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Composite Spin Hall Conductivity from Non-Collinear

Antiferromagnetic Order

Steve Novakov,* Peter B. Meisenheimer, Grace A. Pan, Patrick Kezer, Nguyen M. Vu,
Alexander J. Grutter, Ryan F. Need, Julia A. Mundy, and John T. Heron*

Non-collinear antiferromagnets (AFMs) are an exciting new platform for
studying intrinsic spin Hall effects (SHEs), phenomena that arise from the
materials’ band structure, Berry phase curvature, and linear response to an
external electric field. In contrast to conventional SHE materials, symmetry
analysis of non-collinear antiferromagnets does not forbid non-zero
longitudinal and out-of-plane spin currents with X, Z polarization and predicts
an anisotropy with current orientation to the magnetic lattice. Here,
multi-component out-of-plane spin Hall conductivities 6%, ), 67, are
reported in L1,-ordered antiferromagnetic PtMn, thin films that are uniquely
generated in the non-collinear state. The maximum spin torque efficiencies
(¢ =Js [J. = 0.3) are significantly larger than in Pt (¢ ~ 0.1). Additionally, the
spin Hall conductivities in the non-collinear state exhibit the predicted
orientation-dependent anisotropy, opening the possibility for new devices

spin current generation that is critical for
the development of low power non-volatile
electronics.['?3] Currently, intrinsic spin
current generation in thin films has relied
on non-magnetic materials, originating
from interfacial symmetry breaking/*>]
(such as the Rashba-Edelstein -effect),
crystalline symmetry breaking,[®78] surface
spin current from a topological insulator
state,[>1%11 or a bulk spin Hall effect from
high band spin-orbit coupling in mate-
rials such as W or Pt.['2131455] In bulk
SHE systems, the Berry phase curvature
originates from spin-orbit coupling and
is maximal when the spin-orbit splitting
between bands is small and the Fermi level

with selectable spin polarization. This work demonstrates symmetry control
through the magnetic lattice as a pathway to tailored functionality in

magnetoelectronic systems.

1. Introduction

Thin film antiferromagnets have emerged as strong candidates
for state-of-the-art spintronic applications, promising efficient

is between the opened gap, maximizing
the contribution to the linear response
tensor.121516]  In gsystems with highly
magnetic atomic species, additional Berry
curvature can arise from itinerant electron
interaction with the magnetic lattice (s-d
model), a mechanism that predicts large
intrinsic spin conductivities without any contribution from spin-
orbit coupling.['7!8] Furthermore, the reduced symmetry of non-
collinear magnetic lattices, compared to non-magnets or ferro-
magnets, allows for unconventional non-zero components of the
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linear response tensors for charge and spin currents. For in-
stance, breaking twofold rotational symmetry or inversion per-
mits out-of-plane spin currents with additional %, 2 polarization
and intrinsic longitudinal spin currents.[1*202!] Detailed theoret-
ical work computing the intrinsic spin Hall conductivities in the
XMn; (X = Rh, Ir, Pt) materials shows highly anisotropic spin
conductivity and large non-zero amplitudes for unconventional
polarizations.??] Compared to high symmetry non-magnetic ma-
terials with high spin-orbit coupling (e.g., fcc Pt, Laue group
m3m1’), which have spin Hall conductivity tensor components
restricted to that of the canonical spin Hall effect (e.g., only
o, -0y, contributions for an applied current along %), the re-
duced symmetry of the cubic PtMn; non-collinear state (Laue
group 3m’1) allows for additional transverse and also longitudi-
nal spin conductivity for multiple spin polarizations.!*! Further-
more, the conductivities can be anisotropic with respect to cur-
rent orientation, potentially allowing for selection of preferred
spin current direction and polarization.?2?}] Recent work with
the non-collinear IrMn, system yielded a large facet-dependent
spin Hall conductivity,?*! though it showed only conventional
62, and it was not directly linked to the AFM order due to the
large Néel temperature (T, ~ 1000 K).[2*! In Mn,Sn, the direc-
tion of the order parameter (the magnetic octupole moment of
a noncollinear spin lattice) has been shown to create large o7,
and that its relative amplitude to o), can be tuned by chang-
ing this orientation.””) The near room temperature accessibil-
ity of three distinct magnetic textures (non-collinear, collinear,
and non-magnetic)/?¢?’l makes PtMn; a uniquely suitable ma-
terial for studying intrinsic AHE/SHE that originates from elec-
tron exchange with the magnetic lattice. For the AHE, a link with
the antiferromagnetic order has been presently established, us-
ing both temperature and piezoelectric strain to move a PtMn,
film out of the non-collinear AFM state and suppress the intrin-
sic AHE entirely.[?®] In our work, we have synthesized L1, ordered
(001)-oriented PtMn; thin films in isolation and in heterostruc-
tures with Permalloy (Py, here approximately Nig,Fe,)) to mea-
sure the anomalous (o,,) and out-of-plane spin Hall conductivi-
ties (ol , i € (x, y, 2)) in each of the accessible antiferromagnetic
phases with second harmonic Hall effect measurements and to
explicitly correlate them with magnetic order and show the ex-
pected anisotropy in the spin Hall conductivity. We observe that
the maximum spin torque efficiencies (¢ = J /]. ~ 0.3) from the
unconventional %, 2 polarized out-of-plane spin currents are sig-
nificantly larger than the traditional y polarized out-of-plane spin
current in Pt (¢ ~ 0.1). This orientation-dependent anisotropy
and high efficiency is promising for efficient switching of mag-
netic devices and devices with selectable spin polarization com-
ponents.

2. Results and Discussion

Thin film PtMn, samples in this study were grown on (001)-
oriented SrTiO, substrates via RF magnetron sputtering (see Ex-
perimental Section). A representative X-ray diffraction (XRD) 260
— w scan of a 95 nm PtMn, film on SrTiO;, as well as a ¢ scan of
the substrate and PtMn, 024 peaks, is shown in Figure 1b. The
PtMn, films are predominantly (001)-oriented, with thicker films
showing detectable amounts of (111) oriented domains (though
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these are consistently < 1% of the total film volume). The L1, or-

dering fraction of the PtMn, film in Figure 1b, calculated from

the ratio of the 001 and 002 integrated peak intensities (see Exper-

imental Section), is 0.91, with the rest of the film assumed to be

the solid solution y-PtMn;. High-angle annular dark field scan-

ning transmission electron microscopy (HAADF-STEM) images

of the same 95 nm PtMn, film is shown in Figure 1c. Over the im-

aged region, the films are single crystal, (001)-oriented, and L1,

ordered, although occasional antisite defects are observed. Un-

polarized neutron reflectivity measurements (see Experimental

Section) reveal a transition region near the substrate with differ-

ent stoichiometry to the bulk (see Note S1, Supporting Informa-

tion, for a detailed discussion). The resulting scattering length

density (SLD) profiles yield a Pt-rich transitional growth region

0f18.4 + 0.3 nm (unless otherwise noted, all uncertainties repre-

sent +1 standard deviation) with an approximate stoichiometry of
PtMn, ,, followed by a uniform “bulk-like” layer of near optimal
stoichiometry, approximately PtMn, , (see SLD profile in Figure
S2, Supporting Information). We anticipate this transition region
exists due to the large lattice mismatch (~1.8% in-plane lattice
mismatch between (001)-oriented SrTiO; and bulk cubic PtMn,),

which favors the y phase with reduced manganese stoichiometry
to relax the epitaxial strain. For our transport studies, the exis-

tence of this transition region necessitates PtMn; films thicker
than 20 nm for harmonic Hall effect measurements. Indepen-

dent of this transition region, deposition conditions were tuned
to target a slight Mn deficiency (x = —0.07 for Pt;_ Mn,, ) in or-

der to reduce transition temperatures below 400 K to make them
more accessible for electrical measurements. 2] X-ray photoelec-

tron spectroscopy (XPS) measurements of the Mn 2p and Pt 4f
peaks (see Experimental Section) yield a stoichiometry of approx-

imately PtMn, ., (07 (¥ =—0.06 + 0.02 for Pt;_ Mn,_ ) near the
surface of the film, within the desired range, and in agreement
with the neutron reflectivity data.

Electrical measurements of PtMn;, Py, and PtMn,/Py films
were performed on Hall devices with 10 um X 40 pm channels
for longitudinal and Hall resistivity measurements (see Experi-
mental Section for fabrication details). The general measurement
scheme and angular coordinate system for harmonic Hall effect
measurements is shown in Figure 1d. Zero field R, versus tem-
perature of SrTiO,;/PtMn,(95 nm) films is shown in Figure le.
There is a clear intermediate phase between 150 and 200 K where
the films have significant remnant magnetization in the out-of-
plane direction that does not saturate for maximum fields up to
9 T. As shown in Figure 1f, an increase in the zero-field Hall
resistance emerges smoothly below Ty and undergoes a first-
order transition between 200 and 300 K, after which it dimin-
ishes. The temperature difference between the first-order and
Néel transition is #150 K, and the overall profile matches that
of the neutron diffraction intensity of the half-order (10%) peaks
in prior studies of bulk PtMn, with stoichiometry that closely
matches that of our films.[?! These peaks correspond well to the
emergence of an intermediate collinear AFM state, which has a
magnetic lattice symmetry between the high temperature non-
magnetic metal and the low temperature non-collinear AFM.
With respect to the bulk material, the transition temperatures
in the SrTiO,/PtMn, samples are shifted downward from 50 to
100 K, which we attribute to a combination of tetragonal strain
from the substrate lattice mismatch (c/a &~ 0.98 at 300 K) and
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Figure 1. Structural properties and magnetic phase transitions of PtMn; thin films on (001)-oriented SrTiO;. a) The low temperature non-collinear
AFM state of L1, ordered PtMn; with Pt on the vertices (gray) and Mn on the face sites (purple). b) XRD of 001 PtMn; on SrTiO3 (STO) with ¢
scan (inset). ¢) STEM micrograph of representative PtMnj; thin film showing Pt (white), Mn (purple), and occasional Mn/Pt substitutional defects
(white/purple). Thin films on SrTiO; used in this study exhibit L1, ordering fractions of 0.70-0.91 with thinner films typically having higher ordering.
d) Schematic of longitudinal and transverse measurement coordinates for patterned PtMn; and PtMn; /Py Hall devices. ) Anomalous Hall resistance
of SrTiO3/PtMn; (95 nm) versus out-of-plane field H, and temperature T (offset for clarity). f) Remnant zero-field anomalous Hall resistance from 5T
training field versus temperature of SrTiO; /PtMn3 (95 nm) (error bars represent 2 standard deviations of R,, for H, up to £500 Oe at each temperature
in (b). The intermediate state of large R,, (H, = 0) corresponds well to a high susceptibility state with remnant ferromagnetic canting in the out-of-plane
direction from field cooling (inset). The observed first order transition between 250-300 K is consistent with bulk PtMn;, but shifted lower in temperature

by 50-100 K.

reduced Mn stoichiometry. This stoichiometric influence on tran-
sition temperature and lattice constant has been previously stud-
ied in detail,[?°! and recent work has shown that even slight differ-
ences in deposition rate can cause a large shift.[?°! In attempting
to directly probe these phase transitions with neutron diffraction
of SrTiO;/PtMn; (95 nm) samples, we found that it was not pos-
sible to resolve distinct PtMn, peaks due to the significant over-
lap with the substrate. Instead, we performed temperature de-
pendent diffraction studies on films grown on MgO, which con-
firms a ~#400 K Néel transition, though films on MgO are signif-
icantly less ordered and exhibit higher epitaxial strain (see Note
S2 and Figure S3, Supporting Information). Polarized neutron
reflectometry shows that MgO/PtMn, films are exclusively anti-
ferromagnetic and have no net moment (see Figure S1, Support-
ing Information). As the Néel and first-order transition are now
electrically accessible, we measure the spin conductivity in each
explicit regime and link its structure directly to the AFM order.
We evaluate the spin current being injected into the Py layer
by the PtMn, with harmonic Hall measurements, whereby a
harmonic current is applied to the bilayer that induces spin
canting in the ferromagnet layer, which is encoded in the sec-
ond harmonic magnetoresistance.3%3132] Under an injected spin
current with polarization p, the magnetization dynamics in
the ferromagnet layer are described by the Landau-Lifshitz—

Gilbert-Slonczewski (LLGS) equation: i = —yi X Hg + afit X

m+yH i X px i +yH, pX i, where H. encapsulates crystal

and shape anisotropy fields, as well as any external fields H.,,
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and H; and H, are the damping-like and field-like spin torque
effective fields, respectively. Here, the notation H, = Hp, and
H, = Hy — Hg, is adopted to separate the damping-like and
field-like contributions from spin transfer torques from that of
the Oersted field from an applied total current in adjacent film
layers or interfaces. These magnetization dynamics are coupled
to the magnetoresistance through the anomalous and planar Hall
effects: R, (6, @) = R, cos 6 + Rysin *fsin 2¢, where the mag-
netization orientation is m = cos ¢ sin 6% + sin ¢ sin 0 + cos 62,
with 2 || [001] for our thin film samples. When a current is ap-
plied to the heterostructure, the spin currents generated in the
PtMn, layer diffuse upward into the Py and deflect the magne-
tization away from its equilibrium orientation by some small
Af, Ag depending on the strength of H, H,. To claim that
the origin of these perturbations is the intrinsic spin current
from the antiferromagnet and rule out anomalous self-torques,
the Py film must have a smooth interface, be not much thicker
than 4 nm, and the anisotropy must be that of an ideal uniax-
ial in-plane ferromagnet.’*] The spin transfer interface of the
SrTiO,/PtMn,(46.6 nm)/Py(6.8 nm)/SiC sample used for har-
monic Hall measurements is shown in a STEM micrograph
in Figure 2a. There is no significant roughness or atomic mix-
ing between the PtMn, and Py films, and the interfacial transi-
tion length is conservatively bounded at 1 nm. This thickness
was deemed to be optimal due to the ~20 nm transition re-
gion from the substrate (see Figure S2, Supporting Information)
and corresponds to the approximate minimal thickness that the
lattice constant approaches the bulk value with thinner films
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Figure 2. Interface quality and magnetic anisotropy of PtMny/Py. a) STEM micrograph of the PtMn;/Py interface of the
SrTiO3/PtMn; (46.6 nm)/Py(6.8 nm)/SiC sample used for harmonic Hall measurements showing high crystalline ordering and an interface tran-
sition region <1 nm. The smoothness and quality of the spin Hall/ferromagnet interface reduces anomalous spin torques and ensures the maximal
intrinsic response. b) Out-of-plane field anomalous Hall effect scans of patterned SrTiO3 /PtMn; (46.6 nm)/Py(6.8 nm)/SiC Hall devices from 120-400 K,
showing smooth linear behavior in the low field regime across the full temperature range. c) In-plane VSM of a 5 mm X 3 mm piece of the same
SrTiO3 /PtMn; (46.6 nm) /Py (6.8 nm)/SiC sample used for Hall devices from 120-400 K and up to 250 Oe under an applied 50 Oe training field during
temperature sweeps. Note that 1 emu = 1 mA m?. At all temperatures, there is no significant exchange bias and the Py is well saturated in-plane
at 250 Oe, the minimum used for second harmonic Hall effect measurements, ensuring monodomain-like behavior for the spin transfer torque

measurements.

showing high tetragonal strain.[”?! From out of plane anoma-
lous Hall effect field sweeps (Figure 2b) and in-plane vibrating
sample magnetometry (Figure 2c), the Py in our PtMn, /Py bilay-
ers has the ideal in-plane uniaxial anisotropy and is totally satu-
rated in-plane at ~#150 Oe for all temperatures between 120 and
400 K. For the in-plane harmonic Hall effect study, the minimum
field used is 250 Oe, and the Py is expected to behave as a fer-
romagnetic monodomain. A general schematic for the bilayer
harmonic Hall effect measurement in this regime is shown in
Figure 3a.

Spin currents in the non-collinear phase of PtMn, are pre-
dicted to be anisotropic and carry unconventional transverse
polarization due to itinerant carrier exchange with the low-
symmetry Kagome lattice.['®?223] Charge current applied in the
high symmetry [111] direction leads to only a conventional spin
Hall-like texture, while charge currents in the Kagome plane
lead to transverse spin currents that have spin polarizations p ||
[111] (see schematic in Figure S7, Supporting Information).!?}]
The film plane in our samples is (001) and not the high sym-
metry (111) orientation, so we expect a linear combination of
these two modes depending on in-plane orientation. We probe
this orientation-dependent anisotropy of spin Hall conductivity
by orienting Hall devices along the [100], [110], [010], and [110]
crystal axes. The expected anisotropy can be determined from
the symmetry transformations of spin Hall conductivity tensors
&', 1 € (%, y,2) as done previously??] and projected into the co-
ordinate system of our Hall devices. For a spin Hall conductiv-
ity tensor with polarization component p’ in some global basis,
the expected spin current in a Hall device with channel orienta-
tion E (parallel to the in-plane longitudinal electric field) is L=
Ly PR 0" -E|, where R = 3, (F- p')p, E = X (E- )/
are the projections of the spin current direction and applied elec-
tric field into the original basis. These calculations are explained
in detail in Note S5 (Supporting Information). The theoretically
expected spin conductivities for a device with a single (111)-
oriented antiferromagnetic domain are shown in Figure 3b. In
general, the ¢! components are highly anisotropic with respect
to the crystal orientation, and each component has a respective

Adv. Mater. 2023, 35, 2209866 2209866 (4 of 10)

set of orientations where it dominates. This analysis explains re-
sults from a parallel work, in which substrate epitaxy was used
to orient the magnetic lattice of the noncollinear state.>*] Sur-
prisingly, this work did not report any ¢ spin torques, though
they are expected for any devices that strongly project to [100]-
equivalent orientations. We speculate that some difference be-
tween measurement schemes (spin torque ferromagnetic reso-
nance (STFMR) versus harmonic Hal effect) hides these com-
ponents, though they were resolved in Mn;GaN with the same
method.l*!) In the most general case here, a single global AFM
domain will generate some combination of p = %, §, 2, polarized
spin current. Assuming some contribution from all possible po-
larization components, the expected in-plane second harmonic
response is:

V2 = V' sin2¢p + CRyI cos @

Xy
1 RaTpmJsim
2 H_, + Hq

ext

Ry
i vJsHm

ext

(h:, sing — hy cos g+ h))

cos 2 (K}, sing — (k. —ho.) cosp + b7 )
1)

where Hy, 1 = Jsuy by o, fori € (x, y, 2) are the components of
spin current polarization, and the second term, CR,I?  cos ¢ is
a separate contribution from the anomalous Nernst effect, which
arises from out-of-plane thermal gradients present in every thin
film system.[*!] In our cryogenic system (see Experimental Sec-
tion), we find a non-field-dependent V'sin 2¢ term emerges be-
low 150-200 K, which we speculate is some small injection of
the driving harmonic signal through the external wiring that
becomes measurable at lower temperatures. V' in all devices
measured here is typically <500 nV or approximately < 5% of
the ny”’ amplitude at 120 K and does not vary with field. We
adopt a current-density based convention for the damping like
(hi,,) and field-like (k. ) spin torque effective fields in Oe per
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Figure 3. Current and domain orientation versus spin torque components in PtMn; /Py. a) Simplified schematic of out-of-plane spin current from o', i
€ (x, y, z) generated in the AFM spin Hall material with net polarization p diffusing into a ferromagnetic layer and causing field-like and damping-like
spin torques. b) Current orientation dependence of 6! for a device with a single (111)-oriented antiferromagnetic domain, and with a Hall device &
oriented at an in-plane angle ¢ from the [100] crystal direction using &' from Ref. [22] and transforming into the device coordinates. c) Schematic of
possible non-collinear AFM domain orientation in (001) plane (white arrows are in-plane [111] projections), and degeneracy with two Hall bars oriented
orthogonally to the crystal lattice but with identical magnetic lattices. Second harmonic Hall resistance at H,,, = 250 Oe for temperatures between
120400 K for devices with significant d) o7, e) ), f) o), which emerge below 200 K. In (d), (e), and (f) some low temperature curves (e.g., those with
high 2 signature) are vertically centered for a clear symmetry comparison. g) A clear first-order transition is seen in the in-plane Rf}’," at in-plane angle

@ =90° that matches that seen in the anomalous Hall resistance. Unlike with conventional p = §, Rfy‘" varies significantly with T, H, at ¢ =90°, 270°
when p =%, 2 components are present. Aligning devices to a preferred AFM texture orientation is difficult due to AFM domain formation as highlighted

in (c) though it is possible to find devices with dominant p = %, §, 2 components.

107 A cm™ (1 Oe = 79.6 A m™!), which is normalized for the
current density in the PtMn, film layer. We note that only the
PtMn; film within =10 nm of the Py interface is likely to be
relevant to the harmonic Hall effect measurements due to the
low spin diffusion length in metals, typically 1-10 nm.3%] For
our harmonic Hall effect measurements, we grew heterostruc-
tures of SrTiO,/PtMn,(46.6 nm)/Py(6.8 nm)/SiC, keeping Py be-
low ~10 nm thickness to minimize any anomalous second har-
monic response from out-of-plane spin texture formation in the
Py layer.[>}] In general, the PtMn, /Py interface is smooth, show-
ing less than 1 nm peak-to-peak-roughness, though we observe
occasional pockets of cubic Mn at the surface, attributed to man-
ganese diffusion at elevated temperatures (see Note S3, Figures
S4 and S5, Supporting Information). To quantify the current dis-
tribution in bilayer PtMn, /Py devices, 4-wire resistivity measure-
ments were performed on isolated films and a parallel resistor
model was used to estimate the current splitting (see Note S4,
Supporting Information).

In addition to current orientation, it is critical to consider the
size and orientation of antiferromagnetic domains. Below the
first-order transition, the Kagome planes of the low-temperature
PtMn, phase could be oriented in any (+ 1 + 1 + 1) equivalent di-
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rection. If a Hall device is rotated 90° in-plane with respect to the
crystal lattice, but the AFM lattice is also rotated accordingly, then
there is no change to the system from re-orienting the device, as
outlined in Figure 3c. As shown in Figure S8 (Supporting Infor-
mation), the presence of unconventional %, 2 components is only
expected in configurations with low global symmetry, with the
high-symmetry limit of totally random domain orientation reduc-
ing to a conventional j-only spin Hall effect system, despite the
existence of the noncollinear state in each domain (Figure S8g,
Supporting Information). In general, field-training non-collinear
antiferromagnetic domains are not a well-defined practice, and
we rely on sampling multiple devices of the same crystal orien-
tation. Additionally, the size of AFM domains in thin films can
range from 10 s of nm to several um,>%3738] and it is plausible that
our 10 um wide Hall devices can contain multiple domains. In
general, multiple AFM domains in equivalent proportion serve
to reduce the orientation dependent anisotropy of the ¢! , and in
the case of having all possible domains equally present, quench
them entirely (see Note S5 and Figure S8, Supporting Informa-
tion). Despite the difficulties in orienting the non-collinear AFM
lattice, we observe second harmonic Hall data that yield a clear

contribution from ¢*, o),, and 67, respectively, in Figure 3d-
Xz XZ
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Figure 4. Second harmonic Hall effect and spin torque effective fields versus temperature in a PtMns /Py Hall device with %, §, Z spin torques. Representa-

tive @, H,,, scans of a) first and b) second harmonic Hall resistance of a PtMn; (46.6 nm) /Py (6.8 nm) device with visible effects of unconventional o

X z
xz’ O-XZ'

c—e) A breakdown of field-like spin torque components at 120 K by symmetry as a function of 1/H,,; and 1/(He,; + Hs), and f-h) the resulting spin torque

effective fields hiFL

versus temperature. j-m) The same inverse field dependence of the damping-like spin torque components at 120 K, and n—p) the

resulting spin torque effective fields versus temperature (error bars represent 2 standard deviations as reported by the DREAM parameter estimation).
It is difficult to extract the damping-like components with high precision when all three field types are present due to their small relative signal-to-noise
(2% of the entire signal per component). The torques from the %, Z polarized spin currents are only significant below 200-250 K, commensurate with

the emergence of the noncollinear PtMn; AFM phase.

f. These unconventional profiles emerge at temperatures below
200 K, below the observed first-order transition in the zero-field
AHE data in Figure 1f and suggest that these devices are mostly
a single AFM domain. Whenever there is a dominant ¢! com-
ponent, it is possible to visually identify it from the second har-
monic data due to the unique symmetry in ¢ for each spin torque
effective field contribution to Rﬁ;" (see Note S6 and Figure S9,

Supporting Information). Compared to the expected Rﬁ;” from

only o},, the unconventional ¢* , 6}, cause significant and non-

zero field-dependent variation around ¢ = 90°, 270°, as shown
in Figure S9b—e (Supporting Information). To explicitly link the
emergence of 6% , 67, with the magnetic transitions shown with
neutron diffraction and temperature dependent anomalous Hall
effect measurements, we measure Rﬁ;"((p =90° ) with a slow and
continuous temperature sweep between 400 and 120 K, shown in
Figure 3g. We note a clear first order transition between 200 and
300 K, commensurate with the out-of-plane anomalous Hall ef-
fect data in Figure 1f. This points to the noncollinear ordering of

Adv. Mater. 2023, 35, 2209866 2209866 (6 of 10)

the low temperature phase as the clear origin of these unconven-
tional components.

The field and in-plane angle dependence of a representative
first and second harmonic scan is shown in Figure 4a,b for a
SrTiO,/PtMn,(46.6 nm)/Py(6.8 nm)/SiC Hall device oriented in
a (100)-equivalent direction at 120 K. The first harmonic pro-
file does not change significantly with H,,, and follows the ex-
pected sin 2¢ profile with no change in amplitude, which indi-
cates good saturation of the Py layer for all H,, and good thermal-
ization. The corresponding second harmonic profiles are drasti-
cally different from the typical spin Hall effect result, which has
dominant cos 2¢cos ¢ and cos ¢ components. Here, the domi-
nant spin conductivity is 67, and there is a strong field-dependent
cos 2¢ and vertical offset instead. The dependence of each sepa-
rate Rﬁ;" component versus 1/H,,, (for in-plane deflections) and
1/(H,,, + H;) (for out-of-plane deflections) is shown in Figure 4c—
e for field-like components and Figure 4j—m for damping-like
components for the same device at 120 K. The extracted
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spin torque effective fields and corresponding spin transfer
. . 1 2
torque efficiencies &g = Js/J. = — f) MtpHp, are shown

in Figure 4f-h for field-like compconents and Figure 4n—p for
damping-like components over the full temperature range of
120-400 K. In general, the components that scale like 1/H,,, can
be accurately extracted and conform to the expected inverse field
relation. This property is held across the full temperature range
as shown in Figure S11 (Supporting Information). In contrast,
the 1/(H,, + Hg) components, which are over 10 times smaller
in signal amplitude for low H,,,, are difficult to accurately ex-
tract when all three components are present, and the resulting
effective field calculation yields large errors, up to 50%. All com-
ponents follow the expected field relations well except for the
vertical offset component corresponding to h%, , which is much
larger than expected and has a large offset at high fields. For de-
vices with field-dependent offsets and cos 2¢ components, we
calculate h% up to ~#1400 Oe per 107 A cm™ in some devices
at 120 K, but cannot fully justify this value due to the relatively
smaller k7, (<100 Oe per 10’ A cm~? for all devices) and the fact
that the theoretical calculations predict approximately the same
maximum amplitude for ¢,, 6% (see Figure 3b). In Figure 4h,

Xz

we report the extracted hZ , up to ~#150 Oe per 10’ A cm™?,
but are unsure whether it can be solely attributed to interfacial
spin accumulation. We discuss some potential origins of this off-
set behavior in Note S6 (Supporting Information). We speculate
that the interactions across a ferromagnet-antiferromagnet in-
terface may complicate the established second harmonic Hall ef-
fect model. Though we establish no significant exchange bias in
the PtMn, /Py bilayers in the antiferromagnetic PtMn, phases
(Figure 2b,c), transport experiments may be more sensitive to
small volumes of anomalous spin texture near the interface that
do not significantly impact wide-area measurements such as
VSM. We speculate that further magnetic decoupling of the Py
from the PtMn, with a thin nonmagnetic spacer layer (e.g., Cu)
may reduce this anomalous response and lead to improved spin
transfer.*?]

The field-like and damping-like spin torque effective fields are
shown for all devices in this study as a function of temperature
in Figure S10 (Supporting Information). The effective fields from
the spin Hall conductivities 6% and ¢? emerge suddenly below
200-250 K and are near zero at higher temperatures, correspond-
ing well to the phase transitions seen in the anomalous Hall
conductivity profile in Figure 1e,f, corroborated with the explicit
first-order phase transition in Rf(;” as shown in Figure 3g. As per
the symmetry analysis in Figure S9 (Supporting Information),
Ri;” at ¢ = 90 is uniquely sensitive to %, 2 polarization compo-
nents and not to  components that clearly link the first-order
transition in Rﬁ;" the non-collinear phase of PtMn; and the un-
conventional %,2 components of the spin Hall conductivity. At
120 K, devices with significant ¢? yield h?, = 3.5 + 1.6 Oe per
107 A cm™, and devices with significant 6 contributions yield
i, =53+ 31 Oe per 10’ A cm ™. In the large 6%, and o7, devices
at120 K, &% =0.37 £ 0.22 and & .. = 0.02 + 0.01. Overall, these
spin torque efficiencies are comparable to typical &, .. reported
for intrinsic SHE in single heavy element thin films(!16%] de-
spite the 75% reduction in Pt content and are attributed to the
itinerant exchange physics from the antiferromagnetic order. Un-
like the corresponding p = & , 2 components, h, follows the pro-
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file of a typical Néel transition, rising monotonically below 400 K,
though there is a slight bifurcation between devices below 200 K
that we attribute to the onset of the intrinsic and orientation-
dependent ¢}, from the non-collinear state, the polarity of which
can vary with AFM lattice orientation. While there are no ex-
pected 6%, o7, from the collinear AFM state, the symmetry does
not prevent an intrinsic isotropic },,['*1*4%1 and the additional
change from the onset of the non-collinear phase is <10% of the
intermediate phase value. In contrast to other recent observations
of p = & , 2 spin currents in non-collinear AFMs,!?*1] our sam-
ples yield higher average h¥ /hl (~ 0.81) and similar h? /h!
(~ 0.06) and are highly anisotropic with respect to crystal/AFM
domain orientation. The notion that these components are ex-
clusively tied to exchange physics in the non-collinear state is
well supported by their lack of existence in the collinear and non-
magnetic states above 200-250 K. This corresponds well with a
recent study of Mn,;GaN, which has no intermediate collinear
state, and where these components emerge smoothly through the
Néel transition.?!l Tt is also possible that the intrinsic efficiency is
higher than reported due to the likelihood of randomly oriented
domain nucleation during cooling, as illustrated in Figure 3c,
with the effect of reducing the unconventional %, 2 torques (see
Figure S8, Supporting Information). If domain nucleation can be
controlled to guarantee a single global noncollinear domain or if
a different system can be discovered with higher selectivity, it may
be possible to extract the effective fields with more precision.

3. Conclusion

To summarize, thin film PtMn; with high L1, ordering gener-
ates unconventional spin Hall conductivity tensor components
(6%, o7) that have an orientation-dependent anisotropy, are
unique to the non-collinear AFM state, and are consistent with
symmetry analysis. This current direction-dependent anisotropy
can be used to change the ratio of p = % , §, 2 out-of-plane spin
current and select for a dominant polarization component. The
mean spin transfer torque efficiencies in our PtMn; devices (&7,
=0.37, % =0.04, &, = 0.46) match or exceed that of the canon-
ical fcc Pt, which supports itinerant electron exchange with the
magnetic lattice as a stronger mechanism for spin current gener-
ation than spin-orbit coupling.[*®! Our results suggest that non-
collinear antiferromagnets could bridge the gap in spin torque
efficiency between heavy metals such as Pt, W, and topological in-
sulators such as 2D bismuth selenides!!!! and tellurides.[*?! More-
over, the strong orientation-dependent anisotropy of the spin Hall
conductivity offers selectivity of out-of-plane spin current polar-
ization, which may enable new developments in low power non-
volatile spin-based electronics.

4. Experimental Section

Film Growth: The PtMn; films were grown via RF magnetron sput-
tering from a 1”7 metallic target of 6:1 Mn:Pt at 45 W, 650 °C substrate
temperature, 5” target-substrate distance, and in 10 mTorr (1 mTorr =
0.133 Pa) of Arat 1.5 nm min~". For growths on MgO, the substrate was
pre-baked at 950 °C for 1 h in vacuum. For growths on SrTiO3, the sub-
strate was pre-baked at 650 °C for 30 min in 50 mTorr Ar. After deposition,
films were either cooled to room temperature immediately at 15 K min~!
in 50 mTorr Ar or annealed at 700 °C for 1 h in 50 mTorr Ar. Permalloy
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films were deposited at room temperature from a 2” target of NigyFe,, at
100 W, approximately 5” target-substrate distance, and in 10 mTorr of Ar
at ~2.5 nm min~". For capping with SiC or Ti, the sample was removed
from the chamber and placed in a high vacuum pulsed laser deposition
chamber within 1 min of sample removal for capping film deposition.

X-Ray Diffraction:  The structure was characterized by X-ray diffraction
(XRD) in a Rigaku SmartLab diffractometer equipped with a Ge(220) x 2
monochromator to select for Cu Ka. XRD ¢ scans were obtained by align-
ing to 024 peaks of the substrates and film. Reciprocal space mapping
was done by aligning to the substrate 024 peaks and scanning in 260, w
in ~3° fields of view and 0.1° resolution. To quantify the ordering fraction,
the relative intensity of the out-of-plane 001 and 002 PtMn; XRD peaks is
compared to the ideal crystal with 100% ordering. To extract the intensi-
ties, Voigt profiles are fit to the substrate and PtMn; XRD peaks. For the
001, 002 XRD peaks, lgg1/logs = S* ro, Where S is the ordering fraction,
and ry = 0.938 is the ratio for the fully ordered crystal. In all samples used
in this study, Ssro € [0.7, 0.91], with thinner films typically exhibits higher
ordering fractions.

X-Ray Photoelectron Spectroscopy:  XPS spectra were obtained using a
Kratos Axis Ultra XPS with a monochromated Al source and a charge neu-
tralizer. High-resolution scans were taken at the Mn 2p and Pt 4f peaks.
The integrated intensities of the Mn 2p 1/2 and Pt 4f 5/2 peaks were com-
pared to those from a reference 6:1 Mn:Pt target to establish film stoi-
chiometry.

Neutron  Diffraction: Neutron  diffraction  measurements  of
MgO/PtMn; (150 nm)/Py (9 nm)/TiO, (6 nm) films were taken in
the SPINS, BT4 and BT7 instruments at the NIST Center for Neutron
Research. On SPINS the incident and scattered neutron energy was
5 meV (4 = 4.04 A) selected by pyrolitic graphite (PG) monochromator
and analyzer crystals with Be-filters before and after the sample position
to eliminate higher-order neutrons. On BT4 and BT7, incident neutrons
of 14.7 meV (1 = 2.359 A) energy were selected, using PG filters to
eliminate the higher-order neutrons. Measurements were carried out in a
temperature range of 100420 K in a closed-cycle refrigerator. Diffraction
measurements of SrTiO3/PtMn; (95 nm)/SiC films were taken in the
CANDOR white beam reflectometer/diffractometer at the NIST Center
for Neutron Research. Measurements on CANDOR were performed with
an incident white beam of neutrons with wavelengths ranging between
4 and 6 A (2.2-5.1 meV). Wavelengths outside this band were removed
using an upstream Be-filter and an X-reflector section of neutron guide.
Individuate wavelength bands were separated from the scattered beam
and directed into detectors using a series of 54 graphite monochromator
crystals.

Neutron Reflectometry:  Polarized and unpolarized neutron reflectom-
etry measurements were performed using the PBR and CANDOR instru-
ments, respectively, at the NIST Center for Neutron Research. The po-
larized measurements were performed on a MgO/PtMn; (150 nm)/Py
(9 nm)/TiO, (6 nm) heterostructure at room temperature in an applied
magnetic field of 3 T. Incident and scattered neutrons were spin-polarized
parallel or antiparallel to the applied magnetic field, and the data were-
corrected for imperfect beam polarization and spin-flipper performance.
The spin-dependent reflectivity was measured as a function of the momen-
tum transfer vector Q along the film normal. Data were reduced using the
Reductus software package, while nuclear SLD and magnetic SLD depth
profiles were extracted by fitting the data with the Refl 1D software package
for reflectometry modeling.[4344] Uncertainties in fitted parameters were
extracted using the Differential Evolution Adaptive Metropolis (DREAM)
method as implemented in the Bumps python package.[*’]

Scanning Transmission Electron Microscopy: Cross-sectional samples
for scanning transmission electron microscopy (STEM) were prepared
with an FEI Helios 660 focused-ion beam (FIB) using standard liftout tech-
niques. The final thinning process was performed using 2 keV Ga ions.
Atomic-resolution HAADF-STEM imaging was performed with 200 keV
electrons on an aberration-corrected JEOL ARM 200F with a probe conver-
gence angle of 22 mrad, probe currents of #27 pA, and an ADF collection
angle range of 68-220 mrad. Electron-energy loss spectroscopy (EELS)
spectra (Note S3, Supporting Information) were recorded with a Gatan
Enfinium ER (model 977) spectrometer with a probe current of ~50 pA.
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All STEM images are presented as raw data with no filtering applied. EELS
spectra were background subtracted using a linear combination of power
laws and integrated over ~10 eV across each edge.[*°]

Sample Patterning:  Thin film samples were patterned using conven-
tional UV photolithography processes at the University of Michigan Lurie
Nanofabrication Facility. Designs were written on 4” fused silica mask
plates using a Heidelberg DWL-2000 mask maker with a 4 mm write head.
The photolithography for the ion milling and deposition patterns was done
using a conventional SPR 220 based process. All samples were ion milled
using an Intivac Nanoquest Il Arion mill at a working temperature of 15 °C
and an incident beam angle of 15°. The Ti(10 nm)/Pt(100 nm) metal con-
tact layer was deposited on top of a deposition lithography mask via pulsed
laser deposition (PLD) within a standard metal lift-off process.

Vibrating Sample Magnetometry:  Vibrating sample magnetometry was
performed on 5 mm X 3 mm samples in a Quantum Design Dynacool
PPMS with the VSM option at temperatures between 120 and 400 K and
with a 50 Oe cooling field. The sample was thermalized at each tempera-
ture step for 1h.

Electrical Measurements:  Electrical measurements at 10-150 °C were
performed in a custom-built electronic transport rotator with y and ¢ ro-
tation capabilities and a Lakeshore EM4-HVA electromagnet. Measure-
ments in the range of 20-400 K were performed in a Quantum Design
Dynacool PPMS with the standard ETO puck, the horizontal rotator ac-
cessory option, and a custom breakout box for electronic instruments.
First and second harmonic components were demodulated simultane-
ously using an Ametek DSP 7265 lock-in amplifier running in dual har-
monic mode at a source frequency of 1937 or 2377 Hz. Thermal drift
and the background anomalous Nernst effect signal are reduced by using
Jetmn, <5 X 108 A cm~2 across the full temperature range. Samples were
thermalized for 0.5-1 h with the standard ETO puck and up to 1.5 h on
the horizontal rotator. Longitudinal and Hall resistances of patterned Hall
devices were obtained via DC 4-point measurements with a Keithley 2450
sourcemeter. Uncertainties in fitted parameters were extracted using the
Differential Evolution Adaptive Metropolis (DREAM)[*3] method as imple-
mented in the Bumps python package using 108~107 samples per fit.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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