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Magnetic asymmetry induced anomalous spin-orbit torque in IrMn
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We demonstrate an anomalous spin-orbit torque induced by the broken magnetic symmetry in the antifer-
romagnet IrMn. We study the magnetic structure of three phases of IrMn thin films using neutron diffraction
technique. The magnetic mirror symmetry MM’ is broken laterally in both L1o-Ir'Mn and L1,-IrMn; but
not y-IrMn;. We observe an out-of-plane dampinglike spin-orbit torque in both L1y-IrMn/permalloy and
L1,-IrMns/permalloy bilayers but not in y-IrMns/permalloy. This is consistent with both the symmetry analysis
on the effects of a broken M’ on spin-orbit torque and the theoretical predictions of the spin Hall effect and
the Rashba-Edelstein effect. In addition, the measured spin-orbit torque efficiencies are 0.61 £ 0.01, 1.01 £
0.03, and 0.80 =£ 0.01 for the L1y, L1,, and y phases, respectively. Our work highlights the critical roles of the

magnetic asymmetry in spin-orbit torque generation.
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I. INTRODUCTION

The current induced spin-orbit torque (SOT) has been
intensively researched since it can switch magnetization elec-
trically, which is crucial for developing the next-generation
magnetic memories [1-5]. After almost a decade since its
conception, sizable SOT can be sourced from a large variety
of materials, such as the topological insulator [6], heavy metal
(HM) [4,7], antiferromagnets (AFM) [8-10], ferromagnetic
(FM) semiconductor [11] and FM trilayer [12]. The spin Hall
effect (SHE) [4] and the Rashba-Edelstein effect (REE) [5]
are the two widely accepted models for the SOT generation.
In both scenarios, SOT arises from the charge-to-spin conver-
sion, where a transverse spin polarization (s,||y) is induced
by a longitudinal charge current (J;||x). This spin polarization
exerts an in-plane dampinglike SOT (zpp) on an FM with
in-plane magnetization such as the Nig;Fe 9 [also known as
permalloy (Py)] [1-3]. In emerging studies on SOT, however,
an out-of-plane spin polarization (s.||z) is explored since it
is favorable for switching a perpendicularly magnetized FM
[12-16], which is more suitable for high-density applications.
In this regard, the 2D material WTe, has attracted lots of
attention since an out-of-plane tpy, which is equivalent to the
effects of an out-of-plane spin polarization, is observed in a
WTe,/Py bilayer [13]. This anomalous torque is attributed to
the broken interfacial crystal mirror symmetry (M) of WTe,.
Ever since then, the crystal-asymmetry-controlled SOT has
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been found in other hexagonal crystal systems, such as NbSe;
[17] and MoTe, [18,19]. Magnetic moments, when ordered,
can lower the symmetry of a material [20,21]. Thus, a natural
question is whether the symmetry breaking introduced by the
magnetic moments can induce a similar torque.

In our previous report, we found the staggered magnetic
moments in L1p-IrMn (001) films align with the [111] di-
rection [22], as illustrated in Fig. 1(a). We notice that in
this magnetic structure there is only one magnetic mirror
symmetry (M) parallel to the (—110) plane and no two-
fold rotational invariance, as illustrated in Fig. (1b). Since
M’ is not found in the (110) plane, the lateral magnetic
symmetry is said to be broken. Moreover, L.1p-IrMn has a high
crystal symmetry (P4/mmm) and its (001) plane has a fourfold
rotational symmetry. This makes L1y-IrMn a good choice for
investigating the magnetic asymmetry induced SOT because
its crystal symmetry is intact while its magnetic symmetry is
broken. A previous study suggests that the SOT induced by
broken mirror symmetry would exhibit a strong dependence
on the direction of the electric field E [13]. However, it
would not be so straightforward to observe such dependence
experimentally in L1yp-IrMn due to the existence of AFM
domains. Thin films of AFM, in general, are likely to be multi-
domain in their ground states [23—26]. In our previous study
[22], even we managed to obtain a high-quality epitaxial film,
L1p-IrtMn still appeared as a twin-domain structure, which
would have eliminated the differences between E || M’ and
E 1L M'’. Therefore the SOT induced by the broken M’ has to
be evaluated otherwise.

In this work, we exploit the IrMn films with different
phases, which allow us to separate the magnetic asymmetry

©2020 American Physical Society
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FIG. 1. (a) Unit cells of L1y-IrMn, L1,-IrMn3, and y-IrMn;.
(b) The magnetic mirror symmetry (M) in the (001) plane of the
L1o-IrMn and L1,-IrMn3. Arrows indicate the magnetic moments
with their orientations differentiated by colors.

(broken M) from specific magnetic structure. We show that a
phase change from L1(-IrMn to L1,-IrMnj leads to a different
magnetic structure but with the same lateral magnetic asym-
metry. Using the spin-torque ferromagnetic resonance (ST-
FMR) technique, we measure the SOT efficiencies of IrMn
thin films, which are 0.61 &+ 0.01, 1.01 £ 0.03, and 0.80 &+
0.01 for the L1y, L1,, and y phases, respectively. We demon-
strate an anomalous SOT (out-of-plane dampinglike) in both
L1p-IrMn/Py and L1,-IrMn;3/Py bilayers. This is compatible
with the symmetry analysis about the effects of a broken M’
on SOT. We also show that the microscopic origin of the
observed anomalous SOT arises from an out-of-plane spin
polarization, which is consistent with theoretical predictions
from both the SHE and REE perspectives. In contrast, the
anomalous SOT is not observed in the y-IrMns/Py bilayer,
which we attribute to the lack of magnetic asymmetry due
to disordered magnetic structure in y-IrMnjz. This paper is
organized as the following: Sec. II shows the methods used in
this work. In Sec. III, we present the major experimental re-
sults including the crystal (Sec. I[IIA) and magnetic (Sec. I1IB)
structures of IrMn and the observed SOT (Sec. IIIC). In
Sec. IV, we discuss the origins of the anomalous SOT, con-
sidering the intrinsic effects of M’ on SOT (Sec. IVA-B) and
its microscopic origin (Sec. IVC), followed by a conclusion in
Sec. V.

II. METHODS
A. Material fabrication

Three types of samples were fabricated in this work,
namely, the IrMn(22)/Py(13) bilayer with IrMn in three dif-
ferent phases, the L1o-IrMn(22)/Cu(t¢,)/Py(13) trilayer and
the Pt(10)/Py(10) bilayer. Numbers in the parentheses are
thicknesses in nanometer. The IrMn (001) layers were de-
posited epitaxially on KTaO3 (001) substrate using the DC

magnetron sputtering technique at a base pressure of less
than 2 x 10~8 Torr. They were co-sputtered using a IryoMng
target and a Mn target, where the atomic concentration of Ir
and Mn were adjusted by the sputtering powers of the two
targets. The deposition temperatures for the L1y, L1,, and
y phases were 720 °C, 640 °C, and 320 °C, respectively. The
measured atomic concentration of Mn for the L1, L1,, and
y phases are 46.3%, 67.5%, and 70.9%, respectively. After
the samples cooled down to room temperature, the Cu and Py
layers were deposited. The sample of Pt/Py was deposited on
thermally oxidized silicon substrate at room temperature. All
samples were protected by a 2-nm SiO, layer. For ST-FMR
measurement, the above bilayers and trilayer were patterned
into microstrips of 30 um x 50 um using a combination of
photolithography and ion-beam etching. An electrode of Ti
(5)/Cu (100) was deposited using a thermal evaporator.

B. ST-FMR measurement

The SOT generated by IrMn was examined by the es-
tablished ST-FMR technique [4,8,22]. Figure 2(a) shows the
ST-FMR experimental set-up schematically. A microwave (or
equivalently the current J,.) sourced by a signal generator was
applied along the microstrip. Then a rectifying voltage (Vinix)
was produced when an in-plane external magnetic field (H)
was swept at an angle (¢ ) with respect to J.. The ST-FMR
measurement was modulated using a sine function of low
frequency. The modulated V,,ix was collected using a lock-in
amplifier and fitted using [4,8,22]

AH?
AH? + (H — Hyes)*

AH(H _Hres)
A AHZ + (H - Hres)z‘
(1)

Vmix = VS

Here, AH is the linewidth and H,. is the resonant field.
In Eq. (1), the first term describe a symmetric component
(Vsym) with an amplitude Vs, which is associated with in-plane
torques (7)); the second term describes an antisymmetric
component (V,sy) with an amplitude V4, which is due to
out-of-plane torques (7). Fig. 2(b) shows the typical Vpx
of L1¢-IrMn/Py, L1,-IrMn3/Py and y -IrMn3/Py bilayers mea-
sured at 9 GHz with ¢ = —35°. The data points can be well
fitted by Eq. (1).

The SOT efficiency, 6 m, which represents the magnitude
of measured 7 relative to T, can be extracted using [4,8,22]

Vs epoMsdinvndpy 47w Mese

Bom =3, i H,
A res

, @

where e, o, and h are the electron charge, permeability
of free space and reduced Planck constant, respectively;
the thickness of the two layers are dimn and dpy; M, and
Mg are the saturation and effective magnetizations of the
Py layer, respectively. M, is extracted from a M-H loop
measured using a vibrating sampling magnetometer. Mg
is extracted by fitting the in-plane Kittel equation f =
3=/ (Hres + H)(Hres + Hi + 41 Mir). Here, f is the mi-
crowave frequency and H; is the effective in-plane magnetic
anisotropic field.
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FIG. 2. (a) Experimental set-up of ST-FMR measurement. The red bar indicates the microstrip of IrMn/Py bilayer. On the right shows the
coordinates system, which is defined with respect to the crystal lattice of IrMn. (b) The measured V,,;x for three phases of IrMn and their fittings

at 9 GHz as a function of the external magnetic field (H).

C. Principles of angle dependent ST-FMR measurement

In order to determine the symmetry of SOT, we exam-
ine the dependence of Vg and V4 on ¢y. This approach
is based on the Landau-Lifshitz-Gilbert-Slonczewski for-
malism [4,27] that SOT must be one of the two types:
a dampinglike torque Tpp = tpro(m x s x m) and a field-
like torque Tg. = TrLo(m X ). In the polar coordinate, m =
mo[cos(0y ) cos(w ), cos(By ) sin(gy ), sin(8y)]7 is the mag-
netic moment, which is aligned to the external magnetic
field direction with a small precession angle. The spin po-
larization is § = s[cos(6;) cos(¢;), cos(,) sin(ey), sin(6;)]”
and the current induced dynamic magnetic field is h =
h[cos(8y) cos(¢y,), cos(8y) sin(ey,), sin(6,)]”. All the in-plane
angles (¢, ¢n, and @;) are relative to the J,. (defined as x), and
the out-of-plane angles (6, 0y and 6;) are relative to the film
plane (x-y plane). The tpy and the g are differentiated by
their definitions, i.e., Tpy (TgL) is even (odd) in m. However,
the 7| differs from the 7 by their orientations relative to the
film normal (defined as z).

In the bilayers dominated by the SHE, such as the
Pt/Py, both the current-induced Oersted field and the spin
polarization are along the y direction when J. is along
the x direction [4]. m usually has two in-plane compo-
nents in ST-FMR measurement. Thus & = #(0, 1, 0)", m =
mg[cos(dy), sin(¢y), 017, and s = s(0, 1, 0)7. Then we have

0
TrL = TrLo(m X h) = TrLomoh 0 , 3)
cos(¢p)
—sin(¢g )cos(¢n)
TpL = ToLo(m X s X m) = Tprosmy cos?(¢p)
0
“4)

Howeyver, in order to examine the direction of the SOT, the
coordinate system must be re-defined with respect to m, i.e. to
multiply a rotation matrix

cos(¢n)  sin(¢n) O
Ry = | —sin(¢y) cos(¢n) O &)
0 0 1

As a result, Tz, remains the same but

cos(¢y) sin(¢y) O 0
—sin(¢y) cos(¢pu) O |TpL = wprosmi | cos (dn)
0 0 1 0

(6)

Here, 7| only has the 7p;, component and 7, only has
the Tp, component, both depend only on cos(¢g). There-
fore both Vg and V, depend on sin(2¢y )cos(¢y ), where the
additional sin(2¢y) is due to the anisotropic magnetoresis-
tance (AMR) effect [4,11,13]. In the unusual event of an
out-of-plane spin polarization, we have k = h(0, 1, 0, m=
mo[cos(dg ), sin(¢y), 017 but s = s[0, cos(8,), sin(;)]” . Fol-
lowing the same procedure in Egs. (3)—(6), we have

0
TpL = Tprosmg | cos(dm) cos(8y) |,
sin(6y)
0
0
cos(dy )

)

®)

TFL = TrLoMoh

In this case, Tpr, has both 7 and 7, components. Al-
ternatively speaking, T still depends only on cos(¢y) but
7, depends on [cos(¢y) + sin(6y)], which after multiplying
the sin(2¢y ) term due to AMR effect, create a new angular
dependence on ¢y of V,.

The results of Eqgs. (3), (6)—(8) and other possible fac-
tors influencing the angular dependence of Vg and V, are
summarized in Table I. Though these contributions might
not be exhaustive, we briefly discuss their possible origins.
Case 2 happens if the electric contact between the G-S-G
RF probe and the electrode is not homogeneous, leading to
anet h, [28]. A possible cause of case 3 is a Dresselhaus-like
field (h,). Case 4 describes an unusual spin polarization that
is collinear with J.. Case 6 can arise from an interfacial
exchange coupling between an FM and an AFM [29]. The
rotation matrix Ry, is different for case 6 due to the presence
of m,. In this case, the classification of Tp, and 7, into 7] and
T is trivial since m is between the in-plane and out-of-plane
directions.

Considering all cases in Table I and omitting the sin(2¢y)
contribution from AMR, both Vs and V4 consist of a cos(¢g)
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TABLE I. Dependence of Vs and V4 on ¢y. IP stands for in-plane, OP stands for out-of-plane. The subscripts on s, & and m indicate the
present components, €.g. h,. indicates the current-induced field has both y and z components. Other coefficients before the sine and cosine

terms are omitted to highlight the angular dependence.

Dependence on ¢y

Case Configuration Vi (xTy) Vs (o< 7)) Origin*

1 Sy, hy, myy cos(¢y) cos(¢y) Classic SHE

2 Sy, Nyzy My cos(¢y ) cos(y) cos(¢py) — sin(6y,) OP field

3 Sy Ny, My sin(¢, — ¢y ) cos(oy) IP field

4 Says hy, Mgy cos(¢py) sin(¢py — ¢y) IP spin polarization
5 Syzy y, My cos(¢y) + sin(6,)P cos(¢y ) cos(by) OP spin polarization
6 Sy, hy, My, sin(¢y ) sin(6,,) + cos(¢py ) sin(¢y )sin(6,,) + cos(¢y ) OP magnetic moment

In additional to the configuration of classic SHE.
>This is the only ¢y independent term for V.

term, a sin(¢y ) term and a term independent of ¢y, leading to
their general expression

Vs = sin(2dpg — 2¢0)[Sa cos(dg — o) + Sp sin(¢dy — ¢o)
+Scl, ©))

Vi = sin(2epu — 2¢9)[A4 cos(dpn — ¢o) + Ap sin(¢g — ¢o)
+Acl, (10)

where ¢ is a phase correction to ¢y. Therefore, based on
Table I, Egs. (9) and (10), the various contributions to SOT can
be differentiated by performing the ST-FMR measurement at
different magnetic field directions.

III. EXPERIMENTAL RESULTS

A. Crystal structures of IrMn

Since IrMn exists in different crystal phases with differ-
ent magnetic structures, it is of prime importance to verify
the phases of IrMn before investigating its SOT generation.
Figure 3(a) shows the analytical rules used in this work to
determine the phases of IrMn using x-ray diffraction (XRD)
technique. In a 6-26 scan along the (001) direction, the
presence of the 001 peak indicates the presence of chem-
ically ordered L1p-IrMn or L1,-IrMns, whereas only the
002 peak is expected in the chemically disordered y-IrMnj;.
The L1,-IrMnj3 is differentiated from the L1o-IrMn by the
presence of (103) spot on the reciprocal space mapping
(RSM). For polycrystalline IrMn (p-IrMn) deposited at room
temperature, peaks can be hardly detected from the above
XRD tests due to its small grain size and poor crystallinity,
and it only produces ringlike features in RSM when the film
is sufficiently thick. Figure 3(b) shows the typical results of
the 6-20 scans. The L1y and L1, phases have all peaks in the
{001} family and no other peaks, indicating high crystallinity
and good (001) texture. In addition, both the L1, and y phases
are slightly strained due to lattice mismatch with the substrate,
since [a(KTaO3) = 3.989A] > [a(L1,, y-IrMn3) = 3.785 A]
[30]. This is seen from the rightward shift of the 002 peak
from the reference bulk value in Fig. 3(b), indicating shorter
lattice parameter c, consistent with the usual effects of a
tensile strain. The typical RSMs are shown in Fig. 3(c), where

the (113) spot is common for all three phases but only the L1,
phase has the (103) spot.

B. Magnetic structures of IrMn

The three phases of IrMn are further studied by examin-
ing their magnetic structure using neutron diffraction tech-
nique. The collinear magnetic structure of L1y-IrMn shown
in Fig. 1(a) is proposed from our previous work [22] based
on the combined results from neutron diffraction and ST-
FMR. The magnetic structure of L1,-IrMnj is first examined
by scanning a large reciprocal space using the time-of-flight
quasi-Laue diffractometer CORELLI at the Spallation Neu-
tron Source. Figure 4(a) shows the RSM of (HOL) (left)
and two typical line cuts (right). The presence of a lot of
diffraction spots of the film indicates good magnetic order.
The ringlike features originate from the sample environment
such as the contribution of the sample mount. The absence
of the (002) and (202) spots on the (HOL) RSM and the
absence of the (111) spot on the (HHL) RSM (not shown)
indicate a good L1, order [31]. Given the good magnetic
order, we do not observe any superlattice spot, for example,
(£0.500), (0.500.5), and (1 0 0.5). This is another indicator
of the triangular spin structure of the L1, phase [31]. The
magnetic structure of L1,-IrMnj is also studied by measuring
the integrated intensities of selected peaks by 6-26 scans using
the triple-axis spectrometer CTAX at the High Flux Isotope
Reactor. Figure 4(b) shows the 100 and 110 peaks and their
Gaussian fits. Their integrated intensities are /g0 = 450 =+
20 and 11190 = 570 £ 20, respectively. Among the possible
magnetic structures of L1,-IrMn3 proposed previously [32],
the one shown in Fig. 1(a) is the only viable model. Other
models result in either satellite peaks due to doubled unit cell
length along c-axis or weaker integrated intensity of the 110
peak than the 100 peak (i.e., I110 < I1gp). Both are negative
in our results. Therefore, based on the above evidences, we
have verified the magnetic structure of the L1, phase, which
agrees with previous studies [8,30-32]. On the other hand,
we have not observed any diffraction spot for the y-IrMnj,
inconsistent with the magnetic structure proposed previously
[30], as shown in Fig. 1(a). This indicates that our y-IrMnj
does not have a sufficiently ordered magnetic structure al-
though the observed crystal structure positively identifies a y
phase. Based on the results of neutron diffraction, we illustrate
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FIG. 3. (a) Guiding rules for determining the phases of [rMn by
using the XRD technique. p-IrMn refers to polycrystalline IrMn. (b)
XRD 6-26 scan of three phases of IrMn along (001) direction. The
dashed vertical lines show the reference peak positions [9,30] for
bulk IrMn with the Cu-K,; radiation equivalent. (c¢) Typical RSMs of
IrMn in different phases near (103) and (113) spots. The RSMs are
indexed based on the reciprocal lattice of KTaOs.

in Fig. 1(b) that the L1,-IrMn; also has just one magnetic
mirror symmetry M’ parallel to the (-110) plane, although its
magnetic structure is markedly different from the L1y-IrMn.
Correspondingly, the lateral magnetic symmetry in L1,-IrMnj3
is broken in the same manner as L1y-IrMn due to the lack
of M’ in other directions. In y-IrMnsz, M’ is absent and
therefore no magnetic asymmetry is identified.

C. Spin-orbit torque in IrMn

The SOT efficiency 6}, of three phases of IrMn are
summarized in Fig. 5(a), where minimal variation is observed
across 8 — 12 GHz. The 6y, (averaged over 8 — 12 GHz) are

(a)

ring-like
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- -102 302)f-1 o 1 2 3
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FIG. 4. (a) (Left) large-area neutron diffraction RSM of (HOL) of
L1,-IrMn;. (Right) line cuts of (H02) and (0.5 0 L) of the RSM on the
left. The peaks are indexed in the reciprocal lattice of L1,-IrMnjs. (b)
6-26 scans on L1,-IrMnj along (100) and (110) directions. ;g9 and
11y are the integrated intensity adjusted by absorption corrections.

0.61 £ 0.01, 1.01 £ 0.03, and 0.80 + 0.01 for the L1y,
L1,, and y phases, respectively. These values are substantially
larger than those from previous reports [8,9,33-35], which we
attribute to the different crystal and magnetic ordering. Our
IrMn thin films have high crystallinity with the ordered mag-
netic structures in the L1y and L1, phases. As a results, the
averaging effect [9,22] due to randomly oriented crystallites
and magnetic domains is expected to be much smaller, leading
to greater values of measured SOT efficiency. It has been re-
ported that 6 ,, is strongly affected by the electrical resistivity
(p) [7,36]. An effective spin Hall conductivity (oy) is therefore
calculated using o, = 2 —[[36]], which is typically ~ 10325

in our work. Referring to Fig. 5(b), L1¢-IrMn and L1,-IrMn;3
have similar p. However, the ), of y-IrMnj3 is profoundly
inflated by its high p, and its oy is actually close to that of
L1y-IrMn. Interestingly, comparing the L1y and L1, phases,
the ratio of measured o, (3.55/6.12 = 0.58) is very close to
the ratio of calculated intrinsic o (102/165 = 0.62) (o, values
adapted from Refs. [8,22]). This implies that the intrinsic SHE
plays an important role in the SOT generated by IrMn.

The SOT efficiency of y-IrMns has not been re-
ported before to the best of our knowledge. Unlike the
magnetic-structure-enhanced SOT efficiency in L1¢-IrMn and
L1,-IrMn3, the reasons behind the relatively large SOT effi-
ciency and spin Hall conductivity in y-IrMnj3 are still unclear.
However, we find that the mixed experimental evidences from
a previous work might support our observation. A giant SOT
efficiency of 0.35 has been claimed for L1,-IrMnj (001) [8],
but only the 002 peak from the XRD results is observed
without the superlattice 001 peak. This makes the phase of the
IrMn; film under investigation ambiguous since the presence
of only the 002 peak corresponds to a y-IrMnj.
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FIG. 5. (a) The measured SOT efficiencies (6 ,,) of the three phases in the frequency range of 8 — 12 GHz with ¢y = —35° and ¢y = 45°.
(b) The electric conductivity (p) and spin Hall conductivity (oy) of the three phase of IrMn.

In Sec. IIC, we show that both the symmetric voltage
amplitude Vg and the antisymmetric voltage amplitude Vj
depend on sin(2¢y )cos(¢y) in a bilayer dominated by the
in-plane transverse spin polarization (sy) and Oersted field,
such as Pt/Py. Thus Vy,x is expected to be centrosymmetric
with H. However, Fig. 6(a) shows that V;;x measured from
L1p-IrMn/Py is not a perfect inversion when H is reversed,
where Vg, remains the same but Vg, is markedly different,
indicating the presence of an additional out-of-plane torque.
Therefore we perform the ST-FMR measurement with ¢y
varying from —90° to 270° and fit Vs and V, using Eq. (9) and
(10). Figure 6(b) shows the typical results for L1-IrMn/Py.
The associated fitting parameters are Sy = —3.9 £ 0.3 uV,
Sp=0.06+0.7uV, S¢c =-008+04uV, Ay =-8.1=%
0.6 uV,Ap = —0.2+0.7uV, and S¢c = —0.6 £ 0.2 uV. All
parameters with a larger fitting error than value are considered

a
(a) 6
— Vg, Fit
4| — Ve,m_Fit
< | — ViewFit
32| O Vpy Data %
Nt
X0
1S
=
-4 ¢,=-35°
-3000 2000 1000 O 1000 2000 3000
H (Oe)
(c)
6/ L1o-IrMn/Py
4] &V, &Fit
— 2|
>
=]
-
> -2
-4
-64
-90 0 90 180 270
¢, (deg)

zero within experimental accuracy. Therefore Vs shows a
usual shape with only the S4 contribution. In contrast, V4
has a nonzero Ac¢ term on top of the normal A, contribu-
tion. The fitted components of V, are displayed separately
in Fig. 6(c). We also observe similar dependence of Vi,ix on
¢y in L1,-IrMn3/Py bilayer and its V, also has an A¢ con-
tribution, as demonstrated in Fig. 6(d). Among the possible
components of V4 in Table I, sin(6;) under Case 5 is the only
term that shares the similar angular dependence of A¢, which
implies the presence of an out-of-plane spin polarization (s;).
Moreover, according to Eq. (7), the out-of-plane torque asso-
ciated with sin(6,) (tagged as ta¢) is dampinglike since it is
even in m.

We perform two more tests to study t4c. First, we inves-
tigate the dependence of t4c on the in-plane electric field
direction defined by ¢ (¢r = 0°||[100] of the L1y-IrMn

(b)
6 L1,-IrMn/Py
4
— & V, & Fit
< 21 B Vs & Fit
=)
Nt
> -2
-4
-6
-90 270
(d)
4 L1,-IrMns/Py
- Va &Fit
— 2l — Aconly
> — A, only
3
Z 0
>
-2
-4
-90 0 90 180 270
¢,,(deg)

FIG. 6. (a) Raw data of measured voltage (Vy,;x) and its fit for L1y-IrMn/Py at 9 GHz with ¢ = —35° and 145°. (b) Vi, V4, and their fits
as a function of ¢y for L1,-IrMn/Py. (c) V, and its fitted component for L1,-IrMn/Py and (d) L1,-IrMn3/Py. ¢ = 45° in all plots.
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FIG. 7. (a) Vs, V4, and their fits as a function of ¢y for L1,-IrMn/Py with ¢ = 0° and (b) 90°. (¢) Vs, V4, and their fits as a function of
¢y for L1y-IrMn/Cu(tc, ) /Py with tc, = 0.5nm and (d) fc, = 1 nm. ¢ = 0° in (c) and (d). (e) Variation of normalized S, and A¢ with ¢ for

L1y-IrMn/Py and (f) #c, for L1y-IrMn/Cu(zc,)/Py.

lattice). This is achieved by patterning the microstrip along
different in-plane directions on the same sample. Figures 7(a)
and 7(b) show the ST-FMR voltages and their fittings for ¢ =
0° and 90° in L1y-IrMn/Py, respectively. The results for both
¢r = 0° and ¢ = 90° are similar to those for ¢ = 45° in
Fig. 6(b). The magnitudes of A¢ for ¢ = 0°, 45°, and 90° are
normalized and summarized in Fig. 7(e). The ratio of Ac/Ax
for L1yp-IrMn is less than 10% and it is roughly independent
of ¢r. This is consistent with our prediction that the twin
domains of L1y-IrMn would nullify the directionality of t4c.
Second, we insert a thin Cu layer between L1-IrMn and Py
to break their strong exchange coupling. Figures 7(c) and 7(d)
show that the measured V, for tc, = 0.5nm and #c, = 1 nm
have a similar shape to that for 7c, = Onm in Fig. 7(a),
although the magnitude of V, substantially increases after Cu
is inserted due to lower impedance mismatch. The extracted
values of A¢/As are summarized in Fig. 7(f). Essentially,
Ac/A, is also independent of the Cu spacer thickness in
L1o-IrMn (22)/Cu(tcy)/Py(13). This indicates that the inter-
face between L1j-IrMn and Py is not likely to account for t4c,
which appears to originate from the AFM layer only. Notice

that we have estimated the shunting effect due to the Cu
spacer, which is negligible [22]. As a comparison, Figs. 7(e)
and 7(f) also display S4/A4, which depends on both ¢g and
tcu, implying the strong influence of exchange coupling. This
further illustrates that the nature of 4 is different from the
usual SOT.

IV. DISCUSSION
A. Symmetry analysis on SOT

The common t4¢ in both L1y-IrMn and L1,-IrMnj can be
interpreted from symmetry analysis about the intrinsic effects
of M’ on SOT. The magnetic mirror symmetry M’ differs
from the crystal mirror symmetry M. M’ contains a time
reversal symmetry 7, i.e., M’ = M *T [20]. An axial vector
like the magnetic moment is odd in 7 whereas a polar vector
like the electric field is even in 7. As a result, the behaviors of
a polar vector and an axial vector are opposite (same) under
M (M). This is illustrated in Fig. 8.

Based on these relations and inspired by the approach to
analyze crystal mirror symmetry in Ref. [13], we scrutinize
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axial vector
oddinT

=4 1=+

MI

polar vector
eveninT

polar vector axial vector

crystal mirror symmetry magnetic mirror symmetry

T

FIG. 8. Effects of symmetry operation M and M’ on polar and
axial vectors. M and T represents the mirror symmetry and time
reversal symmetry.

1—><:b

'=MAT

the effects of the magnetic mirror symmetry M’ on three
parameters: (1) the in-plane and out-of-plane SOTs, which are
collectively denoted as 7, (2) the electric field E and (3) the in-
plane angle ¢y, which defines the direction of magnetization.
Notice that ¢ is always defined relative to the direction of
E, as specified in the Fig. 2(a). As a result, the coordinate
system (indicted by x in Fig. 9) relative to M and M’ is
changing with the direction of E. The effects of M’ and M
are compared as the following.

(1) It has been shown that t is a pseudoscalar [13]. There-
fore it remains the same when M’ is applied but it changes
sign in the case of M.

(2) In the cases of both M’ and M, E is flipped if
E 1M/ (M) and E is unchanged if E || M'(M).

(3) When ELM’', xI M. As a result, ¢ppy — 7 — ¢y
when m is reflected by M’, as shown in Fig. 9(a). When
E | M, x || M. Asaresult, py — —¢dy whenm is reflected
by M’, as shown in Fig. 9(b). Since m is an axial vector,
it has to be flipped again after reflection if M is applied in
the place of M’. This is because the crystal mirror symmetry
M does not contain the time reversal symmetry. Therefore,
as shown in Fig. 9(c) and 9(d), ¢y — —¢y for ELM and
¢y —> 1w — ¢y for E || M.

Since SOT is a function of electric field and magnetization
direction, i.e., T =7 (E, ¢y), the effects of M’ on the
three parameters pose constraints on 7 if 7 is Fourier
expanded. The unconstrained SOT is t(E, ¢y) = E[Fp +
Fi cos(¢n) + Fr sin(¢y) + F3 cosRpy) + FasinQey) + .. .]
[13]. For ELM'’ in Fig. 9(a), the net results of
E—- —-E, t—>tand ¢y > 7 — ¢y is 1(—E, 71 — ¢py) =

T(E, ¢g). Since t(E)= —t(—FE) for current in-
duced SOT, we have 7t(¢y)= —1(r —¢y), which
reduces the unconstrained form of t to t(E,¢y) =

(a) (b)

m _ ®, m

ﬁbH E
—
X

M/
X “magnetic mirror symmetry
-0y, ' X
-E % E
m m
(c) (d)
X
nef . .
| ﬁCDH E
—

crystal mirror symmetry

b :
-0y ' m X
m —

-E

FIG. 9. (a) Effects of M’ on E and ¢y for EL M’ and (b) E ||
M. (¢) Effects of M on E and ¢y for ELM and (d) E || M. x is
always parallel to E, it shows the coordinate system with which ¢y
is defined. The dotted arrow of light red color in (c) and (d) indicates
the direction of magnetic moment m after reflection by M but before

flipping.

E[F| cos(¢y) + Fy sinRpy) + Fscos(3py) +...],  where
Fy is not allowed. Similarly, it can be shown that for E || M’
in Fig. 9(b), t(¢y) = 1(—¢y), which means t(E, ¢y) =
E[Fy + F cos(¢py) + F3 cos(Qepy ) + Fscos(Boy) + .. .1,
where F, is allowed. Fp carries the similar physical
significance as Ac and Sc since it is independent of
¢y. Therefore Fy rationalizes the observed out-of-plane
dampinglike torque. These results are summarized in
Table II and compared with the effects of M in WTe;
[13]. Essentially, M and M’ are similar that both allow the
observed A¢ and thus t4¢, but they differ in the direction
of E with which this torque is allowed. Note that though
Fy is also allowed for the in-plane SOT, the measured S¢
is negligible. We could not identify any material-dependent
microscopic origins other than the inhomogeneous contact of
probe (Sec. IIC), which we have minimized with the best of
our engineering effort. The higher-order components, such
as F3, F, and Fs, have been demonstrated to be much smaller
in magnitude comparing to the lower-order components [13].
We have not observed the higher-order components neither.

TABLE II. Effects of M’ and M on SOT. The first two columns are adapted from Ref. [13].

M M
EIM E|M ELM E|M
E—- —FE E—>E E —- —FE E—>E
T—> —T T—> —T T—>T T—>T
b —> —u On —> T — Py ¢n —> T — Py Ou —> —u

(—=¢n) = 1(¢n)

¢y independent term allowed

(¢y) = —T(T — dy)

¢y independent term forbidden

() = —T(T — ¢y)

¢y independent term forbidden

T(—¢n) = t(Pn)

¢y independent term allowed
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FIG. 10. (a) Absence of the out-of-plane 7, in samples without magnetic asymmetry, such as y-IrMnj; (22)/Py (13) with ¢ = 45° and

(b) Pt (10)/Py (10).

B. Absence of 7,¢ in control samples without magnetic
asymmetry

In order to verify the effects of magnetic asymmetry, we try
to observe T4¢ in two control samples: y-IrMn;(22)/Py(13)
and polycrystalline Pt(10)/Py(10). In y-IrMnj3, the magnetic
asymmetry is absent due to disordered magnetic structure, and
Pt is known to have negligible magnetic moment let alone any
magnetic asymmetry. As expected, T4c is absent in both cases
for any choice of ¢g. Figure 10 shows the typical spectra of
voltages for the two control samples. Both Vs and V, shows
the usual sin(2¢y )cos(¢y) dependence. This shows that T4
is strongly correlated with the magnetic asymmetry.

C. Microscopic origin of the out-of-plane 7,

In Sec. ITIC, the microscopic origin of T4 is correlated
with the out-of-plane spin polarization s,, which can be ratio-
nalized from both the SHE and the REE perspectives. If 74¢ is
generated via the SHE, at least one of 0, and 0%, in the spin
Hall conductivity (o*; ;) tensor should be nonzero, where i, j,
and k indicate the orientations of spin current, electric current,
and spin polarization, respectively. We find o%,, = 68 %’% for
L1o-IrMn [22] and 0%, = 95 25 for L1,-IrMnj [8], both are
more than 50% of their respective o”,, that accounts for the
usual in-plane tpy .

On the other hand, if 74¢ is generated via the REE, the
inversion symmetry in the IrMn/Py bilayer should be broken.
Figure 11 shows that the nonmagnetic symmetry of the mag-

[010] am? L4
/Mn1 4
v

-
4

y
P Mn2

G

[001] [100]

netic sites is 4mm for both L1y-IrMn and L1,-IrMn3, which
indicates that the inversion symmetry is broken along the ¢
axis. In a 2D Rashba model for the 4mm point group [21,37],
the spin polarization s induced by an electric field E can be
calculated using the Kubo linear response formalism (s = xE,
where yx is the response tensor) [21]. When magnetic moment
is not considered, x only has the usual x,; term (meaning an
E || x induces an s || y), which accounts for the usual S4 and
Ay terms in the ST-FMR measurement. It is the contribution
from magnetic moments that generates the nonzero x3; and x3,
[21], which are responsible for the s,. Moreover, in the context
of REE-based SOT, AFM of different magnetic structures but
same symmetry (4mm) can generate SOT of similar symmetry
and strength [21]. This is consistent with our observation that
txc is induced by the common broken M’ in L1y-IrMn and
L1,-IrMn; despite their different magnetic structures. The
nonmagnetic symmetry of magnetic sites in the 2D Rashba
model, though differed from the magnetic symmetry shown
in Fig. 1(b), is useful to analyze the effects of magnetic asym-
metry on SOT since it demonstrates the symmetry-breaking
by magnetic moments.

V. CONCLUSION

The observed out-of-plane tp is different from previously
reported incidences that are only phenomenologically similar.
In WTe,, the low crystal symmetry is responsible for a net
s, [13]. However, the crystal symmetries of both L1y-IrMn

(b) [010]
[001] P v ,
’Mnl
| Y
T~a“\Mn3
\ Mn2
~
e
L X
o S § \
(’[001] [100]

FIG. 11. (a) Interfacial symmetry in L1,-IrMn and (b) L1,-IrMn;.
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(P4/mmm) and L1,-IrMn3 (Pm3m) are high and their (001)
planes have fourfold rotational symmetry (Fig. 11). In FM
systems, the unusual s, has been attributed to the spin-orbit
precession [12], the spin rotation symmetry [14], the AMR
effect and the anomalous Hall effect [15,16,38]. These pro-
cesses require the net magnetization of FM and s, is very
sensitive to interfaces. In contrast, we have verified that IrMn
as an AFM has no net magnetization (not shown) and, as
shown in Fig. 7(f), inserting a Cu layer between Py and IrMn
does not significantly change the strength of t4¢.

In conclusion, we have measured the SOT efficiencies of
three phases of IrMn and demonstrated an out-of-plane tp; in
both L1y-IrMn/Py and L1,-IrMn3/Py. This anomalous SOT
is strongly correlated with the magnetic asymmetry in IrMn
and is consistent with predictions of the SHE and the REE
considering an out-of-plane spin polarization. This out-of-
plane spin polarization is favorable for electrical switching of
a perpendicularly magnetized ferromagnet, which is compat-
ible with the contemporary high-density magnetic memories.
Moreover, unlike FM-based spintronics, AFM materials enjoy
many advantages, such as zero stray field, higher stability and
faster dynamics [1,21,26]. Therefore the possibility to control
SOT via magnetic asymmetry of AFM not only helps to
understand the origin of SOT, but also fuels the development
of next-generation AFM spintronics.
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with the DOE Public Access Plan [39].
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