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Abstract

Controlling magnetism with electric field directly or through strain-driven piezoelectric coupling
remains a key goal of spintronics. Here we demonstrate that giant piezomagnetism, a linear
magneto-mechanic coupling effect, is manifest in antiperovskite Mn3NiN, facilitated by its
geometrically frustrated antiferromagnetism opening the possibility of new memory device

concepts. Films of Mn3NiN with intrinsic biaxial strains of £0.25% result in Néel transition shifts


https://scholar.google.com/citations?view_op=view_org&hl=en&org=16353957421441998862

up to 60K and magnetisation changes consistent with theory. Films grown on BaTiO3 display a
striking magnetisation jump in response to uniaxial strain from the intrinsic BaTiOs3 structural

transition, with an inferred 44% strain coupling efficiency and a magnetoelectric coefficient a
(where a = Z—i) of 0.018 G cm/V. The latter agrees with the 1000-fold increase over Cr;O3

predicted by theory. Overall our observations pave the way for further research into the broader
family of Mn-based antiperovskites where yet larger piezomagnetic effects are predicted to occur

at room temperature.

Introduction

A growing demand for improved non-volatile random access memory (RAM) motivates the
exploration of many different forms of magnetoelectric (ME) control of magnetisation'.
Technologies have evolved from monolithic ME effect in multiferroics, where direct control over
antiferromagnetic (AFM) order has been achieved?, to the development of artificial multiferroics?,
where the ME effect emerges from the coupling between layers with different functionality, for
example ferroelectricity (piezoelectricity) and ferromagnetism (FM). The latter has enabled
electrical tunability of magnetic transition temperatures?, magnetic anisotropy>%, magnetisation
amplitude’ or magnetisation orientation?.

In these devices, control over the orientation of the magnetisation comes about through
magnetostriction®. Further advancements in artificial multiferroics have been achieved through the
search for 1%-order magnetostrictive materials, such as in materials with large magnetovolume
coupling. For example, switching between the low and high magnetisation states of the AFM and
FM regimes in FeRh thin films shows a tenfold greater ME response with electric field dropped
across the BaTiOs (BTO) substrate'®. Here we investigate the Mn antiperovskite family of

materials with giant magnetovolume coupling'! and, importantly, magnetic frustration originating



from competing exchange interactions. As we show, it is the combination of these properties that
allow for sensitive control of the magnetic state with applied strain through a direct process known

as the piezomagnetic (PzM) effect!?

, rather than through the commonly studied magnetostrictive
effect.

In this report, we demonstrate the first experimental evidence of giant PzM in Mn-based
antiperovskites using thin films of Mn3NiN. PzM offers several clear advantages over
magnetostriction; whilst magnetostriction underpinned by spin-orbit coupling is quadratic in strain
(Figure la-b) and requires additional external magnetic fields for magnetisation reversal, PzM is
a linear magneto-mechanic coupling that allows the magnetisation to be both controlled sensitively
with small strains as well as its direction to be reversed by 180° (Figure 1c-d). These advantages

make PzM an attractive and novel route to electric-field control of magnetism. Although

theoretically predicted to occur in the Mn3AN family, direct experimental verification
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Figure 1. Current artificial multiferroic devices that control magnetisation with electric field rely
on magnetostriction in multiferroic laminates as shown in (a). Magnetostriction varies
quadratically with strain and is only significant in materials that possess large spin-orbit coupling.
Device operation requires an external magnetic field to enable magnetisation reversal (b). In
contrast, piezomagnetism (c¢) is linear in strain allowing sensitive control of magnetisation at
small strains and, most importantly, magnetisation reversal without the need for an external
magnetic field (d).

of its existance and magnitude remains an outstanding challenge.



Interesting properties of Mn3AN bulk materials have been reported in the literature, for instance
anomalous temperature dependence of resistivity!’, anomalous thermal expansion'4, giant
barocaloric effects'> and giant magnetovolume coupling!!. As thin films, Mn3NiN'¢,
Mn3NiN!7!® and a small number of other members of the Mn3AN family (A = Cu and Ga)!%3,
have been grown. However, the focus has been primarily on growth and basic physical properties
and previous experimental reports of piezomagnetism are absent.

First described in 1928%* and studied in the 1960s?°, PzZM was recognized to be a weak effect in
some AFM materials such as CoF, and MnF>», and in the intervening years predominantly ignored.
An important development in the field was the recognition that the non-collinear AFM structure
in the antiperovskite Mn3GaN system lent itself sensitively to giant PzM effects. The effect was
described phenomenologically in 1989'2, and the biaxial strain simulated by ab initio methods in
2008%6. Most recently, ab initio theory predicted the PzM performance across a range of Mn-
antiperovskites?’, finding large effects in other members of the family, whilst the strain phase
diagram of Mn3GaN has been extended to reveal a rich phase diagram of readily accessible
magnetic states?®,

Figure 2(a) illustrates how the PzM effect is predicted to manifest in Mn3NiN under biaxial
strain. The magnetic structure shown is of the I'*¢ representation, in the notation of Fruchart et
al.?®, which when unstrained, as shown by the red arrows, is a fully compensated AFM. Applying
compressive or tensile biaxial strain, or indeed uniaxial strain, breaks the cubic symmetry of the
lattice and the restriction that all moments are of equal magnitude. Moreover, the lattice strain
causes an imbalance in the frustrated exchange interactions, leading to a continuous change in both
the size and canting of the local Mn moments. The resulting net moment is induced in the
[1/2,1/2,1] direction and can be reversed by 180° when switching from compressive to tensile

strain. Thus, the PzM effect is a potentially powerful tool through which to control magnetisation.



Results and Discussion

In order to explore the PzZM we study interface induced strain effects on single layer thin films
of Mn3NiN by growth on various substrates. Growth of a series of epitaxial thin films was achieved
with thicknesses ranging from 20nm up to 100nm onto [001] oriented SrTiO; (STO),
(LaAlO3)0.3(Sr2TaAlO)07 (LSAT) and BaTiOs (BTO) single crystal substrates by means of
nitrogen assisted pulsed laser deposition from a Mn3NiN stoichiometric target (see Experimental
Methods). Atomic resolution high-angle annular dark field scanning transmission electron
microscopy (HAADF-STEM) and X-ray diffraction (XRD) analysis, examples of which are shown
in Figures S1b,c, demonstrate the epitaxy of the thin films and compositional analysis (Table S1
and Figure S1a) confirm that beyond the first 3nm they are close to the expected 3:1:1 Mn:Ni:N
stoichiometry. The STEM data reveal unusual growth of Mn3NiN, whereby the films are lattice
matched with the substrate at the interface, but far from the interface relax such that they are
subjected to compressive (tensile) in-plane strain on substrates with larger (smaller) lattice
parameters (Table S1). This abnormal relaxation is in agreement with the out-of-plane (OOP) XRD
data of films grown on all substrates (Table S1). The in-plane lattice parameters of the films cannot
be determined from grazing incidence XRD (as shown in supplementary Figure S2).
Consequently, the Poisson’s ratio of v = 0.41, which is calculated directly from the STEM data,
and the OOP lattice parameter taken from the XRD data are used to provide the resulting in-plane
biaxial strain for all films.

The temperature dependent magnetisation of the bulk material from which the target was made
has a simple transition from a paramagnet to an AFM. In comparison, the films show a greatly
broadened transition with a high temperature phase that has characteristics of a soft FIM as well
as glass-like frustration (Figure S3). In the films, we define the transition to the AFM state, the

Neéel temperature (7n), as the peak in the magnetisation versus temperature curve (Figure 2d and



S3a). Figure 2b shows that 7y varies systematically with the biaxial strain. The trend shows a linear
dependence of 7n with a remarkable variation of approximately 60K with +0.25% biaxial strain.
The origin of the dependence of 7x on strain is the dissimilar scaling of the frustrated exchange
interactions between the three Mn sites with strain. Moreover, as predicted the PzM induces a
magnetisation in the films as shown in Figure 2c. The magnitudes of the induced moments are
consistent with both our theoretical predictions and recent theoretical work on the related Mn

antiperovskite system Mn3GaN?3, Although our films have a finite moment above
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Figure 2. (a) Crystal and magnetic structure of Mn3NiN. Red arrows in both panels indicate local
magnetic moments on Mn sites according to I'*9 representation in unstrained (cubic) lattice with
Mt = 0. Yellow (black) arrows indicate magnetic moments under compressive (tensile) strain.
Mt 1s parallel or antiparallel to Mwns with compressive and tensile strain, respectively. All
magnetic moments are in the (111) plane indicated in orange. Canting and changes of size are not
to scale; (b) Néel temperature as a function of biaxial strain, &x - ¢, for all Mn3NiN films (inset)
HRTEM image of a Mn3NiN film on STO; (¢) Remnant magnetisation collected with field applied
in plane for all samples. Bulk and target values are presented for comparison. Theory data is taken
from [?’] assuming a Poisson ratio v=0.4, where exl/ez = -2vI(1-v), in agreement with the value
found with TEM; (d) Magnetisation as a function of temperature for a 100nm Mn3NiN film grown
on STO showing the shift of 7n; (e) M(H) loop at 300K for the same film in (d) as well as the
target and bulk samples; (f) M(H) loop at 100K for the same film in (d) with the field applied in-
or out-of-plane.



and below 7 this moment has quite different characteristics in these two regimes.

The M(H) loops share a common property; above 7Tx the finite magnetisation state has the
characteristics of a soft FIM state with zero hysteresis, whilst below 7x they have finite hysteresis
and the loop opening survives to high magnetic field (Figure 2e and 2f). The latter is a
characteristic feature of an AFM state where there is only weak coupling to the applied field.
Figure 2f further demonstrates that the induced magnetisation has approximately equal
components when the field is in-plane (IP) and out-of-plane (OOP), expected for the I'*¢ phase (cf.
Figure 2a), and clearly inconsistent with the behaviour in the I'°¢ phase where the induced moment

lies wholly in the (110) plane. In order to reverse the induced magnetisation by external magnetic
field, the magnetocrystalline anisotropy has to be overcome and the moments must be rotated 180°
in the (111) plane, the energy of which is determined solely by the spin-orbit coupling. We
calculate a relatively weak anisotropy energy in Mn3NiN ~ 0.1 meV/f.u. Converting this to a
coercive field (Hc) using the induced moment observed at saturation extrapolated to M ~ 0.5
us/fu. gives He = 6.9T. Whilst this value is larger than that found experimentally by a factor of 2
approximately, the calculation corresponds to a simultaneous rotation of all Mn moments in the
sample by 180°. The reduced H. that we observe may be due to multi-domain effects?®. This large
coercivity in the AFM state, in contrast to the soft FIM state above 7, underlies one of the elegant
ways this material could be utilized in a non-volatile memory device.

To establish whether the induced magnetisation of Mn3NiN in the AFM state can be changed by
the application of in-situ strain, Mn3NiN was grown on BTO [001] substrates. BTO has the
advantage that it undergoes a number of structural transitions which distort its crystal structure and

hence allow an in-situ change of strain; an effect utilised in a number of previous works3%32 .
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Figure 3. (a) Predicted variation in M with uniaxial strain. The blue circle, star symbol and
horizontal arrow indicate the experimentally measured change in M from (¢) and the vertical arrow
indicates the inferred strain; (b) Predicted lattice and magnetic structure under uniaxial strain. The
net moment (black) is wholly in the plane of the film; (c-d) Experimental M(7T) of 100 and 50nm
Mn3NiN films on BTO showing a large jump in M at the orthorhombic to rhombohedral transition
at 187K in BTO when measured with the applied field out-of-plane, which produces uniaxial
strain; (e) the corresponding M(H) loops in the AFM state of Mn3NiN above and below the 187K
BTO transition.

Figure 3 summarises our findings for 100nm and 50nm thick Mn3NiN films grown on BTO. At
room temperature, the Mn3NiN experiences compressive in-plane strain from growth on BTO. At
the tetragonal to orthorhombic BTO structural transition at 275K the Mn3NiN films are in the soft
FIM state and we do not observe a strong change in the magnetisation. However, at the
orthorhombic to rhombohedral BTO structural transition at 187K the films are in the AFM T4
state and the magnetic properties are highly sensitive to strain. This structural transition of BTO is
expected to induce a strain that is approximately uniaxial in the film*. Accordingly, we have
calculated the magnitude of the induced net moment in response to this uniaxial strain, shown in
Figure 3a, and predict that it lies wholly within the plane of the film (Figure 3b). Experimentally,

both films on BTO show a large jump in magnetisation at the 187K BTO transition, shown in



Figures 3c and 3d, the magnitude of which is robust when the films are cooled in a large field of
0.5T. Crucially, the jump is only observed when the field is aligned in the plane of the film (Figure
3d), confirming our predictions of PzM behaviour resulting from uniaxial strain.

Further measurements of M(H) loops above and below the 187K BTO transition for the 100nm
film (Figure 3e) verify a uniform reduction in the saturation magnetisation and an increase in the
field associated with flux closure. Moreover, using the calculated value of the resultant uniaxial
strain, ex = -6,y = 0.45%33, that the BTO substrate imposes, along with both the observed change
of moment at the structural transition and our predictions shown in Figure 3a, we estimate that that

the average strain experienced by the film is close to 0.2%, indicative of a 44% strain coupling

. . . . i dB
efficiency. We estimate from these observations a magnetoelectric coefficient a, where a = T of

0.018 G cm/V (assuming 1% strain is achieved in BTO with 10 kV/cm?#), in good agreement with
the greater than 1000 fold increase over Cr203 (a = 2.67x10°° G cm/V) predicted for this family of
materials®,

As PzM offers the opportunity for purely electric-field controlled magnetisation®’,
implementation in devices of the giant PzZM manifest in Mn antiperovskites requires compositions
with 7 significantly above room temperature. Mn3SnN has been predicted as an ideal composition
with 7n of 475K and predicted piezomagnetic coefficient four times more sensitive than
MnsNiN?’. Alternatively, using a composition with 7x close to room temperature (such as
MnsGaN with Tx = 290K !S), by shifting the transition with strain the material can be isothermally
switched between the hard AFM and soft FIM states. Both concepts open possibilities for novel
non-volatile antiferromagnetic memory applications.

With giant PzM manifest in these materials, we foresee two unique device concepts where
Mn3AN could be utilised. The most direct write-procedure would be to identify a composition with

Tw significantly above room temperature such that the magnetisation direction could be rotated in-
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plane by 180°, using electric field induced biaxial strain, isothermally, in zero magnetic field and
at room temperature. Mn3SnN has been predicted as an ideal composition with 7n of 475K and
predicted piezomagnetic coefficient four times more sensitive than Mn3NiN?’. An alternative
concept would involve working with a composition with close to room temperature 7n (such as
Mn3GaN with 7n = 290K !®). By controlling the 7x of such a system, again through electric field
induced biaxial strain, the device could be cycled between the AFM and soft FIM state
isothermally, allowing non-volatility (in the AFM state) and ease of writing (in the soft FIM state).

Either concept opens up a fascinating future for novel non-volatile magnetic memory applications.

Conclusions

In summary, by scrutinising the systematic behaviour of films grown on different substrates we
demonstrate experimentally that giant PzM is indeed manifest in antiferromagnetic Mn-based
antiperovskites. Our Mn3NiN thin films show significant changes of both Néel temperature and
induced magnetisation due to the PzM effect, in excellent agreement with theory. These results
pave the way to the development of piezoelectric multilayer heterostructures for direct electric-
field control of strain and consequently, due to the nature of PzM, 180° rotation of magnetisation
in the absence of applied magnetic field. Such a device offers significant novelty over current
magnetostriction-based technologies. Additionally, as Mn3SnN is predicted to deliver a fourfold
increase in PzM compared to Mn3NiN and has a Tx of 475K?, advancing the development with
this composition would be an important future work offering the prospect of room temperature

PzM non-volatile memory devices.

Experimental Methods
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High density PLD targets were prepared using a standard solid state synthesis technique along
with spark plasma sintering (SPS). Firstly, Mn,No gs was formed by reacting elemental Mn powder
(VWR, 325 mesh, 99.95 %) under dry, flowing nitrogen gas at 700°C for 48 hours. The refined
lattice parameters of the Mn;Noss indicated this was the correct stoichiometry, rather than
stoichiometric MnoN. Subsequently, the MnzNo ss precursor was ball-milled and then thoroughly
mixed by hand with elemental Ni (Sigma Aldrich, < 150 pm, 99.99 %). The resulting mixture was
pressed into several ~2g pellets, wrapped in Ta foil and sealed in evacuated quartz ampoules. The
ampoules were heated to 780°C for 3 days before being quenched to room temperature in water.
The pellets were again ball-milled, formed into a pellet and reacted at 780°C for 3 days to complete
the reaction to the antiperovskite phase. The resulting pellets were ball-milled a final time before
being sintered. The Mn3NiN powder was placed in a high density graphite die with an inner
diameter of 30 mm. In order to avoid any reaction between powder and graphite die and punches,
a flexible graphite foil (0.45 mm thick) was lined internally in the graphite die and also on the
active part of each punch. The die filled with the Mn3NiN powder was then placed inside the SPS
chamber. The parameters of the SPS experiment are as follow:

e sintering temperature: 800 °C;

e applied axial pressure during sintering: 35 MPa;

e holding time at sintering temperature (dwell): 10 min.;
e heating rate: 200 °C/min.;

e sintering atmosphere: Argon.

The temperature was measured by a K-type thermocouple placed in into a hole drilled in the
graphite die (the distance between thermocouple and the sample was about 1 mm). After passing

of the holding time at sintering temperature, the furnace was cooled down to room temperature
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and the sample was ejected from the graphite die. The as obtained sample was cleaned in order to
remove the graphite foil.

The Mn3NiN thin films were deposited at 400°C or 500 °C by PLD using a KrF excimer laser
(A=248nm) with a laser fluency of 0.8 J/cm?. In order to compensate the potential nitrogen loss
during the growth, a flow of nitrogen was inserted into the chamber to keep the nitrogen partial
pressure at 5 mTorr. After deposition, as grown films were slowly cooled down to room
temperature at the growth partial pressure.

Crystalline structure analysis and phase determination of thin films were carried out by XRD
(Philips X’Pert MRD system) with a CuKa radiation source. Out-of-plane lattice parameters were
evaluated from conventional 6-26 scans.

EDX presented in Table S1 were performed on an LEO Gemini 1525 FEGSEM. The FEGSEM
is fitted with Oxford Instruments INCA energy dispersive and wavelength dispersive x-ray
spectrometers. The spectra were acquired at a 10kV acceleration voltage and count contribution
from both the films and substrate.

Atomic resolution HAADF-STEM images were taken on a probe corrected FEI Titan 3 80-300
S/TEM with a convergence angle of 24 mrad and annular detector range of approximately 70-480
mrad.

EDX and EELS were performed on an image corrected FEI Titan 3 G2 60-300 S/TEM with a
quad-silicon drift SuperX EDX detection system and Gatan Quantum GIF. Hyperspectral EDX
maps were recorded including the entire film thickness and some of the substrate, then line scans
in the [001] direction were taken by horizontally averaging the hyperspectral maps to increase
signal-to- noise and quantified using calculated Cliff-Lorimer k-factors. EELS line scans were also
taken in the [001] direction with a convergence semiangle and collection angle of approximately

10 mrad and 60 mrad, respectively.
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Magnetic measurements were performed using the VSM option in a Quantum Design Physical
Property Measurement System (PPMS-9T). For in-plane measurements, films were mounted on
quartz paddles secured using PTFE tape with the surface of the film parallel to the applied field.
For out-of-plane measurements, films were secured in a plastic straw with the surface of the film
perpendicular to the applied field. The magnetic contributions of the substrates were subtracted by
measuring blank substrates using the same sample mounting techniques and measuring conditions.
AC susceptibility was performed using the PPMS ACMS option.

All our calculations employ the projector augmented-wave (PAW) method® implemented in
VASP code within the Perdew- Burke-Ernzerhof (PBE) generalized gradient approximation3®.
This approach allows for relaxation of fully unconstrained noncollinear magnetic structures®’. We
use a 12x12x12 k-point sampling in the self-consistent cycle and the cut-off energy is 400 eV. The
local magnetic moments are evaluated in atomic spheres with the default Wigner-Seitz radius. The
SO coupling is included but plays a negligible role in the PzM effect. We find the equilibrium
lattice parameter and the Poisson's ratio for a system with fixed AFM order by fitting the total
energies obtained for a range of lattice parameters (a, c/a) to Birch-Murnaghan equation of state
as detailed in Ref. [?’]. We obtain a = 0.384 nm and v=0.15. Uniaxial strain is treated on the same
footing as the biaxial strain. No symmetry of the unit cell is assumed as recommended for VASP
simulation of any noncollinear magnetic structure.
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