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Thin films of MnyN and related ternary metallic perovskites with perpendicular anisotropy are interest-
ing for spintronics, but their magnetic structures differ from the triangular ferrimagnetism of the bulk. A
temperature-independent anomalous Hall conductivity of —90 Q! cm™ was found in MnyN films, in addition
to the normal temperature-dependent contribution. Based on known spin structures of bulk Mn;ZN compounds
and the distance dependence of the Mn-Mn exchange for first- and second-neighbor Mn-Mn pairs, we propose
a topological noncollinear spin structure for the MnyN films with perpendicular anisotropy. The Letter shows
how a small change in symmetry of the spin structure can influence the magnetotransport properties of frustrated

ferrimagnetic films.
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Frustrated magnets with a kagome lattice and the associ-
ated topology have attracted much attention for spintronics
recently. Large anomalous Hall effects (AHEs) and anoma-
lous Nernst effects were reported in Mn3Sn [1] and Mn3;Ge
[2] due to the Berry curvature induced by their triangu-
lar antiferromagnetism. Unlike ferromagnets, whose AHE
depends on magnetization [Fig. 1(a)], these triangular anti-
ferromagnets exhibit AHE derived from spin-orbit coupling
(SOC) rather than their near-zero net moment [Fig. 1(b)] [3].
Collinear ferrimagnets with itinerant magnetic moments ex-
hibit a magnetization-dependent AHE [Fig. 1(c)] [4], similar
to ferromagnets which reverses sign at the compensation point
where the net moment crosses zero. The above-mentioned
cases have been well studied both experimentally and theoret-
ically. However, we know little about the Hall conductivity of
noncollinear ferrimagnets, although they are expected to com-
bine features of both collinear ferrimagnets and noncollinear
antiferromagnets as shown in Fig. 1(d) [3,5]. It is important to
unravel the transport mechanism in order to design spintronic
devices that make best use of these versatile noncollinear
ferrimagnetic materials [6-9].

The noncollinear manganese nitride MnsN and related
ternary alloys Mny_,Z,N (Z is a nonmagnetic dopant)
with the perovskite structure are attractive because of the
opportunities they offer [6] for combining compensated ferri-
magnetism [10,11] with good electrical and thermal transport
properties [12], strain sensitivity [13], first-order phase transi-
tions [14], magnetic skyrmions [15], and magneto-optic spin-
tronics [16]. Bulk MnyN crystallizes in space-group Pm3m
where N is in octahedral coordination at the body-centered in-
terstitial site of a Mn face-centered-cubic lattice. The metallic
compound was originally thought to be a collinear ferrimag-
net with a small net moment of 1.1up per formula unit
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[17] (3.8up for Mn in the la-corner site and —0.9ug for
each Mn in the 3c-face-centered sites). The unusual thermo-
magnetic magnetization curve of the end member and the
absence of compensation that would have been expected for
collinear ferrimagnetism based on the mean-field model [18]
raised questions about the true magnetic structure. A later
neutron study with polarization analysis revealed frustrated
noncollinear ferrimagnetism that combines a 120° triangular
antiferromagnetism of the projection of Mn 3c¢-site moments
onto the (111) plane and a ferrimagnetic ordering of the
collinear 1a sublattice and the ferromagnetic component of
the 3¢ moments along the [111]-easy direction [19]. The trian-
gular in-plane antiferromagnetism, confirmed by subsequent
density functional theory (DFT) calculations [11,20] is a result
of the frustration of the antiferromagnetic coupling arising
from the short distance (~0.270 nm) between the nearest-
neighbor Mn* atoms in the (11 1)-kagome planes [11].

The easy axis in high-quality thin films grown on MgO
switches to [001] with perpendicular anisotropy due to tensile
strain at the interface between substrate and film [21-23].
A slight tetragonal distortion breaks the cubic symmetry of
the bulk, splitting the 3c sites into inequivalent 2e and lc
sites in space-group P4/mmm. Up to now, most studies of
MnyN thin films have ignored the frustration of the antifer-
romagnetic interactions [11,24] and treated them as simple
collinear ferrimagnets as shown in Fig. 2(a). Since mislead-
ing inferences of compensation are likely to be drawn from
false assumptions (MnyN does nor exhibit compensation),
it is important to build a reasonable noncollinear model for
the magnetic structure of the thin films. Here, the collinear
and possible frustrated noncollinear spin structures are dis-
cussed in terms of the known noncollinear structures of
related bulk compounds and the sign of the Mn-Mn exchange
interactions. A temperature-independent anomalous Hall ef-
fect reveals the presence of a topological noncollinear spin
structure.

©2022 American Physical Society
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FIG. 1. (a)—(d) Anomalous Hall effect on different magnetic structures: (a) Ferromagnet (FM); (b) Noncollinear triangular antiferromagnet
(ncAFM); (c) Collinear ferrimagnet (FiM); (d) Noncollinear, triangular ferrimagnet (ncFiM). M, M, and Mg refer to the ferromagnetic
magnetization and ferrimagnetic sublattice magnetizations; aisoc and bisoc refer to spin-orbital coupling strengths on the two sublattices; ¢
is the anomalous Hall effect arising from a topological noncollinear structure. (e) XRD pattern of MnyN films grown on a MgO substrate. The
inset shows the enlarged (002) peak. (f) Reciprocal space mapping of the (113) peak. (g) Magnetization curves at different temperatures. (h)

Temperature-dependent saturation moment and coercivity.

Thin films of MnyN were deposited by reactive sputtering
of Mn with N, on MgO (001) substrates heated to ~710K
at a deposition rate of 2 nm/min. The ratio of Ar to N
was 20:1. Films were cooled in the Ar/N, gas environment
before depositing a 4-nm-thick capping layer of SiO, at room
temperature. The crystal structure was characterized by x-ray
diffraction (XRD). The film thickness was determined by x-
ray reflectivity (XRR) and from Laue fringes around the (002)
peak. Hall bars (50-pum long and 10-pum wide) were patterned
by ultraviolet lithography and Ar-ion milling. Transport mea-
surements were conducted in a Multimag variable-field per-
Collinear FiM
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manent magnet system [25] on Hall bars with a DC current of
1 mA. Magnetization measurements were made using a su-
perconducting quantum interference device magnetometer
(Quantum Design). The substrate background was removed
by subtraction.

The Laue fringes in the XRD pattern of the highly ori-
entated (001) film in Fig. 1(e) indicate the high film quality,
despite the lattice mismatch with the MgO. The film thickness
was 27.8 nm. Reciprocal space mapping in Fig. 1(f) shows
the crystallographic relationship between the substrate and
the film, (113) MnyN || (113) MgO. The lattice constants are
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FIG. 2. Possible magnetic structures of MnyN films with a side view (top row) and a top view (bottom row). Blue, red, green, and small
gray atoms refer to Mn'“, Mn'¢, Mn%, and N, respectively. The exchange interactions for nearest-neighbor (NN) and next-nearest-neighbor
(NNN) Mn* atoms are marked. AFM and FM for antiferromagnetic and ferromagnetic, respectively. Only the bulk Mn,N-like model has
exchange interactions that are consistent with the Mn-Mn distances; it is the most likely structure.
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FIG. 3. (a) Schematic of the angles 6, §, and y. (b) Relationships among «, 8, 8, and the moment x for Mn;CuN-like and Mn;RhN-like
models. (c)—(e) Relationships between «, 8, and 6 and the moment x for the bulk MnyN-like model with y = 110°, 125°, and 160°, respectively.
Antiferromagnetic exchange between the nearest Mn**-Mn?* and Mn?*-Mn'® requires o > 90° and B > 90°, respectively. (f) The magnetic

model changes from Mn;CuN-like to Mn;RhN-like with increasing y.

a=0.387(4) and ¢ = 0.383(8) nm with ¢/a =0.99(1). A
2.6-nm-thick layer of Mn oxide was identified at the interface
between the substrate and the film from fitting XRR data.
Details are shown in Supplemental Material Fig. S1 [26].

Figure 1(g) shows the M-H curves of a MnyN film at
temperatures between 300 and 4 K. Hysteresis loops are
square, indicating perpendicular magnetic anisotropy with a
coercivity of about 0.4 T. The magnetization increases from
0.69up/f.u. at 300 K to 1.0up/f.u. at 4 K without any com-
pensation. The magnetization is a little lower in the film than
in the bulk (1.1up/f.u.). The anisotropy field puoH, at room
temperature is 4 T, giving a magnetocrystalline anisotropy
of 170kJ m~3. Figure 1(h) shows the opposite variation of
magnetization and coercivity with temperature. The unusually
rapid decline of the magnetization from 4 to 100 K without
compensation at higher temperature is a sign of a noncollinear
structure [11,18]. ¢ is estimated to be 750 £ 20 K by com-
parison with the temperature dependence of the magnetization
of bulk material [11].

Given the slightly tetragonal crystal structure associated
with [001]-perpendicular anisotropy, we consider possible
noncollinear magnetic structures of MnyN films based on
the distance dependence of Mn-Mn exchange interactions.
Numerous reports of magnetic structures for Mn3ZN metal-
lic perovskites can help [27] to build a model of quadratic
antiferromagnetism with four noncollinear Mn* sublattices.
The simplest noncollinear model in Fig. 2(b) is based on
Mn;CuN, a rare noncollinear ferromagnet in the Mn3;ZN fam-
ily where Cu on la sites has no moment. The compound is
tetragonal with c¢/a = 0.99, similar to the MnyN films. The
magnetic ordering temperature (7c = 140 K) is low compared
to its antiferromagnetic (7y = 200-300K) or ferrimagnetic
(Tc > 500 K) counterparts. The net moment of 1.3 per for-
mula unit along [001] originates mainly from Mn on Ic¢ sites
(0.65 £ 0.15ug). The moment of the 2e site Mn (2.85ug) is

aligned at nearly 90° to [001] with only a small component
of 0.2 + 0.1up/Mn parallel to the 1c-site Mn moment [27].
The 2e-2e and 2e-1c exchange is weak because of the 90°
coupling, which explains the low 7¢. By replacing Cu on la
sites by Mn, which couples antiferromagnetically with 1¢ and
2e site Mn atoms along [001], a first Mn3;CuN-like model of
the magnetic structure for the (001) MnyN film is established.
The tilt angle of Mn?* moments out of the (001) plane is larger
than in Mn3;CuN.

To account for the ferrimagnetic moment of 1.0ug/f.u. in
the [001] direction in this model, the magnetic moment for
Mn?¢ and Mn'¢ (supposing both are xup) satisfies

3.8—x(2sinf+1)=1.0, 1

where 3.8up is the moment of Mn'? [19] and 6 is the tilt
angle of the 2e site moments [see Fig. 3(a)]. The angle «
between moments of two nearest-neighbor Mn? atoms is
arccos (sin’0), and the angle 8 between the moments of Mn?
and Mn'¢ is (90°-6). The relationship among 6, «, and S for a
given moment x is plotted in Fig. 3(b). There are two problems
with this model: (1) angle « is close to 90°, giving an unrea-
sonably small exchange energy between two nearest-neighbor
Mn?¢ atoms, and it is not a favored arrangement of spins. (2)
The angle B is smaller than 90°, indicating a ferromagnetic
interaction between Mn?* and Mn'¢. Since an antiferromag-
netic interaction is expected for this short Mn-Mn distance,
the model needs to be refined.

The first problem is solved by rearranging the in-plane
component of Mn?. In the revised model, the in-plane
component is antiparallel for nearest-neighbor Mn%* atoms
[Fig. 2(c)] as in the Mn3RhN structure [27]. Equation (1) is
still valid in this Mn3RhN-like model, whereas f = 90°—6
and o = 180°-26 as shown in Fig. 3(b). Since « is larger than
90°, the exchange between two nearest-neighbor Mn>* atoms
is antiferromagnetic. In addition, the moment for next-nearest
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TABLE I. Exchange interaction between different Mn sites.

Model la-1a la-1c la-2e le-1c¢ lc-2e 2e-2¢ NN 2e-2¢ NNN
Distance (nm) 0.3838 0.2739 0.2727 0.3838 0.2727 0.2739 0.3874
Collinear FiM FM AFM AFM FM FM FM FM
Mn;CuN-like FM AFM AFM FM 90° 90° AFM
Mn;RhN-like FM AFM AFM FM FM AFM FM
Bulk MnyN-like FM AFM AFM FM AFM AFM FM

neighbor (NNN) Mn?¢ is parallel, indicating ferromagnetic
exchange for the large Mn-Mn NNN distance of ~0.38 nm.
Although the interaction for Mn?¢ is more reasonable, angle
B between Mn?¢ and Mn'¢ is still less than 90°. Further im-
provement is needed.

In both of these models, the moment of Mn'¢ is along
[001], and the net in-plane component of Mn* is zero. By
tilting the moment of Mn'¢, a new bulk MnyN-like model is
established as shown in Fig. 2(d). The tilt angle § away from
(001) for the Mn!® moments satisfies the relationship for a
ferrimagnetic structure,

3.8 — x(2 sin § 4+ sin §) = 1.0. 2)

If y is the angle between the in-plane components of mo-
ments of two nearest-neighbor Mn? atoms shown in Fig. 3(a),
then the in-plane antiferromagnetism is described by § =
arccos[2cosfcos(y /2)]. Angles « and B are arccos[sin’6 +
cos?fcosy] and arccos[sinfsin — cos@cos(y /2)coss], re-
spectively. From these equations, we can plot the relationship
between x and the angles for a given value of y. Figures 3(c)—
3(e) show the relationship for y = 110°, 125°, and 160°.
When y < 110°, o is smaller than 90°, giving a structure
similar to the Mn3CuN-like model. When y > 160°, B is
smaller than 90°, giving a structure similar to the Mn3;RhN-
like model. The Mn;CuN-like and Mn;RhN-like models are
the two extreme cases with § =90° and y = 90° or 180°
respectively.

Table I summarizes the interactions in the four different
magnetic models we have considered for Mn4N films. The
sign of exchange in the first four columns is identical, and
the main difference is related to the exchange between Mn?*
and Mn'¢. The bulk MnsN-like model with 110° < y < 160°
has exchange interactions that respect the Mn-Mn distances;
the coupling of the nearest-neighbor (~0.27-nm) and the next-
nearest-neighbor (~0.38-nm) Mn atoms are antiferromagnetic
and ferromagnetic, respectively. We also include a recent DFT
result that the lattice parameter for the noncollinear model
yields values closer to the experimental value [11].

We now turn to the anomalous Hall effect to highlight
the role of noncollinearity. Theoretical studies of Hall effects
due to noncollinear antiferromagnetism have been reported
for Mn3;ZN with several nonmagnetic elements Z [5,28]. For
a triangular ferrimagnet, reversal of the applied magnetic
field simultaneously flips the out-of-plane net magnetization
and the in-plane spin structure. The tilted noncollinear spin
structures with reversed tilt angle exhibit anomalous Hall
effects of opposite sign [5]. Therefore, an anomalous Hall

effect in MnyN arises from both ferrimagnetism of™ and

triangular antiferromagnetism o;™ [29]. Note that in the

bulk Mn4N-like model, the in-plane directions for Mn'¢ and
Mn? are not fixed by exchange. They can rotate coherently
whereas retaining the same exchange forming a I'>¢-like or
I*s-like structure, in Bertaut’s notation [30]. The I'*s-like
structure with a radial spin structure in the triangles is topo-
logical [5] and exhibits a temperature-independent topological
contribution to the anomalous Hall effect, whereas I'¢-like
with a toroidal spin structure (see Co3Sn,S, [31]) exhibits
no additional anomalous Hall effect. A more detailed discus-
sion about the spin structure, topology, and their relation to
the anomalous Hall effect is given in Supplemental Material
Fig. S2 [26]. The symmetry is analyzed in Ref. [28].

For itinerant ferrimagnets, the intrinsic anomalous Hall
conductivity is proportional to the net magnetization [4]. The
contribution of the Hall conductivity can be expressed as

Oxy = o M(M) 4+ o S™ + o (B). 3)

The last term is the normal Hall conductivity (a function of
applied magnetic-field B, which is negligibly small in metallic
films.

The transverse resistivity py, is plotted as a function of
magnetic field in Fig. 4(b). At room temperature, oy, is
—3.25 u2 cm, whereas at 27 K it decreases to —0.39 © €2 cm.
Considering the longitudinal resistivity py, that decreases
from 89 to 25 ;2 cm in the same temperature range shown in
Fig. 4(a), the Hall conductivity calculated by oy, = —pxy/,ofx
at different temperatures is plotted in Fig. 4(c). It remains
constant at about 620 ! cm™! below 50 K and decreases lin-
early during heating to 410 Q' cm™" at 300 K, following the
trend of the magnetization. A maximum Hall angle (0, /o)
of 3.6% was found at room temperature, larger than that of
the common 3d ferromagnets Fe, Co, and Ni with similar
spin-orbit coupling [32].

oy, as a function of the magnetization is plotted in
Fig. 4(d). A linear trend is clearly shown, accompanied
with a negative intercept of —90 Q! cm™! which is the Hall
contribution from noncollinear spin structure G;;F M As a
result, the of™ is found to be 71027 cm™ at low tem-
perature and 500 Q' cm™ at 300 K. Experiments on two
different samples gave identical results. The intercept is
not a result of experimental error because errors in the
transport measurements due to dimensions of the Hall bar
or in the magnetization due to the thickness/area of the
film will only change the slope of the curve. Nor can
the intercept be attributed to an error in the temperature
reading because for the line to pass through the origin, a
temperature deviation of 100 K would be required, far ex-
ceeding our estimated error of £5 K. An anomalous Nernst
effect is also excluded as shown in Supplemental Material
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FIG. 4. Transport properties of MnyN film. (a) Longitudinal resistivity as a function of temperature. The inset shows the image of the
10-um-wide Hall bar. (b) p., at different temperatures. (c) Hall conductivity and Hall angle as a function of temperature. (d) Hall conductivity
as a function of the magnetization (obtained at 1 T). The linear fit (green line) gives a negative intercept of o™ = —90 Q' cm™', which is

the temperature-independent topological contribution.

Fig. S3 [26]. o/," is, therefore, a sign of a topological non-
collinear spin structure. Larger anomalous Hall effects have
been reported in the hexagonal noncollinear antiferromag-
nets Mn3Ge (450 Q' ecm™) [2] and Mn3;Sn (100 Q' cm™)
[1], but the oA™ of —90Q'cm™ in our MmN film is
similar to other cubic noncollinear antiferromagnets Mn3Pt
98 @' em™) [33] and MnsIr (—40 Q' ecm™) [34].

In conclusion, it is a challenge to determine complex
magnetic spin structures in thin films. Neutron diffraction is
at the limit of its sensitivity due to the small sample size.
Density functional theory calculations may be unable to dis-
tinguish topological and nontopological spin structures that
differ by spin-orbit coupling/anisotropy energies of several
peV/atom. X-ray magnetic circular dichroism struggles to
distinguish Mn atoms in inequivalent sites. Our methodol-
ogy makes use of what is already known about magnetic
structures in various bulk Mn3;ZN metallic perovskites and
the systematic distance dependence of the sign of direct
Mn-Mn exchange in metals to infer a tetragonal magnetic
structure with topological and nontopological variants for
MnyN thin films grown on MgO. The tetragonal distortion

of the film breaks the cubic symmetry, leading to perpen-
dicular anisotropy which is important for magnetotransport
and magneto-optic measurements. We propose a noncollinear
frustrated ferrimagnetic structure based on exchange interac-
tions that are antiferromagnetic and ferromagnetic for nearest
and next-nearest neighbors, respectively. The difference is
that the in-plane antiferromagnetism is triangular in the
bulk where [111] is the easy direction but quadratic in thin
films with a [001] easy direction. The topological variant of
the noncollinear spin structure (I'*$-like structure) was fa-
vored by separating a temperature-independent contribution
to the anomalous Hall effect JQFM =-90Q "' cm™' from the
temperature-dependent contribution, oi™ = 710 ™' cm™" at
low temperature. Our Letter provides both evidence for a
quadratic spin structure with topological character in MnyN
and insight into the behavior of thin films of triangular
ferrimagnets.

This work was supported by the Science Foundation Ire-
land under the MANIAC, SFI-NSF China Project (Grant No.
17/NSFC/5294) and ZEMS Project Grant No. 16/IA/4534.
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