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We investigate four CuAu-I-type metallic antiferromagnets for their potential as spin current detectors
using spin pumping and inverse spin Hall effect. Nontrivial spin Hall effects were observed for FeMn, PdMn,
and IrMn while a much higher effect was obtained for PtMn. Using thickness-dependent measurements, we
determined the spin diffusion lengths of these materials to be short, on the order of 1 nm. The estimated spin
Hall angles of the four materials follow the relationship PtMn > IrMn > PdMn > FeMn, highlighting the
correlation between the spin-orbit coupling of nonmagnetic species and the magnitude of the spin Hall effect
in their antiferromagnetic alloys. These experiments are compared with first-principles calculations.
Engineering the properties of the antiferromagnets as well as their interfaces can pave the way for
manipulation of the spin dependent transport properties in antiferromagnet-based spintronics.
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The detection of pure spin currents via the inverse spin
Hall effect (ISHE) [1-3] is a promising route towards
energy-efficient spintronics [4]. Towards this end, the
discovery of new spin-detector materials has focused on
normal metals (NMs), such as Pt, Ta, and W [5-7]. The
intense interest in spin current detection requires under-
standing of ISHE in materials beyond NMs. Recently, spin-
detector materials have been extended to ferromagnets
(FM) such as permalloy (Py) with comparable efficiency
to Pt [8]. However, additional FM ordering and other
confounding effects of anisotropic magnetoresistance
(AMR) limit the possible applications in dynamic experi-
ments [9]. In contrast, antiferromagnets (AF) with exotic
properties (e.g., zero net magnetization, nontrivial spin-
orbit coupling, and nonlinear magnetism) have attracted
increasing attention [10—14] and are promising for higher-
frequency applications beyond ferromagnetic resonance.
A large anomalous Hall effect and spin Hall effect (SHE)
have been theoretically proposed in y-FeMn, IrMn; and Cr,
owing to the large spin-orbit coupling of heavy atoms and
the Berry phase of the noncollinear spin textures [15-17].
These pioneering theoretical works emphasize the need for
searching new efficient AF spin current detectors material-
wise as well as experiments investigating the role of heavy
elements for the spin-orbit properties of their AF alloys. In
this context, important spin-transport parameters need to be
determined, which include the spin Hall angle (ygy), spin
diffusion length (44), and/or spin dephasing length [18,19],
as well as the influence from interface characteristics such
as spin mixing conductance (g,,;y), Spin-memory loss, and
exchange interactions [20-23].

In this work, we present measurements of four different
CuAu-I-type AFs with the same chemical structure, i.e.,
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XsoMns, where X = Fe, Pd, Ir, and Pt (with increasing
atomic number) as spin current detector materials. The
CuAu-I-type AFs are of significant interest due to their
simple structure as well as the possibility of epitaxial
growth on many FMs, which are crucial for many
spintronics applications. Spin pumping and ISHE experi-
ments were carried out on Py(15)/AF(¢) bilayer and
Py(15)/Cu(4)/AF(r) multilayer structures (all thicknesses,
including ¢, are in nm). The Cu(4) layer breaks the FM/AF
magnetic exchange coupling, yet it does not alter the spin
propagation between the FM and AF due to the fact that the
spin diffusion length of Cu is much longer than 4 nm at
room temperature (RT) (Fig. 1). We fabricated the devices
using magnetron sputtering and photolithography [24].
The bilayers and multilayers were prepared in the shape
of a 20 ym x 2 mm stripe using lithography and lift-off on
intrinsic Si substrates with 300-nm thick thermally grown
Si0,. The electrical leads and the coplanar waveguide
(CPW) were subsequently fabricated on top of the bilayers
or trilayers. An 80-nm-thick MgO spacer was used to
separate the multilayer stack from the CPW. The resistivity
values of the AFs were characterized independently using
a four-probe method, yielding 167.7 uQcm for FeMn,
223.0 uQcm for PdMn, 269.3 uQcm for IrMn, and
164.0 uQcm for PtMn, respectively. For the spin pumping
measurements, the frequency was kept between 4 and
9 GHz and the rf power was 10 dBm.

Figure 2 illustrates the dc voltages (V) measured at
9 GHz for the four different AF materials in the Py/Cu/AF
(5) structure. The signals have superimposed symmetric
and antisymmetric Lorentzian components. The antisym-
metric component is attributed to the homodyne AMR
while the symmetric component results from the ISHE
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FIG. 1 (color online). A sketch illustrating the chemical
structure of CuAu-I-type AFs (X = Fe, Pd, Ir, Pt) and the spin
pumping and spin Hall effect experiment for the Py/Cu/AF
structures.

[25,26]. The positive polarity of the ISHE voltage with
respect to the AMR indicates a positive spin Hall angle for
all four materials. Since both the ISHE and AMR compo-
nents have the same power dependence, the resultant dc
voltage is a sum of the two [25,26]. We define a parameter
Wisue, Which represents the weight of the symmetric
component (ISHE). Wigyg can be further expressed in
the form of Wigyg = 1/(1 + Vamr/Visug), and the ratio
of the two components can be written as [27]

Visue _ YsHELES GmixAst Iet PEM IAF
= e ————tanh . (1)
Repwlcpw 72 AH tem 25

VAMR

where ygy is the spin Hall angle, L is the device length,
E is the ellipticity correction, Rcpy is the CPW resistance,
Icpw is the microwave current passing along the CPW,
ARpy\/Rpy is the FM anisotropic magnetoresistance, h is
the Oersted field, AH is the linewidth, and pgy; is the FM
resistivity [27]. Notably, the AF thickness dependence is
only contained in the distribution of the spin accumulation
tanh(75p/24s ). Therefore, the spin diffusion length can be
extracted from fitting the thickness-dependent ratio Wisyg
(Fig. 3). This model was initially used for Py/NM bilayers,
but it can be applied to the current scenario due to the
facts that (1) Cu has a negligible spin Hall effect and
long spin diffusion length (on the order of hundreds of nm),
and (2) Cu shunts the voltages from both AMR and
ISHE; therefore, the parameter Wgyg is weakly affected.
Experimentally, we found that the absolute values of Wigyg
for Py/AF are almost the same as with Py/Cu/AF but only
slightly smaller, and the thickness dependence of Wigyg is
almost identical for the two sets of samples. One possible
explanation of the smaller Wgyg values for Py/AF could be
the exchange spring effect [28,29] causing an additional
AMR contribution from the AF moments oscillating
together with the Py moments [10,13]. We obtain the spin
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FIG. 2 (color online). AMR-ISHE spectra measured at 9 GHz
of the Py(15)/Cu(4)/AF(5) structure for FeMn, PdMn, IrMn, and
PtMn at RT.

diffusion lengths for the four AF materials (Fig. 3):
j'sf(FeMn) =1.84+0.5 nm, ﬂ,sf<den>:1.3 +0.1 nm, Asf(IrMn) =
0.7+0.2nm, and Asppny = 0.5 0.1 nm. Such small
spin diffusion lengths are comparable to the mean free
paths estimated from their resistivity values; however, the
diffusion model, which lays the foundation of the above
analysis, is still valid in this limit [30].

In Eq. (1), only the spin Hall angle ygy, spin mixing
conductance ¢,,;x, and spin diffusion length A are specific
parameters related to the AF materials (spin current
detector). Therefore, Wigyg can be rewritten as

1 -1
Wishe = <1 + > ) (2)
C¥ sHYmixAst tanh(%ff)

where C depends on f and is otherwise only a function
of the CPW and FM layer, and is thus independent of
the AFs. We note that for very thin AF layers, it is likely
that the Néel temperatures may be below RT due to the
finite size effects [31,32], which may affect the determi-
nation of Ay;. Using a phenomenological model [31] and
realistic parameters [33] we estimate the critical thicknesses
for paramagnetic to antiferromagnetic transitions at RT to
be ~1-2 nm for all the AFs studied here. However, at
sufficiently high AF thickness, 1,z (> 34), the AF layers
are antiferromagnetically ordered and the Wigyg also
saturates with the AF thickness [tanh(7sr/24¢) = 1], i.e.,
ngtHE = [1 + (1/C7/SHgmix’ISf)]_1' We use the W%%-IE val-
ues obtained from the thicker samples (14 > 5 nm) for the
determination of ygy of the antiferromagnetically ordered
phases. According to Fig. 3, Wi&, values of the four AFs
at 9 GHz are 0.22 + 0.01 (FeMn), 0.18 + 0.01 (PdMn),
0.18 = 0.01 (IrMn), and 0.31 £ 0.01 (PtMn). Using the A
values determined above and neglecting the variation of

196602-2



week ending

PRL 113, 196602 (2014) PHYSICAL REVIEW LETTERS 7 NOVEMBER 2014
o trequency (GHz) ’ S number in a series of noble metals [35]. Our results further
s 140 1.820.5nm highlight the important role of the spin-orbit coupling

T2 [ l $ of the heavy elements for the properties of their simple
o2 = I % j alloys which also acquire a sizable spin-orbit effect due to
= i I ; the transfer of spin-orbit coupling through their orbital
o1 : hybridization [16,34].
o '_ : FesoMns In order to determine the spin Hall angle and spin Hall
0 2 4 6 8 10 12 5 6 7 8 ¢ conductivity quantitatively from the experimental data, it is
teoun (NM) Frequency (GHz) : . L.
0.4 3 also necessary to determine the spin mixing conductance
1.3+0.1 nm Jmix> Which is usually extracted from the damping enhance-
03 Pl 1, ment (Aq) in the spin pumping experiment. For para-
woal . E 1l magnetic metals, the damping enhancement is mostly
z il ¥ ‘% >3 % {' + related to bulk spin absorption. However, additional con-
ol {3 — ! tribution may arise due to magnetic ordering of interfaces
e [19,36]. For Py/Cu/AF structures, it has been found that the
B R S T R A spin mixing and the spin-to-charge conversion are driven by
ton (NM) frequency (GHz) the Cu/AF interface and the AF spin absorption, respectively
4 T T [18,22,23]. For Py/AF structures, the spin mixing is affected
osl o 0.7+0.2nm by interface magnetic ordering and exchange coupling.
50 50 2

gp(nm)

IS

5 6 7 8 9
Frequency (GHz)

0.5+0.1 nm

gp(nm)

(') Q o
[ hd L]

5 6 7 8
Frequency (GHz)

tFtMn (nm)

FIG. 3 (color online). Thickness dependence of the weight
Wisue of the symmetric component and estimation of the spin
diffusion length for FeMn, PdMn, IrMn, and PtMn at RT.

Jmix for now, we estimated the relative strength of the
spin Hall angle (using FeMn as reference) of the four
AF materials, FeMn :PdMn:IrMn:PtMn=1:1.1:2.1:5.7.
This result is not unexpected, since recent theoretical work
[16] attributed the origin of the anomalous Hall effect of
IrMnj; not only to the triangular spin textures but also to the
large spin orbit coupling of the heavy Ir atoms which is
transferred to the magnetic Mn atoms by their hybridiza-
tion. Further, another experiment showed that the spin-orbit
strength of a nonmagnetic metal in a magnetic alloy
directly dictates the magnitude of the anomalous Hall
effect [34]. Therefore the 5d-metal-alloy AFs (PtMn and
IrMn) are expected to exhibit stronger intrinsic SHE than
the 4d-metal-alloy PdMn, which is further stronger than
the 3d-metal-alloy FeMn. Recent work has demonstrated
quantitative scaling of the spin Hall angle with the atomic

We present data for IrMn as an example. As illustrated in
Fig. 4, the linewidth for Py/IrMn is higher than that for
Py/Cu/ItMn, and both are greater than for pure Py. The
damping enhancement can thus be extracted from a linear
fit for the frequency dependence of the linewidth broad-
ening (AH) [25,27]. As shown in Fig. 4(a), the damping
enhancement for Py/Cu/IrMn is around Aa=1x1073. g,
is estimated around 12nm=2 via gy = (47M stpy/ gup) Aa
[21,25,27], where g, up, and M, are the Landé g factor,
Bohr magneton, and saturation magnetization of Py,
respectively. Measurements on FeMn, PdMn, and PtMn
show less discernable damping enhancement. In order to
compare our measurements to the theoretical calculations,
we assume the same value of g, for all measured AFs.
Using the predetermined resistivity values of each AF, we
estimated the spin Hall angle of the AFs to be 0.008 &
0.002 for FeMn, 0.015 4 0.005 for PdMn, 0.022 + 0.005
for IrMn, and 0.060 4= 0.010 for PtMn, respectively. The
corresponding spin Hall conductivities (o.,) are also
calculated and shown in Table I. These estimated values
are in agreement with the previous analysis using the ratio
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FIG. 4 (color online). (a) Frequency dependence of the line-
width broadening for the IrMn set of samples, and (b) the
extraction of the damping enhancement with respect to pure Py at
RT and 10 K.
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TABLE 1. Calculated SHE conductivities o}; for staggered magnetization along a-axis and c-axis directions and comparison with
experimental values (.y,) [units in (72/e S/cm)]. For staggered magnetization along the ¢ axis, PtMn, IrMn, and PdMn exhibit c4
symmetry around the ¢ axis, which results in 67, = —0%z, Ooy = —o7,, and 6%, = —oj,. Because of the spontaneous magnetic moments

on Fe, this symmetry is absent in FeMn.

O-f\('z D-)zcy GZ)C O-Jy& chy 5§x o Oay Gexp

PtMn ¢ axis 303.9 -219.9 219.9 -303.9 60.3 —60.3 194.7 1252 182.9
a axis 304 -10.5 52.3 —-260.9 92.5 -96.5 90.5 ’ '

IrMn ¢ axis 372.8 -59.7 59.7 —372.8 40.9 —-40.9 157.8 416 408
a axis -21.3 -94.6 126.3 -351.6 —325.1 325.1 —-16.5 ’ ’

PdMn c axis 69.5 -17.0 17.0 —69.5 17.8 —-17.8 34.8 39 336
a axis 0.0 3.5 7.4 —66.8 —70.8 69.8 —11.6 ’ '

FeMn ¢ axis 51.9 48.4 —47.6 50.9 —100.3 96.5 —48.6 ~59.0 239
a axis —82.6 85.9 —47.8 47.5 —121.6 0.0 —64.2 ’ ’

between ISHE and AMR. Finally, we note that the spin Hall ~ along the ¢ axis and averaged the SHE conductivity with
angle for PtMn is comparable to that of Pt obtained by the  respect to the staggered magnetization direction. Spin-orbit
same experimental approach [24], which opens up the  interaction was included in the calculations. The intrinsic
possibility of using PtMn as spin current detector in a  spin Hall conductivity is given by
variety of AF-spintronics applications.

The Py/AF bilayers showed additional damping o — —2en Z Z Im (kn|Qi[km)(km|v;|kn)
enhancement, which is 3 or 4 times larger than in the Y N
Py/Cu/AF samples (Fig. 4). We attribute this additional
damping enhancement to the FM/AF exchange coupling (3)

at .the interface. Since AFs usually have relatively high ..o Ej is Fermi energy, N is the number of k points k,
anisotropy, the transfer of the spin angular momentum ¢y, is the band energy, v; is the velocity component in
from precessing FM(Py) to the AF experiences additional  4i ection j, and QF = (hj /4V)[6,v; + v,0,] is the spin
dissipation induced by the rigid AF spin lattices under i ' - i

direct FM/AF exchange coupling. We also measured the
frequency dependent linewidth at 10 K for one sample,
Py(15)/IrMn(5). The damping enhancement is almost

doublgd compared to that at room temperature, which is oy ajuation of Eq. (3) computationally efficient. We con-
also likely due to the enhanced AF anisotropy at lower  girycted 18 maximally localized Wannier functions per
temperatures [Fig. 4(b)] [37]. Thls. correlation between the ;45 describing the valence states [43,44]. A 512 x 512 x
damping enhancement and AF anisotropy could be useful 515 Monkhorst-Pack & mesh [45] was employed to perform
for t'unln'g dynamic propemes of AF-spintronics devices via the Brillouin zone summation in Eq. (3). The resulting SHE
engineering the AF anisotropy. . conductivities are listed in Table L

Finally, we compare the experimental estimates of SHE Assuming that the thin layers of PtsyMnsg, Irs)Mnsg,
to the intrinsic SHE calculated for ordered PtMn, IrMn, PdsyMns,, and FesyMns, on Py are (111) textured and
PdMn, and FeMn alloys. The generalized gradient approXi-  tha the individual crystallites are rotated randomly around
mation to density functional theory [38] as implemented in e (111) direction we obtain polycrystalline average SHE
the full-potential linearized augmented-plane-wave code  conductivities listed as & in Table I for fixed collinear
FLEUR [39] was employed in the (falculatlons. We took the staggered magnetization directions along the a and c¢
lattice parameters measured experimentally for the ordered  irections within the crystallites. Assuming additionally

alloys at room temperature: @ =4.00 A and ¢ =3.67 A (hat the direction of the staggered magnetization in the
for PtMn, a=3.855A and ¢=3.644 A for IrtMn, a=4.07A  (rygtallites is random, we compute averaged SHE con-

and ¢ =358 A for PdMn, and a=c=3.63 A for  guctivities as
FeMn. In the ordered alloys, the staggered magnetization is

bl

_ 2
k ekn<EF<€km (ekl’l ekﬂ’l)

current density operator for spin current flowing in the i
direction with spin pointing in the s direction. Here, V is the
volume of the unit cell and ¢, a Pauli matrix. We employed
the Wannier interpolation technique [42] to make the

along the ¢ axis in PtMn and along the a axis in PdMn and Gap = [26(a — axis) + &(c — axis)]/3, (4)
IrMn [40]. FeMn is a noncollinear antiferromagnet [41].
Since the magnetic structure of the thin layers of PtsoMns, which are also given in the Table I. It is noted that the values

IrsoMnsg, PdsyMns,, and FesoMns on Py is not known, we  for PtMn, PdMn, and IrMn follow qualitatively the trend
therefore performed calculations of the electronic structure  established by the experiments, which validates the aver-
assuming collinear antiferromagnetic order with a stag-  aging of magnetization directions for polycrystalline films.
gered magnetization direction along the a axis as well as  The larger discrepancy between experiment and theory
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observed for FeMn (including a sign difference) may be
due to its pronounced noncollinear magnetism.

In summary, we studied four metallic AF materials
with the same chemical structure as possible spin current
detectors using spin pumping and inverse spin Hall effect.
By thickness-dependent measurements, we determined the
spin diffusion length of these materials to be all rather short,
on the order of 1 nm. We estimated the strength of the spin
Hall angle of the four AF materials, in which the
PtMn showed a large value, comparable to that of Pt.
The estimated spin Hall angles of the four materials follow
the relationship PtMn > IrMn > PdMn > FeMn, corrobo-
rating the important role of the spin-orbit coupling of the
heavy metals for the properties of the Mn-based alloys
through orbital hybridization. By comparing samples with
and without a Cu spacer, we confirmed an additional
damping enhancement due to the exchange coupling at
the FM/AF interface, in addition to that induced by the
transfer of spin angular momentum from spin pumping.
We also performed first-principles calculations of ordered
alloys and showed that the value of spin Hall conductivity
can vary significantly with crystal orientation and staggered
AF magnetization; calculations of averaged spin Hall
conductivities for polycrystalline systems are in agreement
with our experimental results for PdMn, IrMn, and PtMn.
Future works on ordered epitaxial systems may allow
tailoring the sign and magnitude of the spin Hall con-
ductivities by manipulating the growth along different
crystal orientations in these antiferromagnets.
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