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ABSTRACT

The anomalous Hall effect (AHE) has been shown to be present in certain non-collinear antiferromagnets due to their symmetry-breaking
magnetic structure, and its magnitude is dependent primarily on the non-zero components of the Berry curvature. In the non-collinear anti-
ferromagnet Mn3NiN, the Berry phase contribution has been predicted to have strong strain dependence, although in practice, direct obser-
vation may be obscured by other strain-related influences—for instance, magnetic phase transitions mediated by strain. To unravel the
various contributions, we examine the thickness and temperature dependence of the AHE for films grown on the piezoelectric substrate
BaTiO3. We observe a systematic reduction in TN due to increased compressive strain as film thickness is reduced and a linear decrease in
the AHE magnitude as the films are cooled from their ferrimagnetic phase above TN to their antiferromagnetic phase below. At 190K, we
applied an electric field across a 0.5mm thick BaTiO3 substrate with a 50 nm thick Mn3NiN film grown on top and we demonstrate that at
the coercive field of the piezoelectric substrate, the tensile in-plane strain is estimated to be of the order of 0.15%, producing a 20% change in
AHE. Furthermore, we show that this change is, indeed, dominated by the intrinsic strain dependence of the Berry curvature.

VC 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0072783

The field of antiferromagnetic (AFM) spintronics has seen
intense activity due to increased focus on the class of non-collinear
AFM materials—most often the family of hexagonal Mn3X (where X
¼ Sn, Ge, Ga) or antiperovskite cubic Mn3Y (where Y ¼ Ir, Pt). It is
well known that the presence of non-collinear Mn moments lying in
the kagome (0001) or (111) plane, respectively, leads to a Berry-phase
boost in various physical properties. Predictions and observations
include the giant anomalous Hall effect (AHE),1 the sizable anomalous
Nernst effect (ANE),2 the magneto-optical Kerr effect (MOKE),3–5

and the planar Hall effect.6 More recent studies have investigated the
AFM domain structure in thin films using the size dependence of the
ANE and both the size and angular dependence of the AHE.7–10 In
addition, a 10% change in the tunneling resistance has been achieved
in AFM spintronic tunnel junction devices, using strain applied with a

piezoelectric substrate.11 Such work is necessary for realizing viable
AFM spintronic devices on the nanoscale, where their lack of sizable
stray fields gives them a significant advantage over conventional ferro-
magnetic materials.12,13

The related Mn3AN family of antiperovskites (where A¼ Sn, Ni,
Ga, etc.) has historically seen interest due to their anomalous thermal
expansion14 and potentially useful barocaloric cooling properties,15,16

where active control using strain is desirable.17 More recently, it has
been appreciated that these materials possess a magnetic order sym-
metry similar to Mn3Y, shown to support the giant anomalous Hall
effect (AHE), and predicted to show the sizable anomalous Nernst
effect (ANE).18,19 The magnetic symmetry allows for non-zero piezo-
magnetism,20–22 attractive because the net magnetic moment of the
material is linearly coupled to an applied strain at small strains. The
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geometrically frustrated Mn–Mn magnetic interactions lead to non-
collinear AFM order below the N�eel temperature TN where moments
are constrained to the (111) plane and adopt the symmetry of the irre-
ducible representations termed C4g and C5g (in the notation of
Fruchart and Bertaut23). Both structures are fully compensated and
are related to each other by a 90� rotation of the Mn moments within
the (111) plane. Recently, it has been shown that Mn3GaN, with a TN

of �300K, can grow epitaxially on oxide perovskite substrates with an
atomically sharp interfacial layer,24 be switched by an applied spin tor-
que,25 and generate unconventional spin-Hall torque (with both in-
plane and importantly out-of-plane components).26

Here, we focus on Mn3NiN, which has a lattice parameter
a¼ 3.887 Å and a first-order paramagnetic to AFM transition at TN
¼ 235K in the target used to grow the films. This transition has been
shown to be highly strain dependent, with TN able to be varied by
630K with 60.25% in-plane biaxial strain.27 The strain influences TN
by changing the lattice parameters, and therefore, the distance between
the Mn sites, and the orientation of the spin on eachMn site, and hence,
altering the exchange interaction. Furthermore, under compressive in-
plane biaxial strain, the films support a soft ferrimagnetic phase above
TN, with a spin symmetry related to the C4g structure.28 Conventionally,
the AHE is proportional to the total magnetization and so is not seen in
AFM systems, but it is now accepted that AHE can arise through a com-
bination of broken mirror symmetry (arising from the C4g non-
collinear magnetic structure) and spin–orbit coupling.19 These broken
symmetries lead to a non-zero momentum space Berry curvature and
an AHE.22 Therefore, although the unstrained C4g magnetic configura-
tion is fully compensated, a large AHE is possible because the symmetry
requirements necessary for a Berry phase contribution to the AHE are
satisfied. Strain effects on the anomalous Hall conductivity (AHC) are
predicted to be large—a biaxial tensile in-plane strain that causes a dis-
tortion of the lattice parameters equivalent to a c/a ratio of 0.99 is pre-
dicted to enhance the AHC by 65%, while a biaxial tensile strain causing
a c/a ratio of 1.01 reduces the AHC by 30%.18 Neutron diffraction has
indicated that Mn3NiN thin films have a C4g component to their mag-
netic structure below TN.

28 Films grown on BaTiO3 (BTO) substrates
show a sharp change in magnetization due to the effect of strain at the
BTO structural transition at 187K.27 Active strain control of Mn3AN,
exploiting the piezoelectric properties of the BTO substrate directly, is
so far lacking. Investigating whether the Berry curvature can be manipu-
lated usefully is an important step toward exploring the potential of
these versatile materials.

Mn3NiN films in this study were grown at 400 �C on single crys-
tal (001)-oriented 0.5mm thick BTO substrates, using pulsed laser
deposition as described elsewhere.27 The bulk lattice parameter of the
Mn3NiN target used for growth was 3.8805 Å. Gold was deposited on
the reverse side of the BTO using thermal evaporation, to act as a bot-
tom electrode. To calculate the in-plane strain in Mn3NiN films, it was
assumed Poisson’s ratio t ¼ 0.41.27 Four terminal magnetotransport
data were collected in a square geometry using the van der Pauw
method. Data were antisymmetrized to extract the Hall component.
X-ray diffraction (XRD) was performed on a Malvern Panalytical
Empyrean instrument with a sample stage where electric fields can be
applied in situ. Software fits of the peaks were performed to extract the
lattice parameters. Magnetic measurements to determine TN were per-
formed using the VSM option in a QuantumDesign Physical Property
Measurement System.

After the growth of the films at 400 �C and subsequent cooling to
room temperature, the BTO substrate entered the tetragonal phase
unpoled. Figure 1(a) illustrates a typical “a” and “c” ferroelectric domain
structure. A ferroelectric a domain refers to a region where the a-lattice
parameter (3.987 Å) is aligned with the out-of-plane direction, and like-
wise a c domain is where the c-lattice parameter (4.032 Å) is aligned with
the out-of-plane direction. At small electric fields, strain was applied
from the BTO to the film through macroscopic 90� domain rotation.
Due to the difference between the c-lattice parameter and the a-lattice
parameter large strains can be generated. The initial c-domain volume
fraction V002 was evaluated using the formula V002 ¼ (A002 � 100)/
(A002þ A200), where A denotes the area of the respective peak.

X-ray diffraction (XRD) was used at 300K to measure, in the out-
of-plane direction, both the 002 and 200 BTO substrate peaks [Fig.
1(b)] while an electric field, E, was applied out of the sample plane.
Figure 1(c) shows the variation in the BTO c-axis lattice parameter with
the applied field, with a butterfly figure hysteresis with an electric
field.29,30 The behavior is consistent with a coercive field Ec �1kV/cm,
typical of BTO substrates,31 and at this coercive field, there is an out-of-
plane compressive strain of�0.11% in the BTO.32 The substrate initially
is majority c-axis oriented, but 90� domain reorientation also occurs in
the BTO at Ec as shown in Fig. 1(d). In the vicinity of Ec the c-domain
volume fraction, V002 changes by a maximum of 4.5%. Further increas-
ing the electric field returns the substrate to a c-oriented state. This
domain rotation generated a compressive strain out-of-plane (tensile
in-plane) with a magnitude of��0.05% (þ0.05%) at Ec.

The (111) kagome plane of the Mn3NiN unit cell is shown sche-
matically in Fig. 2(a), and the 002 Mn3NiN film peak from a 100nm
thick film is shown in Fig. 2(b) as a function of an electric field. The
dependence of the film c-lattice parameter with an electric field was
extracted from these data [Fig. 2(c)]. The film is strain-coupled to the
substrate and also has a characteristic butterfly loop shape with peaks

FIG. 1. (a) Schematic of the a–c domain structure present in the BTO substrate.
Changes in out-of-plane x-ray diffraction with an electric field are shown on the
BTO 002/200 peaks in (b). Changes in the 002/200 peak positions indicate changes
in the lattice parameter, and the relative intensities show 90� domain reorientation.
(c) The c lattice parameter shows a butterfly curve, with a behavior consistent with
a coercive field Ec ¼ 1 kV/cm. The field sweep direction is shown with arrows.
A change of approximately �0.12% strain occurs at Ec. (d) The c-domain volume
fraction V002 changes by a maximum of 4.5% close to Ec.
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at Ec ¼ 61 kV/cm. At E¼ 0 kV/cm, the film was under an average
tensile out-of-plane strain of þ0.22% (compressive in-plane of
�0.090%) compared with the bulk polycrystalline target—this strain is
due to growth on the lattice-mismatched BTO perovskite substrate.
Increasing the electric field to Ec created tensile in-plane strain in the
BTO, which was transferred to the film, and due to the Poisson effect,
this reduced the out-of-plane strain to þ0.16% (�0.065% in-plane).
Further increasing the electric field up to the maximum applied field
of 6 kV/cm released this compressive strain. Comparing this change to
the maximum possible strain applied by the BTO gives a strain cou-
pling efficiency of 38%, comparable to the 44% strain coupling effi-
ciency reported previously.27

In order to help quantify the relationship between strain and the
anomalous Hall resistivity qxy, Mn3NiN films of thicknesses 20, 50, and
100nm were grown on BTO. Figure 3(a) shows the saturation value
qxy,sat(T), and Fig. 3(b) shows the extracted magnetic coercive fields Hc

as a function of temperature. The inset to Fig. 3(c) shows a typical
qxy(H) curve. For these films on BTO with compressive in-plane strain,
qxy is maximal in the ferrimagnetic phase above TN and decreases quasi-
linearly below TN. Figure 3(c) shows that the thinner films, which are
more highly strained, have a decreased TN, but otherwise films of all
thicknesses have very similar qxy and Hc(T) functional form. It has previ-
ously been reported that biaxial in-plane strains of 60.25% caused a
change in TN of 630K, from growth on (LaAlO3)0.3(Sr2TaAlO6)0.7
(LSAT) and SrTiO3 (STO) substrates.

27 By measuring the in-plane strain
of several Mn3NiN films grown on BTO using XRD, and their TN using
magnetometry (see the supplementary material, Fig. S4), we also observe
a similar relationship when the strain is a function of film thickness
[Fig. 3(c)].

FIG. 2. (a) The antiperovskite crystal structure of Mn3NiN viewed along the [111]
direction, showing the C4g magnetic structure. (b) Changes in out-of-plane x-ray dif-
fraction with an electric field are shown on the film 002 peak. (c) Strain in the
100 nm Mn3NiN film grown on BTO shows the expected “butterfly loop” shape with
an applied electric field across the ferroelectric substrate, with �0.06% change in
out-of-plane strain occurring at Ec. The strain change in the film is maximized at Ec,
which corresponds to the highest proportion of a-domains and the biggest change
in the c-lattice parameter.

FIG. 3. (a) The dependence of the saturated anomalous Hall resistivity with temperature for Mn3NiN films of varying thickness. (b) Coercive field measurements showing how
TN decreases with the decreasing film thickness. (c) TN shows a linear dependence on in-plane (IP) strain in agreement with previous results for films grown on LSAT (open
squares) and STO (open circles) substrates, reprinted with permission from Boldrin et al., ACS Appl. Mater. Interfaces 10, 18863 (2018). Copyright 2018 American Chemical
Society. The dashed line shows the best fit to these data. The green triangle is the estimated strain for the sample measured in Fig. 4 based on its TN ¼ 220 K. Inset shows
example anomalous Hall resistivity curves at 190 K (antiferromagnetic phase) and 260 K (ferrimagnetic phase) for the 100 nm thick film.
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We performed magnetotransport measurements at 190K on the
50 nm Mn3NiN film on BTO, with active in-plane strain control
achieved by applying an electric field across the film and substrate. At
this temperature, BTO is in the orthorhombic phase, where a 6¼ b 6¼ c
due to a distortion of the unit cell along the h011i direction. This
phase can be described in terms of a pseudomonoclinic lattice with am
¼ 3.983 Å and bm ¼ cm ¼ 4.019 Å.33 This phase is also ferroelectric—
large strain changes will occur when the electric field is in the vicinity
of Ec and domains of differing orientations can form, giving a local
compressive strain change out-of-plane of �0.9%.34 In Fig. 4(a), it can
be seen that at Ec, the saturated anomalous Hall resistivity was boosted
by 20%, although subsequent electric field cycles [Fig. 4(b)] reduced
the magnitude of this effect. Evidently from Fig. 3, active strain control
with the sample sitting at a fixed bath temperature will manipulate
qxy, simply by virtue of the sensitivity of TN to strain.

We have previously calculated the theoretical dependence of the
Berry-phase contribution to anomalous Hall conductivity in Mn3NiN

18

using maximally localized Wannier functions obtained by a projection of
Bloch wave functions computed via the projector augmented wave
method as implemented in the Vienna Ab initio Simulation Package
(VASP) code.35 Further details of the calculation are given in Ref. 18. The
Berry-phase contribution was calculated as a function of the lattice
parameters allowing estimate of the influence of strain on the intrinsic
anomalous Hall. However, this linear response theory based on a zero-
temperature ground state does not take into account the dependence of
TN on strain and the resulting influence on qxy (T/TN). From the study of
films of different thicknesses shown in Fig. 3, tensile in-plane strain will
increase TN and, therefore, given the qxy (T/TN) dependence of these
films, the strain dependence of TN reduces the AHE magnitude in this
case. Hence, for films on BTO substrates, there are two competing influ-
ences on the qxy with active strain. The red dot-dash line in Fig. 4(c)

shows this first contribution, using the theoretical prediction from Ref. 18
of AHC converted to AHE resistivity using the relationship AHC ¼ qxy/
(qxx)

2, and an experimental value for qxy at the temperature of operation.
The theoretical prediction was also modified to take into account changes
in qxx with strain (see the supplementary material, Fig. S3). The experi-
mental data from Fig. 3 were used to construct the second contribution—
the blue dash curve in Fig. 4(c). The dependence of qxy with reduced tem-
perature T/TN was used in conjunction with the strain dependence of TN
to show how qxy changes with strain from this contribution.

The sum of these two competing effects has been plotted as a
solid black line in Fig. 4(c) to show the expected change in qxy with
strain for the 50nmMn3NiN film at 190K. From this figure, it is clear
that qxy is expected to be insensitive to in-plane strain when large
compressive strain is applied, but under tensile strain, the intrinsic
Berry-phase contribution dominates over the influence of TN changes,
and a large increase is expected. Using this summation curve, the
increase in qxy at Ec can be estimated to result from an in-plane tensile
strain applied to the film of approximately þ0.15%. From the results
of Ref. 27, this strain is also expected to reduce the net moment due to
the piezomagnetic effect; however, in Ref. 18, we show that the large
AHE in these films is dominated by the intrinsic component generated
by the Berry curvature of the electronic band structure. Therefore, the
overall dependence of the AHE on contribution of the net magnetic
moment to the AHE is small. Repeated bipolar switching of the electric
field is known to cause cracking in bulk ferroelectric materials due to
stress generated at pinning sites.36–38 This fatigue reduced the magni-
tude of the strain generated in our sample and, therefore, the boost to
qxy decreased on subsequent cycles.

It is useful to review this performance in the context of other
work on similar materials. In a recent report, it was shown that the
non-collinear AFM to collinear AFM transition could be tuned by

FIG. 4. (a) When an electric field is applied across a 50 nm Mn3NiN film grown on BTO a boost of 20% to the anomalous Hall resistivity is observed in the vicinity of Ec. (b)
The magnitude of this change decreases on subsequent E-field cycles. (c) The total strain dependence of the anomalous Hall resistivity is a sum of the intrinsic strain depen-
dence of the C4g state and the dependence of TN with strain. For a 50 nm film grown on BTO with initial strain �0.097%, the observed boost in (a) can be described by
þ0.15% 6 0.01% applied IP strain.

Applied Physics Letters ARTICLE scitation.org/journal/apl

Appl. Phys. Lett. 119, 222401 (2021); doi: 10.1063/5.0072783 119, 222401-4

VC Author(s) 2021

https://www.scitation.org/doi/suppl/10.1063/5.0072783
https://scitation.org/journal/apl


25K in the related system Mn3Pt grown on BTO by applying an elec-
tric field of E¼ 4 kV/cm (at 360K when the BTO is in its tetragonal
phase).39 However, the in-plane strain change achieved under this
electric field was reported as �0.35%. The differences in the reported
achievable strain compared to this report are due to the relative pro-
portion of a to c domains present in the substrate, the temperature of
the measurement, and the structural phase of the BTO at that
temperature. In a study on Mn3Ga films grown on piezoelectric
0.7PbMg1/3Nb2/3O3–0.3PbTiO3 (PMN-PT), an applied electric field of
4 kV/cm caused an in-plane compressive strain of 0.1%, which
decreased the AHE by 97%.11 These changes are larger than those
reported here, although further improvements are anticipated by fine-
tuning the band structure through composition, in order to maximize
the Berry curvature contribution.40

The behavior of qxy(T) clearly diminishes the overall Dqxy
achievable with strain for films grown on BTO. However, we have pre-
viously shown that films grown on (LaAlO3)0.3(Sr2TaAlO6)0.7 (LSAT)
substrates support very different qxy(T) behavior. The most significant
difference is that the AHE is close to zero above TN (due to an absence
of the ferrimagnetic phase) and an increasing qxy(T) as temperature is
decreased below TN.

18,27 The predicted composite strain change for
Mn3NiN on LSAT substrates (shown in Fig. S1) shows an encouraging
future direction particularly for such films subjected to an external
bending strain41 or using a buffer interfacial layer when growing on
piezoelectric substrates to replicate initial tensile in-plane strain. Such
an interfacial layer may also improve the mechanical properties as has
been shown for Mn3Sn growth on PMN-PT.42

In conclusion, we have measured qxy in thin films of Mn3NiN
grown on piezoelectric BTO substrates and have shown an active
increase in qxy in the AFM phase upon applying an electric field across
the BTO at the coercive electric field of the substrate. This increase in
qxy cannot simply be described by changes in TN due to strain and is
attributed to the intrinsic strain dependence of the Berry-phase contri-
bution due to the material’s C4g magnetic symmetry.

See the supplementary material for the theoretical dependence of
qxy,sat with strain for Mn3NiN grown on LSAT and for details of the
calculation of qxx with strain and temperature.
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