
Journal of Physics D: Applied
Physics

     

PAPER • OPEN ACCESS

Magnetic compensation in sputtered ferrimagnetic
Mn GaxN thin films

To cite this article: L Prendeville et al 2024 J. Phys. D: Appl. Phys. 57 355005

 

View the article online for updates and enhancements.

You may also like
Materials and devices for all-optical
helicity-dependent switching
Mohammed Salah El Hadri, Michel Hehn,
Grégory Malinowski et al.

-

Tailoring-compensated ferrimagnetic state
and anomalous Hall effect in quaternary
Mn–Ru–V–Ga Heusler compounds
Jin-Jing Liang,  , Xue-Kui Xi et al.

-

Formation of an extended defect cluster in
cuprous oxide
Garima Aggarwal, Sushobhita Chawla,
Akhilender Jeet Singh et al.

-

This content was downloaded from IP address 155.210.49.188 on 20/09/2024 at 10:00

https://doi.org/10.1088/1361-6463/ad4a81
/article/10.1088/1361-6463/aa5adf
/article/10.1088/1361-6463/aa5adf
/article/10.1088/1674-1056/ad34c8
/article/10.1088/1674-1056/ad34c8
/article/10.1088/1674-1056/ad34c8
/article/10.1088/1361-6463/ad4a82
/article/10.1088/1361-6463/ad4a82
https://pagead2.googlesyndication.com/pcs/click?xai=AKAOjstci9VngH_X1k5LW0RSga5b0w71exjSyM5fhsfT_uFLb-mm5dCKMGULNm0owHTGrz6S9tSmZl-iiL7R5Ot8-gKgO6cswRU4yL3DwaxedP8Nexle_H_RcJdNHCqEMidiYtmMOXbzdjj2Xbcl_P_M7MeCsvuQll_jb5cXhfP335uMJA96qesw8itLk10jYOsFwpE881SAOb0itD6Tt_kMhWkqMIhyz6cNxbbll-oJBiuZxX_wNmDxT3MrMywWbAgTqhwkESQ6fLPfeUsYAGQnXjuKMP8P7OoOCVPMt3bQ_pje2R2S7ekgmLSk1mp4EYtERaBVeKR52wO48jv_yp3Zcvqk4cv8DieguZfFJBLXV7wy&sig=Cg0ArKJSzC2ZCyGQkf9a&fbs_aeid=%5Bgw_fbsaeid%5D&adurl=https://www.electrochem.org/247/%3Futm_source%3DIOP%26utm_medium%3Dbanner%26utm_campaign%3DIOP_247_abstract_submission%26utm_id%3DIOP%2B247%2BAbstract%2BSubmission


Journal of Physics D: Applied Physics

J. Phys. D: Appl. Phys. 57 (2024) 355005 (9pp) https://doi.org/10.1088/1361-6463/ad4a81

Magnetic compensation in sputtered
ferrimagnetic Mn4−xGaxN thin films

L Prendeville1, P Jiménez-Cavero1,4, A Naden2, Yangkun He1,3, K Rode1,
Z Gercsi1 and J M D Coey1,∗

1 Centre for Research on Adaptive Nanostructures and Nanodevices, Trinity College Dublin, Dublin,
Ireland
2 School of Chemistry, University of St Andrews, St Andrews, United Kingdom
3 School of Materials Science and Engineering, Beihang University, Beijing 100191, People’s Republic of
China

E-mail: jcoey@tcd.ie

Received 19 January 2024, revised 12 March 2024
Accepted for publication 13 May 2024
Published 12 June 2024

Abstract
Fully compensated ferrimagnets are attracting increasing attention for spintronics. Here we
report a series of Mn4−xGaxN ferrimagnetic thin films grown on (100)-oriented MgO by
magnetron sputtering. A small tetragonal distortion with c/a = 0.99 leads to perpendicular
magnetic anisotropy with a [001] easy axis. The magnetisation decreases with increasing Ga
content up to x= 0.18, where the magnetic moment is close to zero at room temperature. It
increases with further increase of x, indicating the magnetic compensation composition has been
crossed and the dominant sublattice has switched from Mn on the corner sites, where it is
progressively replaced by nonmagnetic Ga, to noncollinear Mn on the face-centered sites.
Compensation found at 235 K in a remanent scan of the x= 0.18 film is confirmed by
measurements of the anomalous Hall effect and interpolation of the inverse coercivity. This
work establishes the conditions for thin film growth of Mn4−xGaxN that could be used for
room-temperature ferrimagnetic spintronics. The behaviour of thin films is compared with that
of bulk material.

Keywords: compensated ferrimagnets, Mn4−xGaxN, noncollinear spin structures,
ferrimagnetic spintronics, metallic antiperovskite

1. Introduction

The study of compensated metallic ferrimagnets for spintronic
applications is a topic of growing interest [1–3]. Ferrimagnets
combine some of the properties of ferromagnets with some
of antiferromagnets. Like a ferromagnet they can be manip-
ulated by an external magnetic field but they exhibit the fast
spin dynamics of antiferromagnetic systems when close to
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compensation [4]. Even at the magnetic compensation point,
it is still possible to measure magnetisation via the anomalous
Hall effect (AHE) because the two sublattices make unequal
and opposite contributions to the resultant effect. There is
some evidence for a topological Hall effect in Mn4N thin films
[5]. Mn4N is a Q-type ferrimagnet and has advantages includ-
ing a high ferrimagnetic Néel temperature of 780 K in the
bulk [6]. In the pure form there is no sign of compensation in
either bulk or thin films [5, 7], but compensation can be real-
ised by atomic substitution for Mn, Mn4−xZxN, not only by
nonmagnetic atoms [8] but also by Z = Co and Ni [4, 9, 10].
No compensation is found for Z = Cr and Fe because these
dopant atoms occupy both corner and face-centered sites with
no particular preference [11]. In the case of In substitution,
a ferrimagnetic-ferromagnetic phase transition was reported
between x= 0.15 and x= 0.27 based on AHE measurements

1 © 2024 The Author(s). Published by IOP Publishing Ltd
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and first principles calculations [12]. There has also been a
recent study by Sakaguchi et al on the transport and optical
properties of boron doped Mn4N thin films, where the boron
atoms occupy interstitial sites at the center of the unit cell [13].

In bulk form Mn4N has a face centered cubic Mn struc-
ture with a N atom at the 1b body-center position. There are
two Mn sublattices, the cube corner 1a sites and the face cen-
ter 3c sites, which form kagome lattices in the {111} planes.
The unequal sublattices couple antiferromagnetically yield-
ing a net moment of 1.1µB/f.u. at low temperature with very
weak ⟨111⟩ anisotropy, K1 ≈ 1.5 kJm−3 [7]. The moment m1a

of each 1a Mn lies along [111] while the 3c sublattice has a
more complex noncollinear character due to frustration of the
antiferromagnetic nearest-neighbour 3c–3c interactions. The
resultant triangular ferrimagnetic spin structure is illustrated
in figure 1(a); the Mn 3c moments, m3c, form an umbrella-like
configuration, where individual moments have a component
in the (111) plane at an angle of 120◦ to each other, with a
resultant moment along [1̄1̄1̄]. This noncollinear spin struc-
ture was first detected in a polarised neutron diffraction study
by Fruchart et al [14] and supported by the calculations of
Uhl et al [15] who found a tilt angle of θ =15◦ between m3c

and the [111] easy direction, in accord with the neutron data.
Experimental values for m1a and m3c were 3.80µB/f.u. and
0.9µB/f.u. while the calculations found values of 3.45µB/f.u.
and 0.96µB/f.u. [14, 15]. More recent DFT calculations of
bulk material [6] found a similar m1a of 3.65µB/f.u. but a
greater m3c of 2.35µB/f.u. and a larger tilt angle of θ =70◦.
However, Zhang et al also found that the canting angle θ can
vary with the magnitude of both m1a and m3c while the net
moment of 1.24µB/f.u. is maintained. This is close to the value
of 1.17µB/f.u. frommagnetisationmeasurements at 4.2K [14].

When grown as a thin film on (100)-oriented single
crystal substrates such as Si, MgO, SrTiO3, LaAlO3 or
(LaAlO3)0.3(Sr2TaAlO6)0.7, Mn4N experiences an in-plane
biaxial strain and becomes slightly tetragonal with a c/a ratio
of ≈ 0.99 [16–19]. The films are not epitaxial as the tensile
strain is similar on different substrates. They exhibit perpen-
dicular magnetic anisotropy (PMA) and develop coercivity as
the easy direction shifts from [111] in the bulk to [001] in
the films. The thin films have a lower magnetic moment of
approximately 0.5–0.6µB/f.u [5] at room temperature in com-
parison to the bulk value of 0.75–0.81µB/f.u. [6, 14], but there
is no compensation and the magnetic ordering temperature is
≈ 750 K [5]. The PMA and [001] easy axis imply a change of
the noncollinear magnetic spin structure from the bulk version.
He et al [5] considered the spin structure of tetragonal bulk
Mn3ZN perovskites with Z = Cu and Rh, and proposed the
‘bulk like’ configuration shown in figure 1(b) asmost likely for
the thin films, which preserves the noncollinearity of the face
centered Mn sites, shows PMA and complies with the signs
of the distance-dependent exchange interactions between Mn
atoms. The tetragonal distortion splits the original Mn 3c sub-
lattice into two separate sublattices, Mn 1c and 2e, with tilt
angles of δ and γ from the easy axis. Recent reviews onMn4N-
based films and heterostructures [20–22] outline some poten-
tial opportunities for the use of this material in spintronics.

Compensation in Mn4N has been claimed, based on
calculations that assumed a collinear three-sublattice mag-
netic structure [24], for which there is no experimental
evidence [25]. The magnetisation versus temperature curve
is Q-type since m1a > 3⟨m3c⟩ for all temperatures below Tc.
Nevertheless it is expected that by doping thin filmMn4Nwith
elements that replace Mn atoms at 1a sites it should be pos-
sible to achieve compensation as was shown by Zhang et al for
doped bulk Mn4N with a range of different elements includ-
ing Z = Ga, which exhibits compensation at x= 0.26 and was
regarded as most suitable [6]. The aim of this work was there-
fore to grow and characterise Mn4−xGaxN thin films. A series
of samples with x ranging from 0 to 0.27 was prepared by
magnetron sputtering, a versatile deposition technique offer-
ing many advantages in terms of cost, time and scalability.
Their structural, magnetic and magneto-transport properties
are characterised.

2. Methodology

2.1. Experimental measurements

The Mn4−xGaxN thin films were grown on 10 mm × 10 mm
× 0.5 mm (100) MgO substrates by DC magnetron sputter-
ing. All were co-sputtered from one or two Mn targets and
a Mn3Ga target in the presence of N2, where x was varied
by altering the current in the Mn guns. In all cases the ratio
of Ar:N2 during the deposition was 20:1 and substrate tem-
peratures ranged between 390 ◦C and 440 ◦C, depending on
the composition. A mask was placed in front of the substrate
in the holder to prevent any side-wall deposition which can
result in the observation of unusual features in magnetometry
measurements [26]. The films were cooled in the presence of
N2, a necessary step for formation of the correct phase, and
capped with SiO2 to prevent oxidation. See table 1 for details
of the conditions used for each composition. All films were
structurally characterised by x-ray diffraction (XRD) and x-
ray reflectivity (XRR) using a Panalytical X’Pert Pro diffracto-
meter with Cu Kα radiation, λ= 0.154 06 nm. Reciprocal
space mapping (RSM) was also performed on each composi-
tion using a Bruker D8 Discover diffractometer. The samples
were then cut into four pieces of approximate area 5 mm
× 5 mm using a diamond pen. One piece of each composi-
tion was mounted into a gelcap straw and and magnetisation
measurements were performed using a 5 T Quantum Design
SQUID magnetometer.

Cross-sections for (scanning) transmission electron micro-
scopy (S)TEM were prepared by focused ion beam milling
on an FEI Scios with bulk milling at an acceleration voltage
of 30 kV followed by final polishing at 2 kV. STEM meas-
urements were performed on an FEI Titan Themis oper-
ated at 200 kV, equipped with a CEOS DCOR probe cor-
rector, a SuperX energy dispersive x-ray spectrometer (EDX)
and a Gatan Enfinium electron energy loss (EEL) spectro-
meter. High angle annular dark field (HAADF) images were
acquired with a probe convergence angle of 20mrad and
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Figure 1. (a) The spin structure of bulk Mn4N with the 1a and 3c sublattices depicted by red and blue spheres respectively. A (111) plane is
highlighted in yellow. (b) The proposed spin structure of thin-film Mn4N on (100) MgO, which exhibits perpendicular magnetic anisotropy.
The angles δ and γ are relative to [001]. Adapted figure with permission from [5], Copyright (2022) by the American Physical Society and
drawn using Vesta [23].

Table 1. Details of the deposition conditions used to grow films of Mn4−xGaxN, including substrate temperature during deposition (Tdep)
and the rate of N2 flow into the chamber as the sample cooled (SN2 ) as well as the resulting film thicknesses (t), the obtained a and c
parameters from RSM measurements and their ratio.

Composition Tdep (
◦C) SN2 (sccm) t (nm) a (nm) c (nm) c/a

Mn4N 440 2.6 30.8 0.389 0.386 0.992
Mn3.91Ga0.09N 440 2.3 30.5 0.391 0.386 0.987
Mn3.89Ga0.11N 425 2.1 24.2 0.390 0.386 0.990
Mn3.87Ga0.13N 425 2.3 25.2 0.390 0.386 0.990
Mn3.86Ga0.14N 390 2.4 22.6 0.391 0.386 0.987
Mn3.82Ga0.18N 410 1.6 31.6 0.389 0.385 0.990
Mn3.80Ga0.20N 390 1.9 26.1 0.390 0.385 0.987
Mn3.73Ga0.27N 390 1.5 35.0 0.391 0.387 0.990

inner/outer collection angles of 91 and 200mrad, respect-
ively. EEL spectra were acquired with a collection angle of
8.1mrad.

All AHE measurements were performed at room temperat-
ure in an out-of-plane configurationwith a 5.5 T superconduct-
ingmagnet. Samples were patterned into triple Hall crosses (8-
legged Hall bars) of length 50µm and width 10µm by 2-step
UV lithography followed by a metallisation step for the con-
tact pads. Magneto-transport and magnetometry experiments
were thus performed on different physical samples but they
had been grown under the same deposition conditions for each
composition.

3. Results and discussion

3.1. Structural characterisation

XRDpatterns confirmed the growth of crystallineMn4−xGaxN
thin films on MgO in the case of all compositions, as shown
in figure 2(a). In all but one of the films Laue fringes
can be observed on the (002) Mn4N peak at 2θ ∼ 47◦,
which indicate well-oriented (001) films of high crystalline
quality [27]. The small broad peak at 2θ ≈ 41◦ shows that
a minor amount of α-Mn was present in three of the films,
Mn3.91Ga0.09N,Mn3.89Ga0.11N, andMn3.73Ga0.27N. In the case
of Mn3.73Ga0.27N a larger amount of this parasitic phase was
formed. For completeness and comparison, results from this

sample are included here, but it is likely that the Ga-doping
is slightly higher than the nominal x= 0.27. The lattice para-
meter of bulk Mn4N has been reported as 386.5 pm [6, 28],
which is smaller than the a-axis deduced for each of the films
from RSM measurements. This indicates that the material
undergoes a tensile strain at the interface with the MgO sub-
strate. The lattice mismatch of 8.2% results in a non-epitaxial
tetragonal distortion of the films. Figure 2(b) shows one RSM
plot for Mn3.87Ga0.13N which was obtained by carrying out
an ω− 2θ scan around the (113) MgO peak. ω is the angle
between the incoming x-rays and the sample surface while θ
refers to the Bragg angle. The low intensity Mn4N (113) peak
is close enough to the MgO to apply the same corrections to
extract accurate a and c values for the film. RSM measure-
ments on all films confirmed the tetragonal distortion as the
c/a ratio of out-of-plane to in-plane lattice parameters was
0.99 in each case, see table 1. Film thicknesses ranged from
22 to 35 nm and were determined by fitting the low-angle x-
ray scattering data of figure 2(c). In each case it was necessary
to include a thin (of order 1–2 nm) layer of MnO above and
below the Mn4−xGaxN layer to achieve an acceptable XRR
fit. It is not uncommon to observe such oxide formation at Mn
interfaces [17, 29–31]. Li et al also showed that it is possible
to growMn4N thin films with PMA on glass substrates using a
MnO seed layer [32]. The stack structure proposed from XRR
where the Mn4−xGaxN layer is bounded by a MnO layer at
both interfaces is shown in figure 2(d).
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Figure 2. (a) XRD patterns for eight different Mn4−xGaxN compositions with x ranging from 0 to 0.27. The (002) Mn4N peak is in the
shaded green region of the graph while the orange and blue regions highlight peaks associated with α-Mn and the MgO substrate. (b)
Reciprocal space map of Mn3.87Ga0.13N around the MgO (113) peak, where qx and qz are reciprocal space vectors related to a and c by

√
2

qx

and 3
qz
respectively. XRR data and fits are shown in (c) and the expected stack structure is given in (d).

A thin (≈ 20 nm) lamella was prepared from a
Mn3.87Ga0.13N film and STEM was performed to investigate
the potential interfacial oxide layer and the local nanostructure
within the films. A layer of carbon was deposited on the film
to provide a good contrast for TEM imaging, followed by a
Pt layer to hold the lamella in place. Figure 3 illustrates two
HAADF STEM images of the bottom and top interfaces of
the film aligned along the [100] zone axis. At both interfaces
there are subtle contrast differences, potentially due to the
interfacial oxide, which manifests itself as a slight blurring in
this region. Based on XRR fitting we know that these regions
are on the order of 1–2 nm.

To further investigate the interfacial MnO we collected
EDX spectra across various regions of the stack and per-
formed EEL spectroscopy around the Mn L edge and O K
edge. Figure 4(a) shows a STEM image of the stack where the
different colours highlight the regions where intensity from
various elements including Mg, Si, Mn and Ga was collected.
The blue line indicates the profile along which the EDX spec-
trum in (b) was collected. This spectrum shows a diffusion
gradient of Mn into both the SiO2 capping layer and the MgO
substrate as well as an increasing oxygen content close to the
interface. Intensity from oxygen is also picked up throughout
the Mn3.87Ga0.13N layer which probably comes from the brief

exposure of the surface to atmosphere as the lamella was trans-
ferred into the measurement system. The Ga content seems
unvarying throughout the film and was 3.1% of the total Mn
content, in agreement with the dopant calibration from XRR
( 0.134 ≈ 3.3%). EEL spectra were taken at the top interface and
middle section of the film and the intensity was normalised
to the Mn L3 edge, figure 4(c). The increased branching ratio
IL2

IL3+IL2
, where IL2 and IL3 are the integrated intensities of each

edge, of the Mn 2p to 3d transition strongly suggests the pres-
ence of MnO ( i.e. Mn2+) at the top of the film [33]. The
oxygen K edge peak is evident in both spectra but its intens-
ity is slightly higher in the spectrum from the top interface.
The selected area electron diffraction (SAD) pattern of the
stack in figure 4(d) further highlights the cube-on-cube growth
of Mn4N on MgO. The central bright spot is from the direct
beam while those circled in red are the family of {200} reflec-
tions from the MgO substrate. Smaller diffraction spots close
to the higher intensity substrate-related spots come from the
Mn3.87Ga0.13N film.

3.2. Magnetic and magneto-transport properties

There are two sites on which Mn can be replaced by doping,
1a or 3c. Co tends to replace Mn at the 3c site and Fe, Cr
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Figure 3. Atomic resolution HAADF STEM images illustrating the formation of MnO at the interfacial regions of Mn3.87Ga0.13N. (a)
Shows the whole section throughout the film stack while (b)–(d) are higher magnification images of the top, middle and bottom regions.

and In have little preference [11, 12]. Zhang et al showed
that Ga occupies 1a corner positions in the bulk material
[6]. The rate of decrease of moment per formula unit there,
dm
dx =−3.7µB/Ga atom, agrees with the 1a-site Mn moment.
Ga-doping is therefore a good way to induce compensation.
Figure 5 shows out-of-plane room temperature SQUID hyster-
esis loops, illustrating the effects of increased Ga doping on
the net ferrimagnetic magnetisation of the pure sample. The
in-plane loop has also been plotted for x = 0, indicating an
anisotropy field µ0Ha of 2.3 T and a corresponding perpendic-
ular anisotropy constant K1 of 100 kJm−3. Four of the curves
(x= 0.09, 0.11, 0.13, 0.20) exhibited a wasp waist due to hard
and soft magnetic contributions to the loop. Li et al attributed
a wasp waist in their Mn4−xGdxN films to antiferromagnetic
interactions [34] while Komori et al associated kinks close
to zero field in the magnetisation loops of Ni-doped Mn4N
to a mixture of hard and soft magnetic phases [9]. From our
EDX spectra we know that we have an interfacial oxide layer
but there is also the possibility that a build-up of excess Ga
in these regions could contribute to the soft component. For
Ga-doped films we observed a decrease in the saturation mag-
netisation with increasing Ga content up to x= 0.18 and the
coercivity of the hard component of each loop increased as
moreGawas added up to x= 0.14where only the soft compon-
ent was visible. The magnetisation was close to zero at room
temperature for x= 0.18 where the measurement showed no

trace of a loop, a good sign that we were close to compensa-
tion and the coercivity would be greater than 5 T. With further
increases in Ga content, signs of coercivity started to appear
and it decreased again as the saturation magnetisation began to
increase.

The average high-field magnetisation is plotted as a func-
tion of Ga content in figure 6(a), with negative values for
samples with x= 0.20 and 0.27 which are above their com-
pensation points at room temperature. Fitting a straight line to
this plot yields a slope with dm

dx =−3.1± 0.4µB/Ga, indicat-
ing that the moment of the system decreases by this amount
with the addition of each dopant Ga atom. This is slightly
lower than the calculated slope in [6] for the bulk equivalent
but is still close to the expected moment on the Mn 1a sites.
This is further evidence that Ga atoms replace only Mn 1a
rather than 3c sites in thin films, just as they also do in bulk. It
provides support for a rigid-band model where the magnitude
and direction of the neighbouring Mn 1a and 3c spins as well
as the exchange between them are all unaffected by addition
of Ga. The x-intercept of this plot predicts compensation close
to room temperature is achieved inMn4−xGaxN for x= 0.20±
0.03, which is lower than the value of x= 0.26 measured in the
bulk [6].We know that compensationmust be close to x= 0.18
from the room temperature magnetisation hysteresis loops.
The difference between the bulk and film compensation com-
positions can be related to the lower ferrimagnetic moment in
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Figure 4. (a) STEM image of the stack structure where the line in blue indicates the profile along which the EDX spectrum in (b) was
taken. (c) illustrates EEL spectra from the top interface and middle sections of the film while the SAD pattern of the stack is shown in (d).

Figure 5. Room temperature SQUID magnetisation loops for Mn4−xGaxN thin films. Addition of the nonmagnetic element causes an initial
decrease in the saturation magnetisation up to a composition with x= 0.18. Further increases in x increase the magnetisation, indicating that
x= 0.18 is close to the magnetic compensation point. All loops were measured in an out-of-plane orientation but the in-plane (IP) loop is
also shown for the undoped film where the dashed red lines on this plot indicate µ0Ha.

thin film Mn4N, 0.56µB/f.u., at room temperature compared
to the bulk value of 0.81µB/f.u. [14]. The reason for the lower
moment is probably the deformation of the noncollinear 3c
sublattice spin structure with PMA, illustrated in figure 1; the
average tilt angle 2γ+δ

3 is lowered as the umbrella-like struc-
ture closes slightly towards the easy direction resulting in a
greater net 3c moment opposing the dominant 1a moment.
Otherwise, a lower nitrogen content in the films could influ-
ence the orbital hybridization with Mn 3c. The remanent mag-
netisation versus temperature curves shown in figure 6(b)
indicate one composition (Mn3.82Ga0.18N) exhibiting a com-
pensation point in the measured temperature range at 235 K.
All curves were measured after field cooling in 5 T to avoid the

paramagnetic signals due to Fe3+ or Mn2+ impurities in the
MgO substrates. For compositions with x> 0.18 the remanent
magnetisation increases at higher temperatures signifying that
the 3c sublattice becomes dominant as more 1a Mn atoms are
removed.

All magneto-transport measurements were performed on
triple Hall crosses such that the longitudinal and trans-
verse components of the induced voltage could be measured
simultaneously. The inset of figure 7(a) shows an optical
image of one such bar before the metallisation step. Due
to the difficulties encountered in patterning samples smaller
than 10×10 mm2 in area (edge bead formation while spin
coating and issues with vacuum retention during patterning),
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Figure 6. (a) High-field magnetisation as a function of Ga content measured by SQUID magnetometry at 300 K. The moment decrease
with increasing Ga-doping confirms that Ga replaces Mn atoms at 1a sites. The remanence is plotted as a function of temperature for each
composition in (b), where the dashed blue lines illustrate the moment of 0.56µB/f.u. in the pure sample at 300 K.

Figure 7. (a) Room temperature AHE loops for six compositions. There is a large initial decrease in σxy with addition of Ga, then little
change but the coercivity increases with x such that the x= 0.14 composition cannot be saturated in 5 T. The change in the sign of the AHE
and decrease in the coercivity for x= 0.20 indicates that compensation has been passed. (b) The room temperature coercive field obtained
by SQUID and AHE as a function of Ga content, where the green and purple dotted lines act as a guide to the eye to illustrate the divergence
around the compensation composition. A plot of the reciprocal of the average coercive field as a function of Ga doping in (c) intersects the
x-axis at compensation.

AHE measurements were performed on different physical
samples to those used for SQUIDmagnetometry. The obtained
σxy loops for six compositions in this series are shown in
figure 7(a). There is a strong decrease in the magnitude of the
transverse conductivity with the first addition of Ga but further
increases in x do not change the saturated σxy much. This is not
the case for the orange loop, Mn3.86Ga0.14N, because the coer-
civity could not be saturated in the maximum field available
in our magneto-transport measurement. We observe a system-
atic increase in the coercivity of these loops with increasing
x up to x= 0.14, followed by a decrease in the coercivity for
x> 0.20. The change of sign of the loop for Mn3.80Ga0.20N

and the abrupt change in the trend of the coercive field, µ0Hc,
both indicate that the compensation composition at room tem-
perature is between x= 0.14 and x= 0.20. We plot the coer-
cive field obtained by SQUID and AHE as a function of Ga
content in figure 7(b), where the dotted purple and green lines
act as guides to the eye, illustrating the divergence in coer-
civity. As the SQUID loops are wasp-waisted with hard and
soft components, we plot the coercivity of the hard compon-
ent assuming a square hysteresis loop. In the anomalous Hall
effect measurements we also take µ0Hc as the value where the
loop closes rather than the field where σxy changes sign for
consistent comparison to the SQUIDmeasurements. There are
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slight differences between SQUID and AHE data due to the
different samples used in each technique.

In the plot of figure 7(c) the average coercivity from SQUID
and AHE measurements was used and its reciprocal crosses
zero at x= 0.17 when values of µ0H−1

c for compositions
Mn3.80Ga0.20N and Mn3.73Ga0.27N are plotted with a negat-
ive sign since they are both above compensation and the Mn
3c sublattice then dominates the magnetisation of the system,
based on the SQUID loops. This plot indicates room tem-
perature compensation occurs for x= 0.17± 0.01, in agree-
ment within the error with the variation in the room temper-
ature magnetic moment. The coercive field seems to be a bet-
ter indicator of the compensation composition than the mag-
netic moment. The value of x= 0.17 makes more sense when
combined with the room temperature magnetisation loops as
well as themagnetisation versus temperature curves, where the
film with x= 0.18 compensates at 235 K. Therefore we expect
a composition with a slightly lower value of x than 0.18 to
achieve compensation closer to 300 K.

4. Conclusions

The behaviour of thin films of Ga-dopedMn4N is broadly sim-
ilar to that of bulk material. Both have triangular ferrimagnetic
spin structures. The Ga substitutes preferentially on the 1a
corner sites, the majority sublattice in Mn4N, and reduces the
net magnetisation leading to compensation where the two sub-
lattices have equal and opposite net moments, which occurs
near room-temperature in films when x= 0.18 and in bulk
when x= 0.26. The main difference is that the bulk material is
cubic with weak ⟨111⟩ anisotropy, K1 ≈ 1.5 kJm−3 whereas
the thin films have a small tetragonal distortion with c/a =
0.99 and strong PMA,K1 ≈ 100 kJm−3, with a ⟨001⟩ easy axis
and large coercivity when the net magnetization is small. The
frustrated noncollinear magnetic order is modified to decrease
the average canting angle 2γ+δ

3 of the face-center Mn atoms
with the magnetic easy axis.

The ability to sputter high-quality films of these materials
with PMAand a compensation temperature that can be tailored
around room temperature by small changes of the Ga content
makes them potentially interesting for spin electronics. Future
investigations will focus on the domain structure of the films
and on the possibility of a topological Hall effect near com-
pensation, related to the noncollinear ferrimagnetic structure
that was reported earlier for the end member [5]. Further work
is needed to incorporate Mn4−xGaxN into device structures
where its magnetisation is pinned by coercivity.
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