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Topological magnetotransport in non-collinear antiferromagnets has attracted extensive attention due to the exotic
phenomena such as large anomalous Hall effect (AHE), magnetic spin Hall effect, and chiral anomaly. The materials ex-
hibiting topological antiferromagnetic physics are typically limited in special Mn3X family such as Mn3Sn and Mn3Ge.
Exploring the topological magnetotransport in common antiferromagnetic materials widely used in spintronics will not only
enrich the platforms for investigating the non-collinear antiferromagnetic physics, but also have great importance for driving
the nontrivial topological properties towards practical applications. Here, we report remarkable AHE, anisotropic and nega-
tive parallel magnetoresistance in the magnetron-sputtered Ir,gMngg antiferromagnet, which is one of the most widely used
antiferromagnetic materials in industrial spintronics. The ab initio calculations suggest that the Ir4Mn;¢ (IrMng4) or Mn3Ir
nanocrystals hold nontrivial electronic band structures, which may contribute to the observed intriguing magnetotransport
properties in the Ir,gMngg. Further, we demonstrate the spin—orbit torque switching of the antiferromagnetic IryoMngg by
the spin Hall current of Pt. The presented results highlight a great potential of the magnetron-sputtered IrygMngq film for
exploring the topological antiferromagnet-based physics and spintronics applications.
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1. Introduction

Antiferromagnets (AFMs) are promising for replacing
ferromagnets as active elements in future spintronics devices
owing to their absence of magnetic stray fields, immunity to
external magnetic fields, and intrinsic dynamics in the tera-
hertz range.!'"!!] In particular, non-collinear AFMs such as
Mn3X (X = Sn, Ge, Ir, or Pt) with a broken time-reversal
symmetry have recently attracted extensive research atten-
tions due to their nontrivial electronic band structures.[!>-16]
For instance, the non-vanishing Berry curvature of topologi-
cal Bloch bands induces a large anomalous Hall effect (AHE)
despite the zero or negligibly small net magnetization in the
non-collinear AFMs, which provides a good platform for
exploring the intrinsic AHE physics and a convenient way
to access the magnetic states in AFMs.['7-191 Also, theoret-
ical and experimental studies have demonstrated that non-
collinear AFMs possess singularities in the momentum space
with broken time-reversal symmetry, i.e., Weyl points, which
supports for pursuing the quantum quasiparticles of Weyl

[1320-23] The abundant intriguing properties of non-

fermions.
collinear AFMs have advanced much the antiferromagnetic

spintronics, but the reported materials so far are limited in
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a few M3 X single crystalline or polycrystalline films, >34

and the Cr film with local spin frustration.!>>! Exploring the
topological magnetotransport in AFM materials widely used
in industrial spintronics will not only provide new platforms
for investigating the noncollinear AFM physics, but also is of
great importance to drive the researches of the nontrivial topo-
logical properties towards practical applications.

On the other hand, efficient electrical writing and read-
ing information that is stored via AFM Néel vector is of
great significance for exploring the antiferromagnetic mem-
ory and logic devices.!!**! Towards electrical writing of the
AFM order, a few works have reported that in AFMs with
broken inversion symmetry such as the CuMnAs!>6-28] and
MnyAu, >3 the intrinsic Néel spin—orbit torques (SOTS)
originating from the inverse spin galvanic effect can effi-
ciently drive the Néel vector switching.[3>33! The later stud-
ies in the AFM insulators such as NiO,[?4361 Co0,B7! and
Fe,; 033349 interfaced with a heavy metal (HM) have also
evidenced the electrical Néel order switching, with the driving
mechanism of SOT or thermo-related magnetic effects.[#!:4?!
Recently, electrical switching of non-collinear AFMs have
also been demonstrated.?>*>~*] These electrically switched
AFMs are either special materials with certain crystalline sym-
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metry and magnetic atoms occupation, or dielectric films with
complex coupling between the thermal, elastic, and mag-
netic effects,[*?! The realization of electrical switching of
Néel order in common AFM materials is highly desired for
applications,[#®! following which a few recent works have re-
ported the electrical switching of common metallic AFMs
such as PtMn.[46:47]

IrMn, a binary metallic alloy, is one of the most widely
used AFM materials as pining layer to adjacent ferromag-
net for magnetic sensor and magnetic random access mem-
ory devices in industrial spintronics.*3! As compared with
other collinear or non-collinear metallic AFMs such as FeMn,
PtMn, Mn3Sn, and Mn3;Ge, the IrMn has the thinnest thick-
ness to retain the AFM phase,**-!] and maintains the antifer-
romagnetic phase for a considerable stoichiometric range.>?!
And compared with other different Ir and Mn atomic ra-
tios, the Irp)oMngg exhibits the maximum exchange coupling
strength,!33! the highest blocking temperature, >3 together

e,4 and thus is of technolog-

with strongest (111) textur
ical importance.> In this work, we experimentally show
remarkable AHE in the magnetron-sputtered antiferromag-
netic IrpoMngg thin film. The ab initio calculations suggest
the Ir4Mn;¢ (IrMny) nanocrystals exhibit nontrivial electronic
band structures, which may contribute to the observed intrigu-
ing AHE in the Ir;oMngp film. Obvious anisotropic and neg-
ative parallel magnetoresistances were also observed in the
Irp0Mngg, which is consistent with the possible non-trivial
topology of the electronic band structures. Moreover, the elec-
trical switching of the antiferromagnetic IryoMngy has been
implemented by the spin Hall current from adjacent Pt layer.
All these results impart the magnetron-sputtered Ir,oMngg a
great potential for the future antiferromagnetic spintronics ap-
plications.

2. Results and discussion

Thin films of IrypMngg (6)/MgO (2.5)/Ta (3), Irp0Mngg
(6)/CoFeB (5)/MgO (2.5)/Ta (3), and Pt (5)/IryoMngg (6)/MgO
(2.5)/Ta (3) were deposited on thermally oxidized Si sub-
strates by using magnetron sputtering, where the thicknesses
in the parentheses are in nanometers. The sample Ir,oMngg
(6)/CoFeB (5)/MgO (2.5)/Ta (3) was annealed at 250 °C un-
der an in-plane magnetic field 1 T for 1 hour to obtain the
exchange bias. For electrical transport measurements, Hall
bar and star-shape devices were fabricated by standard pho-
tolithography and dry etching techniques (see Fig. S1 in sup-
porting information). Figure 1(a) shows the M—H curves of
the sample holder with or without the Ir,0Mngg sample, and
the net magnetization extracted for the Irp)oMng film is neg-
ligible small (~ 2 emu/cc) as shown in the inset of Fig. 1(a),
which is in consistence with the antiferromagnetic character
of the Ir,oMngg. Then the in-plane magneto optical Kerr ef-
fect was measured for the Ir,)Mngy/CoFeB sample as shown
in the Fig. 1(b). Obvious exchange bias effect can be observed

with an exchange bias field of ~ 36.2 mT, which verifies the
Ir;0)Mngg being AFM with strong exchange coupling to the
CoFeB.

Hall measurements were conducted for the Hall bar de-
vice of the Ir,)Mngy sample at different temperatures. Fig-
ure 1(c) shows the perpendicular magnetic field (toH;) depen-
dence of the transverse resistance (Rpa) with the magnetic
field up to 9 T and the temperatures from 10 K to 400 K.
As can be observed, the AHE is remarkable at all the tem-
peratures for the Ir,)Mngy sample. The AHE is traditionally
considered to exist in ferromagnetic metals with broken time-
reversal symmetry and strong spin—orbit coupling, and thus is
proportional to the magnetization. The result here is rather
intriguing since the magnetism of the IryoMngg is negligible
small as shown in Fig. 1(a). Moreover, the magnetic field de-
pendent behavior and the saturation magnetic field are differ-
ent for the AHE resistance in Fig. 1(c) and the magnetism in
Fig. 1(a). All these results suggest that the AHE observed in
the sputtered Ir,)Mngg may have an origin other than that of
the common AHE in ferromagnets.

From Fig. 1(c), the AHE of the Ir,)Mngy can also be
found to have a strong temperature dependence, and the
anomalous Hall resistance increases with increasing the tem-
perature from 10 K to 150 K, then decreases with further in-
creasing the temperature. We calculated the anomalous Hall
conductivity (AHC) oapg of the IryoMngy by the equation
of OAHE ~ —pPyy / p2, where p,, is the anomalous Hall resis-
tivity and p is the longitudinal zero-field resistivity, and the
results were plotted in Fig. 1(d). As can be observed, the
ol increases from 3.6 Q@ 1-cm™ ' t0 7.9 @~ '-cm™! with in-
creasing the temperature from 10 K to 150 K, then decreases
to 0.5 Q~!.cm~! with further increasing the temperature to
400 K. Similar temperature dependence of the AHE has also
been reported in the non-collinear AFMs such as Mn3Ge and
Mn3Sn, 2359 which was related with the evolution of the non-
trivial electronic band structure with temperature.!'?!

Apart from the AHE, non-trivial electronic band struc-
tures of non-collinear AFMs such as Mn3zSn and Mn3Ge
have also been reported to induce unique magnetotransport
behavior.[!32256] The magnetoresistance could strongly de-
pend on the angle between the external magnetic field and the
current, and the magnetoresistance is negative when the cur-
rent is parallel to the magnetic field. Figure 2(b) presents the
measured magnetoresistance curves at 10 K with different an-
gles between the current and the magnetic field as schematized
in Fig. 2(a). Remarkably, the magnetoresistance is strongly
dependent on the angle between the current and the magnetic
field, and negative parallel magnetoresistance up to ~ 0.03%
can be observed when the magnetic field is parallel to the
current. The magnetoresistance involves into positive values
when the magnetic field is tilted to the film normal direction.
Moreover, the negative parallel magnetoresistance is robust at
high magnetic field up to 9 T.
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Fig. 1. (a) The magnetic hysteresis loop of the Ir;oMng film with sample holder (purple squares), and the reference signal of the sample holder
without sample (green circles). The insert represents the extracted magnetic signal of the Ir,)Mngg film. (b) The magnetic hysteresis loop of
the IryoMngo/CoFeB sample. (c) Anomalous Hall effect of the Ir,oMngg under the perpendicular magnetic field at different temperatures. Inset:
Sketch of the Hall measurement geometry. (d) Anomalous Hall conductivity as a function of the temperature.
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Fig. 2. (a) The schematic diagram of the measurement geometry for anisotropy magnetoresistance. (b) The magnetoresistance with different
angles between the current and the magnetic field at 10 K. (c¢) The schematic diagram of the measurement geometry for the magnetoresistance
with the magnetic field parallel to the current. (d) The magnetoresistance at different temperatures with the magnetic field parallel to the current.
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Figure 2(d) shows the magnetoresistance measured at dif-
ferent temperatures from 10 K to 40 K with the magnetic
field fixed parallel to the electrical current as schematized in
Fig. 2(c). As a result, the negative magnetoresistance is sup-
pressed by increasing the temperature and ultimately disap-
pears above 40 K. The temperature dependence of the neg-
ative magnetoresistance excludes the origin of the magnetic
field-induced suppression of magnetic fluctuations which de-
creases with decreasing the temperature.!??! In contrast, the
negative magnetoresistance matches with the non-trivial band
origin, which would be enhanced with decreasing the tem-
perature due to the reduced inelastic scattering effects at low
temperatures.>?) Another extrinsic mechanism that may yield
negative magnetoresistance is the current-jetting effect due to
the non-uniform current distribution inside the sample.>”! To
check this possibility, we employed two pairs of voltage termi-
nals, V|-V, and V3-V4, as shown in Fig. 2(a). Figure 2(d) dis-
plays the magnetoresistance curves detected by the two pairs
of probes, which show almost the same results, ruling out the
possible current-jetting effect. The observed anisotropic and
negative parallel magnetoresistance are in line with the re-
ported topological magnetotransport in non-collinear AFMs
such as Mn3Sn and Mn3Ge.!!3%] Therefore, the anisotropic
and negative parallel magnetoresistance in the IrpoMngy may
arise due to the non-trivial electronic band structures.

Previous theoretical works have predicted a large AHC
in the non-collinear antiferromagnetic MnsIr, where the AHE
arises from an intrinsic nonzero Berry curvature due to the
Kagome configuration of the Mn atoms and strong spin—orbit
coupling.!'”l Recent experiments have confirmed the promi-
nent AHE in the Mn3Ir despite the measured AHC value is
smaller than the predicted values.!8! The Ir,oMngy has the
atomic ratio close to that of the MnjsIr. Thus, we build an arti-
ficial Iry;Mn¢ (IrMny) crystal based on the structure of Mnslr,
and calculated the electronic band structures and the AHC of
the artificial Ir4yMn¢ (IrMny) crystal. The artificial IrpoMngg
(IrMny) crystal was built by repeating the crystal of Mn3Ir five
times along z axis and substituting one Ir atom with one Mn
atom, which produced the Ir4;Mn;¢ (IrMny) crystal to mimic
the Ir,oMngg. The calculation is based on the Vienna ab-initio
simulation package and the Kubo formula approach following
the previous reports!'>%1 (see Fig. S2 in supporting informa-
tion).

Figure 3 shows the calculated electronic band structure
and the energy-dependent AHC element of oy, for the Mn3Ir
and IryMn;s (IrMnyg) crystals. For comparison, as shown in
Figs. 3(a) and 3(b), the electronic band structure and AHC for
the Mn3Ir crystal are calculated and the results are consistent
with the previous reports.[!>18] It is noted that the Mn3Ir was
reported to exhibit a strong peak of the band sum of the Berry
curvature at momentum points where spin—orbit coupling lifts
the degeneracies,!'>!8! such as at the R point in Fig. 3(a). The
electronic band structure of IryMnjs (IrtMny) shows topolog-

ical properties similar to that of MnsIr, especially around the
M and R points as shown in Fig. 3(c). And due to the crystal
structure repetition and high proportion of Mn element, more
band state splitting occurs in IrsMn;¢ (IrMny), which may
contribute to the slightly higher AHC value (190 Q~'-cm™!)
at the Fermi level than that (185 Q !l-cm™!) of Mnslr as
shown in Figs. 3(b) and 3(d), although the AHC trends of both
MnjsIr and IrsMn ;g (IrMny) with the change of energy are con-
sistent. The transmission electron microscopy measurement
has been performed for the Ir,oMngg film, which indicates
that the Ir,0Mngg is generally amorphous but may have local
nanocrystalline structures (see Fig. S3 in supporting informa-
tion). In this sense, the AHE observed in the IrpoMngg film
may arise due to the topological electronic band structures of
the IrsMn ¢ (IrMn4) nanocrystals. On the other hand, the Mn
atoms are known easy to diffuse in thin film stacks, and the
electron energy loss spectroscopy results indicate that the Mn
spreads wider and diffuses more to the MgO layer than the
Ir (see Fig. S3 in supporting information). A reduced Mn/Ir
ratio in the IryoMngg film can be expected in some regions.
Therefore, the possible presence of both IrsMn ;¢ (IrMn4) and
MnsIr nanocrystals may contribute to the AHE observed in
Iro0Mngg films. Previous work indicated that the polycrys-
talline IrpoMngo films could be formed by grains of MnzlIr
and stabilized in MnsIr spin structures.!>%1 Based on this,
Ir20Mngg, under an applied magnetic field, could have oriented
grains[®'l and exhibit macroscopic AHE signals as shown in
Fig. 1(c). From this point of view, the latter explanation based
on MnsIr nanocrystals is favored but this still requires further
theoretical and experimental efforts.

To demonstrate the electrical switching of the antifer-
romagnetic Ir,oMngg, we employed the heavy metal Pt as
the spin current source, and measured the change of the
anisotropic magnetoresistance (AMR) and/or spin Hall mag-
netoresistance (SMR) in Pt/Ir;oMng to detect the magnetiza-
tion switching of AFM Néel vector.[%?! Since both AMR and
SMR are even in magnetization, i.e., it is invariant upon mag-
netization reversal, (%3] the Pt/Ir,oMng, film was patterned to
the star-shape devices as shown in Fig. 4(a), and orthogonal
currents were applied to induce 90° switching of Ir;oMngg
Néel vector to maximize the AMR and/or SMR signal. Fol-
lowing the procedures to study the electrical switching of anti-
ferromagnets such as CuMnAs, [®*] Mn,Au, !l and MnN, (62!
the electrical current writing of Ir;oMngy was achieved by
applying pulse currents with width of 100 ps (write 1 and
write 2) along two orthogonal directions, and the correspond-
ing transverse Hall resistance (Ryay) was measured with a dc
current (/prope) Of 0.5 mA that was much smaller than the writ-
ing pulses. After each “write 1” pulse, the Ry, was measured
with a delay of 2 s, and the relaxation of Ry, was then moni-
tored over 80 s after 20 “write 17 pulses were applied. Subse-
quently, same measurements were executed after the “write 2”
pulse. A complete switching cycle thus consisted of three re-
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peats of 20 pulses per current direction and relaxation phases
of 80 s. The measured Ry, results corresponding to each writ-
ing pulse and relaxation phase are shown in the Fig. 4(b). No-
tably, a periodic change in Ry, can be observed, and the Ry,

changes oppositely after applying orthogonal writing current
pulses. The Ry, switching traces of the Pt/Ir;oMngy have
similar features as those of the SOT-induced switching of the
CuMnAs, 4 Mn,Au, ! and MnN. [62]
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Fig. 3. (a) Electronic band structure for the Mn31Ir. (b) Energy-dependent AHC element of oy, for the Mn3Ir. (c) Electronic band structure for
the IrsMny (IrMny). (d) Energy-dependent AHC element of o, for the IrsMnjg (IrMny).

A few recent works have related the “saw-tooth” shape of
transverse voltage with the resistive contribution which arise
due to the thermal degradation of Pt in the electrical switching
experiments, either by the heating induced local crystalliza-

3941 Dunz er al. have care-

tion or by the electromigration. !
fully investigated the resistive contribution in the electrical
switching of MnN, 92! and found that the resistive contribu-
tion only arises with applying jp > 11 x 10! A-m~2. Dur-
ing our experiments, the current density flowing in Pt is no
more than 6.25 x 10" A-m~2. Thus, the resistive contribution
is probably not the dominant source of the observed electri-
cal Ry switching in the Pt/Ir;oMngg. We further measured
the Ryay switching traces under an external magnetic field of
3 T along x direction, and the results indicate that the peri-
odic Ryyy switching traces disappear with the applied mag-
netic field (see Fig. S4 in supporting information). This re-
sult suggests a magnetic origin of the periodic Ry, switching
in the Pt/Ir,o)Mngg structure. The 3-T magnetic field is high
enough to align the magnetic order as revealed by the AHE
results in Fig. 1(c) and the planar Hall effect (PHE) results in
Fig. S4, and thus hinders the electrical switching of the mag-

netic order of the Ir,gMngy.

To facilitate a quantitative analysis of the Ry, switch-
ing results, we utilized the analysis method from previous
work.[%%] The switching traces are separated into two regimes,
i.e., the pulsing and relaxation phases, as shown in Fig. 4(c).
The data in the pulsing regime are fitted by the function

Ry(n) =co+crexp(—n/A)+con,

where cg 12 and A are fitting parameters and » is the pulse
number. The fitting produces the absolute switching amplitude
|AR,| which is the difference of the Ry, before and after ap-
plying the pulse current along one current line. The relaxation
regime, consisting of the relaxation of an ensemble of grains
which have a range of relaxation times, could be modeled by
a stretched exponential decay of R, (1) = do + d; exp(—auP),
where dy 1, ¢, and 3 are fitting parameters. Based on the fit-
ting results, the anisotropy energy barrier Eg can be obtained
using the equations of 7, = (l/a)l/B, (1) = (%/B)T(1/B),
and T = f, 'exp(Ep/kgT), where I'(x) is the gamma func-
tion, fo ~ 10'2 s~! is the attempt frequency, 9> kp is the
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Boltzmann constant, and 7 is the absolute temperature. As
can be observed in Fig. 4(c), both the pulsing and relaxation
phases of the Ry, results can be well fitted, and the result-
ing |AR,| and Ep with different pulse current densities were
shown in the Fig. 4(d). The |AR,| increases with increasing the
writing current density, while the Eg does not change much at
different current densities, which is similar to the results of
the SOT-induced switching of the antiferromagnetic MnN. [62]
The characteristic analyses of the electrical switching results
of the Ir,oMngg are well in consistence with the thermal activa-

tion scenario of the SOT-driven antiferromagnet switching. %4l

Pulse number

0 5 10 15 20
(© .
L *
0.6 -~ **—,G‘
*** *
* %
A a
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E / |AR,|
0.2 F &
&
0
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For the read-out mechanism, we propose the AHE and PHE
originating from the Ir,oMngg layer or the spin Hall magne-
toresistance (SMR) originating from the Pt layer may be re-
sponsible. A detailed study of the AHE, PHE, and SMR is
necessary to gain further insight into the dominant read-out
mechanism. The present electrical switching of the antifer-
romagnetic Ir,oMngg renders a great potential of the sputtered
Iro0Mngg for high thermal stability antiferromagnetic spintron-
ics compatible with the existing complementary metal-oxide—

semiconductor technology.
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Fig. 4. (a) Schematic diagram of the measurement geometry for electrical switching. The red and blue arrows represent the current pulse
directions. (b) Electrical switching and relaxation signals. The background colors correspond to applying pulses along the two pulse lines
(red, blue) or the relaxation phase (white). (c) Exemplary fitting procedure for the pulsing and relaxation phases. |AR,| represents the absolute
switching amplitude. (d) Pulse current density dependence of the absolute switching amplitude |AR,| and the switching energy barrier Eg. The
results are averaged over three devices and the error bars correspond to the standard deviation.

3. Conclusion

In summary, we have observed remarkable AHE in the
magnetron-sputtered antiferromagnetic Ir;oMngg. The ab ini-
tio calculations indicate the topological electronic band struc-
tures of IryMn;¢ (IrMn4) nanocrystals may contribute the ob-
served AHE in the sputtered Ir,oMngg film. The IrpoMngg
also shows anisotropic and negative parallel magnetoresis-
tance, which is in consistence with the non-trivial electronic
band structures. Moreover, we demonstrated the current-
induced switching of the antiferromagnetic Irp)oMngg in the
Pt/IrpoMngg metallic bilayer. The characteristics of the switch-
ing are well consistent with the thermal activation model of the

SOT-driven antiferromagnet switching. The presented results
endow the magnetron-sputtered IrpoMngg a good platform for
exploring the topological antiferromagnet-based spintronics
applications.

Supplementary material

See the supplementary material for details on sample
and devices fabrication, measurement, ab-initio simulation
method, structure characterizations, element distribution anal-
ysis, and the electrical switching of Ir,)Mngy under 3-T mag-
netic field.
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