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Magnetoresistance (MR) controls signal-to-noise ratios and the corresponding size
of conventional spintronic devices [1]. For example, the read head of a hard disk drive
(HDD), which has been the most commonly used magnetic storage, decreases the size by
improving the MR ratios from a few percent with anisotropic MR (AMR) up to 77% with
giant MR (GMR) [2] and to up to 604% with tunnelling MR (TMR) [3] at room temperature.
This trend increases its areal recording density due to the reduction in the resulting data
bit size. However, the MR ratio has not been improved over the last decade, as shown in
Figure 1. This has caused magnetic storages to improve and memories to become slower. In
addition, cross-talk between TMR junctions due to the stray fields from their ferromagnetic
layers cannot be ignored for further integration. This means alternative materials and/or
mechanisms need to be developed for next-generation spintronic devices, especially for
storage and memory applications. A strong candidate is antiferromagnetic materials, which
do not produce any stray fields.

Figure 1. Evolution of TMR ratios at room temperature [4].

Antiferromagnetic materials have been investigated intensively both theoretically and
experimentally since their initial discovery by Louis Néel [5]. One of the major applications
of antiferromagnets has been to induce interfacial exchange coupling to pin the magneti-
sation of a neighbouring ferromagnetic layer. This results in a shift in the corresponding
magnetisation curve, which can prove the concept of the spin-valve structure [6]. The
spin-valve is a basic building block for a HDD read head. Recently, using an electrical
current flowing within an antiferromagnetic layer, spin polarisation has been demonstrated
to be induced, leading to antiferromagnetic spintronics [7]. For these applications, an IrMn3
alloy has been predominantly used due to its corrosion resistance and robustness against
device fabrication processes at the nanometre scale in both the thickness and in-plane
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dimensions. However, in order to increase the signals of the antiferromagnetic devices, the
development of a new material is highly required.

This Special Issue consists of one review and six research articles. The first four
articles cover the development of new antiferromagnets for magnetic recording and beyond.
Vallejo-Fernandez et al. provided a review on the recent progress in antiferromagnetic films
to induce exchange bias onto a neighbouring ferromagnetic film at room temperature [8].
They focused on MnN, achieving the exchange bias of >1 kOe and the anisotropic constant
of ~106 erg/cm3. Such a film can offer an alternative to the antiferromagnetic IrMn3 used
in a magnetic recording to avoid the use of critical raw materials.

Similar efforts using oxides were made by Shiratsuchi et al. to achieve a large per-
pendicular exchange bias induced by the magnetoelectric effect in Cr2O3 [9]. The effect
can be used to control antiferromagnetic domain states, which can be read out by the
magnetisation of the adjacent ferromagnetic layer coupled via the exchange bias induced at
their interface. They identified two switching processes: the magnetoelectric field cooling
and isothermal modes. The asymmetry yields was reported to be 3.7 ± 0.5 ps/m at 273 K,
which is comparable with that of the bulk Cr2O3.

Additionally, Huminiuc et al. grew and characterised polycrystalline Ni2MnAl
Heusler alloy films [10]. For the demonstration of room-temperature antiferromagnetism,
Fe and Co have been used for partial substitution of Ni. The Fe substitution showed an
increase in the magnetic moment with increasing Fe content, while Co substitution can
effectively reduce the crystallisation temperature down to 300 ◦C but with ferromagnetic
Co2MnAl segregation. Further compositional optimisation can achieve stoichiometry while
maintaining reduced crystallisation in the pseudo-B2 phase temperature for antiferromag-
netic spintronics.

Ranjbar et al. also reported a large perpendicular exchange energy in rare earth
alloys, TbxCo100−x/Cu/[Co/Pt]2 heterostructures [11]. They controlled two competing
mechanisms: the effect of Tb content on saturation magnetisation and the coercivity of
heterostructures. They demonstrated that the perpendicular exchange energy can be
controlled by a Cu interlayer with thicknesses between 0.2 and 0.3 nm up to 1 erg/cm2

at x = 24 and at room temperature. Such a structure can be used in magnetic memory
and sensors.

As a new application, magnetisation dynamics in antiferrmagnets were also cov-
ered by three articles theoretically and experimentally. Chen et al. demonstrated the
manipulation of magnetisation dynamics in the time and frequency domains in a synthetic
antiferromagnet using micromagnetic simulations [12]. They found that the time-evolution
magnetisations of the two ferromagnets oscillate in-phase at the acoustic mode and out-
of-phase at the optic mode. Their simulations confirmed that magnon coupling can be
induced in a hybridised resonance mode with a phase difference of up to 90◦ with respect
to the coupling strength. Their method can provide an opportunity to control the magnon
interaction in a synthetic antiferromagnet.

Safin et al. discussed a new model for detecting THz frequency signals using antifer-
romagnetic resonance [13]. The conversion of an electromagnetic signal in THz frequency
into a direct current (DC) voltage was calculated and found to be achievable via the inverse
spin Hall effect in an antiferromagnet/heavy metal bilayer. Their calculations agreed with
an experimentally measured detector sensitivity of 10−5–10−6 V/W. The sensitivity can
be improved by increasing the magnitude of the bias magnetic field or by decreasing the
thickness of the antiferromagnetic layer.

Kim et al. reported the deposition of a crystalline gadolinium iron garnet (GdIG)
using a metal organic decomposition method [14]. They demonstrated antiferromagnetic
exchange of the rare earth Gd in a ferrimagnetic insulator. For the optimised GdIG films,
the magnetic compensation was measured to be at 270 K and the damping constant was
measured to be of an order of 10−3 based on ferromagnetic resonance measurements.
Such a deposition method can offer a high-throughput procedure for ultrafast magnonic
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applications. Magnons (the quanta of spin waves) can be used to encode information
beyond Moore computing applications.
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Abstract: There is significant interest worldwide to identify new antiferromagnetic materials suitable
for device applications. Key requirements for such materials are: relatively high magnetocrystalline
anisotropy constant, low cost, high corrosion resistance and the ability to induce a large exchange
bias, i.e., loop shift, when grown adjacent to a ferromagnetic layer. In this article, a review of recent
developments on the novel antiferromagnetic material MnN is presented. This material shows
potential as a replacement for the commonly used antiferromagnet of choice, i.e., IrMn. Although the
results so far look promising, further work is required for the optimization of this material.

Keywords: antiferromagnetic spintronics; spintronics; exchange bias; MnN; magnetism and mag-
netic materials

1. Introduction

In 2014, Zhang et al. [1] showed that nontrivial spin Hall effects occur in metallic
antiferromagnets such as FeMn, PtMn and IrMn. These results provided evidence that
significant spintronic phenomena occur in antiferromagnetic (AF) materials. More recently,
Wadley et al. [2] showed that spin–orbit torque could be used to switch CuMnAs electrically.
Similarly, Bodnar et al. [3] and Meinert et al. [4] used relativistic Néel spin–orbit torques
to switch the Néel vector in Mn2Au. Spin–orbit torques in AF materials have also been
used to switch the magnetization of an adjacent F layer, e.g., [5]. The ability to manipulate
the orientation of the AF axes using a spin-polarized current is of huge importance, as
AF materials have a relaxation time of ~10−12 s compared to 10−9 s for ferromagnetic (F)
materials [6]. Hence, in principle, a switching device based on an AF material would be
capable of being many times faster than a conventional Magnetic Random Access Memory
(MRAM) device. Such devices would also offer the advantage of not being subject to the
demagnetizing field effect present in conventional F devices. AF-based spintronic devices
can also be deployed in unconventional computing architectures such as neuromorphic
computing, where artificial synapses can be used to execute complex cognitive tasks,
e.g., [7]. For these reasons, there has been a significant increase in the level of worldwide
activity in the field of AF materials. For a recent review on the topic of AF spintronics, see
Reference [8].

The most successful spintronic devices to date are those based on the Giant Magne-
toresistance (GMR) effect, i.e., spin-valve, and Tunneling Magnetoresistance (TMR) effect,
i.e., tunnel junction, which have formed the basis of the read-head sensor of a Hard Disk
Drive (HDD) for decades. AF materials are used in these devices to pin the magnetization
of an F (reference) layer via the exchange-bias effect. This effect manifests itself as a shift
in the hysteresis loop of the pinned F layer along the field axis. That F layer serves as a
magnetic reference in the stack, which is necessary for sensing and MRAM applications.
In addition, an enhancement in the coercivity of the material is typically observed. The
exchange bias originates from the interplay of interactions across the F/AF interface and
the bulk magnetocrystalline anisotropy of the AF. For a review on the topic of exchange
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bias, see Reference [9]. The first AF material to be used in a GMR commercial device was
NiO, which was soon replaced by the metallic alloy FeMn. Although the thermal stability
of the devices was significantly improved by doing so, corrosion resistance issues led to
the replacement of FeMn by IrMn in the mid-1990s. To this date, IrMn is the material
of choice for most industrial applications. PtMn, a simple L10 alloy, has been used in a
thermal MRAM device but not in read heads due to the need for it to be annealed into the
L10 structure [10]. However, Ir is one of the scarcest materials on Earth, making it very
expensive. Hence, there is great interest worldwide in the identification of new, usable
AF materials that could replace IrMn. The main requirements for such a material are:
relatively high anisotropy energy density, which controls its thermal stability; low cost;
high corrosion resistance and the ability to induce a significant exchange bias, i.e., loop
shift, when grown adjacent to an F layer.

Over the last several years, there have been a number of publications exploring
the properties of the equiatomic AF alloy MnN. For instance, broadband ferromagnetic
resonance and in-plane angle-dependent measurements have been used to determine the
in-plane anisotropies and relaxation of MnN/CoFeB bilayers [11]. One of the attractive
properties of this material is that scarcity is not an issue. While there are only ~10−5 atoms
of Ir/million atoms of silicon, Mn is much more abundant (~103 atoms Mn/million atoms
of silicon). Given that almost 80% of the air we breathe is nitrogen, low cost is a given for
this compound. In this article, a review of the recent advances in the study of this material
will be presented.

2. Manganese Nitride: The Material

Manganese nitride is a complex material that exists in a number of phases, as shown
in Figure 1. Depending on the stoichiometry and growth temperature, this compound
can exist in a paramagnetic, ferrimagnetic or antiferromagnetic state [12]. Of particular
interest to this review article is the tetragonal slightly distorted rocksalt θ phase, θ-MnN,
which is AF. From now on, this phase will be referred to simply as MnN. Polycrystalline
MnN thin films can be grown by reactive sputtering in a mixed Ar and N2 atmosphere
at temperatures below 673 K and a nitrogen concentration >40% [13]. A 50:50 mixture at
a deposition pressure of 2.3 × 10−3 mbar has been proposed as the optimum deposition
conditions, although the exact parameters are likely to depend on the deposition system
and the details of the sputtering geometry [14].

 

Figure 1. Binary phase diagram of Mn-N. (Redrawn with permission from Journal of Materials
Chemistry; published by the Royal Society of Chemistry, 2000) [13].

Neutron powder diffraction experiments have shown that the magnetic order of bulk
MnN is collinear AF-I type, i.e., sheet structure with the Mn spins aligned parallel within
the c planes [13]. In the same study, the spin orientation was observed to vary as a function
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of temperature. While at temperatures close to the Néel temperature (~650 K), the moments
aligned along the c-axis, at room temperature, the spins were found to be tilted at 23◦ to
the c-axis. These samples were nitrogen deficient. Similar studies on samples where the
MnN was saturated suggested that the spin direction was along the c-axis [15]. In both
cases, the Mn atoms had a magnetic moment of 3.3 μB at room temperature. More recently,
a theoretical study has suggested that the spin alignment is along the c-axis [16]. The
authors found that the first nearest-neighbor isotropic exchange interactions are AF, while
the second nearest-neighbor interactions are strongly ferromagnetic. It was concluded that
the interplay between these interactions leads to the AF-I-type ground state. The crystal
structure for the θ-MnN phase is shown schematically in Figure 2. It has a tetragonal
structure with a lattice constant of a = 4.256 Å and c = 4.189 Å at room temperature resulting
in a c/a ratio of 0.984. Interestingly, the easy anisotropy axis lies perpendicular to the long
axis of the crystal, as shown in Figure 2. Hence, it might be possible that slight variations
in composition might result in modifications to the lattice constant (e.g., increasing the
nitrogen content increases the lattice constant) and, potentially, the anisotropy constant of
this material. The Néel temperature of this material is slightly higher than 650 K [13], so
very similar to that of IrMn, which is ideal for device applications.

Figure 2. Schematic crystal structure of MnN: green (bigger) spheres correspond to manganese atoms,
while smaller, lighter spheres represent nitrogen atoms. The AF-I antiferromagnetic ground state
with spin alignment along the c-axis is represented by the arrows (planes) of red and blue (orange
and light blue) color.

3. Exchange Bias: In-Plane Studies

In an initial study, Meinert et al. [14] studied the dependence of the exchange bias in
MnN/CoFe bilayers at room temperature as a function of the thickness and crystallinity of
the AF layer. A typical hysteresis loop from this study is shown in Figure 3 [14].

The crystallinity of the bilayers was controlled both during and after deposition. Sam-
ples with composition Ta(10 nm)/MnN(tAF)/Co70Fe30(tF)/Ta2O5(2 nm) were deposited on
thermally oxidized Si wafers. The thickness of the AF layer, tAF, was varied in the range
of 6 to 48 nm, while the CoFe thickness, tF, was varied in the range of 1 to 2.2 nm. After
deposition, the samples were annealed at temperatures up to ~600 K in a 6.5 kOe magnetic
field. The Ta seed layer grew with (011) orientation and very small grains (~1 nm). Before
annealing, the lattice constant of MnN was larger than 4.256 Å, the bulk value reported in
the literature. The lattice constant in the film plane was measured as a = 4.10 Å, resulting in
a c/a ratio of 1.04. The variation of the loop shift as a function of tAF is shown in Figure 4
(solid red circles). The behavior is identical in shape to that observed for IrMn, whereby no
loop shift is observed up to a given value of tAF. This is probably due to a combination
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of factors. As the thermal stability of the AF grains is increased via the increase in tAF, a
sharp onset in the exchange bias is expected. The exchange bias then peaks around a value
of tAF of 30 nm, decreasing following a ~1/tAF behavior for thicker films. Following the
York model of exchange bias for polycrystalline films, this is a consequence of the shape
of the energy barrier to reversal in the AF layer, which is controlled by the distribution of
grain volumes, which is lognormal [9]. This is shown schematically in Figure 5. Below a
critical volume, Vc, the grains are thermally unstable at the temperature of measurement
and do not contribute towards the loop shift. At the higher end of the distribution, there is
a second critical volume, Vset, above which the grains cannot be set and remain unaligned
with the F layer upon annealing. Hence, it is only the grains with volumes between Vc
and Vset that contribute to the loop shift. Ideally, both critical volumes will be outside
the distribution so that the entire AF contributes towards the loop shift. In many cases,
as the thickness of the AF layer is increased, a larger fraction of the AF grains cannot be
set. Due to the shape of the tail in the lognormal distribution, the exchange bias decreases,
mimicking a 1/tAF dependence as mentioned earlier.

Figure 3. Typical hysteresis loop for a MnN/CoFe exchange bias system. (Reproduced with permis-
sion from M. Meinert, Physical Review B; published by the American Physical Society, 2015) [14].

 

Figure 4. Variation of the exchange bias (solid red circles) and coercive field (blue squares) as a
function of MnN thickness. (Reproduced with permission from M. Meinert, Physical Review B;
published by the American Physical Society, 2015) [14].
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Figure 5. Schematic diagram of the energy barrier to reversal in the AF layer.

A critical difference between the behavior of MnN and IrMn is that the peak in the
loop shift as a function of tAF occurs at much lower thicknesses (~8 nm) for the latter. This
is probably due to the lower magnetocrystalline anisotropy of MnN (~6 × 106 erg/cm3)
compared to that of IrMn (up to ~3 × 107 erg/cm3). A second factor that controls the
dependence of the loop shift on tAF is nitrogen desorption upon thermal annealing. In
thinner films, nitrogen desorption can lead to a change in the MnN phase to Mn4N, which
is not antiferromagnetic, as shown in Figure 4. Thicker films have sufficient nitrogen
to withstand desorption effects to higher temperatures. This conclusion was supported
by the annealing data, whereby samples with thicker AF layers could withstand higher
annealing temperatures before the magnitude of the loop shift was observed to decrease.
The dependence of the exchange bias on tF follows the expected ~1/tF behavior typical of
exchange-bias systems.

The influence of the deposition pressure, annealing temperature and nitrogen content
was also investigated [14]. The behavior was quite complex. For instance, while the
coercivity was not found to depend greatly on the deposition pressure, the exchange bias
was found to decrease almost linearly as the deposition pressure was increased. The
annealing temperature dependence was even more complicated. A double ‘peak’ was
observed in the magnitude of the loop shift as a function of the heating temperature. This
trend was attributed to an irreversible structural or magnetic transition at the MnN/CoFe
interface. In some cases, the annealing temperature was higher than the Néel temperature of
the alloy at which point MnN undergoes a recrystallization process which might affect the
coupling at the F/AF interface. Again, it is likely that these properties will be (deposition)
system dependent.

The thermal stability of the bilayers was assessed via measurement of their median and
maximum blocking temperature [14]. Although the thermal stability was lower than that of
IrMn-based systems, especially when the thicknesses of the AF layers used in this study are
taken into account, a median blocking temperature greater than 373 K was measured for
tAF > 15 nm. Importantly, it was found that MnN is rather robust against oxidation, which
is critical for device applications. This, coupled with the fact that large exchange-bias values
of 1.8 kOe were measured, highlights the potential of MnN for spintronic applications.
However, further work is required for the optimization of the growth conditions of this
alloy. For instance, controlling the N/Ar mixture during deposition can result in loop shifts
in excess of 2.7 kOe at room temperature and an enhanced thermal stability and median
blocking temperature > 450 K for compositionally identical structures [17].

The effects of field annealing were further investigated as a function of the thickness
of the MnN layer and the field annealing temperature in Ta/MnN/CoFeB exchange-bias
systems in a more recent paper [18]. It was found that for thick (48 nm) MnN films, the
exchange bias increased due to an improvement in the crystallinity of the films. However,
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for thinner films (30 nm), the exchange bias was found to decrease and even disappear due
to nitrogen migration into the Ta buffer layer, which modified the antiferromagnetic state.
Intermixing at the MnN/CoFeB interface was also observed, which was also attributed
to the nitrogen deficiency in the MnN layer after annealing in a field. When not enough
nitrogen was present, Co and Fe diffused into the MnN, resulting in the reduction of the
measured exchange bias. It was suggested that the inclusion of a diffusion barrier layer
between the Ta seed layer and the MnN layer might allow for higher annealing temperature
to be used without degrading the properties of the films. This is critical if thinner layers
were to be used.

Doping has been shown to enhance the thermal stability of MnN/CoFe exchange-
bias systems [19]. Undoped samples with structure Ta(10 nm)/MnN(30 nm)/Co70Fe30/
(1.6 nm)/Ta(0.5 nm)/Ta2 O5(5 nm) were deposited on thermally oxidized Si wafers. The
samples were annealed at ~600 K in a 6.5 kOe for 15 min. Density Functional Theory
(DFT) was used to calculate the defect energies for substitution of one Mn atom in the
MnN lattice by a different element. Elements calculated to have both negative and positive
defect energies were chosen for this experiment. In particular, Ti, Y, Si, Cr and Fe were
selected. Doping elements were added by cosputtering from an RF source. A low power
was used to ensure modest doping concentrations. After annealing the crystal structure
of the samples was investigated by X-Ray diffraction. The position of the (002) MnN
peak was found to shift towards lower angles, indicating a larger lattice constant when
elements with a negative defect energy, i.e., Ti, Y, Si and Cr, were used, suggesting that low
levels of nitrogen diffusion occurred. On the other hand, when elements with a positive
defect energy, i.e., Fe, were used, the (002) peak was shifted towards higher angles when
compared to the undoped samples. It was suggested that in this case, significant diffusion
occurred because of the weaker binding of nitrogen.

The exchange bias and thermal stability of the doped/undoped samples were investi-
gated as a function of the annealing temperature (273–825 K). The thermal stability of the
samples doped with negative defect energies was increased. However, this enhancement
was accompanied by a reduction in the magnitude of the loop shift. A similar trend has
been observed in IrMn-based exchange-biased systems, whereby the choice of seed layer
material has been shown to increase/decrease the anisotropy/loop shift [20]. Modest
doping with Ti (3%) or Y (2%) resulted in a loop shift > 1 kOe for annealing temperatures
up to ~750 K, as shown in Figure 6, and an enhancement in the thermal stability of 100 K
when compared to the undoped sample. Doping with Fe, which has a positive defect
energy, showed a negative effect on the thermal stability of MnN/CoFe in agreement with
DFT calculations.

Over the last few years, it has become apparent that the Ta buffer layer is key to the per-
formance of MnN-based exchange-bias systems, as it acts as a crystallographic seed layer
for the MnN to grow on and a nitrogen sink during the annealing process. The effect of nitro-
gen diffusion in Ta/MnN/CoFeB stacks has been investigated as a function of the Ta layer
thickness [21]. Samples with composition Ta(tTa)/MnN(30 nm)/Co40Fe40B20(1.6 nm)/Ta
(0.5 nm)/Ta2O5(2 nm) were prepared on thermally oxidized Si wafers. The thickness
of the Ta layer, tTa, was varied in the range of 1 to 15 nm. The samples were annealed
at temperatures between 373 and 823 K. While increasing the thickness of the Ta layer
improves the crystallinity of the MnN layer, thinner Ta layers provide a smaller nitrogen
sink. This leads to a trade-off between thermal stability and large exchange bias. The effect
of introducing a TaNx layer between the Ta seed and the MnN layers was also investigated
in the same article [21]. Although the introduction of this extra layer can enhance the
thermal stability of the bilayers, it has a negative effect on the magnitude of the loop shift.
The data obtained highlighted the complicated nature of MnN, as many interconnected
factors can result in structural/magnetic phase transitions. Hence, further work is required
in this area to optimize the thermal stability and exchange bias properties of MnN-based
exchange bias systems.
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Figure 6. Exchange bias as a function of annealing temperature for different dopant elements: (a) Ti, (b) Y, (c) Fe. The
reference measurement (ref) refers to an undoped sample. (Adapted from M. Dunz, Büker and M. Meinert, Journal of
Applied Physics 124, 203, 902 (2018); doi:10.1063/1.5051584) [19].

4. Exchange Bias: Out-of-Plane Studies

Magnetic multilayers with perpendicular magnetic anisotropy are also of great interest
for spintronic applications given the lower critical current density needed for spin-transfer
torque switching when compared to in-plane anisotropy systems, e.g., [22]. Hence, the
possibility of achieving a large out-of-plane loop shift using MnN is of great interest. Zilske
et al. [23] reported a giant perpendicular exchange bias of 3.6 kOe at room temperature in
MnN/CoFeB bilayers. The samples had a similar composition and identical deposition
conditions to some of the in-plane samples described earlier. The main difference was
in the direction of the applied field used during the annealing process. In this case, the
samples were annealed at temperatures in the range of ~400–700 K in a vacuum furnace
in the presence of a 6.5 kOe out-of-plane field. This highlights the potential of MnN for
integration into perpendicular magnetic tunnel junction/spin valves.

5. Anisotropy Constant

Another key requirement for a given AF material to be considered as a candidate for
device applications is that it must have a relatively high magnetocrystalline anisotropy.
Sinclair et al. [24] reported the first experimental measurement of the anisotropy constant of
MnN in thin-film form from the measurement of the distribution of blocking temperatures
in a MnN(tAF)/CoFe(2 nm) exchange-bias systems. A detailed description of the technique
used can be found in Reference [25]. Briefly, in order to determine K, the samples are
initially set at a temperature Tset in a positive saturating field for a period of time Tset.
The samples are then cooled to a temperature, TNA, where the AF layer is free of thermal
activation. The field is then reversed so that the F layer is now saturated in the opposite
direction. By increasing the temperature of the sample to a temperature Tact for a period of
time Tact, the AF grains are progressively reversed. The samples are then cooled to TNA,
and the hysteresis loop is measured. By increasing the value of Tact, the energy barrier
distribution within the AF is mapped. As a result, the hysteresis loop shifts from negative
to positive field values. The critical point for the measurement of K is the value of Tact
at which the exchange bias goes to 0. This is commonly known as the median blocking
temperature as, at the point, half of the AF grains are oriented in the original setting
direction and half of the grains in the opposite direction. Assuming the grain volume
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distribution within the sample is known, the value of K can be calculated using the median
grain volume following that antiferromagnets are subject to thermal activation following a
Néel–Arrhenius law. Figure 7 shows the blocking temperature distribution for samples of
varying MnN thicknesses. From these data, it was concluded that MnN has an anisotropy
energy density of 6.3 × 106 erg/cc as compared to a maximum anisotropy constant of
3.2 × 107 erg/cc for IrMn [20]. However, thicknesses > 20 nm appear to be necessary to
achieve thermal stability above room temperature due to the small grain sizes (~5 nm). If
the lateral grain size of the films could be increased by tuning the deposition conditions, it
seems reasonable to suggest that the thickness of the MnN could be reduced, making it a
very suitable candidate for device applications.

Figure 7. Reverse field cooling experiment as a function of the MnN thickness. (Reproduced with
permission from G. Vallejo-Fernandez, Journal of Magnetism and Magnetic Materials; published by
Elsevier, 2019) [24].

6. Electrical Switching

The low anisotropy energy of MnN grains, especially at low thicknesses, can in some
cases be seen as an advantage. The spin–orbit torque-induced electrical switching of
polycrystalline MnN layers with the spin Hall effect of Pt has recently been studied [26].
The electrical manipulation of the magnetic order with current pulses was observed over
a broad temperature range between 160 K and 260 K. With increasing temperature, a
more efficient switching of the magnetic order was observed, with a simultaneous re-
duction in the relaxation time for randomization of the magnetic order. The analysis of
the magnetocrystalline anisotropy in Reference [24] and the quantitative analysis of the
temperature-dependent relaxation dynamics both consistently point to an energy barrier
of 0.5 eV to 0.7 eV for the grains that participate in the observed switching. This renders
the magnetic order of MnN easily switchable with the spin Hall effect but at the expense of
a rapid thermal relaxation back to a disordered equilibrium. The same grains that are only
weakly blocked or unblocked in the switching experiment do not contribute to exchange
bias because of their relaxation dynamics.

7. Conclusions

Over the last few years, MnN has been demonstrated to show potential as a new
AF material for spintronic applications. A summary of the properties of this compound
compared to other Mn-based AFs is given in Table 1. This material can exist in a tetragonal
structure, which by its very nature creates an anisotropy. One of the main advantages of this
alloy compared to conventionally used AF materials is its low cost. Significant loop shifts,
similar to values obtained for IrMn-based systems, have been achieved both for in-plane
and out-of-plane MnN-based exchange-bias systems. However, the growth conditions
and postdeposition treatment(s) for this compound are yet to be optimized. Large AF
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thicknesses are still required to observe the desired magnetic properties. It has also become
apparent that the Ta buffer layer commonly used is critical to control the crystallinity of the
MnN layer and the level of nitrogen diffusion observed upon thermal annealing. It might
be possible that other materials offer better performance than Ta, and/or high-temperature
deposition of the buffer layer might result in an increase in the crystallinity of the adjacent
MnN layer. Tuning the deposition conditions of the MnN layer might result in an increase
in the lateral grain size of the films, which would allow for a reduction in the thickness of
the MnN layer. Furthermore, it is feasible that slight variations in composition might result
in modifications to the lattice constant of the MnN films and, potentially, the anisotropy
constant of the material. The mutually consistent results from the exchange bias and
electrical switching studies corroborate our understanding of the importance of thermal
activation in both phenomena in granular antiferromagnetic systems. While MnN is a
novel but already well-studied antiferromagnet, open questions remain. How does the
exchange bias behave in highly crystalline, epitaxial MnN thin films? What is the easy axis
or easy plane of the polycrystalline MnN films, and how does it influence the observed
exchange bias in detail? Thus, it seems like there is much more work to be done on MnN
before our understanding of this intriguingly complex material is complete.

Table 1. Summary of the main properties of Mn-based AF materials.

Material Crystal Structure Cost
Typical Exchange Bias

(kOe)
Anisotropy Constant

(erg/cm3)

FeMn fcc Low <1 ~105 [27]
IrMn fcc High >1 ~107 [20]
PtMn L10 High <1 ~107 [28]
MnN fct Very low >1 ~106 [24]
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Abstract: Magnetoelectric (ME) effect is a result of the interplay between magnetism and electric
field and now, it is regarded as a principle that can be applied to the technique of controlling the
antiferromagnetic (AFM) domain state. The ME-controlled AFM domain state can be read out by the
magnetization of the adjacent ferromagnetic layer coupled with the ME AFM layer via exchange bias.
In this technique, the reduction in the ME layer thickness is an ongoing challenge. In this paper, we
demonstrate the ME-induced switching of exchange bias polarity using the 30-nm thick ME Cr2O3

thin film. Two typical switching processes, the ME field cooling (MEFC) and isothermal modes,
are both explored. The required ME field for the switching in the MEFC mode suggests that the
ME susceptibility (α33) is not deteriorated at 30 nm thickness regime. The isothermal change of the
exchange bias shows the hysteresis with respect to the electric field, and there is an asymmetry of the
switching field depending on the switching direction. The quantitative analysis of this asymmetry
yields α33 at 273 K of 3.7 ± 0.5 ps/m, which is comparable to the reported value for the bulk Cr2O3.

Keywords: magnetoelectric effect; antiferromagnetism; Cr2O3 thin film; exchange bias

1. Introduction

Controlling antiferromagnetic (AFM) domain has been an active pursuit because
of the possible applications, such as ultrahigh density storage and THz devices. The
difficulty is mainly in the control and detection of the AFM domain state because no net
magnetization emerges from AFM materials. So far, some techniques to control the AFM
domain state have been proposed, such as spin orbit torque [1]. The magnetoelectric
(ME) effect, an induction of magnetization (M) by an electric field (E) or an induction of
electric polarization (P) by a magnetic field (H), is also one root. The ME effect appears
in some insulating antiferromagnets as a result of the simultaneous breakings of time-
and spatial-inversion symmetries. The strength of the ME effect is quantified by the ME
susceptibility α (= dM/dE = dP/dH). The linear ME effect was experimentally observed in
the bulk Cr2O3 crystal in the early of 1960s [2,3]. In 1966, Martin and Anderson revealed,
based on the symmetrical argument, that the sign of α depends on the orientation of Néel
vector and the AFM domain state was consequently controllable [4]. Now, the linear ME
effect of Cr2O3 has been recognized renewably as the ferroic feature in the presence of the
finite E or H [5], and it was confirmed by the Cr2O3 thin film [6].

For the detection of the AFM domain state, the usage of exchange bias at the ferro-
magnetic (FM)/AFM interface [7] or the anomalous Hall effect (AHE) in the heavy metal
such as Pt on AFM [8] has been proposed. The device architecture based on the former
scenario was proposed by Chen et al., as ME-random access memory (ME-RAM) [9]. The
former scenario is based on the fact that the ME-controlled AFM domain state is detectable
via the FM magnetization with the assumption that the exchange bias polarity is coupled
with the AFM domain state. The detection of ME-controlled Cr2O3 domain state was first
demonstrated using the bulk Cr2O3 substrate [7] and it has been developed to all-thin-film
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system with the Cr2O3 layer [10,11]. Notably, the above prerequisite has also been proven
experimentally by means of the element-specific magnetic domain observation [12]. In this
approach, the large output signal is expected so that the output voltage is determined by
the FM magnetization direction. Another approach based on the AHE of the heavy metal
has the benefit that the stacking structure is very simple and the switching energy can
be reduced compared with the former scenario because the interfacial exchange coupling
with the FM spin is absent. Instead, the output voltage could be small. At the first stage
for both attempts, the Cr2O3 thickness is high, typically above 200 nm [10,11,13–15], and
the reduction in the Cr2O3 thickness is an ongoing demand. Until now, the switching of
the exchange bias polarity was realized using the 50-nm thick Cr2O3 [16] and the AHE
detection was confirmed down to 20-nm thick Cr2O3 regime [17]. In particular, the former
scheme has a prerequisite that the exchange bias has to maintain the low Cr2O3 thickness. It
was reported that the critical thickness of the appearance of the exchange bias was relevant
to the AFM domain wall width [18]. For the case of Cr2O3, the AFM domain wall width is
reported to be 20–60 nm depending on the lattice deformation [19]. Hence, it is important
to investigate the applicable thickness of former scheme below 50 nm. In this paper, we
explored the reduction in Cr2O3 thickness in the former approach and demonstrate the
ME-induced switching of the exchange bias polarity using the 30-nm thick Cr2O3 layer.

There are two typical ME field application processes: ME field cooling (MEFC) and
isothermal switching. In the previous reports, mainly the ME field cooling (MEFC) process
was done. The isothermal mode was not as much because of the difficulty despite its
importance for practical use. This is partly because for the isothermal switching, the high
dielectric resistance is required because of the high required ME energy compared with
the MEFC mode [15,20]. In this paper, we present both types of switching. Based on the
required field condition, we show that the ME susceptibility (α) is not deteriorated in the
30-nm-thickness regime.

2. Materials and Methods

Pt 2 nm/Co 0.25 nm/Au 1.0 nm/Cr2O3 30 nm/Pt 20 nm stacked film was prepared
on an α-Al2O3(0001) substrate. The film preparation was done by the DC magnetron
sputtering system with the base pressure below 1 × 10−6 Pa. The 20-nm-thick Pt layer was
deposited at 873 K on the ultrasonically cleaned substrate as a buffer layer to align the
crystallographic orientation of the Cr2O3 layer. The Pt-buffer layer also works as the bottom
electrode to apply E to the Cr2O3 layer. The Cr2O3 was formed by sputtering of a pure Cr
target in Ar + O2 gas mixture at the substrate temperature of 773 K. The 1.0-nm thick Au
layer was used to tune the strength of the interfacial exchange coupling JINT between Co
and Cr2O3 [21]. Unless the suitable spacer layer was inserted, the exchange bias cannot be
maintained in the temperature regime where the ME susceptibility is high [15]. The Co
and Pt top layers were deposited at room temperature. The 2-nm thick Pt layer prevents
the oxidization of ultrathin FM Co layer and also acts as the induction of the perpendicular
magnetic anisotropy. The crystallographic orientation of each layer was characterized
by using a reflection high-energy electron diffraction (RHEED). The RHEED chamber is
directly connected to the sputtering chamber, and hence the RHEED observations could
be done without exposing the sample to air. As shown in Figure 1, the RHEED pattern on
the Cr2O3 layer is streaky, which shows the flat surface. The diffraction pattern indicates
that the Cr2O3 layer grows with the c-axis along the growth direction and that the twin
boundary is included along the [1120] direction.
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Figure 1. Reflection high-energy electron diffraction RHEED images of Cr2O3 layer with (a) [1100] and (b) [1120] azimuth.

X-ray reflection (XRR) measurement was carried out to confirm the well-defined
stacking structure. The XRR profile shown in Figure 2a shows the clear oscillation above
2θ/ω of 14◦, which proves the sharp interfaces and the well-defined stacking structure. The
FFT analysis of the oscillation gives the actual Cr2O3 thickness as 31.6 nm. In the high-angle
X-ray diffraction (XRD) profile shown in Figure 2b, any diffraction peaks other than Pt(111)
and α-Al2O3(0001) substrate were not observed. Many Laue fringes were observed around
the Pt(111) diffraction peaks (Figure 2c), which indicate the good crystalline quality of
the Pt buffer layer. It should be note that the diffraction peaks from the Cr2O3 layer are
overlapped with those from the Pt(111)/Pt(222) diffraction peaks. The diffractions from the
Cr2O3 layer could be masked because of the larger atomic scattering factor of Pt compared
with Cr3+ and O2-.

Figure 2. (a) X-ray reflection (XRR), (b) high-angle 2θ/ω profile of the film. (c) represents the enlarged profile of (b) around
2θ/ω = 30-50◦. Black and red lines in (a) represent the experimental result and the fitted result, respectively. Blue line in (c)
represent the calculated profile using the Laue function.

Magnetic characterizations were carried out mainly by means of the AHE measure-
ments after applying the ME field. For the AHE measurements, the film was patterned into
the microdot with 15 μm diameter. On top of the microdot, the four top electrode (Cr/Au)
was prepared by the lift-off technique. The optical microscope image with the electrical
circuit is shown in Figure 3a. In our sample structure, the current flows in the Pt/Co/Au
layer wherein the AHE detects the Co magnetization perpendicular to the film plane. This
is suitable in this work because the studied film has the perpendicular magnetic anisotropy.
In this work, the AHE loops were measured as a function of H applied to the direction
perpendicular to the film. From the AHE loop, the exchange bias field, Hex, a shift of the
magnetization curve along the H axis was evaluated. Hex was estimated as ΔHC/2 where
HC is the switching field (coercivity) for up-to-down and down-to-up switching of the
FM magnetization. E was applied between top (Pt/Co/Au) and bottom (Pt-buffer layer)
electrodes, i.e., the direction perpendicular to film. The positive directions of H and E are
defined as the direction from bottom (substrate side) to top (film side) of the film.
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Figure 3. (a) Optical microscope image of the device used for the test and the electric circuitry. (b)
I-V curves of the Cr2O3 layer measured at 310 K (red) and 273 K (black).

Here, we denote the ME field as the simultaneously applied H and E because the
energy gain by the ME effect ΔF is expressed as

ΔF = αij·EiHj (1)

Together with the crystallographic characterization of Cr2O3, the ME susceptibility
evaluated in this paper is α33. As mentioned above, there are two typical processes to apply
to the ME field: MEFC and isothermal modes. In the MEFC mode, the sample was once
heated to above the Néel temperature of Cr2O3 (~307 K for bulk Cr2O3 [22]), 310 K. Then,
HMEFC (μ0HMEFC = 5, 6, 7 T) and E (0–47 MV/m) were applied. In maintaining both fields,
the sample was cooled to the AHE measurement temperature, 250 K at which the exchange
bias polarity was checked. After measuring the AHE loop, the above heating and cooling
processes were repeated with the different ME field condition. More details of the MEFC
process can be found in [7,12].

In the isothermal process, the temperature kept constant during the ME field appli-
cation and the AHE measurements. In this process, the sample was cooled from 310 K to
273 K under the H (μ0H = 0.6 T) application during the cooling: the conventional field-
cooling (FC) to induce the exchange bias. At the constant temperature (273 K), Hisothermal
(μ0Hisothermal = 6 T) and E (−60 – +100 MV/m) were simultaneously applied typically
for 30 s. After that, E was removed and the AHE as a function of H measured. In the
isothermal process, the sequential ME field application is important so that the exchange
bias switching occurs accompanied by the hysteresis. In this work, the ME fields were
applied in the following sequences.

• ME field application: for example, μ0Hisothermal = 6 T and E = +60 MV/m;
• Removing E and AHE measurement as a function of μ0H;
• ME field application: for example, μ0Hisothermal = 6 T and E = +80 MV/m;
• Removing E and AHE measurement as a function of μ0H;

These processes were repeated with increasing E until the exchange bias polarity is
fully switched. Finally, after the exchange bias polarity was switched, the sign of the ME
field was reversed, and the similar processes were repeated with the negative E.

• ME field application: for example, μ0Hisothermal = 6 T and E = 0 MV/m;
• Removing E and AHE measurement as a function of μ0H;
• ME field application, for example, μ0Hisothermal = 6 T and E = −18 MV/m;
• Removing E and AHE measurement as a function of μ0H;
• ME field application: for example, μ0Hisothermal = 6 T and E = −23 MV/m;
• Removing E and AHE measurement as a function of μ0H;

These processes were repeated with decreasing E until the exchange bias polarity
is fully switched again. Details of the isothermal switching protocol can be found in
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our previous report [20]. Note that for both processes, the highest μ0H during the AHE
loops was ±700 mT, which is low enough to switch the exchange bias polarity by H alone
(|μ0H| > 8 T) [23].

3. Results and Discussions

Prior to showing the results on the ME-induced switching, it is helpful to show the
electric resistance of the Cr2O3 layer. Using the same device used for the AHE measure-
ments, the electric resistance was measured. Typical I-V curves measured at 310 K and
273 K are shown in Figure 3b. The I-V curves show the non-linear increase with respect
to the voltage as is generally observed in an insulator thin film. Even at the most severe
conditions adopted in this work (at highest temperature and at the highest E adopted),
the current density is in the range of 102 A/m2, which is low enough compared with
the current-induced magnetization switching, such as the spin-orbit torque mechanism,
typically above 109 A/m2 [24,25].

First, we show the switching of the exchange bias polarity by the MEFC process.
Figure 4a shows the series of AHE loops measured after the MEFC with μ0HMEFC = 7 T.
When the electric field was not applied, e.g., the conventional FC, the negative exchange
bias of μ0Hex = −108 mT appears (black curve). The similar AHE loops were obtained for
E below 16 MV/m (blue curve). With increasing E, the step at about +100 mT starts to be
observed in the AHE loop, a signature of the appearance of positive exchange bias. The two-
step AHE loops are observed in the E range of 24–43 MV/m. The two-step magnetization
curve is attributed to the co-existence of the positive and negative exchange biased domains.
The similar two-step exchange biased state was observed in the previously reported ME-
induced switching [16] and the magnetization curve after zero-field cooling [26]. The
positive exchange bias grows with increasing E, the step at about −100 mT suppresses
and instead, that at about +100 mT enhances. Finally, above E = 47 MV/m, the AHE loop
shows the full positive exchange bias. In Figure 4b, the change in μ0Hex as a function of E
during the MEFC is shown. We find that the change in the exchange bias is common to
every μ0HMEFC. It should be noted that the AHE loops show the tiny hysteresis, i.e., the
low coercivity. This is attributed to the usage of the Au spacer layer instead of the Pt spacer
layer as in [21]. The Au spacer layer is suitable to tune the interfacial magnetic anisotropy
in maintaining high exchange bias with suppressing the coercivity enhancement. The
details of the role on the spacer layer can be found in our previous paper [21].
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Figure 4. (a) Anomalous Hall effect (AHE) loops as a function of μ0H after the magnetoelectric field
cooling (MEFC). The E value for the MEFC are 0 (black), 16 MV/m (blue), 24 MV/m (dark blue),
28 MV/m (yellow), 32 MV/m (orange), and 47 MV/m (red). For every case, μ0HMEFC was 7 T.
(b) Change in the exchange bias field with E. Black, red and blue point correspond to the case of
μ0HMEFC = 7 T, 6 T and 5 T. Lines represent the fitted results using Equations (2) and (3). (c) Change
in the threshold E with 1/μ0HMEFC. Line represents the linearly fitted result. (d) 1/tAFM dependence
of the required EH product to switch the exchange bias. The EH values are normalized by the
exchange anisotropy energy density at 250 K (see text).

The growth of the positive exchange-biased state by E is understood by the energy
competition between JINT and the energy gain by the ME effect (Equation (1)) [27]. The
former is caused by the interfacial exchange coupling between FM (Co) and interfacial AFM
(Cr) spins. Previously, we reported that Co and interfacial Cr spins couples antiferromag-
netically; the spin orientation of Co and interfacial Cr is opposite [28]. Under the positive
HMEFC adopted in this paper, upward Co spin and downward Cr spin are the favorable spin
alignments near the interface. When E during the MEFC is weak, this effect predominantly
determines the interfacial spin alignment and yields the negative exchange-biased state.
Conversely, the energy gain by the ME effect expressed by Equation (1) favors the upward
Cr spin orientation favoring the positive exchange-biased state, which competes JINT. The
phenomenological expression of this energy competition is given by [27]

ΔG =

[
(α33E+MAFM)HMEFC − JINT

tAFM

]
VAFM (2)

where JINT denotes the interfacial exchange coupling energy (J/m2), tAFM is the AFM layer
thickness (m), MAFM is the uncompensated AFM moment in the Cr2O3 layer (Wb/m2)
and VAFM is the activation volume (m3) In the MEFC process, the spin configuration
and the consequent exchange-biased state are determined during the cooling. Hence, the
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thermal fluctuation is also taken into account. Assuming that the fraction of the negative
and positive exchange-biased state obeys the Boltzmann distribution, the change in the
exchange bias should be expressed as [27]

μ0Hex(E) ∝ tanh
(

ΔG
kBT

)
(3)

where kB is a Boltzmann constant (J/K) and T is an absolute temperature (K). In Figure 4b,
the fitted results using Equation (3) are shown as the solid lines. The results for all adopted
MEFC conditions follow the same mathematical form. When HMEFC decreases, the curve
shifts toward the high E. This shift can be also understood based on Equation (2). For
the weaker HMEFC, the higher E is required to compensate JINT/tAFM. According to this
argument, the required E to switch the exchange bias should be inversely proportional
to HMEFC. Defining the threshold E, Eth to switch the exchange bias as E at which μ0Hex
becomes zero, we plot the Eth as a function of 1/μ0HMEFC in Figure 4c. The Eth linearly
increases with 1/H, which is in agreement with the above argument that the driving
force for switching derives from the energy difference shown in Equation (1). The slope
of Figure 4c gives the required EH product, which has been used as a measure of the
ME-induced switching [15,27,29], as 1.24 × 1014 V·A/m2.

In other multiferroic systems such as BiFeO3, the cross-correlation coefficient such as
the piezoelectric coefficient (d33) can be deteriorated with decreasing thickness because
of the lattice confinement by the epitaxial strain [30]. Here, we discuss the deteriora-
tion/enhancement of α33 with reducing tAFM by comparing the obtained value with the
previous reports for the similar FM/Cr2O3 stacked system [15,16,29,31]. To compare the EH
product, JINT in Equation (2) has to be taken into account. Although the direct evaluation
of JINT is difficult, the exchange anisotropy energy density JK (= Hex·MS·tFM) can be used
as a measure of JINT; in the simple pinned spin model [32] or the weak JINT limit in the
domain wall model [33], JINT and JK become equal to each other. Because JK depends
on the temperature, JK measured at 250 K, JK_250 is used as a measure of JINT as in the
previous paper [16]. To evaluate JK, the saturation magnetization per unit area, MS·tFM
was measured based on the magnetization curve (M-H curve). The MS_FM·tFM value is
(5.7 ± 0.7) × 10−10 Wb/m, which is higher than the bulk Co because of the sizable spin
polarization of Pt and Au attached with Co [21]. In Figure 4d, the relationship between
Eth·HMEFC/JK and tAFM is shown. As expected from Equation (2), Eth·HMEFC/JK roughly
proportional to 1/tAFM. Notably, the Eth·H/JK–1/tAFM relationship is maintained up to
the 30-nm-thickness regime, which suggests that α33 does not deteriorate in this thickness
regime. This finding is in agreement that the switching is not highly influenced by the
strain effect discussed above.

We further evaluate the α33 value based on the isothermal switching mode. Figure 5a
shows the AHE loops after applying the ME fields, μ0Hisothermal = 6 T and E = +98 MV/m
(red curve) and μ0Hisothermal = 6 T and E = −41 MV/m (blue curve), which correspond
to the positive and the negative exchange-biased states, respectively. We find that the
switching between two states reversibly occurs. Figure 5b shows the change in μ0Hex as a
function of E. The clear hysteresis is observed, which indicates the presence of the energy
barrier to switch the exchange bias polarity. We also find that the hysteresis shifts along the
E-axis toward the positive direction, resembling the exchange bias in the M-H curve.
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Figure 5. (a) AHE loops as a function of μ0H after the applying the magnetoelectric (ME) fields in an isothermal way. Blue
and red curves represent the AHE loop after applying E = +98 MV/m and −41 MV/m with μ0Hisothermal = 6 T, respectively.
(b) Change in the exchange bias field as a function of E with μ0Hisothermal = 6 T. In (b), the threshold electric field is shown
by text.

We analyze the shift of the hysteresis based on the phenomenological expression of
the switching energy assuming the coherent rotation of the AFM spin. The switching ME
condition is expressed as [20]

(α33Eth + MAFM)H =−2KAFM ∓ JINT
tAFM

(4)

where KAFM denote the magnetic anisotropy energy density of the AFM layer (J/m3).
In this expression, the change in the sing of α33 was taken into account. The sing of the
second term depends on the switching direction: the negative-to-positive switching and the
positive-to-negative switching. According to Equation (4), the asymmetry of the coercive E
in the μ0Hex-E hysteresis is relevant to the difference in the switching energy caused by the
unidirectional nature of JINT. Hence, the shift of the μ0Hex-E hysteresis is essentially same
as JK. JK is quantified as

JK =
MS_FM · tFM · ΔHC

2
=

α33H · tAFM · ΔEth
2

(5)

The first expression is the difference in the Zeeman energy for up-to-down and down-
to-up switching of the FM magnetization. Values of MS_FM·tFM, (5.7 ± 0.7) × 10−10 Wb/m,
and the exchange bias field Hex = ΔHC/2 obtained from the AHE loop yields JK at 273 K of
0.017 ± 0.002 mJ/m2. Because the exchange bias polarity is determined by the interfacial
AFM spin direction [12], the μ0Hex-E hysteresis represents that of the interfacial AFM spin
as a function of E. The second expression relies on this fact. Using JK, μ0Hisothermal (6 T),
tAFM (31.6 nm, determined by XRR, see above) and ΔEth (95−35 = 60 MV/m), α33 is yielded
as 3.7 ± 0.5 ps/m. This value is in good agreement with the reported values at the same
temperature for the bulk Cr2O3 and 500-nm-thick Cr2O3 film [6], ~4 ps/m.

One may imagine that the magnetic anisotropy energy of Cr2O3 can be evaluated
from the KAFM value. In our experiments, the exchange bias was checked at zero E,
i.e., after removing the ME field. Besides, the exchange bias polarity is determined by
the interfacial AFM spin direction [12]. Considering them, the change in the exchange
bias reflects the interfacial antiferromagnetic spin direction at the remanent state after
applying the ME field. Hence, the physical meaning of the μ0Hex-E curve is similar to the
remanent magnetization curve for the interfacial antiferromagnetic spin. The remanent
magnetization curve is often used in the field of magnetic recording/storage and the
details of the remanent magnetization curve can be found in [34]. Equation (4) assumes the
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coherent rotation whereas the switching occurs with the AFM domain wall motion [12].
In this case, the KAFM evaluated using Figure 5b and Equation (4) corresponds the ME
energy equivalent to the remanent coercive E, which is typically two or three orders lower
than the magnetocrystalline anisotropy energy density. This is similar to the fact that the
switching H (the coercivity) in the M-H loop is different from the magnetic anisotropy field,
2KFM/MS_FM of the FM layer (KFM is a magnetic anisotropy energy density of FM layer).

Finally, we discuss the role of MAFM and the approach to decrease the switching energy
using MAFM. As shown in Figure 4d, the reduction in tAFM enhances the switching energy,
and this tendency is common to the isothermal mode. According to Equations (2) and (4), if
MAFM is parallel to α33H, it would assist the switching. MAFM can be attributed to the finite
magnetization at the bulk site [35,36] and/or the interfacial uncompensated moment [20].
The former relies on the defect-induced magnetization [35] and/or the selective substitution
of the non-magnetic element such as Al to one sub-lattice [36]. Although the reduction
effect using MAFM has been actually reported for the MEFC mode [28], the validity for the
isothermal mode has not been proven, which will be investigated in the near future.

4. Conclusions

In summary, we investigate the ME-induced switching of the exchange bias, using
especially the Cr2O3 thin film with the 30-nm thickness regime. While the previous reports
seem to pay less attention to the isothermal reversible switching because of the difficulty,
this switching mode as well as the MEFC-driven switching are demonstrated. Based on
the argument on the switching energy, the non-deterioration of the ME susceptibility α33 in
the studied thickness regime is found. The quantitative analysis based on the asymmetric
switching energy in the isothermal switching gives the similar α33 value to the reported
one for the bulk Cr2O3. While the cross-correlation functionality can deteriorate with
decreasing thickness in some multiferroic materials, the finding in this paper could be a
light for the further reduction in the ME-based all-thin-film system, which may be useful
in spintronic applications.
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Abstract: Recent rapid advancement in antiferromagnetic spintronics paves a new path for efficient
computing with THz operation. To date, major studies have been performed with conventional
metallic, e.g., Ir-Mn and Pt-Mn, and semiconducting, e.g., CuMnAs, antiferromagnets, which may
suffer from their elemental criticality and high resistivity. In order to resolve these obstacles, new
antiferromagnetic films are under intense development for device operation above room temperature.
Here, we report the structural and magnetic properties of an antiferromagnetic Ni2MnAl Heusler
alloy with and without Fe and Co doping in thin film form, which has significant potential for
device applications.

Keywords: antiferromagnets; Heusler alloys; exchange bias; blocking temperature; spintronic devices

1. Introduction

Antiferromagnetic spintronics has been attracting a lot of attention due to its potential
for THz operation and low power consumption [1]. Currently, antiferromagnetic metals,
e.g., IrMn3 and PtMn3, and semiconductors, e.g., CuMnAs, have been commonly used [2].
However, these materials are fragile against local compositional changes and may not be
suitable for miniaturisation. For further investigation towards device applications, it is crit-
ical to develop new antiferromagnetic materials, which are robust against nanofabrication,
such as oxidation, atomic mixing, edge roughness and post-annealing.

Antiferromagnetic Heusler alloys are good candidates for applications with precise
controllability by potential atomic substitutions. In particular, ternary Heusler alloys, e.g.,
Pt2MnGa [3], Ni2MnAl [4,5] and Mn2VSi [6], have been reported to exhibit antiferromag-
netism as schematically shown in Figure 1. Among them, Ni2MnAl has been studied and
has a lattice constant of 0.5812 nm [5], similar to commonly used seed layers and substrates.
However, the Néel temperature has been reported to be between 40 ◦C [7] and 80 ◦C [4],
which will need to be increased for device applications via atomic substitution as previously
reported, e.g., for compensated Mn2.4Pt0.6Ga ferrimagnet [8]. These studies have been
based on epitaxial Ni2MnAl films [9,10] and bulk samples, but not on polycrystalline films
with their suitability for devices, e.g., magnetic sensors and recording. Recent reduction
in a device size can utilise a single grain in a polycrystalline film to avoid any electrical
and/or magnetic scattering at a grain boundary and/or magnetic domain wall.

In this paper, we report on the optimised growth and annealing conditions for poly-
crystalline Ni2MnAl films sputtered at room temperature (RT). The optimisation involves
(i) post-annealing between ~400 and 500 ◦C for up to 2 h and (ii) atomic substitution for
crystallisation. Point (ii) is highly significant for the tuning of structural and magnetic
properties, such as the Néel temperature, blocking temperature and the lattice constant.

Magnetochemistry 2021, 7, 127. https://doi.org/10.3390/magnetochemistry7090127 https://www.mdpi.com/journal/magnetochemistry
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(a) (b) 

Figure 1. Schematic crystal and spin structures of the pseudo-B2-(a) I and (b)-II phases for Ni2MnAl.
Red, blue and green atoms represent Ni, Mn and Al, respectively.

2. Experimental Procedures

100 nm thick Heusler alloy films capped with 2~5 nm of Ru or Ta were deposited onto
Si substrates using RF generated remote plasma sputtering. The layers were deposited
using a PlasmaQuest high target utilisation sputtering system (HiTUS) with a base pressure
of 3 × 10−5 Pa. The plasma was generated by an RF field of 13.56 MHz in an Ar atmosphere
of 3 × 10−1 Pa and steered onto the target with a DC bias (VT) ranging from −250 to −990 V.
VT controlled the deposition rate and the resulting atomic mixing. The typical deposition
rate from the stoichiometric Ni2MnAl target using a bias voltage of 990 V was 0.06 nm/s.
The growth rate also controls the grain size. Ni2MnAl (25)/CoFe (10) and Co2FeSi (10)
(thickness in nm) bilayers were also grown using HiTUS in a similar manner.

The composition of the films was analysed using inductively coupled plasma optical
emission spectroscopy (ICP-OES) by InterTek Ltd., confirming near stoichiometry (with
some Al deficiency), Ni:Mn:Al = 54.1:28.9:17.0 and 56.1:29.6:14.3 for VT = −900 and −300 V,
respectively. The crystalline structures were characterised using out-of-plane (OP) and
grazing incidence in-plane (IP) X-ray diffraction (XRD, Rigaku SmartLab) with a Cu Kα

source and a Ge(220) 2-bounce monochromator. The Heusler-alloy films were annealed in
an Ar gas flow (2 L/min.) between 235 and 700 ◦C for up to 9 h. After each annealing step
magnetisation curves were measured using an alternating gradient force magnetometer
(AGFM, Princeton Measurements Model 2900) at RT.

3. Results and Discussion

3.1. Ni2MnAl Films

From XRD measurements, a Ni2MnAl(220) principal peak was found once samples
were annealed at 700 ◦C as shown in Figure 2. A well-defined (220) peak was developed
OP within the first 90 min of annealing. However, after a further one hour of annealing,
no further OP crystalline growth was observed as shown in Figure 2b. As similar to
Fe2+xVyAl [11], longer annealing induces phase segregation in the Ni2MnAl films as
confirmed by the appearance of a ferromagnetic phase. The OP lattice constant of Ni2MnAl
was measured to be (0.575 ± 0.001) nm. This is about 1% lower than the theoretically
predicted value of 0.5812 nm [5]. There was a transition in the IP (220) peak when the
sample was annealed for more than 1.5 h, corresponding to a 1% change in the IP lattice
constant from (0.577 ± 0.001) nm to (0.571 ± 0.001) nm, which almost agree with the OP
results. The lattice constants of the sputtered polycrystalline Ni2MnAl films are almost
2% lower than the theoretical value, which may be due to the lower crystallinity and
the formation of the segregated phases in the films. This is supported by the absence of
additional superlattice (200) or (111) peaks in the XRD patterns. Magnetic measurements
confirmed that these films show no magnetic response, indicating that they are in an either
antiferromagnetic, paramagnetic or compensated ferrimagnetic state.
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Figure 2. Representative XRD patterns of the Ni2MnAl(220) peaks measured by (a) IP and (b)
OP configurations.

In order to quantify the crystallinity of the Ni2MnAl films measured by XRD, we used
a Q factor defined as

Q factor =
Intensity (cps/◦)

Full width half maximum (FWHM)
(1)

The (220) peaks were used to quantify the A2 crystalline ordering (atomic mixing
between Ni, Mn and Al), i.e., the increase in Q factor represents the increase in A2 ordering,
which typically leads to B2 ordering (atomic mixing between Ni and Mn) with a coexisting
(200) peak and L21 perfect ordering with coexisting (200) and (111) peaks [12].

Given the requirements for device fabrication, annealing temperatures above 500 ◦C
are impractical. Therefore, our optimisation criteria were as follows: (i) we identified the
post-annealing condition below 500 ◦C to maximise the Q factor. The increase in the A2
ordering leads to the formation of the pseudo-B2 phase, which is theoretically [5] and
experimentally [10] predicted to exhibit antiferromagnetism; (ii) we have substituted some
constituent elements to investigate the effect on the crystallisation temperature.

The Ni2MnAl samples were post-annealed for up to 6 h at temperatures in the range
250 to 700 ◦C. There was no L21 crystallisation observed in any of the samples post-annealed
at a temperature below 700 ◦C (see Figure 3). The presence of a small number of A2 ordered
nanocrystals was indicated in all the as-deposited samples by a weak (220) Ni2MnAl alloy
peak at 44.0◦ with a FWHM of 0.7◦. Rocking curves were used to measure the texture of
the (220) peak, indicating that the as-deposited grains were aligned within ±15◦ from the
sample surface only for the epitaxial films as reported previously [10]. In a similar Heusler
alloy of Fe2+xVyAl films [11], a B2 phase has been formed when the Q-factor increases over
one order of magnitude as compared with the initial A2 crystallisation occurred. In this
study we applied this criterion to identify the phase transformation in Figure 3.

The corresponding exchange bias are shown in Figure 4 for the Ni2MnAl (25)/CoFe
(10) and Co2FeSi (10) (thickness in nm) bilayers post-annealed at 250 and 400 ◦C for
2 h, which were in the A2 and B32a phase, respectively, as shown in Figure 3. These
magnetisation curves were measured after field cooling to 100 K under an in-plane magnetic
field of 20 kOe. No clear exchange bias effect can be seen within the measured temperature
range in Figure 4. However, an increase in the coercivity was observed only for the sample
annealed at 400 ◦C forming the B32a phase. This may be indicative of coupling between
layers, suggesting the Ni2MnAl layer is antiferromagnetic but the corresponding Néel (and
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blocking) temperature is below 100 K possibly due to the coexisting disordered phases.
Further increase in the annealing temperature leads to the higher crystallinity of Ni2MnAl
as shown in Figure 3 but it induces interfacial mixing in the bilayers causing reduction
in the saturation magnetisation. By maintaining the sharp interface between Ni2MnAl
and the neighbouring ferromagnetic layer, an exchange bias can be measured at 100 K or
above [10].

Figure 3. Crystallisation of the Ni2MnAl thin films indicated by Q factors, including annealing conditions which did not
lead to crystallisation. The letters shown next to colour scales indicate the corresponding Q-factors.

 
(a) (b) 

Figure 4. Magnetisation curves of the Ni2MnAl (25)/(a) CoFe (10) and (b) Co2FeSi (10)/Ta (5) (thickness in nm) bilayer
post-annealed at 250 and 400 ◦C for 2 h under the field applications in the plane.
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3.2. Ni2MnAl Films with Atomic Substitutions by Al

As the sputtered Ni2MnAl films are ~10% Al deficient, one 6 mm diameter Al peg
was added to a pre-drilled hole in the sputtering target, achieving Ni:Mn:Al = 49:27:24.
With a target utilisation of over 90%, this technique allows for the variation of the film
composition in the HiTUS. Figure 5 shows the Q factors for the Al-doped Ni2MnAl post-
annealed at 500 ◦C, which was found to be the maximum annealing temperature to avoid
Al segregation. Similar to the films without Al doping, Ni2MnAl crystallises at a relatively
high temperature. The Al-doped Ni2MnAl films have therefore the optimum A2 crystal
structure after 2~4 h of annealing at 500 ◦C. The corresponding lattice constants were
found to decrease from 0.585 to 0.575 nm after 1 and 4 h of annealing, respectively. This
confirms that the lattice constants are similar to those without Al doping except for the
sample annealed for 1 h. This agrees with the increase in the Q factors shown in Figure 5,
indicating the effect of the Al doping on the optimised crystallisation temperature and
crystallinity of Ni2MnAl is negligible.

 
Figure 5. Crystallisation of the ordered Ni2MnAl thin films doped with a 6 mm Al peg indicated by
Q factors.

3.3. Ni2MnAl Films with Atomic Substitutions by Fe

In order to decrease the Ni2MnAl crystallisation temperature, an attempt to substitute
Ni in the lattice by Fe was made because its covalent radius is greater than that of Ni.
This results in the lattice being strained and this may decrease the manganese–manganese
nearest neighbour distance to induce antiferromagnetic coupling. However, no crystallisa-
tion was found. Fe2+xVyAl has been studied previously [11], showing that the ordering
temperature is lower than that of the Ni2MnAl thin films. Therefore, it is predicted that
doping with Fe can lower the ordering temperature and induce antiferromagnetic ordering
in the Ni2MnAl thin films.

The Ni2MnAl sputtering targets were doped with two or four Fe pegs with a diameter
of 2 mm, effectively making a Ni2−xFexMnAl target. The sputtered Ni2MnAl films doped
with Fe were found to exhibit ferromagnetic behaviour even in the as-deposited state. Al-
most negligible magnetic moments of (1.5 ± 0.1) μemu, approximately 3 × 10−2 emu/cm3,
was measured for the samples grown from the Ni2MnAl sputtering target doped with
two Fe pegs and (2.7 ± 0.1) μemu with four Fe pegs. This small moment was probably
induced by Fe segregation. The films were then post-annealed for up to three hours at
temperatures between 400 and 500 ◦C. However, no crystallisation of the Ni2MnAl Heusler
alloy was detected but the average saturation magnetisation increased to (2.0 ± 0.1) μemu
and (3.4 ± 0.1) μemu after annealing at 500 ◦C for 3 h for the films doped with two and four
Fe pegs, respectively. This suggests that the Fe segregation is promoted by post-annealing.
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3.4. Ni2MnAl Films with Atomic Substitutions by Co

Co-doping was also tested because its covalent radius is greater than that of Ni but
is smaller than that of Fe. This may also decrease the manganese–manganese nearest
neighbour distance to induce antiferromagnetic coupling as predicted for the case of the Fe
doping. The corresponding lattice constants for one Co peg were found to decrease from
0.584 to 0.580 nm after 1 and 5 h of annealing, respectively. Co2MnAl has hence been re-
ported to have an ordering temperature lower than Ni2MnAl [13,14], suggesting that the Co
doping may also lower the ordering temperature and promote antiferromagnetic ordering.

The Ni2−xCoxMnAl sputtering targets were used adding one or two Co pegs with
a diameter of 6 mm onto the Ni2MnAl target, achieving Ni:Co:Mn:Al = 56:9:20:15 and
51:15:20:14 for one and two Co pegs, respectively. The sputtered films exhibited para-
magnetic behaviour in the as-deposited state. The films successfully crystallised after
post-annealing at temperatures between 400 and 500 ◦C for two hours as shown in Figure 6.
Both samples exhibited the A2 ordering as identified by the (220) peak at 43◦. No clear
(200) peak was visible at 37.5◦ which again suggests the absence of B2 ordering.

Figure 6. Representative XRD patterns of the Ni2MnAl thin films doped with one Co peg as deposited
and after two hours of annealing at 400 and 500 ◦C. The inset shows the corresponding magnetisation
loop of the latter film. Note that the silicon substrate (200) peak and the fringes are visible at 33.2◦.

As shown in Figure 7, the crystallisation also occurs at 300 ◦C, which is 150 ◦C lower
than that for films without Co doping, which is favourable for device applications. The
corresponding lattice constants were measured to be 0.8~2.9% larger than those for films
without Co doping.

The crystallinity was also found to improve with increasing Co doping as shown
in Figure 7. The magnetic response of the samples changed to ferromagnetic after post-
annealing at 500 ◦C as shown in the inset of Figure 6, showing a magnetic moment of
(76.2 ± 0.1) μemu, approximately 1.5 emu/cm3, which is larger than that of the Fe substi-
tuted films. A possible cause for the ferromagnetism is the formation of Co2MnAl grains
because the films were annealed at the ordering temperature [15]. No further crystalline or-
dering was observed with increasing annealing and the corresponding magnetic properties
were unchanged. This observation supports the hypothesis of the formation of Co2MnAl
as the cobalt content can be segregated from the Ni2MnAl matrix, thus preventing further
significant formation of grains. To eliminate such segregated grains, uniform compositional
distributions within a film may be required, which is difficult to achieve using the doping
method of the sputtering target used in this study. Even so, our study suggests a significant
potential of Ni2−xCoxMnAl for robust antiferromagnetism at room temperature.
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(a) (b) 

Figure 7. Crystallisation of the Ni2MnAl thin films doped with (a) one and (b) 6 mm Co pegs indicated by Q factors.

4. Summary

We have grown and characterised a series of Ni2MnAl Heusler alloy films. The
films with one Co peg post-annealed at 500 ◦C for 2 h were found to show the highest
crystalline ordering within the A2 phase but exhibited weak magnetic moments. For the
demonstration of room-temperature antiferromagnetism, Fe and Co have been used to
partially substitute for Ni. The Fe substitution showed an increase in the magnetic moment
with increasing Fe content, which may be due to Fe segregation. On the other hand, Co
substitution can effectively reduce the crystallisation temperature down to 300 ◦C but the
corresponding magnetisation measurements proved that the B2-ordered (Ni,Co)2MnAl
films showed ferromagnetic Co2MnAl segregation as well. The segregated phases need to
be eliminated by further compositional optimisation to achieve the stoichiometry while
maintaining the reduced crystallisation in the pseudo-B2 phase temperature for antiferro-
magnetic spintronics.
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Abstract: In order to realize a perpendicular exchange bias for applications, a robust and tunable
exchange bias is required for spintronic applications. Here, we show the perpendicular exchange
energy (PEE) in the TbxCo100−x/Cu/[Co/Pt]2 heterostructures. The structure consists of amorphous
ferrimagnetic Tb–Co alloy films and ferromagnetic Co/Pt multilayers. The dependence of the PEE on
the interlayer thickness of Cu and the composition of Tb–Co were analyzed. We demonstrate that the
PEE can be controlled by changing the Cu interlayer thickness of 0.2 < tCu < 0.3 (nm). We found that PEE
reaches a maximum value (σPw = 1 erg/cm2) at around x = 24%. We, therefore, realize the mechanism
of PEE in the TbxCo100−x/Cu/[Co/Pt]2 heterostructures. We observe two competing mechanisms—one
leading to an increase and the other to a decrease—which corresponds to the effect of Tb content
on saturation magnetization and the coercivity of heterostructures. Sequentially, our findings show
possibilities for both pinned layers in spintronics and memory device applications by producing large
PEE and controlled PEE by Cu thickness, based on TbxCo100−x/Cu/[Co/Pt]2 heterostructures.

Keywords: perpendicular magnetic anisotropy; ferrimagnet; perpendicular exchange bias; amor-
phous thin films; spintronic applications

1. Introduction

The exchange bias (EB) phenomenon was discovered more than half a century ago
by Meiklejohn and Bean [1]. EB can be observed through the exchange coupling between
ferromagnet (FM)/antiferromagnetic (AFM) layers at the interface [2,3]. Utilizing a large
perpendicular EB field as pinned layers in giant-magnetoresistive (GMR) devices, hard-disk
drives (HDDs), magnetic random-access memory (MRAM) technologies, and magnetic
tunnel junctions (MTJs) have been the subjects of intense attraction because of their poten-
tial in spintronic applications [4–9]. On the other hand, in memory device applications,
controlling the perpendicular exchange energy (PEE) is a crucial factor [10–13].

The exchange anisotropy energy is generally revealed by the exchange energy, σPw,
which is the stabilizing energy per unit area of the FM/AFM or ferrimagnet (FIM)/FM
interfaces, Hex = Jk

Mst = σPw
2Mst , where Ms and tFM are the saturation magnetization and

thickness of the FM layer, respectively [14,15]. However, typical AFM/FM systems indicate
a limitation in attaining large EB fields (usually below 1 KOe) [16–18], which correlates
to challenges in fabricating fine AFM crystals, controlling the AFM domain state, and
uncompensated spin moments at the interface [16,17,19]. Thus, it seems that these cannot
provide the reasonable necessities for future spintronic applications. Aside from FM/AFM
systems, exchange bias also exists in ferrimagnet FIM/FIM [20] and the ferromagnet
FIM/FM bilayer [21]. Amorphous rare earth-transition metal (RE-TM) multilayers exhibit
strong perpendicular magnetic anisotropy (PMA) and robust coupling interactions at
the interface [22,23].

In amorphous ferrimagnetic (FI) rare earth-transition metal (RE-TM) alloy films, there
are two kinds of pair interactions, the antiparallel exchange between the RE-TM moments
and the parallel exchange of the TM moments themselves; both interactions can provide a
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sufficiently strong interlayer coupling with the adjacent FM layer, and can hence provide a
higher EB field—even for fully compensated interfaces [24,25].

Few kinds of research regarding the FIM/FIM, FM/FIM composite structures have
been performed. Due to their potential for spintronic applications, more investigation is
required to understand the mechanisms of these systems [20,26,27].

In this paper, we investigate the perpendicular exchange energy (PEE) between Tb–
Co alloy films and Co/Pt multilayers by varying the Tb content of the Tb–Co layer. We
observe that both EB and PEE can be tuned by introducing a Cu spacer layer. The PEE
attains its maximum σPw = 1 erg/cm2 at x = 24. We also describe the reason for high PEE at
x = 24 in the TbxCo100−x(20)/Cu(t)/[Co(0.4)/Pt(2)]2 heterostructures. Our findings prove
that TbxCo100−x(20)/Cu(t)/[Co(0.4)/Pt(2)]2 heterostructures are efficient for spintronic
applications, and they have advantages for manipulation by adjusting the Tb concentration.

2. Experimental Method

Figure 1a shows a schematic illustration of our SiO2/Pt(5)/TbxCo100−x(20)/Cu(t)/
[Co(0.4)/Pt(2)]2 (thicknesses in nm) (20 < x < 41) samples, where the numbers in parentheses
indicate the thickness in nanometers. The samples are deposited, using an ultrahigh-
vacuum magnetron-sputtering system, onto a silicon substrate at room temperature. Co/Pt
multilayers were sputtered, through dc sputtering, using two separate targets of platinum
and cobalt at an argon-gas pressure level of 0.2 pascal. TbxCo100−x films were prepared
through co-sputtering using two separate targets of terbium and cobalt. The sample holder
rotates during the deposition to ensure a uniform film composition. The thickness of the
TbxCo100−x layer is fixed at 20 nm. The composition of the films was measured using
energy-dispersive X-ray analysis (EDX). The magnetic properties were measured at room
temperature using the polar-magneto-optical Kerr effect (PMOKE) and a vibrating sample
magnetometer (VSM).

Figure 1. (a) Schematic view of the sample layer structure; (b) out-of-plane magneto-optic Kerr effect.

3. Results and Discussion

We first determined the magnetic properties of TbxCo100−x(20)/Cu(0.2)/[Co(0.4)/Pt(2)]2
systems. Figure 1b shows the hysteresis loops were measured using the polar-magneto-
optical Kerr effect (PMOKE) at room temperature for three single-layer samples, a [Co/Pt]2
multilayer film, and Tb–Co films. All samples show the easy axis perpendicular to the film
plane. The polarity of the Kerr rotation (θK) signals switches, which is consistent with a
transition from being Co dominated to being Tb dominated in the magnetic moment.

(MOKE) signal for a single layer of [Co/Pt] and Tb–Co. The MOKE measurement
wavelength is 690 nm for visible light. At 690 nm, only the magneto-optical Kerr effect
of Co can be measured. This magneto-optical hysteresis of Co shows negative polarity,
as shown in Co/Pt in Figure 1b. Similarly, in the TM-rich Tb–Co single-layer sample in
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Figure 1b, since the Co in the Tb–Co layer is aligned in the magnetic field direction, the
polarity of the hysteresis is negative, as in Co/Pt. On the other hand, in the RE-rich Tb–Co
single-layer sample in Figure 1b, the polarity of hysteresis is negative because the Co is
aligned in the opposite direction to the magnetic field.

Figure 2a shows the out-of-plane magnetic hysteresis loops were measured using
the VSM at room temperature for TbxCo100−x(20)/Cu(0.2)/[Co(0.4)/Pt(2)]2 systems with
different Tb concentrations. Here, we used the VSM to find the saturation magnetization of
the sample, which is summarized in Figure 2b. Figure 2a shows a two-step switching loop,
where the first and second loop switches at the low and high magnetic fields correspond to
the Tb–Co and [Co/Pt] multilayers, respectively.

 

Figure 2. (a) The out-of-plane M–H loop for TbxCo100−x/Cu(0.2)/[Co(0.4)/Pt(2)]2 heterostructures,
and (b) Ms and Hc as a function of Tb concentration.

Figure 2b shows the coercive fields (Hc) and the saturation magnetizations (Ms) of
TbxCo100−x(20)/Cu(0.2)/[Co(0.4)/Pt(2)]2 films at different compositions. From the magne-
tization curve of the SiO2/Pt(5)/TbxCo100−x(20)/Cu(0.2)/[Co(0.4)/Pt(2)]2 heterostructures,
it is seen that the saturation magnetization the Ms of TbxCo100−x reaches its magnetization
compensation composition point at xC~19. While the Ms is at its minimum, the coer-
cive fields reach their maximum at the magnetic compensation composition [28–31]. On
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the other hand, the perpendicular magnetic anisotropy (Ku) can be calculated using the
following equation:

Ku ≈ α Ms Hc (1)

where the α is constant for all samples, since all heterostructures are prepared under the
same conditions. By increasing the Tb concentration the Ku value decreases for all samples,
which is in good agreement with the previous report [26,32,33].

To realize the insertion layer effect on Hex and the σPw, Figure 3a shows the out-
of-plane minor loops (+15 KOe = ⇒ 0 Oe = ⇒ + 15 KOe) for the Tb21Co79/Cu(tCu)/
[Co(0.4)/Pt(2)]2 heterostructures (0.2 < tCu < 1 nm). This hysteresis loop is shifted away
from the zero-field axis to H = +Hex, and the width of the loop is 2 Hc, where Hc is the
coercive field of a [Co/Pt]2 layer. The hysteresis curve on the high magnetic field side,
shown in Figure 2, shows the magnetization reversal of the Co/Pt layer, as evidenced by
the negative polarity of the minor loop, as shown in Figure 3a. If this was the result of
RE-rich Tb–Co, the polarity would be positive.

Figure 3. (a) Minor loops of the Tb21Co79/Cu(tCu)/[Co(0.4)/Pt(2)]2 heterostructures with various
insertion layer thickness; (b) changes in the unidirectional anisotropy constant, σPw, and exchange
anisotropy, Hex, as a function of Cu thickness; (c) schematic illustration of the magnetic configuration
at the interface of the TbxCo100−x/Cu(0.2)/[Co(0.4)/Pt(2)]2 heterostructures.
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The Cu interlayer, with a thickness of tCu = 0.2–1 nm, was employed to tune the per-
pendicular exchange energy (PEE), σPw. The optimization of the insertion layer thickness is
necessary to control the PEE value because the removal of the Cu layer causes the exchange
coupling to become very large; therefore, it is impractical for the observation of the shift
of the hysteresis loop. Ideally, the effect of the Cu insertion causes the intermixing of
Tb–Co–Co/Pt that appears during the sputtering process to decrease. Hence, inserting
thin Cu layers allows for the improvement of the interface, thus enhancing the effective
anisotropy of the stack [34]. Figure 3b shows that by increasing the tCu over 0.5 nm, the Hex
and PEE σPw monotonically decrease, which is in agreement with previous reports [35,36];
thus, the optimum Hex and σPw values were 4.25 kOe and 0.54 erg/cm2 at tCu = 0.2 nm,
respectively. As a result, it is clearly demonstrated that the PEE can be controlled by Cu
thickness, which indicates additional suitability for memory device applications [10,11].

Figure 3c shows a schematic illustration of the magnetic configuration at the inter-
face of the TbxCo100−x/Cu(0.2)/[Co(0.4)/Pt(2)]2 heterostructures. As shown by the zero
magnetic field in the model diagram, the magnetization of the Co/Pt layer and the net
magnetization of the Tb–Co layer are opposite from one another; therefore, the static
magnetic energy at the interface increases. However, since the Co in the Co/Pt layer and
the Co in the Tb–Co layer are both oriented in the same direction, the interfacial domain
wall energy is low. On the other hand, in the high magnetic field in the model diagram, the
static magnetic energy at the interface decreases because the Co/Pt layer is inverted, and
conversely, the interfacial domain wall energy increases. In general, when the Co/Pt layer
and the Tb–Co layer are directly heterojunctioned, the interfacial domain wall energy is
overwhelmingly larger than the interfacial static magnetic energy; thus, it can only be used
only for a large exchange bias application. However, it was found that by inserting a small
amount of Cu at these interfaces, the interfacial domain wall energy can be controlled and
reduced to the desired value. As a result, it can be applied to memory applications that
also utilize interfacial static magnetic energy.

To define the EB for each of the heterostructures, the out-of-plane minor loops were
measured as shown in Figure 4a. Figure 4b summarized σPw and the magnitude of the Hex
field, respectively, as a function of the Tb content in the TbxCo100−x/Cu(0.2)/[Co(0.4)/Pt(2)]2
heterostructures at room temperature. Between 23 and 25 at.% Tb, the PEE seems to reach
its maximal value; toward lower and higher amounts of Tb, some reduction appears. In
the first region, both the Hex and σPw values increase when the Tb is among 19 < x < 24
atomic percent. Contrarily, in the second region—by increasing the Tb content from
x = 24 [31]—both the Hex and σPw values decrease and become zero at around x = 30.

In previous studies, it was reported that the EB field reaches its maximum at the
compensation point since the compensated sublattices of the FIM film hold no frustrated
bonds at the interface to the FM layer [25,37]. However, this behavior cannot be explained
directly in our system.

Firstly, this behavior can be explained by taking into account the variation in the
exchange energies of the Co–Co pair with changing RE content [38]. Accordingly, the
exchange coupling between the Co–Co pairs is the strongest when compared to other
pairings (JCo-Co > JCo-Tb > JCo-Pt). The JCo-Co is present at the interface between Tb–Co and
[Co/Pt]; therefore, a maximum PEE appears at a lower Tb concentration. Increasing the Tb
concentration can decrease the number of Co atoms at the interface, and occasionally it can
cause the reduction in the exchange coupling between Co–Co pairs at the interface [21,39].

Moreover, by increasing the Tb content, Hc decreases while Ms increases, which is
shown in Figure 2b. Therefore, the variation in the σPw value in the reduction in Hc is likely
connected with a smaller perpendicular exchange energy, σPw, in the ferrimagnet, which
should result in smaller perpendicular exchange energy.
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Figure 4. (a) Minor loops of the TbxCo100−x/Cu(0.2)/[Co(0.4)/Pt(2)]2 heterostructures; (b) changes in
perpendicular exchange energy, σPw, and exchange anisotropy, Hex, as a function of Tb composition;
(c) Tb–Co magnetization as a function of the Tb content; (d) change in magnetostatic energy as a
function of Tb composition; (e) surface roughness plotted as a function of Tb concentration.

To clarify the variation in σPw, the exchange energy can be calculated by the relation
in Equation (2). Hence, the total magnetic energy at the interface can be explained by the
following equation:

E = σPw + σm (2)

Here, σPw = σiw + σA, where the first term is the interfacial domain wall energy
generated between the Co/Pt layer and the Tb–Co layer; the second term, σm, is the static
magnetic energy generated between the Co/Pt layer and the Tb–Co layer; and the third
term, σA, is the magnetic anisotropy generated between the Co/Pt layer and the Tb–Co
layer. The interfacial domain wall energy obtained from the inverting magnetic field HEX
of the Co/Pt layer is σPw.

The anisotropic energy is very small because the Cu intermediate layer greatly atten-
uates the exchange force between the Co/Pt layer and the Tb–Co layer. Therefore, this
σA term can be negligible [40]. To realize the mechanism of the PEE at the interface, we
extracted the magnetization information of the samples in Table 1 and summarized them
in Figure 4c.
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Table 1. Summarized magnetic properties of Tb–Co/[Co/Pt]2 multilayers.

FIM Composition
Ms-Tb–Co
(emu/cm3)

Ms-[Co/Pt]
(emu/cm3)

Tb21Co79 210 1580
Tb24Co76 280 1430
Tb27Co73 260 1550

Figure 4d shows the magnetostatic energy of the TbxCo100−x. It is seen that the
magnetostatic energy shows the same curvature, which is in good agreement with Figure 4c.
Furthermore, the value of magnetostatic energy is considerable and plays an important
role in this system [41].

Since EB is an interfacial phenomenon, the surface roughness may affect the mag-
nitude of the exchange bias [19,42,43]. Hence, the effect of the Tb content on the surface
morphology of TbxCo100−x/Cu(0.2)/[Co(0.4)/Pt(2)]2 heterostructures was investigated
using AFM. Figure 4e shows a flat surface for Tb24Co76 in comparison to the other com-
position. Surface roughness (Ra) for Tb–Co increases with increasing Tb concentration.
Therefore, the variation in the exchange bias field as a function of the Tb composition might
be related to the interface roughness induced by changes in growth conditions, depending
on the Tb content of the alloy.

For the TbxCo100−x samples, both Hex and σPw reach a maximum value of Hex = 8.75 kOe
and σPw = 1 (erg/cm2) at x = 24, which are significantly larger than what was observed in
the ordinary AFM/FM and FM/FM systems [17,27,36,44,45].

4. Summary

In summary, we have systematically investigated the perpendicular exchange bias
and perpendicular exchange energy (PEE) σPw of TbxCo100−x/Cu(tCu)/[Co(0.4)/Pt(2)]2
(20 < x < 30) heterostructures. We replaced the commonly used AFM pinned layer with
the ferrimagnet pinning layer. The interlayer thickness and FIM composition of the Tb–Co
layer were optimized to obtain large Hex and σPw. The advantage of using amorphous
RE-TM alloys as a pinned layer is the tunable magnetic properties that depend strongly on
composition. The PEE reached a maximum σPw = 1 (erg/cm2) around x = 24 at.%, at room
temperature. In this system, we observed two competing mechanisms—one leading to
an increase and the other to a decrease—which corresponds to the effect of Tb content on
saturation magnetization and the coercivity of heterostructures. The developed FIM/FM
films, with a perpendicular exchange bias and a large PEE, will be greatly beneficial in
spintronic applications, such as magneto-optical memory and high areal density recording
technology.
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Abstract: Magnons (the quanta of spin waves) could be used to encode information in beyond Moore
computing applications. In this study, the magnon coupling between acoustic mode and optic mode
in synthetic antiferromagnets (SAFs) is investigated by micromagnetic simulations. For a symmetrical
SAF system, the time-evolution magnetizations of the two ferromagnetic layers oscillate in-phase
at the acoustic mode and out-of-phase at the optic mode, showing an obvious crossing point in
their antiferromagnetic resonance spectra. However, the symmetry breaking in an asymmetrical
SAF system by the thickness difference, can induce an anti-crossing gap between the two frequency
branches of resonance modes and thereby a strong magnon-magnon coupling appears between
the resonance modes. The magnon coupling induced a hybridized resonance mode and its phase
difference varies with the coupling strength. The maximum coupling occurs at the bias magnetic
field at which the two ferromagnetic layers oscillate with a 90◦ phase difference. Besides, we show
how the resonance modes in SAFs change from the in-phase state to the out-of-phase state by slightly
tuning the magnon-magnon coupling strength. Our work provides a clear physical picture for the
understanding of magnon-magnon coupling in a SAF system and may provide an opportunity to
handle the magnon interaction in synthetic antiferromagnetic spintronics.

Keywords: magnons; synthetic antiferromagnets; antiferromagnetic resonance; micromagnetics

1. Introduction

Magnon spintronics [1], which utilize propagating spin waves for nanoscale transmis-
sion and processing of information, have been growing as emerging research fields [2]. As
a carrier of spin current, the magnons hold the promise of delivering information with-
out the motion of electrons, therefore avoiding Ohmic losses and becoming a promising
alternative to CMOS-based circuits. Recently, the magnons in antiferromagnets have at-
tracted fundamental interest [3–5], in which long wavelength magnons can have frequency
in the gigahertz (GHz), sub-terahertz, and even terahertz (THz) ranges because of the
spin-sublattice exchange [6–8]. Due to the presence of two sublattices in antiferromagnets
(AFMs) or ferrimagnets, the ferromagnetic resonance (FMR) spectra possess two different
magnon branches. These two magnon modes can merge into a single branch at a degen-
eracy point, at which strong magnon-magnon interactions occur. This was reported in a
layered AFM crystal CrCl3 [9,10], compensated ferrimagnet gadolinium iron garnet [11],
or magnetic metal-insulator hybrid structure [12,13]. Interestingly, the tunable magnon-
magnon coupling in these systems provides the opportunity to use interactions between
the magnon branches as a means to control/manipulate magnons in the device-based
antiferromagnetic spintronics.

In contrast, synthetic antiferromagnets (SAFs) [14,15], composed of two ferromagnetic
(FM) layers separated by a non-magnetic layer, could provide an easy way to handle the
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magnon-magnon interactions, because the interlayer coupling between the two FM layers
mainly comes from the Ruderman–Kittel–Kasuya–Yosida (RKKY) interaction [16,17] and
its strength is adjustable. The antiferromagnetically coupled two FM layers possess two
kinds of uniform precession resonance modes: in-phase acoustic mode (AM) and out-of-
phase optic mode (OM) [18–21]. Recently, it was shown that in a symmetrical SAF the
symmetry-protected mode crossing in FMR spectra between the acoustic and optic mode
branches can be eliminated by a tilting bias magnetic field [22,23] or by dynamic dipolar
interaction from nonuniform precession of magnetic moments [24]. Subsequently, a strong
magnon-magnon coupling between the AM and OM appears in the SAF systems. Besides,
the SAFs with two asymmetric ferromagnetic sublayers (different thickness or different
materials) can also break the system symmetry and realize the strong magnon-magnon
coupling [23,25].

One of the important conditions to realize magnon-magnon coupling in the SAFs
is to turn the two distant modes (AM and OM) into resonance at very close frequency,
from which a new spin wave state can be generated, namely, mode hybridization. An
obvious feature of the magnon hybridization state is the appearance of an anti-crossing
gap in frequency spectra between the acoustic and optic branches. The strength of the
magnon-magnon coupling can be characterized by the gap size [9]. Recently, the maximum
coupling strength of 9.94 GHz was predicted [23]. However, most previous studies so
far have focused on how to achieve magnon-magnon coupling or how to enhance the
coupling strength, and less study is concerned with the magnetization precession of the
hybrid modes. In this work, we will analytically and numerically study the magnetization
dynamics of magnon-magnon coupling in both symmetrical and asymmetrical CoFeB-
based SAFs. We find that a clear frequency crossing between the optic and acoustic magnon
modes appear in a symmetrical SAF, indicating the absence of magnon coupling due to
symmetry protection. However, for an asymmetrical SAF with different thicknesses of the
two FM sublayers, a coupling gap is achieved because of the intrinsic symmetry breaking
of the system. Remarkably, the strongest magnon-magnon coupling between the two
magnon modes generates a hybrid precession mode with the phase difference of δϕ = 90◦
between the two magnetic sublattices, rather than the in-phase AM magnons (δϕ = 0◦)
and out-of-phase OM magnons (δϕ = 180◦).

2. Simulation Model

As illustrated in Figure 1, we consider an SAF nanopillar structure of CoFeB (d1 nm)/
Ru/CoFeB (d2 nm) trilayer patterned in a circular shape of 100 nm × 100 nm. Here we
consider two samples: One is symmetric SAF structure with d1 = d2 = 2.0 nm (Sample-I) and
the other is an asymmetric SAF with d1 = 2.0 nm and d2 = 4.0 nm (Sample-II). In this study,
the dynamics of the trilayer samples were simulated by using the open-source simulation
software OOMMF (National Institute of Standards and Technology, Gaithersburg, MD,
USA) [26], which is based on the Landau–Lifshitz–Gilbert equation:

dmi
dt

= −γmi × Hi,eff + αmi × dmi
dt

(1)

where mi = Mi/Ms is the unit magnetization vector of the ith discretization cell in upper or
lower CoFeB layers. Ms is the saturation magnetization of CoFeB, α is the Gilbert damping
factor, and γ is the gyromagnetic ratio. Heff is the effective magnetic field that includes the
intralayer exchange field, demagnetizing field Hd, interlayer exchange field HIEC between
the upper and lower CoFeB, and external magnetic field H0. The effective magnetic field is:

Heff =
2Aex

μ0Ms
∇2m + Hd + HIEC + H0 (2)

where Aex is the exchange stiffness, μ0 is the vacuum permeability. HIEC = JIEC/(dj Ms),
here JIEC is the interlayer exchange coupling constant, with JIEC > 0 for ferromagnetic
coupling while JIEC < 0 for antiferromagnetic coupling. dj is the thickness of CoFeB layer
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(j = 1 or 2 refers to the upper or lower layer). In this study, we suppose the thickness of
non-magnetic layer (dRu) is 1.1 nm (the second peak of antiferromagnetic coupling) [21].
Additionally, the typical material parameters of CoFeB (in CGS units) are used [27,28]:
Ms = 1000 emu/cm3, Aex = 2.0 × 10−6 erg/cm, α = 0.01 and JIEC = −0.2 erg/cm2. Here,
the magnetic anisotropy is ignored because its energy is almost unaffected by the in-plane
orientation of the sublayer magnetizations [23,24]. All the simulations are performed
without taking temperature into account.

Figure 1. In-plane hysteresis loop as a function of the external field H0 along x-direction for a sym-
metrical SAF (Sample-I) (a) and asymmetrical SAF (Sample-II) (b), respectively. The corresponding
equilibrium angles of the magnetization vectors of two FM layers for the symmetrical SAF (c) and
asymmetrical SAF (d) are also shown.

3. Results and Discussion

Firstly, we start our simulations for calculating the static hysteresis loops of two differ-
ent samples and the results are shown in Figure 1. The external magnetic field H0 is along
the x-direction. For the symmetrical SAF (Sample-I), as shown in Figure 1a,c, there are only
two equilibrium states: spin-canted state and parallel saturation state. Without the external
magnetic field, the initial state of m1 and m2 are antiparallelly aligned due to the antiferro-
magnetic coupling. Under the action of H0 with the strength of 0 < H0 < Hs, the m1 and m2
are rotated into a spin-canted state within the film plane, where Hs = 2HIEC represents the
saturation magnetic field. The angles between mi and H0 satisfy: ϕ2 = −ϕ1 = cos−1(H0/Hs).
When H0 > Hs, the m1 and m2 orient parallel to the direction of bias magnetic field (i.e., x-
axis). Taking the parameter values of Ms, d, and JIEC, we get the strength of HIEC = 1100 Oe,
which is in good agreement with the simulation results (the saturation field Hs = 2300 Oe
and thereby HIEC = Hs/2 = 1150 Oe).

For the asymmetrical SAF (Sample-II), however, as shown in Figure 1b,d, three typical
equilibrium states exist. When the magnetic field is smaller than the critical field [18]
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Hcri,1 = HIEC1 − HIEC2, the magnetization vectors of m1 and m2 are opposite to each other
along the x-direction and the net magnetization is constant. Above the critical field, the
magnetizations of two FMs deviate from the antiparallel alignment. The field dependent
magnetization can be estimated as [20,29]:

M(H)

Ms
=

d1 cos(ϕ1eq) + d2 cos(ϕ2eq)

d1 + d2
(3)

where ϕ1eq and ϕ2eq represent the equilibrium directions of m1 and m2. When the external
field H0 is larger than Hcri,2 = HIEC1 + HIEC2, both m1 and m2 are forced to align in the
x-direction and the SAF reaches a saturation state.

3.1. Dynamic Resonance Properties of Symmetrical SAF

In this part, we study the dynamics of antiferromagnetic resonance. In addition to
an external bias field applied along the x-axis to stabilize the magnetizations of SAFs, we
also apply a time-varying microwave field of hrf = h0 sin(2π f t) to excite the magnons. The
oscillation amplitude of the microwave fields is small and set as h0 = 3 Oe in this study.
Its direction is either along the x-axis (i.e., hrf ‖ H0, namely, longitudinal pumping) or
along the y-axis (i.e., hrf⊥H0, namely, transverse pumping). The time evolution of spatially
averaged magnetizations (m1 and m2) are recorded to calculate the response frequency
through fast Fourier transform (FFT) analysis.

It is well known that an SAF system inherently has two distinct eigenmodes: AM and
OM [18,19]. Figure 2 summarizes the simulated results at H0 = 600 Oe for a symmetrical
SAF with two identical FM layers (d1 = d2 = 2.0 nm). In the case of transverse pumping,
only AM resonance is excited at a low frequency of 4 GHz while for the longitudinal
pumping case only OM resonance is excited at a high frequency of 15 GHz, as shown in
Figure 2a,b, respectively. This result can be well explained as follows: by considering that
the resonance response signal is characterized by the rf components of the net magnetization
m = (m1 + m2)/2 along the pumping field direction. For the low frequency resonance
state, as shown in Figure 2c, d, both y- and z-components of m1 and m2 precess in phase
while the x-component oscillates out-of-phase. In contrast, for the high frequency resonance
state, as shown in Figure 2e,f, the x-component of m1 and m2 precess in-phase while both
y- and z-components precess out-of-phase. Therefore, for the AFMR measurement with a
transverse pumping microwave field (along the y-axis) to the bias magnetic field (x-axis),
the in-phase AM resonance state (taken from the my or mz) is only observed while the OM
resonance state is hidden. In contrast, for the longitudinal pumping microwave field (along
the x-axis), the observed resonance signal comes from the net magnetization mx (because
the net my = 0 or mz = 0) but we classify this resonance state as the OM state due to the
out-of-phase in my (or mz) component.

Figure 3a shows the dispersion relation of frequency versus external magnetic field
H0 applied in the x-direction. In the spin-canted region, the frequency of the in-phase AM
f AM increases with the increasing field while the out-of-phase OM frequency f OM decreases
gradually until it reaches zero at the critical filed Hs = 2300 Oe. Theoretically, we could
assume the whole FM layer is a single-domain and possesses a uniform magnetization
precession within each layer. Thus, within the macrospin approximation, Equation (1) can
be expanded as:

dm1
dt = −γm1 × (H0

→
x − HIEC,1m2 − 4πMs(m1·→z )→z ) + αm1 × dm1

dt
dm2
dt = −γm2 × (H0

→
x − HIEC,2m1 − 4πMs(m2·→z )→z ) + αm2 × dm2

dt

(4)
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Figure 2. Top panel: The simulated AFMR response signal for the transverse pumping (a) and
longitudinal pumping (b) at H0 = 600 Oe. An acoustic resonance mode (AM) occurs at low frequency
f = 4 GHz while the optic resonance mode (OM) occurs at f = 15 GHz. The color-coding refers to
the resonance amplitude of magnetization response. The insert diagram shows the corresponding
diagram of magnetization precession, where m1(m2) represents the magnetization unit vector for
ferromagnetic layer 1(2). Bottom panel: The magnetization oscillations of m1 (black) and m2 (red)
in the acoustic mode (c) and optic mode (e), where my and mz precess in phase in the acoustic
mode while out of phase in the optic mode. The corresponding net magnetization m = (m1 + m2)/2
oscillations are also shown in (d) for AM and (f) for OM.

For any given applied field, Equation (4) has two real solutions, corresponding to the
acoustic and optic modes. Additionally, for the symmetrical SAF (d1 = d2 = 2.0 nm), the
angular frequencies of the two modes are expressed as [22]:

fAM = γ
2π

√
2HIEC(2HIEC + 4πMs)

H0
2HIEC

fOM = γ
2π

√
8πHIECMs(1 − H2

0
4H2

IEC
)

(5)

The theoretical results calculated from Equation (5) are plotted as the dotted black
curve and red curve in Figure 3a, respectively. Clearly, the analytical result agrees well with
the simulations.

A remarkable feature of the frequency spectra is the symmetry-protected mode cross-
ing between the AM and OM branches, indicating that these two magnon modes have not
hybridized in this symmetrical SAF. Consequently, no magnon-magnon coupling occurs.
To further confirm the above results, the time-dependent phase difference between m1 and
m2 near the crossing point are shown in Figure 3b,c, where ϕi (i = 1, 2) is the azimuth angle
of magnetization vector. We find that m1 and m2 undergo pure in-phase precession in the
AM magnon mode while anti-phase precession in the OM magnon mode. The simulation
results are in agreement with the theoretical prediction.
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Figure 3. (a) Dispersion relation of frequency versus external magnetic field H0 for the symmetrical
SAF (Sample-I). The open circles represent the simulation results and dash lines represent the
analytical calculations; (b,c) Comparison of the phase difference for the AM and OM resonant states
at three different fields. Here ϕi (i = 1, 2) is the azimuth angle of mi. It clearly shows the time-
dependent in-phase precessions for the AM and antiphase precessions for the OM resonance state.

When the external field increases into the saturation region, both m1 and m2 are forced
in the x-direction by the strong magnetic field. In this case, the SAF system behaves as a
single ferromagnetic layer, the observed resonance state is the Kittel mode (KM) and its
frequency can be described as [30]:

fFMR =
γ

2π

√
H0(H0 + 4πMs) (6)

In addition, the optic mode in this region will be hidden as its resonance intensity
approaches to zero [31,32].
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3.2. Dynamic Resonance Properties of Asymmetrical SAF

So far, we have investigated the magnon modes in symmetrical SAF with d1 = d2, and
the magnon-magnon coupling does not occur due to symmetry-protection [9]. It has been
theoretically predicted that the symmetry breaking will lead to a magnon-magnon coupling
between the pure AM and OM, accompanied by an anti-crossing gap opening in frequency
spectra [33]. This can be done in SAF structures by changing the two FM layers either with
different materials or different thicknesses. To verify whether the intrinsic asymmetry can
induce the coupling between the AM and OM, we simulated an asymmetrical SAF with
different thicknesses, d1 = 2 nm for the bottom layer and d2 = 4 nm for the top layer. All
other conditions are the same as the symmetrical SAF. The external bias field is applied
along the x-direction.

Figure 4a shows the simulated dispersion relation of the asymmetrical SAF. An ob-
vious anti-crossing gap is observed in the spin-canted region, indicating the magnon-
magnon coupling phenomena appears. Here we define the magnon coupling strength as
g =

(
fup − fdown

)
/2, where f up and f down refer to the minimum frequency of up branch

and the maximum frequency of down branch. The simulation shows that the magnon-
magnon coupling strength is g = 1.5 GHz in our sample. Theoretically, the resonance
frequency can also be derived from the eigenvalue equation of Equation (4) [33]:

ω4 − (a2 +
c

2b
)ω2 +

2b + c
4b2 (1 − a2)(a2 + c − 1) = 0 (7)

where a = H0
Hcri,2

, b = 2|JIEC |
μ0 M2

s (d1+d2)
, and c = 1 −

(
d1−d2
d1+d2

)2
. Thus, the angular frequency of

the up and down branches can be obtained as:

ωup,down =
1√
2

√√√√√(a2 +
c

2b
)±

√
b2 + 2b + c

b

√√√√[a2 − (2b + c)(2 − c)− bc
2(b2 + 2b + c)

]
2

+
(1 − c)(2b + c)3

4(b2 + 2b + c)2 (8)

The theoretical curves calculated from Equation (8) are depicted by dash lines in
Figure 4a in the spin-canted region.

To acquire a clearer insight into the behavior of magnon-magnon coupling, we further
studied the phase difference of magnetization evolution between m1 and m2, as shown
in Figure 4b,c. The down mode and up mode have obvious changes with the external
magnetic field. As the external magnetic field H0 increases, the down mode changes from
pure AM to OM, while the up mode changes from pure OM to AM. Remarkably, the phase
difference of the new hybrid mode is not 0◦ or 180◦ but almost 90◦ at the strongest coupling
field (H0 = 1500 Oe). Actually, this process of change can also establish the relationship
between the phase difference and the magnon coupling strength.

So far, we have investigated the magnon–magnon coupling in symmetrical SAF with
d1 = d2 and asymmetrical SAF with d1 �= d2. For symmetrical SAF, only pure in-phase AM
and out-of-phase OM are observed and the phase difference δϕ = ϕ1 − ϕ2 between m1 and
m2 is constant (δϕ = 0◦ for the AM and 180◦ for the OM magnons), as shown in Figure 5a.
For the asymmetrical SAF, as shown in Figure 5b, the phase difference δϕ varies with the
external magnetic field H0, showing the δϕ changes from 0◦ to 180◦ for the down magnon
mode while changes from 180◦ to 0◦ for the up mode. An obvious hybrid characteristic
is shown.
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Figure 4. (a) Dispersion relation of frequency in asymmetrical SAF (Sample-II) with the external
magnetic field H0 applied along the x-axis direction. The open circles represent the simulation results
while dotted lines represent the corresponding theoretical calculations, showing an obvious coupling
gap. Phase difference of down mode (b) and up mode (c) at 1300 Oe, 1400 Oe,1500 Oe, 1600 Oe, and
1700 Oe. The phase difference between m1 and m2 varies with the external magnetic field, indicating
a new hybrid mode.

Figure 5. (a) Phase difference of pure AM (black curve) and pure OM (red curve) for the symmetrical
SAF (Sample-I); (b) Phase difference of down branch mode (red curve) and up branch mode (black
curve) for the asymmetrical SAF (Sample-II).
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4. Conclusions

In summary, we have investigated the coupling between acoustic and optic magnon
modes in both symmetrical and asymmetrical SAFs. In addition to the frequency dispersion,
here we pay more attention to the phase difference between the sublayer magnetizations
for these two SAF systems. For the symmetrical SAF, the in-phase AM and out-of-phase
OM exist separately and their magnetic field-dependent frequency branches cross each
other at a degenerate point, and no magnon-magnon coupling occurs. In contrast, for an
asymmetrical SAF, however, an obvious anti-crossing gap appears in frequency dispersion
relations and the magnon-magnon coupling between the AM and OM occurs due to the
intrinsic symmetry breaking of the system. The original AM and OM magnons gradually
hybridizes with the increase of the coupling strength. The phase difference between m1 and
m2 is almost 90◦ at the strongest coupling field. The study demonstrates a clear physical
picture of the mode coupling, from which a hybrid spin-wave mode can be generated by
turning the two distinct modes into resonance and the physical properties of the coupled
modes have changed significantly. In addition, generating the hybrid spin-wave states may
also provide assistance in the development of future magnonic devices.
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Abstract: We present a theory of a detector of terahertz-frequency signals based on an antiferromag-
netic (AFM) crystal. The conversion of a THz-frequency electromagnetic signal into the DC voltage is
realized using the inverse spin Hall effect in an antiferromagnet/heavy metal bilayer. An additional
bias DC magnetic field can be used to tune the antiferromagnetic resonance frequency. We show that
if a uniaxial AFM is used, the detection of linearly polarized signals is possible only for a non-zero
DC magnetic field, while circularly polarized signals can be detected in a zero DC magnetic field.
In contrast, a detector based on a biaxial AFM can be used without a bias DC magnetic field for the
rectification of both linearly and circularly polarized signals. The sensitivity of a proposed AFM
detector can be increased by increasing the magnitude of the bias magnetic field, or by by decreasing
the thickness of the AFM layer. We believe that the presented results will be useful for the practical
development of tunable, sensitive and portable spintronic detectors of THz-frequency signals based
of the antiferromagnetic resonance (AFMR).

Keywords: spin pumping; spin-orbit torque; insulating antiferromagnet; sub-terahertz waves;
spin-Hall effect

1. Introduction

Frequency-selective and tunable detection of terahertz (THz) frequency signals is
an operation that is important for many different applications—from medical scanning,
to security, to high-speed 6G communication and radio astronomy [1]. Due to the rarity of
resonators with natural frequencies in the THz (from 0.1 to 10 THz) frequency range, the
tunable resonance detection in this frequency range is still a significant challenge [2–5]. One
option to realize resonance detection of THz-frequency signals is to use antiferromagnetic
(AFM) crystals that naturally have frequencies of the antiferromagnetic resonance (AFMR)
in the THz-frequency range. These high frequencies of the AFMR are related to the existence
of a strong exchange interaction between the AFM magnetic sublattices (internal exchange
magnetic fields of up to 102–103 T) [6].

It has been shown theoretically that AFMs can be used as active layers of THz-
frequency oscillators [7–10] and detectors [11–13]. Recent experiments on the effect of
spin-pumping performed in both uniaxial [14–16] and biaxial [17,18] AFMs indicate the
possibility of development of THz frequency-detectors based on antiferromagnet/heavy
metal (AFM/HM) heterostructures. In this work, we analyze the available theoretical and
experimental data on the properties of AFM crystals, and describe the influence of the
AFM crystal anisotropy, magnitude and orientation of the external bias magnetic field,
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as well as the polarization of the received THz-frequency electromagnetic signal, on the
possibility of resonance detection of such signals using spin pumping in passive spintronic
detectors-based AFM/HM bilayers.

The general theory of spin-pumping and spin-transfer torque in AFM/HM layered
structures was developed in [19]. The influence of the signal polarization and the type of
the AFM anisotropy on the detection of THz-frequency signals by the AFM/HM spintronic
detectors has been further studied theoretically in [11,13]. It was found that a uniaxial AFM
gives a zero rectified voltage for a linearly polarized AC spin current signal, but can detect
a circularly polarized AC signal [13]. It was also found that a biaxial dielectric AFM (such
as NiO) can be used as a sensitive element of a resonance quadratic rectifier of linearly
polarized AC spin current signals, and that a sensitivity of such a rectifier could be in
the range of 1 kV/W [11,13]. The conditions necessary for using uniaxial AFMs for the
detection of linearly polarized signals have not been studied in detail, so far.

It is well-known (see, e.g., [6]) that, in the absence of an external bias magnetic
field, the AFMR frequencies in AFM crystals are proportional to the square root of the
product of the anisotropy fields and the AFM internal exchange field. The AFM internal
exchange magnetic field, which keeps the AFM sublattices anti-parallel to each other,
reaches hundreds of Tesla, while the AFM anisotropy field is much smaller (from μT to
several T), and, therefore, the tuning of the AFMR frequency is, usually, done by changing
the AFM anisotropy fields. The variation of the anisotropy fields can be done using
magnetostriction in the adjacent piezoelectric layer [20,21], driving DC current through the
adjacent HM layer [13], or by changing temperature [22]. When an external bias magnetic
field is applied to a uniaxial AFM, its influence on the AFMR frequency depends on the
field direction relative to the anisotropy easy axis, and linear tuning of the AFMR frequency
is possible when the bias field is parallel to the anisotropy easy axis, but the bias field
magnitude necessary for the AFMR tuning is rather large, of the order of several tesla.

In this work, we consider a theory of resonance detection of both linearly and circularly
polarized electromagnetic (EM) signals via a spin-pumping mechanism in AFM/HM
heterostructures. We assume the presence of a DC external bias magnetic field that can
be used for tuning the AFMR frequency of the detector, as it was done in recent AFM
spin-pumping experiments [14–16]. We also study the additional influence of the bias
magnetic field on the detector properties. The paper is organized as follows. In Section 2,
we describe the possible physical structure of an AFM/HM based detector. In Section 3,
we present a mathematical model of the magnetization dynamics in an AFM using the
so-called “sigma-model” developed in [23–25] for both uniaxial and biaxial AFM crystals.
The expressions for the AFM-based detector sensitivity are presented in Section 4, while
the conclusions are given in Section 5.

2. Physical Structure

Let us consider a concept of a THz-frequency detector based on AFM/HM bilayer,
which is shown in Figure 1a. Here, the anisotropy easy-axis is oriented in the plane of
the sample eEA = e3. The magnetic field component of the AC electromagnetic field
hAC = hACeAC · eiωt created by an external signal is oriented in the plane perpendicular
to the easy-axis eEA, where eAC = (e1 + e2)/

√
2 and eAC = (e1 + ie2)/

√
2 for the cases of

linear (LP) and circular (CP) polarization, respectively, while hAC and ω are the amplitude
and frequency of the AC magnetic field.
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Figure 1. (a) Schematic view of the resonance detector based on an AFM/HM heterostructure under
the action of a THz-frequency electromagnetic signal with controllable polarization. Here l(t) is the
Neel vector oriented along the anisotropy easy-axis, VOUT is the output DC electric voltage, and H0

is the external DC bias magnetic field; (b) dependence of the resonance frequencies of the detector
based on the uniaxial AFM MnF2 on the DC bias magnetic field H0 for H0 ‖ eEA and H0 ⊥ eEA.

The external AC magnetic field induces torque, which acts on the magnetic sublattices
of the AFM, and causes oscillations of the Néel vector l = (M1 − M2)/2Ms near the
easy-axis, and creates a spin-current due to the spin-pumping mechanism [6]:

jSP =
h̄gr

2π

[
l × dl

dt

]
, (1)

where gr is the real part of the spin-mixing conductance, h̄ is the reduced Planck constant,
M1,2 are magnetization vectors of the AFM sublattices, and Ms is the saturation magneti-
zation of the sublattices. This spin current is then injected into the HM, which produces
a charge current and electric field between the output electrodes E through the inverse
spin Hall effect (ISHE), and results in an electric DC voltage VOUT. The experimental ISHE
voltages and other physical parameters of different uniaxial and biaxial AFMs for the zero
external DC magnetic field are presented in Table 1, and they are all above tens of nV.
One can see from Table 1 the resonance frequencies of the presented AFMs lie in the THz
frequency range. We use MnF2 and NiO for our numerical simulations for uniaxial and
biaxial cases, respectively, as materials with low damping at room temperatures, which
give the acceptable quality factor for AFM resonance.

Table 1. Parameters of uniaxial and biaxial AFMs at zero DC magnetic field H0 = 0.

Material HEA,HA, T Hex, T fAFMR, GHz Δ f , GHz VISHE, nV Ref.

FeF2 20 108 1400 30 - [26,27]
Cr2O3 0.07 490 163 5.6 30 [15,17]
MnF2 0.85 106 245 2.6 60 [14,16]
NiO 0.03, 0.7668 1937 220, 1100 18 - [28,29]

3. Magnetization Precession Induced by a Polarized THz EM Signal

A general phenomenological method for the description of the AFM dynamics is
based on the use of coupled Landau–Lifshitz equations for the magnetizations of the
sublattices M1,2 [6]. Using this approach under the condition that the total magnetization
M = M1 + M2 is small, I.V. Baryakhtar and B.A. Ivanov [23] obtained an effectively closed
equation describing the dynamics of an antiferromagnet in terms of a normalized (unit)
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vector l = (M1 − M2)/2Ms. In their derivation, it was assumed that the magnetization
vector M of an antiferromagnet is a “slave” variable, and is determined by the vector l(t)
and its time derivative dl(t)/dt. The dynamic equations of motion for the unit vector
l(t) are usually called the equations of the “sigma-model”, and their application greatly
simplifies the analysis of both linear and nonlinear dynamic effects in antiferromagnets [6].
A.F. Andreev and V.I. Marchenko [25], as well as A.K. Zvezdin [24], obtained the sigma-
model equation based on the analysis of the dynamic symmetry of the AFM. In this section,
we describe the magnetization dynamics in an AFM crystal using the sigma-model in the
following form [23,25]:

l ×
(

d2l

dt2 + γeff
dl

dt
− 2γ

[
dl

dt
× H0

]
+

∂WAFM

∂l

)
=

[
l × γ

dhAC

dt

]
× l, (2)

where γeff = αeffωex is the spectral linewidth of the AFM resonance at zero bias magnetic
field H0 [13], αeff is the effective damping including Gilbert constant and spin-pumping
term [11], γ = 2π · 28 GHz/T is the gyromagnetic ratio. The vector product dl/dt ×
H0 is the gyroscopic torque [25] and WAFM(l, H0) is the magnetic energy density in the
presence of the DC bias magnetic field, which can be expressed in the form (see for more
details [23,25]:

WAFM(l, H0) = −ωexωEA

2
(l · eEA)

2 +
ωexωHA

2
(l · eHA)

2 +
γ2

2
(H0 · l)2. (3)

Here characteristic frequencies are defined as follows: ωex = γHex, ωEA = γHEA,
ωHA = γHHA, and Hex is the AFM internal exchange magnetic field, HEA, HHA are the
AFM anisotropy fields corresponding to the easy and hard axes, respectively (see Table 1).
Some authors use a definition of the exchange field in an AFM, HE = Hex/2, which is half
of the exchange field Hex used in our current work. We use the definition Hex = 2 · HE.
following the classical papers on the magnetization dynamics in AFM crystals [23,25].
Thus, the left-hand side part in Equation (2) contains the inertial, damping, gyroscopic,
and anisotropy terms, respectively, while the right-hand side part of the equation describes
the influence of the AC magnetic field of the external signal. Note, that in [11,13] an AC
spin current with a torque [l × jAC]× l in the right-hand side of Equation (2) was used as
an excitation mechanism, where jAC is the density of the spin-current. Our further results
on the study of model (2) with external electromagnetic radiation are also applicable to the
case of a spin current.

Let us now consider the small-amplitude dynamics of the Néel vector expressed as
a sum of the static component l0, describing the AFM ground state, and a small dynamic
vector s(t) excited by the AC magnetic field of the external signal:

l(t) = l0 + s(t). (4)

Note, that the vectors l0 and s satisfy the orthogonality constraint, i.e., (l0 · s) = 0.
The ansatz (4) uses the assumption of a small change in the dynamic vector s(t) near the
stationary vector l0, which describes the AFM ground state. This is a common technique in
the theory of oscillations and waves. In such a linear theory it is assumed that the vector s(t)
is small, and we can linearize the original nonlinear sigma-model equation to obtain a linear
dynamic equation for the vector s(t). In a nonlinear case, the ansatz l = l0 + s can also be
used, but, then, Equation (6) must be modified, and the nonlinear terms must be considered
in that equation. Such nonlinear dynamics can include the second harmonic generation [30],
or the appearance of the self-oscillations [8], but the theory of such nonlinear processes is
beyond the scope of our current manuscript.

The equation defining the AFM ground state Néel vector l0 can be easily found from
(3) as follows:

ωexωEA(l0 · eEA)[l0 × eEA]− ωexωHA(l0 · eHA)[l0 × eHA] = ω2
H(l0 · eH)[l0 × eH], (5)
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where ωH = γH0, and eH is the unit vector along the DC bias magnetic field. Solving
Equation (5) gives the ground state Néel vector l0 = e3.

Using Equation (4) in Equation (2) we can derive the following differential equation
describing the oscillations of the dynamic part of the Néel vector s = s1e1 + s2e2 :

d2s

dt2 + γeff
ds

dt
− 2ωH(l0 · eH) · Θ̂ · ds

dt
+

(
Ω̂ − (

l0 · Ω̂l0
)

Î
) · s = Θ̂ · γ

dhAC

dt
, (6)

where matrices Θ̂, Î, Ω̂ can be expressed as follows:

Θ̂ =

(
0 1
−1 0

)
, Î =

(
1 0
0 1

)
, (7)

Ω̂ = −ωexωEAeEA ⊗ eEA + ωexωHAeHA ⊗ eHA + ω2
HeH ⊗ eH. (8)

Linear vectorial Equation (6) describes the small-amplitude dynamics of the AFM
Néel vector. The formal solution s(ω) of Equation (6) for a harmonic driving signal
hAC = ωACeACeiωt (here ωAC = γhAC) has the following form:

s(ω) = iωωACD̂−1(ω) · Θ̂ · eAC, (9)

where D̂(ω) is the matrix

D̂(ω) =
[(

−ω2 + iγeffω
)

Î − 2iωωH(l0 · eH)Θ̂ + (Ω̂ − (l0 · Ω̂l0) Î)
]
. (10)

We can rewrite expression (9) in the form:
(

s1
s2

)
=

iωωAC

det
[
D̂(ω)

]
(

ω2
2 − ω2 + iωγeff 2iωωH(eH · l0)

−2iωωH(eH · l0) ω2
1 − ω2 + iωγeff

)
·
(

eAC,2
−eAC,1

)
, (11)

where eAC,1,2 = 1/
√

2 for LP and eAC,1 = i/
√

2, eAC,1 = 1/
√

2 for CP, and

ω2
1,2 = ωex(ωEA + ωHA(e1,2 · eHA)) + ω2

H ·
(
(e1,2 · eH)

2 − (e3 · eH)
2
)

. (12)

Now, we can find a general expression for the AFM eigenfrequencies ω± in the case
of zero effective damping γeff . These eigenfrequencies are found from the condition of
the vanishing of the determinant of the matrix (10) in the following form (here we take
ωH = ωH : (eH · l0)):

ω2± =
1
2

(
ω2

1 + ω2
2

)
+ 2 · ω2

H ±
√

1
4
(
ω2

1 − ω2
2
)2

+ 2 · ω2
H
(
ω2

1 + ω2
2
)
+ 4ω4

H (13)

Let us consider several particular cases for the orientation of the external bias magnetic
field H0 relative to the axes e1,2,3 in the uniaxial and biaxial AFM crystals.

(a) Easy-axis uniaxial AFM (HHA = 0).

For the case of a zero DC bias magnetic field, two eigenfrequencies ω± are degenerate,
and equal to ω± =

√
ωexωEA = ω0

AFMR. The dynamic vector s(ω) has, in this case, the
simplest form: (

s1
s2

)
=

iωωAC(−ω2 + (ω0
AFMR)

2 + iωγeff
) ·

(
eAC,2
−eAC,1

)
. (14)

This is a standard expression for the amplitude–frequency characteristic of an oscilla-
tory system with one degree of freedom FM modes are (two AFM modes s1,2 are degenerate
and uncoupled).
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In the case when H0 ‖ eEA, the resonance frequencies from (13) can be found in the
following form:

ω± = ω0
AFMR ± ωH for H0 < Hs f , (15)

and
ωQFMR =

√
(ωH)2 − (ω0

AFMR)
2 for H0 > Hs f , (16)

where Hsf =
√

Hex · HEA is the spin-flop field, at which the Néel vector changes its di-
rection from the parallel to the external bias magnetic field to the perpendicular to it.
The dependences of the resonant frequencies defined by the expressions (15) and (16) are
shown in Figure 1b. Such dependences were obtained experimentally for different easy-axis
AFMs (see, e.g., [15,16]). Since the rectification of the modes having “quasi-ferromagnetic”
frequency requires a bias field higher than the field of a spin-flop transition (which for
MnF2 is 9.4 T, and for Cr2O3 is 6 T), and, therefore, requires the use of sources of rather
large magnetic fields, in the following we shall restrict our attention to the rectification of
signals in bias fields below the spin-flop transition.

In the case when H0 ⊥ eEA, the AFMR frequencies are:

ω+ =

√(
ω0

AFMR
)2

+ ω2
H, ω− = ω0

AFMR, (17)

The upper frequency quadratically increases with the increase of the DC bias magnetic
field, while the lower mode frequency is constant and equal to ω0

AFMR.

(b) Easy-plane biaxial AFM (HHA �= 0).

For the zero DC bias magnetic field two AFM frequencies ω± are non-degenerate
and equal to

√
ωexωEA and

√
ωex(ωHA + ωEA). Most often, the hard-axis field HHA is

much larger than the easy-axis field HEA (see Table 1 for the nickel oxide), and the effect of
the easy-plane anisotropy variation on the higher resonance frequency can be neglected.
Qualitatively, the nature of the dependences shown in Figure 1b coincides for the easy-axis
and the easy-plane cases.

In the particular case when H0||eEA and eHA = e1 the resonance frequencies are equal
to (before the spin-flop field [29]):

ω+ ≈
√

ωexωHA + 3ω2
H, ω− ≈

√
ωexωEA − ω2

H. (18)

For the H0 ⊥ eEA one of the AFMR frequencies does not depend on the magnetic field,
and the second one grows quadratically.

Let us now study the influence of the driving AC signal polarization on the rectified
DC voltage in AFM obtained as a result of the spin pumping for various relative orientations
between the direction of the external bias DC magnetic field and the anisotropy axes.

4. Rectification of THz-Frequency Electromagnetic Signals

Let us derive an expression for the inverse spin Hall DC voltage VOUT induced by
the spin pumping from the AFM into the adjacent HM layer. Using (1) and (4) we get this
expression in the following form:

VOUT = κ〈s1
ds2

dt
− s2

ds1

dt
〉 = 2iωκ[s∗1s2 − s∗2s1], (19)

where κ is the proportionality coefficient

κ =
LgrθSHeλPtρ

2πdPt
tanh

(
dPt

2λPt

)
, (20)

L is the distance between output electrodes, θSH is the spin-Hall angle, e is the elec-
tron charge, λPt is the spin-diffusion length, while ρ and dPt are the electrical resistivity
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and thickness of the Pt layer, respectively. For the input AC power of the EM signal
PAC = c

2μ0
S · (hAC)

2, where c is the speed of light, μ0 is the magnetic permeability, S is
the AFM layer cross-section, one can find the detector sensitivity defined as:

R(ω) =
|VOUT(ω)|

PAC
(21)

For the cases of linear and circular polarizations of the driving AC signal we get the
detector sensitivities as:

RLP(ω) = R0 · ωexω3|(ω2
1 − ω2)(ωγeff + 2ωωH)− (ω2

2 − ω2)(ωγeff − 2ωωH)|
|det(D̂(ω))|2 , (22)

RCP(ω) = R0 · ωexω3|(ω2
1 − ω2 − 2ωωH)(ω

2
2 − ω2 − 2ωωH) + (ωγeff)

2|
|det(D̂(ω))|2 , (23)

where R0 = 4κγ2μ0/(Sωexc).
Now, let us analyze the above obtained expressions (22) and (23) for detector sensitivity

in two different cases of uniaxial and biaxial AFM crystals.

(a) Easy-axis uniaxial AFM (HHA = 0).

The rectified output DC voltage is equal to zero due to the fact, that the modes s1,2 are
uncoupled for the LP in both cases H0 = 0 and H0 ⊥ eEA. When H0 ‖ eEA, two modes
s1,2 are mutually coupled due to the gyroscopic terms in Equation (2), and a non-zero
sensitivity can be obtained from (22):

RLP(ω) =
4R0ωexω4|ω2

1 − ω2|ωH

|det D̂(ω)|2 . (24)

One can see from the expression (24) that the detector sensitivity is proportional to
the bias DC magnetic field H0 = 0. Figure 2a shows the resonance-type dependence of
the sensitivity on the frequency ω for the upper branch ω+ of the resonance curve shown
in Figure 1a in the case of a non-zero external DC bias magnetic field. In our numerical
calculations, we assumed that the AFM layer is made of MnF2, and used the following
coefficients taken from [16]: αeff = 0.5 × 10−3, θSH = 0.08, λPt = 1.4 nm, dPt = 5 nm,
ρ = 2.5 × 10−7 Ω · m, gr = 2.86 × 1018 m−2, dAFM = 10 nm, L = 100 μm. As can
be seen from Figure 2a and Equation (18), the resonance sensitivity increases with the
increase of the the bias magnetic field H0. Note, that the input AC power of the EM
signal is defined as PAC = c

2μ0
S · (hAC)

2, so for the AC signal amplitude hAC = 0.1 mT

and the AFM cross-section S = 100 × 100 nm2 we get the value of PAC = 12 nW. The
dependence of the detector sensitivity on the bias magnetic field for linearly polarized (LP)
and circularly polarized (CP) signals is shown in Figure 2b for the above given parameters
and nano-scale sizes of the AFM/HM heterostructure. When the magnitude of the DC
magnetic field is varied, the resonance frequency shifts, as it is shown in Figure 1b, while
the spectral linewidth of a resonance curve remains unchanged, as it is equal to αeff · ωex.
In the recent experiment [15,16] performed in bulk mm-size AFM samples the observed
detector sensitivity was near 10−5 − 10−6 V/W, which is quite small compared to our
above presented theoretical estimation made for a nano-sized AFM sample. We believe that
the main reason for this huge difference is the relatively large size of the AFM layer used
in [15,16]. It has been also theoretically demonstrated recently [11,13] that the sensitivity
of an AFM detector can reach several kV/W for detectors using nanometer-thick AFM
layers. As follows from expressions (19) and (20), the output voltage of an AFM detector
is inversely proportional to the AFM thickness. As it was shown in [11], when the AFM
thickness decreases, there is an optimal AFM thickness at which the sensitivity reaches the
maximum value. With a further decrease of the AFM thickness, the sensitivity decreases.
To correctly calculate the sensitivity at thicknesses of the order of several nanometers, it is
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necessary to use the modified sigma model (2), in which the additional spatial derivatives
are included. This calculation was presented in [11], and it is not repeated in our current
work. Thus, we come to the obvious conclusion that the nano-sized sensitive AFM elements
should be used in the future design of the spintronic AFM detectors of THz-frequency
EM signals. Another possible way to increase the detector sensitivity is to use several
nano-scale detectors mutually coupled through a common HM layer, or to use magnetic
tunnel junctions to extract the output voltage [10].

For a circularly polarized EM signal in both cases H0 ‖ eEA and H0 ⊥ eEA, one can
get a non-zero diode sensitivity described by the equation:

RCP(ω) =
R0ωexω3|(ω2

1 − ω2 − 2ωωH)
2 + (ωγeff)

2|
|det D̂(ω)|2 . (25)

The rectification of a THz signal at a zero bias magnetic field was studied earlier in [13],
where the driving THz-frequency signal had the form of a spin-polarized current. However,
the presence of an external bias DC magnetic field removes the degeneracy of the eigen-
frequencies of the system, and increases the magnitude of the rectified voltage. Additionally,
the use of a driving signal with circular polarization makes possible the observation of the
rectified spin-pumping voltage both in the presence, and in the absence of an external bias
magnetic field. In contrast, in the case of a linear polarization of the driving signal, such
an observation is realized only for H0 ‖ eA. As can be seen from Figure 2, the sensitivity
for CP signals is larger than for the LP signals at the same value of the DC magnetic field.
In the CP case, the expression (25) consists of two terms: one is linearly proportional to the
DC magnetic field, while the other one is independent of it. In contrast, in the LP case the
sensitivity expression (24) contains only one term proportional to the DC magnetic field.
The summary for the calculation of eigen-frequencies ω± and sensitivity at different ratios
between the orientation of the external magnetic field is presented in Table 2.

Table 2. Expressions for the eigen-frequencies ω± and AFM diode sensitivity R at different orien-
tations of the external bias magnetic field H0 relative to the easy axis eEA of the AFM layer and
polarizations (LP or CP) of the external EM signal for the uniaxial AFM crystal. The numbers in
parentheses (·) correspond to the equation numbers in the main text of the paper.

Parameter H0 = 0 H0 ‖ eEA H0 ⊥ eEA

ω±
√

ωexωEA
√

ωexωEA ± ωH
√

ωexωEA,
√

ωexωEA + ω2
H

RLP 0 (24) 0
RCP (25) (25) (25)

(b) Easy-plane biaxial AFM (HHA �= 0).

It was shown previously [11] that a biaxial AFM can be used to rectify a linearly
polarized AC spin current in the case when the AFM easy plane is oriented perpendicular
to the plane of the AFM sample. The maximum value of the rectified voltage is achieved
when the angle between the direction of the spin-current polarization and the directions
of the AFM anisotropy axes is 45 degrees. In this case, it is possible to obtain a non-zero
rectified voltage even in a zero bias DC magnetic field.

At the same time, from the technological point of view, it is easier to fabricate biaxial
AFM crystal in the case when the easy plane coincides with the plane of the sample, or is
inclined to the sample plane at a small angle. In this work, we consider only the situation
when the AFM easy plane coincides with the plane of the AFM sample.

For the determination of sensitivity in the case of a biaxial AFM one needs to use
the general expressions (22) and (23). The analysis presented above for the uniaxial non-
degenerate case is applicable to the biaxial case as well. The resonance curve for the NiO
is shown in Figure 2c, and is characterized by two resonance eigen-frequencies even in
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a zero DC magnetic field. The dependence of the diode sensitivity on the bias magnetic
field obtained in such a case is shown in Figure 2d. The sensitivity of the lowest-frequency
mode in a zero bias magnetic field and at a linear polarization of the external AC signal
is much smaller than for the case of a circular polarization (0.1 V/W for LP and 27 V/W
for CP), but it is, in general, non-zero. In our numerical calculations we used the physical
parameters for the NiO crystal taken from [28]. It is easy to see that in the case of a biaxial
AFM (similar to the above discussed case of a uniaxial AFM), the increase of the DC bias
magnetic field leads to the increase of the diode sensitivity.

Figure 2. AFM detector sensitivity as a function of the external signal frequency (a,c) and bias
magnetic field (b,d) for the AFM-HM heterstructures containing uniaxial (MnF2) and biaxial (NiO)
AFM crystals. Calculation were performed for the lowest-frequency AFMR modes).

5. Conclusions

We demonstrated theoretically that nanometer-size AFM/HM heterostructures can be
used for the development of sensitive and tunable resonance detectors of THz frequency
signals. We found that: (i) Using uniaxial AFM crystals the detection of linearly polarized
electromagnetic signals is possible only for a non-zero DC bias magnetic field, while the
signals having circular (or elliptical) polarization could be detected even in a zero bias
magnetic field; (ii) using biaxial AFM crystals it is possible to detect both linearly and
circularly polarized EM signals in a zero bias magnetic field, but in the presence of a bias
magnetic field field the detector sensitivity increases with the increase of the bias field for
both uniaxial and biaxial AFM crystals; (iii) to increase the sensitivity of an AFM detector
it is necessary to decrease the thickness of the sensitive AFM element, since the detection
mechanism is based on the interface spin-Hall effect. We believe that our results will be
useful for the development of tunable and highly sensitive THz-frequency AFM devices
controlled by an applied bias DC magnetic field, such as spectrum analyzers [31] or/and
neuromorphic signal processors [28,32].
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Abstract: Fabrication of high quality ferrimagnetic insulators is an essential step for ultrafast magnon-
ics, which utilizes antiferromagnetic exchange of the ferrimagnetic materials. In this work, we deposit
high-quality GdIG thin films on a (111)-oriented GGG substrate using the Metal Organic Decomposi-
tion (MOD) method, a simple and high throughput method for depositing thin film materials. We
postannealed samples at various temperatures and examined the effect on structural properties such
as crystallinity and surface morphology. We found a transition in the growth mode that radically
changes the morphology of the film as a function of annealing temperature and obtained an optimal
annealing temperature for a uniform thin film with high crystallinity. Optimized GdIG has a high
potential for spin wave applications with a low damping parameter in the order of 10−3, which
persists down to cryogenic temperatures.

Keywords: garnet ferrite; compensated ferrimagnet; metal organic decomposition

1. Introduction

High frequency dynamics from the antiferromagnetic exchange are essential for achiev-
ing fast computing spintronic devices [1,2]. On the other hand, to utilize the antiferro-
magnetic dynamics, a method to overcome its lack of responsiveness to the external field
needs to be devised. Compensated ferrimagnet, composed of two antiferromagnetically
coupled sublattices [3], enables the fast dynamics of antiferromagnetic materials while
having accessibility via external fields similar to ferromagnetic ones.

The spin wave carries information as a collective precessional motion of localized
magnetization. Unlike electric current mediated by the motion of charge carriers, the spin
wave does not involve joule heating when propagating. Thus, it has high potential in the
applications such as low-power computing devices [3]. However, a low damping constant
is required to ensure a long transport distance for practical application. Rare earth iron
garnet (REIG) is one of the best candidates in ferrimagnetic magnon transport. As garnet
ferrite is an insulator, there is no electron spin sink contribution to damping, which results
in low damping [4].

One of the obstacles in using REIG is a complicated fabrication process [5], which
requires a dedicated vacuum chamber [6] or annealing temperature near the melting
point [6–8]. The metal organic decomposition (MOD) method provides a simple and
reproducible method to deposit REIG. Unlike other methods, the MOD method only needs
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a spin coating of the inorganic compound solution and the annealing temperature lower
than the melting point.

In this work, we prepared gadolinium iron garnet (GdIG) thin film on gadolinium
gallium garnet (GGG) substrate using the MOD method. X-ray diffraction (XRD), transmis-
sion electron microscopy (TEM), superconducting quantum interference device vibrational
sample magnetometer (SQUID VSM), and Atomic force microscope (AFM) were applied
to check crystallinity, magnetic properties, and morphology of samples. We found that
high-quality garnet samples with reproducible magnetic properties can be deposited, which
can be used to study physical phenomena such as longitudinal spin Seebeck effect [9] and
spin Hall effect-driven various magnetoresistances [10,11].

2. Materials and Methods

The precursor solution is prepared by dissolving inorganic compounds Gd(NO3)3·6H2O
with 99.99% purity (from Alfa Aesar, Ward Hill, MA, USA) and Fe(NO3)3·6H2O, which
has 99.9% purity (from Sigma Aldrich, St. Louis, MO, USA), into the solvent. A mixture
of 99.8% purity dimethylformamide (DMF/Sigma Aldrich, St. Louis, MO, USA) and 95%
purity polyvinylpyrrolidone (PVP) was applied as a solvent [12]. DMF and PVP were
chosen because the mixture can dissolve inorganic compounds and, hence, can be utilized
to grow garnet samples using MOD method [12–14]. As the mixing rate of DMF and
PVP can dominantly affect the thickness and morphology of the sample, we used the
reported values for YIG and BiYIG [13] because they have similar structures with GdIG.
The stoichiometry of the Fe compound and Gd compound was set to 3:5, based on the
formula unit of Gd3Fe5O12. The total concentration of metallic compounds was fixed
to 17%.

In order to avoid the contamination at surface of substrate, the GGG (111) substrate
was sonicated first in acetone and then in ethanol for 30 min each. After that, the sample
was treated under Ar plasma (20 sccm of Ar, 100 @ power with 70 kHz) for 30 min. A MOD
solution was spin-coated onto GGG (111) substrate at 500 rpm for 5 s and 3000 rpm for 30 s.
The coating and solution preparing procedure was optimized to deposit 10 nm of garnet
sample [12]. For thicker samples, we repeated the growth procedure multiple times. After
coating, the sample was dried for 30 min at 100 ◦C using a hot plate. The sample was then
annealed for 1 h under an oxygen-rich atmosphere at various temperatures (750 ◦C, 800 ◦C,
900 ◦C, and 1000 ◦C) to determine the optimal annealing temperature for high crystallinity
and good surface morphology. A fixed ramping rate of 4 ◦C/min was used to reach the
target temperature.

Crystallinity was confirmed using a high-resolution XRD (RIGAKU corporation) with
Kα emission line of Copper (λ = 1.54 Å). Surface morphology was examined by using
AFM (XE-7 designed by Park Systems). Magnetic property, especially the magnetization
compensation temperature (TM), was measured by SQUID VSM in the Quantum Design
magnetic property measurement system (MPMS).

3. Results

3.1. Structural Properties

To find the optimal post-annealing temperature for crystal formation, we first de-
posited a GdIG sample, targeting 10 nm thickness on the GGG substrate. Figure 1a,b show
the measured XRD spectrum of deposited GdIG samples for various annealing tempera-
tures. GGG (444) peak appears at 51.2◦, which indicates that the lattice constant of GGG
is 12.37 Å. Next to GGG (444) peak, a broad peak is observed at 50.3◦, which corresponds
to the GdIG (444) peak with a lattice constant of 12.55 Å. We note that the lattice constant
of GdIG on GGG is larger than that of a single crystalline GdIG of 12.48 Å due to the
pseudo-morphic growth on the GGG substrate [15]. We confirmed that there is no extra
peak in the entire XRD pattern (Figure 1a) except for 111 orientation, suggesting the high
epitaxial quality of GdIG. The thickness of GdIG was confirmed using a fringe pattern
in the XRD spectrum. For the 750 ◦C annealed sample, the first and second fringe peaks
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were observed at 52.08◦ and 52.98◦, from which the thickness of GdIG was estimated to be
11 ± 2 nm. This confirms that the thickness of GdIG is almost the same as what we targeted.
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Figure 1. XRD spectrum for GdIG samples annealed at various annealing temperatures (a) from 20◦

to 90◦ and (b) from 48.5◦ to 53◦. XRD spectrum for GdIG samples annealed at various annealing
times (c) from 20◦ to 90◦ and (d) from 48.5◦ to 53◦.

As shown in Figure 1b, the increased annealing temperature drives GdIG peak shaper.
As the broadening of XRD peak is caused by vacancy- or defect-driven lattice expansion, the
XRD result suggests that the higher annealing temperature results in better crystallinity [5].
We also confirmed that annealing time does not exert any significant change in the XRD
pattern (Figure 1c). This suggests that crystallinity is predominantly governed by the
annealing temperature.

However, we find that the high annealing temperature can affect the surface topogra-
phy. The surface topography map measured using AFM in the non-contact mode (Figure 2)
shows a significant change in surface morphology as annealing temperature increases. The
roughness of film surface is about 0.1 nm order for the 750 ◦C and 800 ◦C annealed samples
(see Table 1). However, the surface morphology of GdIG changes abruptly above 900 ◦C,
and the island starts to appear. For 1000 ◦C annealed samples, island growth becomes
the dominant film formation mechanism, resulting in the entire area being covered with
islands of ~200 nm diameter and ~20 nm height.

Table 1. Roughness of films (Ra) for several annealing temperatures.

Annealing Temperature (◦C) Ra (nm)

750 0.14
800 0.08
900 0.71
1000 8.71

As the purpose of this work is to deposit uniform film for spin wave application, we
selected 750 ◦C postannealed sample and performed additional measurement using TEM
to ensure the crystallinity. TEM measurement was conducted using the STEM (scanning
transmission electron microscope) system with Cs-corrector (JEM-2100F) designed by JEOL.
A high-resolution TEM image in Figure 3a shows that GdIG and GGG have a smooth
interface with a continuous crystal structure above and below the interface due to a similar
lattice constant between the two materials. Additionally, a clear separation of Fe in the
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GdIG film and Ga in the GGG substrate from energy dispersive X-ray spectroscopy (EDX)
(Figure 3b) indicates minimal mixing between GdIG and substrate.

Figure 2. AFM image of (a) 750 ◦C, (b) 800 ◦C, (c) 900 ◦C, and (d) 1000 ◦C annealed samples.

 

Figure 3. (a) TEM and (b) EDX images of 750 ◦C annealed GGG|GdIG sample. As GGG and GdIG
have similar structure and lattice parameters, a smooth interface appears, indicating an epitaxial
growth of GdIG. (b) The presence of Gd and Fe and the absence of Ga at the marked region represent
the formation of the GdIG layer.

3.2. Magnetic Property

The magnetic property was checked as an additional measure to ensure crystallinity
and stoichiometry. Temperature dependent magnetometry of 10 nm GdIG sample annealed
at 750 ◦C was performed using SQUID VSM in MPMS 3. An M-T curve was obtained by
measuring M-H curves under in-plane magnetic field at various temperatures and extract-
ing the saturation magnetization (MS). We eliminated paramagnetic contribution from
GGG substrate by subtracting the linear background in the M-H curve at each temperature.
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Figure 4 shows the extracted M-T curve. We focus on the value of MS at low tempera-
tures and the magnetic compensation point. MS at 20 K was about 700 emu/cc, similar to
previous reports as shown in Table 2. Magnetic compensation point appeared near 270 K
also agrees with references on bulk and thin film GdIG [9,16,17].
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Figure 4. M-T curve of GdIG 10 nm thin film post-annealed at 750 ◦C. Inset shows the M-H curve at
20 K.

Table 2. Compensation temperature TM and saturation magnetization (Ms) at 20 K of GdIG.

Source TM Ms (emu/cc)

From Figure 4 270 K 700
From [16] 280 K 600
From [17] 300 K 670
From [9] 280 K 1300

3.3. FMR Measurement

Finally, the damping parameter of the GdIG sample was measured using the tempera-
ture dependent FMR. We used 60-nanometer-thick GdIG sample to enhance RF absorption
power. Temperature and field control was performed using a physical property measure-
ment system (PPMS). RF field for FMR was applied using a custom-built FMR setup that is
compatible with PPMS.

Figure 5a shows the FMR spectra of the GdIG film for various temperatures. Here, we
fixed the excitation frequency (15 GHz) and swept the magnetic field from 0 to 5000 Oe
along the in-plane direction. Figure 5b shows resonance frequency as a function of external
magnetic field for T = 50 K. The exact overlap with Kittel formula (red solid line) was
observed. We extracted the damping parameter from the spectrum by measuring peak to
peak distance from the FMR lineshape in Figure 5a. We first use the model for conventional
ferromagnetic material to obtain damping parameter αFM:

ΔH = ΔH0 +
4παFM√

3γe f f
f

where γe f f = ge f f μB/� = ΔM/ΔS is the effective gyromagnetic ratio of the net mo-
ment, and ΔM and ΔS are the differences in the net moment and the spin density of two
sublattices, respectively. Figure 5c shows ΔH as a function of frequency for several temper-
aures. The slope increases with increasing temperaure. Considering that the temperature
variation of γe f f is small, as seen in Table 3, the result suggests that αFM increased with
increasing temperature, which we ascribed to the divergence of αFM at angular momentum
compensation point (TA) [18–20].
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Figure 5. (a) FMR spectra of GdIG 60 nm samples at 15 GHz RF frequency. The horizonal axis (field
axis) is shifted as much as the resonance field to compare the linewidth for different temperatures.
(b) Resonance frequency as a function of the external field at 50 K and the Kittel formula fitting (red
line). (c) Frequency dependence of peak-to-peak FMR linewidth. The solid line represents linear
fitting. (d) Temperature dependence of damping parameters αFM and αFiM.

Table 3. Effective gyromagnetic ratio (γe f f ) and damping parameter (αFM) measured at various
temperatures below TM.

Temperature (K) γeff (×107 T−1s−1) αFM (×10−3)

50 1.78 ± 0.08 1.60 ± 0.22
100 1.85 ± 0.07 2.80 ± 0.22
150 1.81 ± 0.02 4.67 ± 0.74
200 1.75 ± 0.08 7.41 ± 0.3

In the case of ferrimagnet, however, the dissipation rate from the two lattices and the
dependence of resonance frequency on net spin density need to be considered to deduce
a well-defined damping constant [18–21]. Since the GdIG sample also can be regarded
as a compensated ferrimagnet with two effective sublattices, damping αFiM is expressed
as follows:

αFiM =
|snet|
|stotal |αFM

where snet = s1 − s2 and stotal = s1 + s2 are the difference and the sum of the spin density
for each sublattice (s1,2), respectively.

To estimate αFiM, we should extract the spin density of each sublattice in GdIG. This
was achieved by using the M-T curve shown in Figure 4 and by assuming that the spin
density of the Fe sublattice follows the same trend with that in YIG [16]. As shown in
Figure 5d, αFiM had no singular behavior close to angular momentum compensation in con-
trast to αFM, and this dependence corresponds to previous reports on αFiM of compensated
ferrimagnets, including metallic GdFeCo [20].

We note that the GdIG sample deposited by the MOD method has comparable damp-
ing constant to some of the literature on spin wave applications [22,23]. In the case of
the 10 nm YIG sample grown by the Pulsed Laser Deposition (PLD) method, an order of
10−3 damping parameter was obtained, which is similar to our result [24]. Our data also
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suggest that the MOD-deposited GdIG can be an alternative platform that could be used
for low-temperature magnonic applications.

4. Conclusions

A high-quality GdIG thin film on GGG substrate was prepared using the MOD method.
We found that a transition of the growing model of GdIG occurs at around 900 ◦C above
which the film grows with an island pattern. The optimal postannealing temperature
was decided based on the growth mode of the film and the crystallinity confirmed by the
TEM. Temperature dependence of magnetization was measured using SQUID VSM and
confirmed that TM was measured at 270 K. FMR measurement showed that MOD deposited
GdIG exhibits comparable damping constant to various deposition methods. Moreover,
our experiment found that the damping constant of GdIG decreased at lower temperatures.
We expect that the MOD method provides a simple and high-throughput procedure to
deposit GdIG, which has potential advantages for magnonic applications.
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