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Antiferromagnets (AFMs) with chiral noncollinear spin structure have attracted great attention in recent years. However, the
existing research has mainly focused on hexagonal chiral AFMs, such as Mn3Sn, Mn3Ga, Mn3Ge with low crystalline symmetry.
Here, we present our systematical study for the face-centered cubic noncollinear antiferromagnetic Mn3Pt. By varying the alloy
composition (x), we have successfully fabricated antiferromagnetic Mn1−xPtx epitaxial films on MgO substrates and have
observed a crystalline structure transition from L10 MnPt to L12 Mn3Pt. The Mn3Pt exhibits a large anomalous Hall effect, which
is in the same order of magnitude as those of ferromagnetic materials. Moreover, a large thickness-evolved strain effect is
revealed in Mn3Pt films by X-ray diffraction (XRD) analysis based on the Scherrer method. Our work explores Mn3Pt as a
promising candidate for topological antiferromagnetic spintronics.
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1 Introduction

Anomalous Hall effect (AHE) was discovered in ferro-
magnets by Edwin Hall in 1881 [1] and has attracted im-
mense interest over the past several decades [2-7].
Empirically, the AHE has been generally correlated with the
spontaneous magnetization of a material; thus, the studies of
the AHE have mostly focused on ferromagnetic materials,
such as Ni, Fe, Co, and their compounds. Until recently,
researchers have explored AHE in antiferromagnets (AFMs)
with almost zero magnetization but instead, with robust to-
pological spin structure [8-14]. Such topological AHE

quickly becomes the forefront of the emerging research field
of topological spintronics [15-18]. AHE in AFMs was the-
oretically predicted by Chen et al. [8] that a broken mirror
symmetry combined with spin-orbit coupling could lead to
nontrivial AHE in an AFM such as Mn3Ir, which is closely
related to the topological properties of Bloch bands empha-
sized by Liu et al. [13]. Therefore, this phenomenon is in-
trinsically a topological manifestation of magnetism. After
the first theoretical prediction, a surprisingly large AHE was
experimentally reported in the antiferromagnetic Mn3Sn bulk
crystal for the first time [9] and has stimulated worldwide
research interest in the AFMs with topological spin struc-
tures manifested by the noncollinear spin alignment between
neighbor electrons. Not only the large AHE [9,10,13,19] but
many other interesting physical phenomena such as spin Hall
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effect (SHE) [12,20], spin-polarized current [21], anomalous
Nernst effect (ANE) [22-24], spin Nernst effect (SNE) [25],
and magneto-optical Kerr effect (MOKE) [26,27] have also
been found in noncollinear antiferromagnetic materials.
The noncollinear AFMs can be classified into two cate-

gories by the crystalline structure. The first one is Mn3X (X =
Sn, Ge or Ga) with hexagonal lattice structure with space
group P63/mmc of Ni3Sn-type structure. The second one is
Mn3Y (Y = Ir or Pt) of L12 (Cu3Au) cubic crystal lattice with
space group Pm m3 . The reduced crystalline symmetry in
hexagonal Mn3X compared to the cubic Mn3Y allows easier
saturation within the magnetic fields available in the la-
boratory; thus, the study of cubic Mn3Y antiferromagnetic
material has remained limited. From the few studies, it has
been shown that Mn3Pt has two antiferromagnetic phases
[13,28,29]. One phase existing below the phase transition
temperature (360 K) is called D phase for which spin mo-
ments of three Mn atoms order in a triangular arrangement in
(111) crystal plane, and a large AHE emerges. The other
phase is called F phase in which at high temperatures, the
spin moments are in collinear arrangement; thus, AHE dis-
appears [13,28,30,31]. Liu et al. [13] have reported the ef-
fective toggling between these two phases, and in turn, the
manipulation of the AHE of Mn3Pt through an electric field,
showing the prospect of utilizing antiferromagnetic Mn3Pt
for information storage. However, prior studies on Mn3Pt
alloy, especially the phase diagram, crystalline structure, as
well as the magnetic property of Mn1−xPtx, require further
work. Moreover, the examination of strain effect still lacks
for Mn3Pt, although the epitaxial growth of Mn3Y alloy and
the emergence of Mn3Pt D phase require careful lattice and
strain engineering.
In this work, we report the fabrication of high-quality

epitaxial L12 Mn3Pt ordered alloy films on MgO (001) sub-
strates. Studies of the thickness-dependent structural, elec-
trical, and magnetic properties of the Mn3Pt films are
performed. We first show the influence of the composition of
Mn1−xPtx films on their structural properties and AHE, and
determination of the optimal composition for fabricating
high-quality L12 Mn3Pt films. Then, by changing film
thickness, we demonstrate a large strain manipulation of
Mn3Pt films [32-34]. Finally, we discuss the influence of film
strain on the magnetic properties of L12 Mn3Pt films.

2 Experiments

To study the optimal condition for fabricating Mn3Pt films by
magnetron co-sputtering, the annealing temperature and
composition of Mn1−xPtx were systematically changed. Pre-
vious studies have reported that ordered Mn3Pt, MnPt, and
MnPt3 phases are stable in 16%-29% Pt, 33%-60% Pt, and
63%-83% Pt concentration ranges at room temperature, re-

spectively [31]. By calibrating the growth rates of the Mn
layer and Pt layer at different sputtering powers, we esti-
mated that sputtering powers for obtaining a stoichiometric
Mn3Pt film are 56 W for sputtering Mn and 30 W for sput-
tering Pt. We fixed the Pt sputtering power at 30 W and
varied the Mn sputtering power to tune the composition of
Mn1−xPtx. Before depositing each Mn1−xPtx, MgO (001) was
pre-annealed for 0.5 h at 730°C to obtain smooth and clean
substrates. The deposition of Mn1−xPtx was performed at
600°C. Ar gas pressure was 2.6 mTorr. The deposition rate of
Mn1−xPtx film was calibrated to be 0.4 Å s−1. After deposi-
tion, Mn1−xPtx films with variable thickness were annealed at
600°C for 3 h to achieve better crystal quality. After the
Mn1−xPtx films were naturally cooled to room temperature,
3 nm SiN were subsequently deposited to serve as insulating
protection layers. The crystal structure of Mn1−xPtx films was
characterized by X-ray diffraction (XRD) by a Bruker D8
diffractometer with a five-axis configuration and Cu Kα (λ =
0.15419 nm). The film thickness and surface roughness were
characterized by X-ray reflectivity (XRR). The epitaxial
growth of the films was proven by X-ray pole figures. The
alloy composition was measured by energy-dispersive X-ray
spectroscopy (EDS). The longitudinal resistivity (ρxx) and
transverse resistivity (ρxy) were measured in the temperature
region from 10 to 395 K in the standard Hall bar devices
made from the Mn1−xPtx films. The anomalous Hall re-
sistivity ρAHE was obtained by extrapolating ρxy data from a
high magnetic field to zero field in the AHE loops.

3 Results and discussion

Mn3Pt is a cubic AFM that exhibits noncollinear ordering of
Mn magnetic moments at room temperature and its Néel
temperature TN ~475 K [13,30]. The magnetic moments on
Mn atoms establish normal triangular magnetic order struc-
tures, as shown in Figure 1(a). The angle of the magnetic
moments of adjacent Mn atoms is 120°. Figure 1(b) and (c)
show the typical XRD patterns for the crystal structure of a
25-nm Mn3Pt film fabricated with co-sputtering powers
56 W (Mn) and 30 W (Pt). The out-of-plane XRD θ-2θ scans
at different planes indicate that the Mn3Pt film on MgO is a
(001) oriented single crystal, as shown in Figure 1(b). The
360° ϕ scans around the (111) peaks of Mn3Pt and MgO
confirm the epitaxial growth in Figure 1(c).
To study the optimal growth conditions for growing Mn3Pt,

namely the best power ratio of Mn sputtering power to Pt
sputtering power, we kept the Pt sputtering power (radio
frequency, RF) at 30 W while changing the sputtering power
of Mn (direct current, DC) from 32 to 64 W with an 8 W
step. The EDS measurements show that the ratio of Mn to Pt
in the film is closest to 3꞉1 when the Mn sputtering power is
56 W. The XRR analysis shows these films have a thickness
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in the range of 10-20 nm. The XRD results indicate that
when the Mn sputtering power is greater than 48 W, L12
Mn3Pt is obtained, and when it is less than 48 W, L10 MnPt is
formed. Figure 2(a) shows the XRD spectra of Mn1−xPtx
films at different Mn sputtering powers. As the growth
power of Mn is increased, the composition of Mn1−xPtx films
changes accompanied by the structural change from L10
MnPt to L12 Mn3Pt since the peak position of Mn1−xPtx (001)
gradually shifts to a higher diffraction angle as the Mn
sputtering power decreases until it finally arrives at the po-
sition of the L10 MnPt (001) peak. The lattice constants a and
c of Mn1−xPtx films are extracted from XRD results and
shown in the top panel of Figure 2(c) as a function of Mn
sputtering power. The a and c change from those of MnPt
phase (pink area) to those of Mn3Pt (green area) with the
increased Mn sputtering power. When the Mn sputtering
power is less than 48 W, the a value is ~0.28 nm, and when it
is higher than 48 W, the a value increases abruptly to
~0.39 nm. The c value shows a moderate increase with in-

creased Mn sputtering power compared to the large change
in a. The degree of chemical order, characterized by the ratio
of the integral intensity of the (001) peak to that of the (002)
peak, also shows an abrupt change near 48 W (middle panel
in Figure 2(c)), similar to the variation trend of lattice con-
stants with respect to Mn sputtering power. Figure 2(b)
shows Hall resistance versus out-of-plane magnetic field for
the Mn1−xPtx samples, from which the anomalous Hall con-
ductivity (AHC), defined as |σAHE| = |ρAHE| /ρxx

2, was ex-
tracted. The bottom panel of Figure 2(c) shows AHC as a
function of Mn sputtering power. For Mn sputtering power
below 48 W, the Mn1−xPtx samples are in linear anti-
ferromagnetic MnPt phase, thus showing zero AHC. While,
for Mn1−xPtx samples with Mn sputtering power over 48 W, a
prominent AHC consistent with the emergence of noncol-
linear antiferromagnetic Mn3Pt revealed by the XRD results
is observed. The noncollinear antiferromagnetism of L12
Mn3Pt has been further confirmed for the film sputtered at
56 W by the negligible small magnetization measured by

Figure 1 (Color online) (a) Crystal and magnetic structure of cubic Mn3Pt (blue spheres denote Mn atoms, and red spheres denote Pt atoms, and yellow
arrows represent magnetic moments of Mn atoms); (b) out-of-plane θ-2θ XRD spectra of the 25-nm Mn3Pt at different planes; (c) ϕ scan patterns of the 25-
nm Mn3Pt sample and the MgO substrate.

Figure 2 (Color online) (a) Out-of-plane θ-2θ XRD spectra of the Mn1−xPtx/MgO with different sputtering powers of Mn; (b) Hall resistance versus out-of-
plane magnetic field for Mn1−xPtx samples; (c) in-plane and out-of-plane lattice constants a and c (top panel), integral intensity ratio of (001) peak to (002)
peak (middle panel), σAHE and ρxx (bottom panel) as a function of sputtering power.
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vibrating sample magnetometer, and the vanishing AHE at
elevated temperature above 360 K at which the first-order
magnetic phase transition between D phase and F phase
happens [13].
After the optimal growth condition has been determined at

sputtering powers 56 W for Mn and 30 W for Pt, we then
demonstrate the effect of film thickness on the properties of
Mn3Pt. We changed the sputtering time to obtain films with
different thicknesses from 6 to 65 nm. XRD measurements
show that Mn3Pt (001) peak shifts to a lower diffractionangle
as the film thickness increases, revealing a change in lattice
constant c since the lattice constant of the MgO substrate is
larger than that of Mn3Pt. When the film thickness is low, the
lattice of Mn3Pt is severely affected by the substrate; thus,
the in-plane lattice of Mn3Pt is stretched to match that of the
substrate, resulting in a relatively large lattice constant a. As
the thickness of the film increases, the influence of the
substrate weakens, and the lattice of the film is relaxed; a and
c, therefore, become close to values of bulk Mn3Pt. This
tuning effect of film thickness on lattice constants is strongly
correlated with the strain inside the film. To gain insight into
the effect of strain on the magnetic and electrical properties
of Mn3Pt, we measured the AHE loops for the samples. The
results are shown in Figure 3(a). A maximal applied mag-
netic field of 8.5 T is still insufficient to fully saturate the
AHE signal of the 44-nm Mn3Pt film, which is a manifes-
tation of strong magnetic anisotropy of cubic Mn3Y (Y = Ir
or Pt) antiferromagnetic alloy. Therefore, the σAHE of 44-nm
Mn3Pt film represents a lower bound limit. We found that the
coercive force increases with the increase of film thickness,
as shown in Figure 3(c), demonstrating a remarkable tuning
effect on magnetic properties. Figure 3(b) shows a varying

change of AHC with thickness at 300 K. The AHC first in-
creases and then decreases, reaching a maximum value
~98 Ω−1 cm−1 at 34 nm. This observation is in accordance
with the previous study by Liu et al. [13] in which the
varying change of AHC with thickness has been discussed
with multifold mechanisms. These mechanisms include de-
creasing surface/bulk ratio with increasing film thickness
and different film morphology at different thicknesses. Note
that the 34 nm, where the maximal AHC emerges, is also the
thickness that allows the strain in Mn3Pt film to almost fully
relax, as can be seen in Figure 4. Therefore, the strain effect
together with the afore-mentioned multifold mechanisms
proposed by Liu et al. [13] may be responsible for the var-
iation trend of AHC with thickness.
Figure 4(b) shows a and c calculated with XRD results for

Mn3Pt films of different thicknesses to quantitatively de-
monstrate the change in lattice constants by changing film
thickness. The a and c of the Mn3Pt films vary significantly
with thickness when the films are thin, and asymptotically
approach the volumetric cubic lattice constant of 0.3833 nm
as the films become thicker. The tetragonality factor c/a,
closely related to the strain inside films, has also been cal-
culated and manifests a prominent change with d, from 0.968
at 65 nm to 0.937 at 14 nm (Figure 4(c)), indicating a large
variation of strain inside the films. To explicitly show the
correlation between the strain and film thickness, we quan-
tified the strain inside Mn3Pt films by carrying out an XRD
analysis based on the Scherrer method [35-40]. In this
method, the broadening of a diffraction peak is considered
being contributed by both the crystallite size and the strain
effect. The relation between the full-width at half of the
maximum height (FWHM, ∆θ) and the Bragg angle (θ) of a

Figure 3 (Color online) (a) AHE loops of Mn3Pt samples with different thicknesses; (b) σAHE and ρxx as a function of thickness at 300 K; (c) coercivity as a
function of thickness at 300 K.
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diffraction peak can be expressed as:
K
Dcos = + 4 sin ,

where K represents a constant, typically for a cubic sym-
metry crystal, K is equal to 0.89, λ is the X-ray wavelength,D
is the crystallite size, and ε is the strain parameter defined as
ε = Δd /d.
Using a Gaussian function to fit the diffraction peaks, we

obtained Δθ and θ for (00i) (i = 1, 2, 3, 4) peaks. Figure 4(d)
shows the values of Δθ·cosθ as a function of sinθ for Mn3Pt
of different thicknesses. Note that the missing data for (004)
peak of 14-nm Mn3Pt results mainly from a low intensity of
this peak since the diffraction volume is quite small. Linear
fittings were then applied, and ε and D were derived from the
fitted slope and intercept, respectively, and λ = 0.15419 nm
was used for the XRD diffractometer using Cu Kα line.
Figure 4(e) shows the strain parameter ε as a function of d.
The strain first decreases sharply and then gently converges
to a constant with increased d, revealing the effectiveness of
manipulating strain by varying film thickness. The crystallite
size D is also shown in Figure 4(f) and displays a linear
increase with d, different from the variation trend of the
strain.

4 Conclusion

In summary, we have successfully fabricated epitaxial films
of Mn3Pt on MgO (001) substrates, with noncollinear spin
structure. We found that the composition of Mn1−xPtx
strongly influences AHE as well as the crystal structure. A
phase transition from L10 MnPt to L12 Mn3Pt has been ob-
served as Mn concentration in Mn1−xPtx increases. Moreover,

we manipulated the structural, electrical, and magnetic
properties of Mn3Pt films by changing film thickness. When
the film is thin, the lattice constant a is close to that of the
substrate and as the film thickness increases, it gradually
approaches 0.3833 nm, which is the lattice constant of a bulk
Mn3Pt crystal. The variation of lattice constants with film
thickness is attributed to the strain effect. By using the
Scherrer method, the strain was quantified, and the re-
lationship between film thickness and the strain has been
explicitly revealed. The saturation magnetic field and coer-
civity field obtained from AHE loops monotonically increase
with film thickness, which is also correlated with the strain
effect. All the Mn3Pt films of different thicknesses show
large anomalous Hall resistivities. The extracted AHC
manifests a varying change with film thickness and reaches
the maximum value (98 Ω−1 cm−1) at 34 nm, suggesting
complex tuning mechanisms in addition to the strain effect.
Our work promotes the understanding of AHE in noncol-
linear antiferromagnetic Mn3Pt thin film and explores the
high-quality Mn3Pt thin film as a promising candidate for
topological antiferromagnetic spintronics [18,41-43].
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