15Ga().15-0), in the q//[OOl] direction
(q//[111] direction). The patterns of 10 nm thick LizTisO;2 (LTO) and
10 nm thick Mgs3Al33Gasz3O (MAGO) films grown on a MgO(001) sub-
strate are also shown in the plots as references. In the q//[001]

(a) MgO[100] azimuth
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Fig. 4. Out-of-plane XRD scans of 10 nm thick L50, Li4TisO,2 (LTO), and
Mg33Al33Gazs0 (MAGO) films. (a)-(c) Profiles in the scattering vector q//
[001] direction and (d) q//[111] direction for 10-nm thick film with a design of
[LigqTise-O 0.3 nm/Mgs33Al33Gaszs-O 0.3 nm], (Sample A), LTO, and MAGO
films. (c) and (b) Close-ups near 004 and 008 peaks, respectively. The indices
are for an ordered spinel lattice. Inset of (d) is a close-up near the MgO
222 peak.

direction, the Bragg reflections corresponding to the (004) and (008)
planes (indices for a spinel lattice) are observed for the LTO and MAGO
reference layers. The L50 film shows peaks near the LTO or MAGO,
indicating that a cubic HEO film was achieved. As can be clearly seen in
the close-ups of the q//[001] scans (Fig. 4b and 4c), the peak intensities

(b) MgO[110] azimuth

Fig. 3. RHEED patterns of L50 films. [LisoTiso-O 0.3 nm/MgseAl3,Gas-O tmacols With (a) tmaco = 0.4 nm (Sample C) and (b) tyaco = 0.5 nm (Sample D) after

post-annealing at 400 °C.
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of L50, i.e., L50(004) and L50(008), are several times higher than those
of LTO and MAGO, suggesting that the crystallinity is improved by the
use of five cationic elements. The L50 peak positions are shifted to the
lower 26 angles from the LTO and MAGO positions, indicating the in-
crease in the out-of-plane lattice spacing from the LTO and MAGO
parent compounds. Only the L50 film shows clear interference oscilla-
tions near the Bragg positions (e.g., ~44.8°, ~45.7°, etc.), indicating flat
film formation as seen in the AFM image (Fig. 2). Only OOL reflections
are observed from these films, indicating that L50, LTO, and MAGO are
epitaxially grown with (001) orientation. Therefore, an atomically ho-
mogeneous L50 film was synthesized by our atomic alternative sput-
tering using LTO and MAGO due to the significant atomic mixing
between the layers during the sputtering process. In the q//[111] scans,
the reflections from the films almost overlap with the MgO 111 and MgO
222 substrate peaks, as seen in the inset of Fig. 4d. The absence of re-
flections from (LLL), L = odd, indicates the formation of the cation
disorder spinel structure instead of an ordered spinel structure, consis-
tent with the RHEED observation. The formation of the cation-
disordered spinel structure can be attributed to our process tempera-
tures (~400 °C), which are much lower than the melting points of the
parent compounds (1500 °C). Using the q//[001] scan, the out-of-

() 10°

— ¢ =0.3nm
107 | MAGO

— tyaco = 0.4 nm

10° — tyaco = 0.5 nm

MgO 002
MgO 004
|

Out-of-plane q//[001]

Intensity (cps)

50 60 110

=
o

—_
o
-

MgO 002
0.5 nm 004
0.3 nm 004
0.4 nm 004
0.3 nm, 0.4 nm 008 —
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N

| . | .
43.0 44.0
26(9)

1
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|
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Out-of—planeI
10° - /(1]
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MgO 111
MgO 222
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60
26 ()

Fig. 5. Out-of-plane XRD scans of 20 nm thick L50 films with different
MAGO thicknesses. (a)-(c) Profiles with a scattering vector q//[001] direction
and (d) q//[111] direction for [LisgTi5o-O 0.3 nm/Mg36A137Ga27-O tmaco = 0.3,
0.4, 0.5 nm],, (Sample B, Sample C, and Sample D, respectively). (c) and (b)
Close-ups near LTO 004 and 008 peaks, respectively. The indices are for an
ordered spinel lattice. Inset of (d) is a close-up near the MgO 222 peak.
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plane lattice constant c 5o of the L50 was determined to be ~ 0.414 nm.

Fig. 5a (Fig. 5d) shows the out-of-plane XRD patterns in the q//[001]
direction (q//[111] direction) of 20 nm thick L50 films with different
L50 compositions. The design structures are [LisoTisoO (0.3)/
MgseAl37Gag;O tvagoln With tyago = 0.3 nm (Sample B, calculated
composition: Lip 16Tip 32Mg0.19Alp.17Gag 16-0), 0.4 nm (Sample C), and
0.5 nm (Sample D). The three films show epitaxial growth with (001)
orientation and have a single phase of a cation-disorder structure,
similar to Sample A (Fig. 4). No secondary phases were observed within
the compositional range of the films. The noticeable peak shifts of L50
004 and L50 008 were observed with tyago. The highest L50 peak in-
tensities were observed for tyjago = 0.4 nm, indicating the improved
L50 crystallinity due to the near equimolar composition of five elements
achieved for this sample.

Cross-sectional STEM analysis

The results of the cross-sectional microstructural analysis using
STEM of the 10 nm thick L50 (Sample A) and the PMA sample with tcpp
= 1.0 nm are shown in Fig. 6. Fig. 6a shows the low magnification ADF-
STEM image of Sample A. The flat surface and the sharp interface with
the MgO substrate are observed. The actual film thickness is ~ 12.7 nm,
which is slightly thicker than the design thickness of 10 nm of a sum of
the LTO and MAGO thicknesses. This may be due to the accuracy of the
sputtering shutter motion for ultra-thin layers for each step (0.3-0.5 nm,
corresponding to a deposition time of a few to more than ten seconds)
and the change in the film density during the formation of an L50
compound by the processes. The high magnification ADF-STEM image in
Fig. 6b shows the formation of high-quality epitaxial (001) growth of the
L50 lattice on the MgO(001) lattice. We also found that the MgO sub-
strate completely locks the in-plane lattice of the L50 film, resulting in
perfect lattice matching between MgO and L50. As shown in Fig. Ge,
there were no misfit dislocations at the interface, as can be seen in the
inverse fast Fourier transform (IFFT) STEM image by selecting (200) and
(2 00) diffraction spots from the FFT-filtered Fig. 6b image (in-plane
lattice constant aygo ~ arso ~ 0.421 nm). Therefore, the L50 is slightly
tetragonally distorted (cis0/aiso ~ 0.98). The similar NBED patterns
shown in Fig. 6¢ and 6d obtained from and the L50 layer and the MgO
substrate, respectively, indicate the good crystallinity of the L50 film.
Although the NBED pattern has very weak {022} spinel superlattice
reflections as indicated by the yellow circle, the L50 film nominally has
a cation-disordered spinel structure, as expected from the XRD results.

The EDS elemental maps of each element are shown in Fig. 6f-6k.
Note that Li cannot be detected by our EDS technique. Homogeneous
atomic distributions of Ti, Mg, Ga, Al, and O without any clustering were
confirmed throughout the 10 nm film. Additionally, no significant
interdiffusion to the MgO substrate was observed, indicating that stable
formation of the single-phase L50 film. Fig. 61 shows the EDS line pro-
files, which shows that the film is Ti rich due to the higher composition
of Ti than Mg, Ga, and Al in the ICP-OES estimation of Liy 23Tig 29M-
80.18Al0.15Gag 15-0. Note that the O signal level is higher than the actual
composition since Li atoms in L50 are not included in the profiles. The
slight segregation of Mg at the surface may be due to air exposure of the
film during the STEM sample preparation. As shown in Table 1 for
Sample A, the differences between the calculated composition using the
ICP-OES and the EDS compositions (assuming the Li composition using
the ICP-OES Li/Ti ratio) are small. These microstructural analyses
indicate the formation of epitaxial growth of HEOs obtained by the
alternating sputtering method at relatively low process temperatures up
to 400 °C.

Fig. 6m presents the low magnification ADF-STEM image of the
interface PMA sample with the stack design of [LTO (0.3)/MAGO
(0.4)]115 (10.5)/CFB (tcpg = 1.0)/W (0.3)/Ta (5), (numbers in paren-
theses in nm) with Tay = 250 °C. The flat surface of the L50 layer is
consistently observed with the AFM and XRD results in Fig. 2 and Fig. 4.
Fig. 6n provides the high magnification image near the L50/CFB
interface. The sharp interface with the CFB layer is observed without any
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Fig. 6. STEM analysis of cross-section of single L50 film and L50/CFB stack. (a) Low magnification and (b) high magnification ADF-STEM images of the 10 nm
thick L50 film (Sample A). (c),(d) NBED patterns taken from (c) MgO substrate and (d) L50. “R” and “S” in (c) and (d) indicates a rock-salt structure (spinel structure)
and spinel structure. Yellow circle in (c) and (p) indicates one spinel superlattice spot (202). (e) IFFT STEM image by selecting (200) and (2 00) diffraction spots of
the FFT filtered image of (b). (f)-(k) EDS maps for (f) ADF image, (g) Ti, (h) Mg, (i) Ga, (j) Al, and (k) O. (1) Corresponding EDS profiles of Sample A. (m) Low
magnification ADF-STEM images of L50/CFB stack. (n) Higher magnification image near L50/CFB interface. (0),(p) NBED patterns taken from (o) CFB and (p) L50.
(q) Corresponding EDS profiles of L50/CFB stack. The result of Li composition by APT was added to the elemental compositional line profile, indicated as “Li (APT)".
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segregation. The NBED patterns of the L50 and CFB layers are shown in
Fig. 60 and 6p, respectively. The patterns indicate the good crystallinity
of the L50 film and an amorphous structure of the CFB layer. The NBED
pattern shows weak {022} spinel superlattice reflections (yellow circle),
however, the L50 film almost possesses a cation-disordered spinel
structure, consistent with Sample A and the XRD profiles. Moreover,
Fig. 6q shows the EDS line profiles and APT profile of Li around the L50/
CFB interface. No significant interdiffusion is found near the interface.

XPS analysis

Fig. 7 depicts XPS profiles of the 10 nm thick L50 film (Sample A):
Mgls (Fig. 7a), Ga2p3 (Fig. 7b), Ols (Fig. 7c), Ti2p3 (Fig. 7d), Al2p
(Fig. 7e), and Lils (Fig. 7f), confirming the presence of the five metal
oxides near the surface region of the L50 film even after the 400 °C
annealing. The XPS results were calibrated using the Cls spectrum, as
shown in Supplementary S1 and Fig. S1. The fitting employs the
convolution of Gaussian and Lorentzian function (cyan line) and the
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Shirey background (black dashed line). The spectrum data for each
element is well-fitted (cyan line and red dot). The spectrum has been

Table 2
Summary of XPS analysis for L50 components.

Orbital Binding energy (eV) Materials Oxidation state
Mgls 1303.71 MgO 2+
Ga2p3 1117.89 Gay03 3+
Ols 530.20 MgO, Gay03 2—
TiO,, Tiz03
Al,Os, LiOH
532.15 C-0 2—
Ti2p3 458.64 TiO, 4+
457.20 Ti,O3 3+
Al2p 73.93 Al,05 3+
Lls 54.82 LiOH 1+
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Fig. 7. XPS spectra of the L50 film. (a) Mgls, (b) Ga2p3, (c) Ols, (d) Ti2p3, (e) Al2p, and (f) Lils of the L50 film (Sample A).
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deconvoluted into its constituent elements and compared to the data-
base [29]. Table 2 provides a summary of binding energies and oxida-
tion states.

Magnesium has an oxidation state of 2+ and a binding energy of
1303.71 eV. The binding energy of magnesium is comparable to that
reported in a prior work [30]. Gallium and aluminum have the same
oxidation state (3+), with binding energies of 1117.89 eV and 73.93 eV,
respectively. The binding energies of Ga and Al are consistent with those
reported in a recent work [31,32]. The deconvoluted peaks of the Ols
spectrum in Fig. 7c are attributed to the C-O bond (532.15 eV) and oxide
ions (530.20 eV) in the lattice. The symmetric peak at 530.20 eV rep-
resents the oxidation state of 2— for oxygen. The binding energy of Ols
was like that found in a previous work [31]. The additional peak of Ols
is attributed to the surface oxygen produced by the reaction of oxygen
with air, such as carbon and oxygen (surface oxygen) [33]. Two
oxidation states, 4+ and 3+, are observed in the Ti 2ps/» peak, with
binding energies of 458.64 eV and 457.20 eV, respectively. The binding
energies of Ti4+ and Ti3+ are comparable to those found in previous
work [34,35]. The ratio of Ti4+ area to Ti3+ area is more than ten
times, indicating that Ti4+ is the primary contributor. Lithium has an
oxidation state of 1+ and a binding energy of 54.82 eV, according to
lithium hydroxide (LiOH) [36]. The absence of a capping layer in the
film causes the formation of LiOH. However, the Ols from LiOH had a
binding energy of 530.20 eV (Fig. 7c), confirming the presence of
lithium hydroxide. The above analysis indicates that the L50 thin film
contains little unoxidized metals and is formed as a homogeneous oxide
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layer.

PMA properties at L50/CFB interfaces

Fig. 8 shows the in-plane (IP) and out-of-plane (OOP) magnetization
as a function of a magnetic field for the stack design of [LTO (0.3)/
MAGO (0.4)1;5 (10.5)/CFB (tcpp = 0.8-1.3)/W (0.3)/Ta (5), (numbers in
parentheses in nm) with Tay = 250 °C. The sample with tcpg = 0.8 nm
(Fig. 8a) shows low saturation magnetization and isotropic anisotropy
due to the contribution of the large magnetic dead layer formed mainly
at the W interface, as shown next. In contrast, the samples with tcgg =
1.0 and 1.1 nm clearly show perpendicular magnetization due to the
atomically flat L50 interface: magnetically easy for the OOP loops and
hard for the IP loops (Fig. 8b and 8c). The perpendicular magnetization
is also observed after annealing of Taxy = 350 °C for tcpg = 1.0 and 1.1
nm, as shown in Supplementary S2 and Fig. S2. Therefore, the L50(001)
interface can induce large PMA at the FM interface. In addition, the
L50/CFB has a chemically sharp interface, as shown in Fig. 6n, resulting
in a considerable interface PMA energy, Kef. The origin of the interface
PMA is expected to be the promotion of the interfacial hybridization of
O-Fe orbitals, as reported in the oxide/Fe-based FM interfaces such as
MgO/Fe [12], cation-disordered MgAl>O4/Fe [37], and NiO/Fe [38].
Further experiments, such as X-ray magnetic circular dichroism [13,39],
will be required to clarify the microscopic origin. These PMA properties
demonstrate that L50 is a good candidate for the barrier for perpen-
dicularly magnetized MTJs (pMTJs). The sample with a thicker tcpg =
1.3 nm (Fig. 8d) shows in-plane magnetization due to the increase in the
shape anisotropy contribution [11].
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Fig. 9a plots the magnetic moments per unit area as a function of tcgp
with Tay = 250 °C, 300 °C, and 350 °C. The solid lines are the results of
the linear fits. The x-axis intercepts of the linear fits indicate the mag-
netic dead layer thickness typ = 0.5 nm and 0.6 nm for Tay = 250 °C and
300 °C, respectively. The intrinsic saturation magnetization after sub-
tracting the effect of typ (M) can be determined from the slope of the
fits. We obtain intrinsic Mg of 1880 (1950) emu/cm® for Tan = 250 °C
(300 °C). The intrinsic M values are similar to those reported for CFB/
MgO PMA structures after post-annealing [40], and are close to the M of
Co-Fe alloys due to B diffusion of CFB to the W side. The intrinsic Mg and
tyvip are almost the same as those observed in the MgO/CFB systems [41],
indicating that the L50/CFB interface has a similar sharpness. The
nonlinear relationship was observed for Tay = 350 °C, which may
indicate that the interdiffusion of elements becomes more significant.

To extract the interfacial contribution of the PMA of the L50/CFB,
we evaluated the effective CFB thickness (£ = tcpp — tvp) dependence of
Keget’, where Keg is the volume PMA energy, which was calculated using
the area enclosed by IP and OOP magnetization loops. The interface
PMA energy is calculated by the relationship: K.t = (Ky —2aM2)t +
K;, where Ky is the bulk magnetocrystalline anisotropy energy density,
and —2zM32 is the shape anisotropy energy density, respectively (in CGS
units). In Fig. 9b, the y-intercepts correspond to the K; values, which are
determined to be 0.8 erg/cm2 for Tan = 250 °C and 300 °C. Although the
positive Kegf is observed for Tay = 350 °C, the Keg-t* plot shows a devi-
ation from the linear line due to interdiffusion. The deviations at the low
t’ regions for all the plots are typically observed in interface PMA sys-
tems [40,42-44]. A magnetoelastic contribution due to the lattice
mismatch with an FM layer will also be the origin of such a deviation
[45]; however, it is not significant in our L50/CFB interfaces since the
CFB layers are nearly amorphous as shown in Fig. 6m-6p.

Although the K; values do not exceed the MgO/CFB interface (1.3
erg/cm?) [11], our interface PMA results show the applicability of HEOs
for interfacial functionality such as spintronic devices. Interface modi-
fications, such as the nano-layer insertion, as shown in the following
section, and tuning the oxidation state of the barrier [46], will lead to an
improvement of the PMA energy.

TMR properties of Fe/L50/Fe(001) MTJs

Fig. 10b shows the RHEED patterns for the MgO[100] azimuth at
each growth stage for the MTJ stack of Fig. 10a. The patterns for the
MgO[110] azimuth were shown in Supplementary S3 and Fig. S3. All
patterns show clear streaks, and different patterns are obtained for the
[100] and [110] azimuths, indicating epitaxial growth from the bottom-
Fe to the top-Fe with (001) orientation. The bottom-Fe[100] pattern has
additional streaks marked with red arrows due to oxygen adsorption
during the post-annealing [19]. The bottom-MgO and top-MgO show
similar patterns, indicating their (001)-oriented rock-salt structure with
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45° in-plane lattice rotation on the bottom-Fe. The pattern of the L50
layer also shows highly (001)-oriented epitaxial growth due to the good
lattice matching between MgO and L50, as shown in Fig. 6e. The crystal
structure is also the cation-disordered spinel structure due to the
absence of the superlattice streak, similar to Fig. 3. Therefore, we ob-
tained an MgO/L50/MgO barrier between high quality Fe(001) FM
electrodes using sputtering method.

The tpor.mgo dependences of the TMR ratios and RA values (bias
voltage ~ 10 mV) of the MgO/L50/MgO MTJs with t;50 = 1.75 nm at
RT are shown in Supplementary S4 and Fig. S4. The TMR ratio increases
with tor.Mgo and reaches 80 % at tpor.mgo = 0.45 nm. Fig. 10c shows the
TMR ratio as a function of the in-plane magnetic field of the MTJ with
tot-Mgo = 0.45 nm and t50 = 1.9 nm, showing the maximum TMR ratio
of 84 %. This relatively large TMR ratio is beyond the non-coherent
tunneling case, as the TMR ratio is typically limited to be 10-30 % for
MTJs with Fe electrodes and an amorphous alumina barrier [47]. This
indicates that the L50(001) barrier exhibits the TMR enhancement due
to the coherent tunneling effect, similar to MgO(001) and MgAl,04(001)
barriers [8,48]. Furthermore, this indicates that the L50(001) barrier
has a band dispersion similar to that of MgO(001) [8] and various spinel
oxides(001) [49,50], and exhibits high tunneling transmission through
the evanescent A; Bloch state. The introduction of the ultrathin MgO
insertions (less than a few monolayers) significantly improved the TMR
ratio, suggesting that the interfacial structures at the Fe interfaces were
improved due to suppression of interdiffusions and under/over oxida-
tion. Such improvements have also been observed in MgGaO4 barrier
MTJs [19]. Therefore, further development of nano-insertion layers and
composition control of the HEO layer are expected to improve the TMR
ratio and interface PMA energy. Note that the linear increase in In(RA) is
observed over a wide range of tpo.mgo, indicating that the MgO/L50/
MgO functions as a single barrier layer.

Fig. 10d shows the current-voltage (IV) curve for the P state of the
MTJ with tgot-mgo = 0.3 nm and t;50 = 1.75 nm at RT. The positive bias
voltage is defined as the direction in which electrons tunnel from the
bottom electrode to the top electrode, as shown in the inset of Fig. 10d.
Strong non-linearity at high bias is observed in the IV curve, indicating
that the barrier height of L50 is much lower than that of an MgO barrier.
The resistance is significantly reduced by bias application; a 1.5 V
application results in ~ 1/30 of the zero bias value as shown in Sup-
plementary S5 and Fig. S5. This feature will be effective for STT
switching, which requires high current density, since significant current
density acceleration can be obtained at high bias. We fit the curve using
the Simmons model for the MTJ with tgor.mgo = 0.45 nm and t50 = 1.9
nm at RT [51], as shown in Supplementary S6 and Fig. S6, and obtain the
effective barrier height . of 0.85 eV for the negative bias and 0.95 eV
for the positive bias, about half or less of that of conventional MgO and
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MgAl>04. The low barrier height of L50 suggests the possibility of a
bandgap narrowing due to multivalent cations. Such an effect has been
reported in the HEO spinel oxide (Fep2Cog 2Nig.2Cug 2Zng 2)Al504,
where the bandgap is narrower than the bandgaps of any of the parent
spinel oxides [52]. Reducing the barrier height is essential for future
MTJ applications, as a significant reduction in the RA value while
maintaining the barrier thickness is required for read heads of HDDs and
memory cells of MRAMs. We also find high DC breakdown voltages of
1.7-1.9 V for 2.3-2.4 nm total barrier thickness (corresponding break-
down electric fields of ~ 7.2-8.4 x 10% V/m) as shown in Supplemen-
tary S7 and Fig. S7, indicating that the structural stability of the barrier.
These excellent properties of the L50-based barrier indicate that a wide
range of HEO materials are promising as MTJ barriers. For example, it
can solve the problem of limited room for composition tuning for ma-
terials with a low barrier height, such as a ternary MgGas04 [19,53]. In
addition, HEO ultrathin films can provide MTJ barriers with high
structural stability due to the contribution of high entropy terms.

In order to highly design the compositions of HEO barriers, it is
necessary to develop advanced theoretical methods for HEOs. MTJs and
interface PMA structures always contain interfaces with magnetic
layers, making it difficult to predict the optimal composition using
conventional computational methods. Therefore, it will be necessary
employ an alternative approach, such as a combination of quantum
annealing, machine learning, and first-principles calculations [54].

Conclusions

In this study, we developed HEO thin films with a LiTiMgAlGaO
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composition, termed L50, to explore their viability for spintronic device
applications. By sputtering alternative layers of LTO and MAGO at
atomic scale thicknesses of 0.3-0.5 nm on a single-crystal MgO(001)
substrate, we achieved highly (001)-oriented epitaxial growth. The L50
film exhibits a rock-salt-like cation-disordered spinel structure, homo-
geneous cation distributions, and atomically flat surfaces. The lattice
spacing of L50 is closely matched to the MgO substrate, confirming good
heterostructure compatibility with typical FM materials used in MTJs
while maintaining epitaxial relationships. Ultra-thin (~1 nm) CFB layers
deposited on the L50 layer demonstrated pronounced perpendicular
magnetization after post-annealing due to the large interface PMA en-
ergies reaching ~ 0.8 erg/cm? at the L50,/CFB interfaces. In addition, a
TMR ratio of up to 84 % at RT was observed in Fe/MgO/L50/MgO/Fe
(001) MTJs, demonstrating the coherent tunneling mechanism through
the HEO barrier. We also found that the significantly low barrier heights
less than 1 eV, half or less of a conventional MgO barrier. This study
highlights the excellent lattice matching with FMs, high structural sta-
bility, atomically flat interface, and the resultant substantial interface
PMA, TMR enhancement by the coherent tunneling, and a significantly
low barrier height, underscoring the significant potential of the HEOs for
MTJ applications, including ultra-high-density MRAMs and MTJ-based
Al devices. To further elucidate the functionalities of HEO systems
with interfaces, development of advanced first-principles calculations
that can deal with atomic disorder, vacancies, and interfaces with other
materials will be critical to provide a deeper understanding of HEO
based nano-electric and spintronic devices.
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