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We report the anomalous Hall effect (AHE) in antiperovskite MngNiN with substantial doping of
Cu on the Ni site (i.e. Mn3Ni;_;Cu,N), which stabilizes a noncollinear antiferromagnetic (AFM)
order compatible with the AHE. Observed on both sintered polycrystalline pieces and single crys-
talline films, the AHE does not scale with the net magnetization, contrary to the conventional
ferromagnetic case. The existence of the AHE is explained through symmetry analysis based on the
I'4g AFM order in Cu doped Mn3NiN. DFT calculations of the intrinsic contribution to the AHE re-
veal the non-vanishing Berry curvature in momentum space due to the noncollinear magnetic order.
Combined with other attractive properties, antiperovskite Mng AN system offers great potential in

AFM spintronics.

Empirically, the anomalous Hall effect (AHE) in con-
ventional ferromagnetic metals is proportional to the net
magnetization [1] and was expected to vanish in antifer-
romagnets. However, it is now well understood that the
existence of the AHE is constrained by symmetry and
is not necessarily incompatible with AFM order. This
principle has been exemplified by the large AHE pre-
dicted and realized in various noncollinear AFMs, such
as hexagonal MnzSn/Ge and cubic MnsIr/Pt, etc. where
the Mn atoms form a kagome lattice along different crys-
talline planes [2-10]. In these materials, geometric frus-
tration and local symmetries of the magnetic atoms to-
gether lead to a chiral noncollinear magnetic order with
the essential symmetry breaking for finite AHE, which
is also reflected by the small net moment in certain
crystalline directions. The large AHE in the hexagonal
Mn3Sn/Ge was argued to be due to Weyl points near
the Fermi energy, which can be viewed as monopoles of
Berry curvature in momentum space [2-10]. Technologi-
cally, the robust AHE at room temperature in these sys-
tems makes them attractive for potential applications in
spintronics solely based on AFM [11]. Meanwhile, it is
interesting to search for similar anomalous Hall antifer-
romagnets (AHE AFMs) beyond binary Mn compounds,
which may have other superior properties.

Anti-perovskite manganese nitrides MnzAN, have re-
ceived a lot of attention due to a number of unusual phys-
ical properties, such as giant negative thermal expan-
sion [12, 13|, temperature independent resistivity [14],
and barocaloric effects [15, 16]. All of these phenomena
are closely related to the first order phase transition from
a high temperature paramagnetic cubic phase into a low
temperature noncollinear AFM phase with the so-called
I'ye and I'sg magnetic structures. It is interesting to no-
tice that the Mn atoms form a 1/4-depleted fcc lattice in
these manganese antiperovskites, similar to that in the
AHE AFM MnsIr and MngPt, whose (111) planes are
kagome lattices as shown in Fig. 1(a) and (b) [17, 18].
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FIG. 1. (Color online) Magnetic and crystal struc-

tures of Mn3Ni;_,Cu,N. (a)-(b) The Mn kagome lat-
tice with noncollinear AFM structures termed I'y, and I'sg
in Mn3gAN, respectively. (c) In-plane X-ray diffraction data
of Mn3Nig.35Cu0.65N 100 nm film grown on MgO (111) sub-
strate, with three fold symmetry of (220) peak, (d) Reciprocal
space map around (420) reflection, with the solid line as the
relaxation line.

Therefore one would expect there to be AHE if the AFM
order of the Mn moments is similar to these binary com-
pounds.

In this article, we demonstrate that the AHE could
indeed be realized in manganese nitrides, by studying
the MnsNiN system [13, 14, 18, 19]. We first found
that in stoichiometric MngNiN, a weak signal of AHE
is observed below the noncollinear AFM ordering tem-
perature of 180K, yet disappeared as the temperature
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FIG. 2. (Color online) Magnetic properties and thermal expansion of Mn3Ni;_,Cu,N. (a)-(b) DC magnetic suscep-
tibility and inverse susceptibility measured in H=500 Oe in Mn3Ni;_,Cu;N with several different Cu doping levels z from 2K
to 350K under field cooling. (c) Phase diagram of MnsNi;_,Cu,N (0 < z < 1), including the experimental AFM transition
temperature, the Curie-Weiss temperature, and the effective moment vs. Cu doping level. The latter two are obtained from
Curie-Weiss fitting of the high-temperature susceptibilities. (d) Temperature-dependent relative length change [AL/L=[L(T)-
L(300K)]/L(300K)] for Mn3Ni;_;CuzN for =0, 0.5, and 0.7, obtained upon increasing temperature. (e) Isothermal magne-
tization M (H) for Mn3Nig.3Cuo.7N at various temperatures, with saturation moment at 2K also shown(see text). (f) Out of
plane M (H) for Mn3Nig.35Cuo.65sN 100nm film on MgO (111) substrate at various temperatures.

further decreases. Using magnetometry and thermal ex-
pansion measurements, we then show that through sub-
stantial doping of Cu substituting Ni, the noncollinear
AFM order is still preserved in Mn3Ni;_,Cu,N poly-
crystals. Most interestingly, the AHE is enhanced and
becomes more robust against temperature after Cu dop-
ing. The AHE also does not scale with the net mag-
netization, contrary to the ferrimagnetic MnsCuN sys-
tem [20, 21]. We have also successfully grown single-
crystalline MnsNi;_,Cu,N films, which exhibit large
AHE as well. Finally, we analyze the symmetry origin
of the AHE in the I'y, state of Mn3NiN, complemented
by first-principles density functional theory (DFT) cal-
culations revealing the momentum space Berry curvature
contributing to the AHE.

The successful homogeneous solution of
Mn3Ni;_,Cu,N powders have been verified by X-
ray diffraction in Fig. S1 [22], consistent with previous
results [13, 14, 19]. Fig. 1 (c) shows in-plane X-ray
diffraction pattern of MnzNig35CugesN film.  The
out-of-plane X-ray diffraction pattern is shown in
Fig. S2 [22, 23]. On the MgO (111) substrate, (111)-
orientated films are epitaxially grown with three-fold
in plane symmetry. Fig. 1 (d) displays the reciprocal

space map of Mn3Nig35CugesN film on MgO (111)
substrate. The (420) peak is observed on the relaxation
line, indicating no stain condition of our high quality
film.

Figure 2 (a) shows the temperature dependence of
magnetic susceptibilities in field-cooling (FC) procedures
under 500 Oe for MnzNi;_,Cu,N specimens with x =0,
0.3, 0.5, 0.7, 0.8, and 1, respectively. The pure MnzNiN
shows the AFM transition at 260K, consistent with pre-
vious results [13, 14, 19], with the magnetic moment only
on Mn site, evidenced by neutron measurement on pow-
ders before [18]. The Cu doping continuously decreases
the temperature of the AFM transition and increases the
low temperature x(7'), until the system becomes ferri-
magnetic which is similar to pure MnzCulN, with transi-
tion temperature Ty = 260 K, 255 K, 230 K, 205K, 190
K, and 160 K, respectively. Besides, the transition tem-
perature is taken as onset point of the sharp transition
for all the samples, except for x =0.3 case, determined
as the middle point of the board transition. Above Ty,
the samples are paramagnetic, and the inverse suscepti-
bility x (7)) can be fitted to the Curie-Weiss formula
[Fig. 2(b)]. Fig. 2(c) summarizes the phase diagram of
Mn3Ni;_,Cu,N system, by plotting the Ty versus Cu



(a) 04 ' ' ' ' ' (b) ' ' ' (C) 08 ' ' " —

g, 1

. &
] Mny(Nig ;Cuq )N :r‘fra f
|

0,2 4 o '\\ V\ q 0,4 i ;/ 1
- R 2K £ it
5 fp’w B! S104 5 wI it P
4 £ 1 =1,04-1 i o 1 i
%o,o o z %o o R i —TK
> AR 180K T = 4 50K
< 14 = < il 100K
* g L™ 1
024 Wk £ ] 0,44 f i | = 195K -
| e 1,00 oo 3t e 220K
P
ios el
Mn(Nig 5Cug 7)N 0,81 ]
3 0 4 2 0 2 4
B(T) (f) B(T)
Mn;Nig 35Cug 65N b 20 50K 120
on MgO(111) 100nm /
/ / 1 o 104 41,5
= T
: 1 : s
G 00 eyl i g 01 1002
= [ / > =
a / 2K ©
041 / / 50K 1 10 {-15
/ 100K
—— 160K
—— 180K(*2) |
-0’8< T T T ] T T T T T -204 T T T T T ] 73'0
0,1 0,0 0,1 -10 5 0 5 10 -10 5 0 5 10
pg/Mn B(T) B(T)

FIG. 3. (Color online) Transport properties including the AHE in Mn3Ni;_,Cu,N. (a) Hall resistivity results from
a sintered specimen of MnsNiN at 180K, 100K, and 2K, respectively. (b) Field dependence of the longitudinal resistivity
p(H)/p(0) of Mn3Nig.3Cuo.7N at various temperatures, with the low field region at 195K and 100K enlarged in the inset. (c)
Field dependence of the Hall resistivity pz, of Mn3Nig.3Cug.7N at various temperatures, with the AHE clearly observed below
205K. (d) Dependence of p;, on magnetization of Mn3Nig.3Cuo.7N at 195K, 100K, and 2K, respectively. (e) The anomalous
Hall conductivity (AHC) versus field measured in single crystalline MngNig.35Cug.¢5N film on MgO (111) substrate at various
temperatures (see text). (f) Comparison of the Hall conductivity and isothermal magnetization of (111) 100nm film at 50K.

doping level. Also shown in the plot are the Curie-Weiss
temperature and the effective moment obtained from the
Curie-Weiss fitting. Similar to the x = 0 case, the x =0.3,
0.5, and 0.7 samples exhibit negative Curie-Weiss tem-
perature, suggesting AFM-type interaction, which be-
comes nearly zero for x =0.8, and about +100K for the
ferrimagnetic MnzCuN [20]. When z >0.7, accompany-
ing the change of magnetic ground state, the effective
moment f.fs sharply decreases.

As already verified by neutron diffraction experiments
in various MnzAN systems [18, 24-26], the negative
thermal expansion there is due to the volume expan-
sion from the paramagnetic cubic phase to the non-
collinear AFM phase, while there is no such effect from
the paramagnetic-ferrimagnetic transition in MnzCuN.
As shown in Fig. 2 (d), for Mn3Ni;_,Cu,N with = =0,
0.5, and 0.7, all three specimens exhibit large volume
expansion through a sharp transition at 7. Moreover,
the Cu doped samples show even larger volume expan-
sion than pure MnsNiN. The weak anomaly at 120K in
the same plot is due to the AFM transition of MnO im-
purities [27], supported by the X-ray diffraction data in
Fig. S1. The anomaly around 250K comes from the ca-
pacitive dilatometer based measurement system [28]. To-
gether with the magnetic results, our thermal expansion

measurements provide clear evidence on the persistence
of the noncollinear AFM order in Mn3Ni;_,Cu,N for
z <0.7.

As predicted and observed in MnsSn and MnsPt [2-
4,7, 10], a small remnant net magnetization is always ac-
companying the essential symmetry breaking that leads
to AHE. Pure MnsNiN exhibits a small hysteresis in
the isothermal magnetization M (H) curve at 180K as
shown in Fig. S3(a) [22]. However, the hysteresis is sup-
pressed as temperature decreases, consistent with a spin
glass type behavior observed at 2K. As shown in Fig.
S3 (b) and (c) with z =0.3 and 0.5, the coercive field
is still large at 50K, similar to pure MnsNiN system at
100K [22]. Doping Cu in Mn3NiN can gradually stabi-
lize the small ferromagnetic (FM) component and pre-
sumably the magnetic structure that hosts AHE. This is
best illustrated for the MnsNig 3Cug 7N specimen in Fig.
2(e). A small FM component appears below 205K, and
keeps increasing as temperature decreases. After sub-
tracting the H-linear component in the high field region,
presumably due to MnO impurities, the saturation mo-
ment is about 0.006x5/Mn at 195K, 0.05u5/Mn at 50K,
and 0.08up/Mn at 2K, much smaller than its effective
moment, 2.545/Mn from the Curie-Weiss fitting. The
coercive field also increases with decreasing temperature



and reaches 0.3T at 2K.

Figure S5 shows the out of plane isothermal magneti-
zation M (H) curves of Mn3Nig 35CupesN (111) 100nm
film after subtracting the large signal from MgO (111)
substrate [22]. A rather weak remnant magnetization is
clearly observed in Fig. 2(f), with the saturation moment
~ 0.003u 5 /Mn above 50K and 0.01u5/Mn at 2K, due to
symmetry-allowed spin canting in the noncollinear state.
This weak moment has a similar size to that in MngSn
and MngPt [4, 10], and checks with our DFT calcula-
tions below. Its direction is expected to be perpendicu-
lar to the kagome plane if the magnetic order is indeed
I'ys. Presumably due to the crystalline order of the (111)
films enhancing the magnetocrystalline anisotropy lead-
ing to a (111)-directed weak moment, we find the (111)
orientated film shows much larger coercive field— 1.5T at
160K, 2.5T at 100K and 50K, than the polycrystalline
MngNio.gcuojN in Flg 2(6)

Next we focus on the transport properties of
Mn3Ni; _,Cu,N samples, in particular the AHE. Fig. 3
(a) shows weak signal of the AHE at 180K in pure
Mn3NiN, consistent with the small FM component shown
in Fig. S3. This signal rapidly decreases with temper-
ature, leaving only normal Hall signal at 2K, with the
carrier density estimated to be 1.4 x 10%2/cm3. MnzNiN
(111) film exhibits similar behavior as shown in Fig.
S5 [22].

Above 205K, the magnetoresistance (MR) of
Mn3Nig.3Cug 7N specimen increases as H? as shown in
Fig. 3(b), consistent with normal metal behavior. Below
205K, clear hysteresis appears with the same coercive
field value as in the M (H) curve. The clear positive MR
at 2K and 100K is also similar to that in MnzSn [8].
The slightly negative MR at 195K is likely due to strong
magnetic fluctuations close to Ty .

Most interestingly, Fig. 3(c) displays large AHE in the
AFM state of Mn3Nig 3Cug 7N specimen, with the same
coercive field as in the M (H) and MR curves. There is
also sign change of the ordinary Hall resistance between
195K and 100K, suggesting a transition from hole-type
carriers above 195K to electron-type carriers below 100K.
To further determine the origin of such large AHE, we
plot the Hall resistance p;, versus the magnetization M
in Fig. 3 (d). Similar to the arguments used for decom-
posing different contributions to the AHE in MnsSn [4]
and MnsGe [5], the hysteresis with a sharp sign change
in pgy (M) indicates the AFM-origin of the AHE. In con-
trast, pyy of the sintered MngCuN in Fig. S6 [22] is
dominated by a contribution proportional to M.

Further, the high quality epitaxial MnzNig.35Cug.¢5N
film on MgO (111) substrate enables us to extract the
anomalous Hall conductivity (AHC) from the resistivity
data, which can be more direcly compared with theory.
According to the longitudinal and Hall resistance data in
Fig. S7 [22], the Hall conductivity o4, is estimated us-
ing 04y = —puy/p2s, which exceeds 20 (2 cm)~! at 2K
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FIG. 4. DFT calculations of I'y; Mn3NilN. Band structure
(top) and Berry curvature summed over filled bands (bottom)
along high-symmetry lines of the Brillouin zone.

in Fig. 3 (e). Similar to the powder case, the switching
of AHC is very sharp, except for an additional anomaly
at 2K. Both magnetization and the Hall conductivity of
the (111) orientated film exhibit similar coercive field, as
shown in Fig. 3(f) at 50K, indicating the large AHC is
directly related with the noncollinear AFM order. The
(111) orientated film also shows the sign change of the
ordinary Hall signal in Fig. 3(e), which has not been ob-
served in MnzSn and MngPt [4, 10], and deserves future
study.

As already mentioned in the introduction, the I'y4 or-
der of MngNiN is essentially identical to the order of Mn
moments in cubic Mnglr and MnsPt, and for the same
symmetry reason as in the latter cases it should have
the AHE. In contrast, the I'sy state has a cubic symme-
try that forbids AHE. To get a more quantitative esti-
mate of its size in pure Mn3gNiN, which may allow us to
make connections with the Cu-doped samples, we per-
formed DFT calculations of the intrinsic AHC of the I'y,
phase of Mn3NiN[22, 29-31]. The band structure and
Berry curvature summed over filled bands plotted along
high-symmetry lines in the Brillouin zone are shown in
Fig. 4. We find that the local spin moment on each Mn
is 2.7 pp with a net moment of ~ 0.007up/Mn, qualita-
tively agreeing with the experimental results. However,
the calculated oag = 525 (2 cm)~! (along the (111)
direction) is much larger than the experimental value.
It is well known that the intrinsic and extrinsic contri-
butions to the AHE are difficult to be separated in ex-
periments unless the the systems shows quantum AHE,
in which only the intrinsic contribution survives. There-
fore the intrinsic contribution alone is not usually enough
for comparison with experiments. Nonetheless, the large
difference between the calculated results and the exper-
imental value is likely to be due to the modification of
the electronic structure near Fermi surface by the signif-
icant amount of Cu doping. The neutron measurements



indicate that right below 260K, Mn3sNiN system is in the
Iy, state[18]. But the Mn moments rotate toward the
I'sy state with decreasing temperature, which becomes
dominant below 100K[18]. The Cu doping is therefore
essential in stabilizing the I'y, order at low temperatures
which allows AHE. However, its quantitative influence on
the AHE in the I'y; state may depend on many system
specific details and will be studied in the future.

In conclusion, we have shown that Cu-doped MnzNiN
system is a noncollinear antiferromagnet having the AHE
that beyonds binary Mn compounds. The latter en-
counter potential non-wetting and interfacial oxidation
problems during the epitaxial thin-film growth on ox-
ide substrates[10]. Thus, it is much easier to obtain
high quality epitaxial Mn3gNi;_,Cu,N film on oxide sub-
strates, giving much advantage for the preparation of
multilayer devices in future. Combined with other at-
tractive properties of the antiperovskite nitride systems,
our finding may open a new avenue for their application
in antiferromagnetic spintronics.
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Note added: During the preparation and submission of
our manuscript, we became aware of several papers about
the AHE in Mn3sAN system[32-34]. The experimental
paper reported the observation of AHE in MnsNiN film,
stabilized by the strain between film and substrate[34].
Meanwhile, we adopt a totally different strategy, namely
Cu substituting on Ni site in Mn3Ni; _, Cu,N to stabilize
the AHE.

* Corresponding author: kan.zhao@physik.uni-
augsburg.de

[1] N. Nagaosa, J. Sinova, S. Onoda, A. H. MacDonald, and
N. P. Ong, Reviews of modern physics 82, 1539 (2010).

[2] H. Chen, Q. Niu, and A. H. MacDonald, Physical review
letters 112, 017205 (2014).

[3] J. Kiibler and C. Felser, EPL (Europhysics Letters) 108,

67001 (2014).

[4] S. Nakatsuji, N. Kiyohara,
212 (2015).

[5] N. Kiyohara, T. Tomita, and S. Nakatsuji, Physical Re-
view Applied 5, 064009 (2016).

[6] A. K. Nayak, J. E. Fischer, Y. Sun, B. Yan, J. Karel,
A. C. Komarek, C. Shekhar, N. Kumar, W. Schnelle,
J. Kiibler, et al., Science advances 2, e1501870 (2016).

[7] H. Yang, Y. Sun, Y. Zhang, W.-J. Shi, S. S. Parkin, and
B. Yan, New Journal of Physics 19, 015008 (2017).

[8] K. Kuroda, T. Tomita, M.-T. Suzuki, C. Bareille, A. Nu-
groho, P. Goswami, M. Ochi, M. Ikhlas, M. Nakayama,
S. Akebi, et al., Nature materials 16, 1090 (2017).

[9] J. Liu and L. Balents, Physical Review Letters 119,
087202 (2017).

[10] Z. Liu, H. Chen, J. Wang, J. Liu, K. Wang, Z. Feng,
H. Yan, X. Wang, C. Jiang, J. Coey, et al., Nature Elec-
tronics 1, 172 (2018).

[11] L. Smejkal, Y. Mokrousov, B. Yan, and A. H. MacDon-
ald, Nature Physics 14, 242 (2018).

[12] K. Takenaka and H. Takagi, Applied Physics Letters 87,
261902 (2005).

[13] K. Takenaka, M. Ichigo, T. Hamada, A. Ozawa,
T. Shibayama, T. Inagaki, and K. Asano, Science and
technology of advanced materials 15, 015009 (2014).

[14] L. Ding, C. Wang, L. Chu, J. Yan, Y. Na, Q. Huang, and
X. Chen, Applied Physics Letters 99, 251905 (2011).

[15] D. Matsunami, A. Fujita, K. Takenaka, and M. Kano,
Nature materials 14, 73 (2015).

[16] D. Boldrin, E. Mendive-Tapia, J. Zemen, J. B. Staunton,
T. Hansen, A. Aznar, J.-L. Tamarit, M. Barrio,
P. Lloveras, J. Kim, et al., Physical Review X 8, 041035
(2018).

[17] D. Fruchart and E. F. Bertaut, Journal of the physical
society of Japan 44, 781 (1978).

[18] M. Wu, C. Wang, Y. Sun, L. Chu, J. Yan, D. Chen,
Q. Huang, and J. W. Lynn, Journal of Applied Physics
114, 123902 (2013).

[19] L. Ding, C. Wang, Y. Sun, C. V. Colin, and L. Chu,
Journal of Applied Physics 117, 213915 (2015).

[20] E. Chi, W. Kim, and N. Hur, Solid State Communica-
tions 120, 307 (2001).

[21] T. Matsumoto, T. Hatano, T. Urata, K. lida, K. Tak-

and T. Higo, Nature 527,

enaka, and H. Ikuta, Physical Review B 96, 205153
(2017).
[22] See Supplemental Material at

http://link.aps.org/supplemental/DOI for additional
details about polycrystalline sample preparation, single
crystalline film growth, and physical property mea-
surements, as well as the methods for First-principles
calculations.

[23] H. Tashiro, R. Suzuki, T. Miyawaki, K. Ueda, and
H. Asano, Journal of the Korean Physical Society 63,
299 (2013).

[24] S. Tikubo, K. Kodama, K. Takenaka, H. Takagi, and
S. Shamoto, Physical Review B 77, 020409(R) (2008).

[25] K. Kodama, S. Iikubo, K. Takenaka, M. Takigawa,
H. Takagi, and S. Shamoto, Physical Review B 81,
224419 (2010).

[26] C. Wang, L. Chu, Q. Yao, Y. Sun, M. Wu, L. Ding,
J. Yan, Y. Na, W. Tang, G. Li, et al., Physical Review
B 85, 220103(R) (2012).

[27) W. Roth, Physical Review 110, 1333 (1958).

[28] R. Kiichler, T. Bauer, M. Brando, and F. Steglich, Re-
view of Scientific Instruments 83, 095102 (2012).


mailto:Corresponding author: kan.zhao@physik.uni-augsburg.de
mailto:Corresponding author: kan.zhao@physik.uni-augsburg.de

[29] P. Giannozzi, S. Baroni, N. Bonini, M. Calandra, R. Car,
C. Cavazzoni, D. Ceresoli, G. L. Chiarotti, M. Cococ-
cioni, I. Dabo, et al., Journal of physics: Condensed mat-
ter 21, 395502 (2009).

[30] A. A. Mostofi, J. R. Yates, Y.-S. Lee, I. Souza, D. Vander-
bilt, and N. Marzari, Computer physics communications
178, 685 (2008).

[31] D. R. Hamann, Physical Review B 88, 085117 (2013).

[32] X. Zhou, J.-P. Hanke, W. Feng, F. Li, G.-Y. Guo, Y. Yao,
S. Bliigel, and Y. Mokrousov, Physical Review B 99,
104428 (2019).

[33] G. Gurung, D.-F. Shao, T. R. Paudel, and E. Y. Tsym-
bal, Physical Review Materials 3, 044409 (2019).

[34] D. Boldrin, I. Samathrakis, J. Zemen, A. Mihai, B. Zou,
B. Esser, D. McComb, P. Petrov, H. Zhang, and L. F.
Cohen, arXiv preprint arXiv:1902.04357 (2019).



	Anomalous Hall effect in non-collinear antiferromagnetic antiperovskite Mn3Ni1-xCuxN
	Abstract
	 Acknowledgments
	 References


