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Multi-component magnetic phase diagrams are a key property of functional materials for 

a variety of uses, such as manipulation of magnetisation for energy efficient memory, data 

storage and cooling applications. Strong spin-lattice coupling extends this functionality 

further by allowing electric-field-control of magnetisation via strain coupling with a 

piezoelectric . Here we explore the magnetic phase diagram of piezomagnetic Mn3NiN 

thin films, with a frustrated non-collinear antiferromagnetic (AFM) structure, as a 

function of the growth induced biaxial strain. Under compressive strain the films support 

a canted AFM state with large coercivity of the transverse anomalous Hall resistivity, ρxy, 

at low temperature, that transforms at a well-defined Néel transition temperature (TN) 

into a soft ferrimagnetic-like (FIM) state at high temperatures. In stark contrast, under 

tensile strain the low temperature canted AFM phase transitions to a state where ρxy is an 
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order of magnitude smaller and therefore consistent with a low magnetisation phase. 

Neutron scattering confirms that the high temperature FIM-like phase of compressively 

strained films is magnetically ordered and the transition at TN is 1st-order. Our results 

open the field towards future exploration of electric-field driven piezospintronic and thin 

film caloric cooling applications in both Mn3NiN itself and the broader Mn3AN family. 

Functional properties of antiferromagnets (AFM) are attracting increased attention, most 

notably for their rich topological properties [1–3] and applications as active elements in memory 

devices [4–6]. Additional functionality can be achieved in AFMs when multiple magnetic phases 

can be accessed via an easily controllable parameter, such as lattice strain, where strong 

magnetostructural coupling drives sharp changes in the magnetism. For instance, the 

topologically enhanced anomalous Hall effect (AHE) in Mn3Pt can be switched using electric 

field due to a 1st-order AFM-AFM transition [7]. Similarly, the 1st-order AFM-ferromagnetic 

(FM) transition in FeRh has been utilised to allow magnetisation switching at room 

temperature [8], meaning it can be used as a memory resistor [9], as well as in a caloric cooling 

cycle [10]. However, only a handful of materials are known where such functionality exists, 

particularly in thin film form and applicable at room temperature. 

Manganese nitride antiperovskites (Mn3AN) display a range of intriguing properties such as 

zero-coefficient of resistivity [11], anomalous thermal expansion [12], barocaloric [13,14], and 

piezospintronic effects [15–18]. The latter relates to piezomagnetism, a linear magnetostructural 

coupling effect whereby a finite magnetisation can be produced and manipulated by changing 

the biaxial lattice strain in zero magnetic field [15,16,19–21]. Recent prediction suggests a rich 

magnetic phase diagram in Mn3GaN accessible by varying biaxial strain, with remarkably 

different magnetic states accesible [19]. Through coupling to a piezoelectric, the piezomagnetic 

effect in these materials has the potential to provide large and reversible electric-field driven 

changes in magnetisation, a long sought-after goal of multiferroic and spintronics research [22] 

as well as thin film calorics [8,10,23,24]. 
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The driving force behind these properties is the strong magnetostructural coupling due to 

geometrically frustrated exchange interactions [12,16]. The frustration leads to non-collinear 

AFM structures in several members of the Mn3AN family, in particular two fully compensated 

structures we term Γ4g and Γ5g
 [25]; Figure 1a shows the Γ4g structure, whilst Γ5g in Figure 1b 

is obtained by rotating all spins by 90° in the (111) plane. Interestingly, the magnetic frustration 

in the Mn3AN family is closely related to the more widely studied cubic Mn3X compounds 

where giant anomolous Hall [1,26] and magneto-optical Kerr effects [3,27] have been predicted and 

observed. The magnetic structure in Mn3AN are most closely related to the cubic Mn3X 

analogues with X = Rh, Pt, Ir [28,29], which order at low temperatures in the non-collinear 

antiferromagnetic Γ4g structure in addition to a high temperature collinear antiferromagnetic 

phase. 

The temperature-biaxial strain magnetic phase diagram predicted in Mn3GaN is derived from 

the Γ5g magnetic structure of the unstrained material (see Figure 1b) [19]. Motivated by this work 

and the lack of experimental verification, here we choose to study the temperature-biaxial-strain 

phase diagram in thin films of the closely related antiperovskite Mn3NiN, using the anomalous 

Hall effect (AHE), magnetometry and neutron scattering. The magnetic structure of unstrained 

Mn3NiN predominantly adopts the Γ4g magnetic structure close to the Néel temperature, TN = 

260K [14,25]. Taking the predicted structures induced by biaxial strain in  Mn3GaN, a 90º rotation 

of all spins in the (111) plane leads to similar collinear ferri- and antiferromagnetic phases 

derived from the Γ4g magnetic structure, see Figure 1c and 1d. Accordingly, we find quite 

striking differences when Mn3NiN films are grown under compressive or tensile strain, 

particularly with respect to their magnetic properties above TN, in agreement with these 

predictions 

Conventionally, the Hall resistivity is defined by ρxy = Roμ0H + Rsμ0M where Ro and Rs are the 

normal and AHE contributions, respectively, and M is the magnetisation. Thus, due to the out-

of-plane magnetisation of our strained Mn3NiN films [20], we expect ρxy to include a measurable 
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AHE contribution. Additionally, a further intrinsic contribution to the AHE arises when the 

films adopt the Γ4g non-collinear magnetic structure, due to the Berry curvature associated with 

its band structure [30]. To estimate the normal Hall contribution we use DFT calculations at zero 

temperature of the carrier density as 2.4x1021 cm-3, which gives a normal Hall contriubition Ro,th 

= 26x10-2 μΩcm/T. Figure 1e shows the estimated normal Hall contribution, Ro,thH, which 

approximately accounts for the unsaturated contribution of ρxy at high magnetic fields. The 

films show typical metallic-like behaviour of the longitudinal resistivity (xx) upon warming 

from low temperature followed by a plateau above TN (see Figure S1a), similar to bulk 

Mn3NiN [31]. Further structural  details of the films employed are listed in Table S1. 

Figures 1e and 1f shows ρxy for films with large (> 0.1%) compressive (100nm on SrTiO3 

(STO), #4) and tensile (50nm on (LaAlO3)0.3(Sr2TaAlO6)0.7 (LSAT), #1) biaxial strains, 

respectively, above and below their respective TN. Above TN, the compressively strained film 

shows a large soft ferrimagnetic (FIM)-like response with zero hysteresis, whilst in contrast ρxy 

of the film with tensile strain is reduced by an order of magnitude. Below TN ρxy has finite 

hysteresis in both films and does not fully saturate upto large fields. In order to estimate the 

field saturated value of the Hall resistivity, ρxy,sat, a linear extrapolation is taken from the high 

field region of ρxy to the value at H = 0, indicated in Figure 1e. The slope of this fit we assign 

to Ro. 

The temperature dependence of Ro, the extracted HC and ρxy,sat for each of the films is shown in 

Figure 1g-1i against the reduced temperature, T/TN. It is interesting that the change in Ro, ΔRo, 

at TN can take either positive or negative sign, suggesting that the high field slope responds to 

more complex changes than the carrier density extracted from a single carrier model. Either 

way we associate ΔRo at TN to be indicative of a sharp first-order like transition. A similar jump 

is found in ρxx(T) of bulk Mn3NiN at TN where in this case it is well established that the transition 

is strongly first-order with a 0.4% coupled volume change [31]. Noticeably, all films show a 

sharp change in Ro at TN except the 10nm on STO (#5) where the transition is smooth.  
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Compressive (STO) and tensile (LSAT) strained films show striking differences in ρxy,sat around 

TN (see Figure 1h). For films on LSAT ρxy,sat significantly decreases upon warming above T/TN 

~ 0.5, whilst for those on STO ρxy,sat remains relatively constant either side of TN. In the 10nm 

film on  STO (#5) ρxy,sat changes by only 10% between 2 and 280K, less than the thicker 100nm 

film. For the films grown on BaTiO3 (BTO), where the substrate lattice parameter is 

significantly larger than Mn3NiN and therefore the film growth is not purely epitaxial, the 

behaviour of ρxy,sat for the two films is quite different. For film #6 on BTO, where the lattice 

parameter and transition temperature suggest the film is compressively strained (see Table S1 

and Figure S2), ρxy,sat is large above TN and reduces gradually below TN, which is comparable 

to films on STO. For film #3, where the lattice parameter and transition temperature is roughly 

the same as the bulk (see Table 1 and Figure S2), ρxy,sat is small above TN and increases upon 

cooling. This behaviour is similar to that found for films on LSAT (#1 and #2), however even 

for zero strain one expects a significant AHE arising from the Γ4g structure [30]. 

The magnetism can also be parameterised by the coercive field, HC, defined in Figure 1e and 

shown in Figure 1i as a function of the reduced temperature. All films show zero HC above TN 

and finite coercivity below it. As with ρxy,sat, it is evident that for films with opposite strain, HC 

behaves quite differently. For the 10nm film on STO (#5), HC increases gradually and does not 

saturate as T approaches zero suggestive of a continuous transition, whilst for both films on 

LSAT (#1 and #2) HC increases sharply and either saturates or decreases again at low 

temperatures. A change of transition from 1st-order to continuous behaviour as a function of 

strain has also been predicted in the Mn3GaN [19], although for opposite sign strains.  

In both ρxy,sat and HC we can identify three clear regimes of behaviour: (i) the regime above TN, 

where films under compressive and tensile strain show large and small AHE, respectively; (ii) 

the intermediate temperature regime below TN, which is consistent with contributions to the 

AHE from the Γ4g magnetic structure [30]; (iii) a low temperature regime where all films show a 

decrease in ρxy,sat, generally below T/TN < 0.5. This latter feature is most marked in the LSAT 
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100nm film (#2, see Figure S1b); upon cooling below 100K the coupling of ρxy to the field 

weakens and reduces the coercivity. At lowest temperatures the behaviour resembles the 

magnetisation of an antiferromagnet that is weakly coupled to the field, behaviour closely 

resembling the compensated non-collinear antiferromagnetic Γ5g structure of bulk samples. 

We now discuss the magnetic anisotropy of our Mn3NiN thin films. The net magnetisation 

piezomagnetically induced by biaxial strain in the Γ5g and Γ4g magnetic structures lies along 

different directions within the (111) plane, specifically the [110] axis in the former and the 

[112] axis in the latter. Therefore, in samples grown along the [001] axis one would expect 

different anisotropies for the two magnetic structures; for Γ4g the magnetisation should have 

approximately equal components in- (IP) and out-of-plane (OOP), whereas for Γ5g the applied 

field is expected to couple to the magnetisation IP resulting in a soft magnetic component. 

The magnetic anisotropy of compressive and tensile films is quite different (see Figures 2a-d). 

At all temperatures film #1 on LSAT shows strongly anistropic behaviour with the easy axis 

lying IP. Upon subtracting the low field jump from the IP data the M(H) loop overlays the OOP 

data and the area of the hysteresis loops are equal for IP and OOP shown in Figure S3. This 

behaviour can be understood by appreciating that a strained Γ5g magnetic structure will have an 

uncompensated moment lying in the IP direction [19], enabling manipulation of the spin for in-

plane applied magnetic fields. The anisotropy of films on STO is quite different, both IP and 

OOP magnetometry match closely at all temperatures, entirely consistent with the Γ4g magnetic 

structure [20]. The magnetometry data indicates that the magnetic structure consists of mixed  

ratios of Γ4g and Γ5g and whilst biaxial strain may be only one of a number of parameters that 

controls this ratio  it is interesting that  the magnetic anisotropies can be so significantly 

manipulated.  

To provide further insight into the magnetic phases above and below TN in Mn3NiN thin films,  

we performed neutron diffraction measurements on a 100nm Mn3NiN/BTO film (#6) at the 

WISH and D10 diffractometers at ISIS (UK) and ILL (France), respectively. Figures 2e-g 
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shows the (100), (110) and (200) peaks collected at various temperatures on the WISH 

diffractomer. The temperature dependence of the film in-plane lattice parameter (which we 

arbitrarily call the a-lattice parameter), determined from the (100) and (200) peaks, is shown in 

Figure 2h. The large increase of the lattice when cooled through TN is characteristic of 

Mn3NiN [14,25] and the magnitude of this change, Δa = 0.7%, is in good agreement with the 0.4% 

measured in the bulk and further evidences that the transition in the film maintains a 1st-order 

character. 

The intensity of the (100) peak has a strong temperature dependence and this is plotted in  

Figure 2i alongside the same data collected on a polycrystalline bulk sample [14] and the dense 

target used for film growth [32]. At 450K in the paramagnetic regime the intensity is small in all 

samples, as expected for paramagnetic Mn3NiN. Upon cooling the intensity from the thin film 

increases considerably before TN is reached, in contrast to bulk samples where the intensity only 

increases below TN. The (110) peak is expected to have the largest nuclear intensity, however 

only a broad and weak peak is observed in the film which may suggest that it does not grow 

well along this direction (see Figure 2f). The (200) peak is not apparent in the 450K data, 

however a weak peak is seen at 300K that increases in intensity upon further cooling to 150K 

(see Figure 2g). Importantly, this peak only has a magnetic contribution in the Γ4g structure 

(and not Γ5g) with a ferromagnetic component along the (111) direction, i.e. a canting of the 

spins out of the kagome (111) plane. Taken together, the change of intensity of the (100) and 

(200) peaks with temperature provides clear evidence that the materials are magnetically 

ordered both at room temperature and below TN. Moreover, the presence of magnetic intensity 

on the (200) peak is consistent with a Γ4g component below TN.  

We now use the acquired ρxy,sat collected on all films to map the temperature-biaxial strain 

magnetic phase diagram for piezomagnetic Mn3NiN, shown in Figure 3. We use values of the 

biaxial strain calculated using the Poisson ratio and c-axis lattice parameter for consistency 

across all films, allowing us to make qualitative comparisons. However, high-resolution 
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transmission electron miscroscopy (HRTEM) measurements on Film #4 show that the 

maximum strain may be significantly larger (see Table S1). Whilst the phase diagram predicted 

for Mn3GaN is plotted with respect to net magnetisation [19], our phase diagram for Mn3NiN 

shares many qualitative similarities: (i) the TN dependence with strain is in the same direction; 

(ii) different high and low ρxy,sat states exist in the opposite strain regimes above TN; (iii) high 

ρxy,sat states exist at low temperature for both compressive and tensile strain; (iv) the transition 

at TN becomes 2nd-order-like at large compressive strains, in the opposite sense to Mn3GaN 

where large tensile strains result in 2nd-order behaviour [19]. Furthermore, noticeable  differences 

to the Mn3GaN magnetisation phase diagram are also present: (i) films with small strain show 

large ρxy,sat below TN due to the Berry curvature contribution to the AHE that is allowed despite 

negligible magnetisation [30]; (ii) a region of low ρxy,sat exists below TN for small compressive 

strain. This may exist because compressive strain is predicted to reduce the AHE [30], however 

as further compressive strain is applied the net magnetisation due to the piezomagnetism may 

then act as an additional contribution to the AHE.  

Piezoelectric controlled antiferromagnetic-based spintronic devices, ‘antiferromagnetic 

piezospintronics’, offer significant advantages over conventional devices. For instance,  a non-

volatile and magnetic field insensitive memory device has recently been demonstrated in MnPt-

based heterostructures [33], whilst in similar Mn3Pt-based structures the non-collinear AFM state 

which gives rise to an AHE can be switched piezoelectrically [7]. Given the results presented 

here for Mn3NiN, piezoelectric control of the strain in this material would allow access to a 

number of magnetic states and, therefore, the large associated changes in the AHE (see Figure 

1h), magnetisation [20] and entropy [19]. The required strains of the order of 0.1% is an order-of-

magnitude less than that required in Mn3GaN, as expected given the larger predicted 

piezomagnetic effect in Mn3NiN, and easily within practical limits [7]. Further improvements 

could be made with thin films of Mn3SnN, which is predicted to offer a further 5 times increase 

in the piezomagnetic effect over Mn3NiN [15] in addition to a high transition temperature, TN = 
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450K [34], opening the possibility of room temperature applications. If it is attractive to tailor TN 

to room temperature but retain the additional sensitivity offered by Mn3SnN, it is 

straightforward to visualise that alloys of Ni and Sn, readily achievable in the bulk, may offer 

the best combination of TN and strain sensitivity. 

In conclusion, here we examine the magnetic phase diagram of Mn3NiN as a function of biaxial 

strain and temperature using the AHE and magnetometry in films grown on different substrates. 

The films support different magnetic ordering depending on whether they are under in-plane 

tensile or compressive biaxial strain, particularly in the region of the phase diagram just above 

TN.  Our observations share strong similarlities with the theoretical prediction for Mn3GaN [19] 

although in much smaller strain fields. Our findings inspire further experiments to (i) discover 

larger effects at room temperature, which could be achieved in thin films of other members of 

the chemically flexible Mn3AN, e.g. Mn3SnN [15,17] and (ii) develop piezoelectrically coupled 

Mn3AN thin films in order to transition between these magnetic phases with electric field. 

Experimental Section 

Thin films of Mn3NiN were grown by pulsed laser deposition (PLD), as described in detail 

elsewhere [20]. Properties of the films used in this study are summarised in Table S1. The bulk 

lattice parameter of the Mn3NiN target used for growth is 3.8805Å. As we have previously 

found, growth on [001] oriented SrTiO3 (STO), a = 3.905Å, results in compressive in-plane 

biaxial strain, whilst on (LaAlO3)0.3(Sr2TaAlO6)0.7 (LSAT), a = 3.868Å, results in tensile in-

plane biaxial strain [20]. Similar to STO, on BaTiO3 (BTO), a = 3.990Å, one expects compressive 

in-plane strain, however given the large difference in the substrate and film lattice (see Figure 

S2) and that the substrate is tetragonal at room temperature, the in-plane strain is not simply a 

function of the lattice parameter. To calculate the in-plane strain we assume Poisson’s ratio υ = 

0.41 and εxx/εzz = -2υ/(1-υ). Four terminal magnetotransport data were collected in a square 

geometry using the van der Pauw method. Magnetisation measurements were performed with 

a Quantum Design Physical Property Measurement Systems (PPMS-9T). Neutron diffraction 
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measurements were performed at the WISH diffractometer at ISIS, UK and the D10 

diffractometer at ILL, France. 
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Figure 1. Non-collinear antiferromagnetic structures with (a) Γ4g and (b) Γ5g symmetry. High 

temperature (c) collinear AFM-Γ4g structure and (d) collinear FIM-Γ4g structures derived 

from the Γ4g structure of part (a). The equivalent structures derived from the Γ4g structure 
(part (b)) are predicted to occur in Mn3GaN under tensile and compressive biaxial strain, 
respectively [19]. (e-f) Magnetic field dependence of Hall resistivity, ρxy, measured on Mn3NiN 
thin films (e) 100nm on STO (#4) and (f) 50nm on LSAT (#1). The normal Hall contribution 
estimated from the calculated carrier density, Ro,th, is also potted in (e). (g) Normal Hall 
contribution, where the data have been offset along the y-axis for clarity by the amount 
indicated. The horizontal line indicates the theoretically derived value, R0,th; (h) Saturated 
value of the Hall resistivity, ρxy,sat ; (i) Coercive field, HC; all parts (g-i) plotted as a function of 
reduced temperature, T/TN, for all films. The lines are a guide to the eye. 
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Figure 2. In-plane (IP) and out-of-plane (OOP) magnetisation data for; (a-b) 100nm film on 
STO (#4) at 300 and 100K, respectively; (c-d) 50nm on LSAT (#1) at 350 and 100K, 
respectively. A background has been subtracted from all datasets so as to saturate the signal 
at high field. (e-g) Neutron diffraction measurements of a 100nm Mn3NiN/BTO film (#6) 
showing the (e) (100), (f) (110) and (g) (200) peaks. The data have been offset for clarity; (h) 
Temperature dependence of the a-lattice parameter of the film #6. The line is a guide to the 
eye. (i) Normalised intensity of the (100) peak from the data in (e) as well as a high-quality bulk 
sample and the ceramic target used for film growth. 
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The table of contents entry should be 50–60 words long and should be written in the present 
tense and impersonal style (i.e., avoid we). The text should be different from the abstract text. 
 
A multi-component magnetic phase diagram induced by biaxial strain is demonstrated 
in thin films of piezomagnetic Mn3NiN. Confirming theoretical predictions, regions of high 
and low magnetisation exist under compressive and tensile strain, respectively. Large and 
sharp magnetic changes can be achieved by traversing this rich phase diagram, in principle 
achievable with electric field, opening the field to novel piezospintronic devices based on 
Mn3AN materials. 
 
Keyword: piezomagnetism; antiperovskite; ; antiferromagnet; spintronics, frustration 
 
 
Title: The biaxial strain dependence of magnetic order in spin frustrated Mn3NiN thin films 
 
ToC figure  
 

 
Figure 3. Phase diagram of Mn3NiN thin films as a function of biaxial strain and temperature. 

The z-axis is defined by the Hall resistivity, ρxy,sat, which is plotted as a function of temperature 
for films #1-6, with the strain and TN values for these films plotted as symbols. The colour scale 
between these points is interpolated. The black solid (dashed) line indicates a 1st- (2nd-) order 
transition. The predicted magnetic structures based on the Mn3GaN phase diagram are shown 
for each region. 
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Supporting Information  

 
Figure S1: (a) ρxx as a function of temperature for film #1 (LSAT, 50nm); (b) pxy as a function of 
field for film #2 (LSAT, 100nm) at 4 different temperatures.  

 
Figure S2: (a) Out-of-plane X-ray diffraction for Mn3NiN films grown on BTO (#3 and #6), LSAT 
(#1) and STO (#4) showing the (002) reflection. The bulk and target lattice parameters are marked 
as verticle lines. (b) Out-of-plane X-ray diffraction for Mn3NiN films grown on LSAT (#1 and #2) 
(c) Grazing incidence XRD for the same films in part (b). (d) Out-of-plane X-ray diffraction for 
Film #7. 

 
Figure S3: The in-plane and out-of-plane M(H) hysteresis area as a function of temperature for 
film #1 (LSAT, 50nm). 
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Figure S4: Magnetisation as a function of temperature measured with applied in-plane field H = 
0.05T after zero-field-cooling.  
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Figure S5: Magnetisation as a function of field measured with the field applied in-plane at 
temperatures of (a) 350, 300 and 100K and (b-e) 300 and 100K. 
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