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Abstract

We report on the potential use of the intrinsic ferromagnetic rare earth nitride (REN) semiconductors
as ferromagnetic electrodes in tunnelling magnetoresistance and giant magnetoresistance device
structures for non-volatile memory storage devices. Non-volatile memory elements utilising magnetic
materials have been an industry standard for decades. However, the typical metallic ferromagnets and
dilute magnetic semiconductors used lack the ability to independently tune the magnetic and
electronic properties. In this regard, the rare earth nitride series offer an ultimately tuneable group of
materials. Here we have fabricated two tri-layer structures using intrinsically ferromagnetic rare earth
nitride semiconductors as the ferromagnetic layers. We have demonstrated both a non-volatile
magnetic tunnel junction (MTJ) and an in-plane conduction device using GAN and DyN as the
ferromagnetic layers, with a maximum difference in resistive states of ~1.2% at zero-field. GAN and
DyN layers were shown to be sufficiently decoupled and individual magnetic transitions were
observed for each ferromagnetic layer.

1. Introduction

There is an intense research and development effort for novel solid state memory devices that is critical for the
future of cloud computing and data storage [1-3]. The quest is to balance speed, power, endurance, and cost in
order to enable a new paradigm of non-volatile random-access memory (RAM) [4-6]. Several architectures,
technologies, and materials for various types of random-access memory, including spin-transfer torque RAM,
resistive and/or magnetic RAM, ferroelectric RAM and more have drawn the most attention and have been
studied extensively during the past several years.

From a material perspective, metallic ferromagnetic (FM) materials have been historically by far the most
common ferromagnetic layers in ambient-temperature memory elements, either in a giant magnetoresistance
(GMR) structure [7] or as magnetic tunnel junctions (MTJs). Such devices typically comprise a tri-layer made of
two metallic ferromagnetic layers separated by an exchange-blocking (EB) layer, with the resistance of the
layered structures depending on the relative orientations of magnetisation, parallel or anti-parallel magnetic
alignment, in the FM layers. Such elements are already commonly applied as both memory structures and read
heads for magnetic memories, but lack the ability to independently tune the magnetic and electronic properties
[4]. In contrast, ferromagnetic semiconductors offer a potential range of new functionalities based on their
independently-tuneable carrier concentration and spin polarisation.

Dilute magnetic semiconductors (DMS), a class of materials that combine properties of a semiconductor
host with magnetic effects due to an impurity dopant, have shown promise in memory and logic applications

© 2023 The Author(s). Published by IOP Publishing Ltd
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[8, 9], but the dependence of the transition temperature on the density of mobile carriers limit their range of
applications [9—12]. In this regard the separation of electronic and magnetic degrees of freedom in the series of
intrinsically ferromagnetic rare earth nitride (REN) semiconductors make them ideal candidate materials for
non-volatile memory elements at cryogenic temperatures [ 13—16]. Below we exploit this control to demonstrate
two contrasting schemes, magnetic tunnel junctions and in-plane conduction structures to determine the
relative magnetisation of the two rare-earth nitride FM layers: the data reading operation.

The RENs form in the face centred cubic rock-salt structure [17—19] with their magnetic properties within
the series determined by the filling of the 4f shell in the rare earth ion. The wide range of spin and unquenched
orbital moments across the series leads to strongly contrasting ferromagnetic moments and coercive fields [20].
In the stoichiometric form they are insulating with N 2p valence and RE 5d conduction bands. Nitrogen
vacancies, each of which adds a mobile electron to the conduction band [21], can be used as convenient electron
donors.

The pair GAN and DyN are chosen for the present prototype devices for their contrasting magnetic but
similar electronic states. GAN has an electronic configuration 4f” resulting in a magnetic moment of 7 15 per Gd
ion that resides in the 4f-shell spin. It is ferromagnetic below ~70 K and has a small coercive field on the order of
10mT or less at 5 K [22]. The two additional 4felectrons in the Dy’ ion gives DyN a mixed spin/orbit moment
of 10 p per ion in the paramagnetic state, falling to ~5 115 under the exchange interaction in the FM state below
its ~30 K Curie temperature [16]. The FM state features a coercive field at 5 K on the order of 100 mT [14], thus
forming a suitable hard FM pairing for the softer ferromagnetic GAN. In the present context it is important to
note that the end members of the series, LaN and LuN, have empty and filled 4f shells respectively, and thus are
non-magnetic; in this study we have used LuN and Lu as an insulating and a metallic exchange-blocking layer
respectively.

Itis worth pointing out that REN-based MTJs have been reported in the past [23, 24], but none of them have
demonstrated the non-volatile behaviour characteristic of a memory element. Additionally, here we incorporate
RENSs into a GMR-style device which also displays retention of its resistive states.

This report describes two contrasting prototype memory device structures based entirely on RE and REN
active layers in a common tri-layer structure GAN/EB/DyN (EB—a non-magnetic exchange-blocking layer).
The first uses an entirely conventional current perpendicular to plane (CPP) geometry in a GAN/LuN/DyN tri-
layer with an insulating EB layer in which the tunnelling magnetoresistance is modulated by the relative
magnetic alignments of the two FM layers, as shown in figure 1(a). It is important in this device, with its in series
resistances, that the FM layers introduce negligible resistance relative to the tunnel barrier. In this regard, the
LuN barrier must be at most very weakly doped, while the FM layers should be more heavily doped.

Though the CPP geometry is very common, there is an advantage in some cases (e.g. superconducting
central processors) to investigate low-impedance data reading. Thus the second structure, show in figure 1(b), is
acurrent in-plane (CIP) device, GAN/Lu/DyN, relying on the giant magnetoresistance in the exchange-
blocking layer to differentiate between the parallel and anti-parallel magnetic configurations. In this geometry,
with the three layers contributing to the resistance in parallel, the FM layers must be insulating, at most weakly
doped. Thus it is central to the two devices that the REN films can be doped from metallic to insulating without
affecting their magnetisations.

2. Experimental details

Alllayers were grown in a molecular beam epitaxy (MBE) system with a base pressure of ~10~° mbar. The FM
rare earth nitride layers were grown by evaporating metallic Gd or Dy in an atmosphere of ~2x 10~ * mbar of N,.
The differing nature of the two device structures described previously required significantly different growth
conditions for their respective EB layers.

The insulating EB layer, ~8 nm of LuN, was grown by evaporating Lu in an atmosphere of N, similar to the
FM rare earth nitride layers described above. For the low-impedance GMR device the EB layer is metallic Lu
~20 nm thick. The conductive EB layer was grown by evaporating Lu at the base pressure of ~10~° mbar. Each
device was simultaneously grown on polished Al,O3 and Si substrates, which were held at ambient temperature
throughout the growth. A protective layer of ~40 nm thick AIN or Al is used to protect all the devices from
oxidation.

The differing structure between the low-impedance GMR device and high-impedance tunnelling devices
result in differing geometries for electrical measurement. Electrical contact was made to the low-impedance
GMR devices via Au bottom contacts in a van der Pauw configuration, which were deposited before the device
growth. Electrical measurement for the high-impedance tunnelling device comprised vertical transport from a
pre-deposited Au layer, though the device in the caisson structure, to the metallic Al protective layer, as described
in our previous publication [23].
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CPP Current

Figure 1. Schematic showing the current flow direction and relative magnetisation (black arrows) of the GAN (blue) and DyN (red)
layers. The high resistance magnetic tunnel junction is shown with an insulating LuN barrier (grey) and current perpendicular to
plane (a). The low resistance in-plane conduction device is shown with a conductive Lu (silver) exchange-blocking layer (b).
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Figure 2. 20-0 x-ray diffractogram of a GAN/Lu/DyN thin film heterostructure grown on sapphire substrate. Peaks due to the Lu
(002), REN (111), and REN (200) are labelled. The separate contributions in each REN peak due to the polycrystalline GAN and DyN

layers are not distinguishable. A sharp peak related to secondary emissions of the Cu x-ray source on the Al,O; substrate (0006) peak is
also present at ~37.4°

x-ray diffraction (XRD) was used to characterise the films grown on all substrates using a PAN-alytical X’Pert
PRO x-ray diffractometer with Cu K-alpha source. All films showed the characteristic rock-salt REN features,
with both 111 and 200 rare earth nitride peaks present in agreement with previously published data for GAN and
DyN thin films grown under similar conditions [25, 26]. Figure 2 shows the 26-0 XRD scan, highlighting the
(111) REN reflection at ~31.2°. Due to their similar lattice constants, the (111) XRD peaks of GAN and DyN
layers show strong overlap and cannot be distinguished. This is as expected, with previous XRD measurements
on polycrystalline rare earth nitride superlattices also unable to distinguish separate contributions to the REN
(111) peak [27-29]. A slight asymmetry in the (200) peak at ~36.4° implies two separate REN contributions,
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Figure 3. Temperature-dependent magnetic moment for the GAN/Lu/DyN tri-layer structure when cooled in an external magnetic
field 0f0.025 T shown in (a). The ferromagnetic transition temperatures for DyN (red line at 30 K) and GdN (blue line at 63 K) are
shown to highlight the two transitions seen in the tri-layer structure. The inset (b) shows the first derivative of the curve.

however the presence of separate GAN and DyN layers is more clearly demonstrated in the magnetic
measurements discussed later in this paper.

In-plane magnetisation measurements were made using a Quantum Design model XL MPMS to obtain
temperature- and magnetic field-dependent magnetisation. Electrical transport measurements were made ina
Quantum Design Physical Property Measurement System (PPMS) Model 6000.

3. Results and discussion

We begin by discussing the magnetic results in general, followed by a separate discussion of the electronic
properties and memory facilities for the high and low impedance devices respectively.

3.1. Magnetic behaviour

The temperature-dependent magnetisation M(T) is shown in figure 3 for the GAN/Lu/DyN tri-layer structure.
The first derivative, shown in the inset, highlights the distinct magnetic transitions of GAN near 63 K and DyN
near 30 K. The two distinct transitions indicates that the two layers are magnetically isolated from each other by
the non-magnetic EB layer, in this case Lu. Similar behaviour was observed for the high impedance device
using LuN.

3.2. Electronic behaviour

3.2.1. High-impedance device

The resistance measured for the GAN/LuN/DyN device varies depending on the applied current. This deviation
from Ohm’s Law signals a tunnelling current [30, 31] and the non-linearity is highlighted in figure 4(a). Linear
behaviour was observed at low voltages. However, for voltages above ~0.1 V it can be seen that the device
exhibits non-linear current-voltage characteristics. The temperature-dependent resistance for different applied
currents is shown in figure 4(b) and similarly displays this non-linear behaviour. The device has a negative
temperature coefficient of resistance with a noticeable peak near 25 K. This feature is commonly attributed to
the onset of magnetic order associated with the FM transition in RENs [21, 32]. It is worth noting here that vast
majority of the voltage drop in the device is expected over the LuN barrier layer.

The low-field magnetoresistance of this device is shown in figure 5. Here the measurement is with a constant
current of 0.5 pA, which is within the non-linear tunnelling regime in figure 4(a). By first sweeping the applied
field to 8 T the two FM layers have their magnetisation aligned. This aligned state corresponds to the low-
resistance state of the device as the tunnelling current across the barrier is dominated by majority-majority band
transport, and thus is facilitated due to the many available states above the Fermi level. Conversely, the high
resistance state occurs when the magnetisation of the two FM layers is anti-aligned. To compare the high and low
impedance devices, we use R4pand Rp as the resistance values of the device in the anti-parallel and parallel states
respectively and represent the magnetoresistance (MR) ratio as:
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Figure 4. (a) Logarithmic plot of the current-voltage behaviour for the GAN/LuN/DyN magnetic tunnel junction and (b) the
temperature-dependent resistance measured at different applied currents. In (a) a linear relationship can be seen at lower voltages,
with a non-linear regime developing above voltages of ~0.1 V. The dashed line is added as a guide to the eye for a gradient of unity.
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Figure 5. Magnetoresistance plot for the high-impedance DyN/LuN/GdN magnetic tunnel junction with the field being swept from
+8 T down to —0.06 T (blue) and then back to 48 T (red). The difference in resistance between the two sweeps at 0 T (black line) is

~1.2%.
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Figure 6. Magnetoresistance plot for the low-impedance DyN/Lu/GdN in-plane conduction device for increasing (red) and
decreasing (blue) field sweep directions between + 1 T. A minor sweep (purple) shows the magnetoresistance values for increasing
magnetic field when the device is taken down to —0.3 T. A solid black line is shown at 0 T to highlight the difference between
increasing and decreasing O T resistance values for the minor sweep and the dashed black lines indicate 4 0.3 T near the maximum
magnetoresistance.

MR = (Rap — Rp) /Rp 1)

The magnetoresistance at 5 K for this GAN/LuN/DyN device is subsequently found to be 19.2%, using
values for Rypand Rpclose to 0 T'and 8 T respectively. Hysteresis is observed, with resistance dependent on the
direction of the magnetic field sweep and a clear peak in resistance at a magnetic field corresponding to the
coercive field of GAN ~0.06 T. At this magnetic field, the magnetisation in the GdN layer has switched direction
so that the two FM layers have their magnetisation anti-aligned, resulting in a high-resistance state. By sweeping
the field to this peak and then reversing the direction of the magnetic field sweep, this high-resistance state is able
to be preserved at 0 T. The difference between the high- and low-resistance states of the GAN/LuN/DyN tri-
layer at zero-field is ~1.2%.

3.3. Low-impedance device

We now turn to the low-impedance CIP device. The field-dependent magnetoresistance of this device is shown
in figure 6 which shows a zoom between £1 T of a full-field hysteresis loop between £8 T. The device is thus
taken though both parallel and anti-parallel states, corresponding to the peaks in the resistance near +0.3 T. The
magnetoresistance at 5 K was ~0.8%, which is noteworthy for a tri-layer structure, and comparable even to some
multi-layered GMR-based devices on the order of 1% [33, 34].

The purple trace in figure 6 shows a measurement where the device was taken from the parallel low-
resistance state, to the anti-parallel high-resistance state, and then through zero field. Here we see that the high
resistance state is found near —0.3 T and, importantly, that this high resistance state is retained at zero field. The
difference in resistive states at zero-field observed here was ~0.04%. While it is noted that the magnetoresistance
values presented here for both devices are smaller than expected for typical metallic ferromagnet-based devices,
they are on the order of other magnetically controlled ferromagnetic semiconductor-based devices, here with
the added demonstration of retention [34-38].

4, Conclusions

We have demonstrated both a non-volatile magnetic tunnel junction and an in-plane conduction device using
GdN and DyN as the ferromagnetic layers, with a maximum difference in resistive states of ~1.2% at zero-field.
GdN and DyN layers were shown to be sufficiently decoupled and individual magnetic transitions were observed
for each ferromagnetic layer. This work serves as clear evidence for the potential of REN materials as
ferromagnetic layers in non-volatile cryogenic memory storage devices, opening the door to further structures
using these materials in epitaxial or multi-layer devices.
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