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ABSTRACT

Recently discovered magnetic Weyl semimetals (MWSM), with enhanced Berry curvature stemming from the topology of their electronic
band structure, have gained much interest for spintronics applications. In this category, Co,MnGa, a room temperature ferromagnetic
Heusler alloy, has garnered special interest as a promising material for topologically driven spintronic applications. However, until now, the
structural-order dependence of spin current generation efficiency through the spin Hall effect has not been fully explored in this material. In
this paper, we study the evolution of magnetic and transport properties of Co,MnGa thin films from the chemically disordered B2 to ordered
L2, phase. We also report on the change in spin generation efficiency across these different phases, using heterostructures of Co,MnGa and
ferrimagnet Co,Tb;_, with perpendicular magnetic anisotropy. We measured large spin Hall angles in both the B2 and L2, phases, and
within our experimental limits, we did not observe the advantage brought by the MWSM ordering in generating a strong spin Hall angle
over the disordered phases, which suggests more complicated mechanisms over the intrinsic, Weyl-band structure-determined spin Hall
effect in these material stacks.

© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0102039

In Weyl semimetals, the linearly dispersive band crossing in the
three-dimensional (3D) momentum space near the Fermi energy at
Weyl points with opposite chiralities (sink or source of the Berry
curvature) is responsible for a rich variety of exotic properties such as
topological Fermi arcs on the surface' * and chiral anomaly effects in
the bulk.” ' When the splitting of Weyl points is caused by the break-
ing of time-reversal symmetry, as in the case of magnetic Weyl semi-
metals (MWSM), many exciting magneto-transport properties show
up thanks to the coupling between magnetism and Weyl electron
physics, including anomalous Hall effect (AHE) and anomalous
Nernst effect with extraordinarily large magnitude.'' " Among the
various MWSM materials identified so far, the full Heusler ferromag-
net Co,MnGa represents a promising candidate for room temperature
applications with a high Curie temperature T.~ 700K (Ref. 18) and
large spin polarization at the Fermi surface.

In addition to the fully ordered L2, phase where the topological
Weyl state of Co,MnGa has been observed, Co,MnGa can take on a
partially ordered B2 or a completely disordered A2 phase."”*" Thus,
to fully harness the topological properties of Co,MnGea, it is important

to understand the relationship between the electronic, magnetic, and
spin-generation properties of these different chemical phases. To this
end, researchers have studied the evolution of electrical conductivity
and anomalous Hall resistivity with atomic ordering in samples with
B2 and L2, phases.”" *’ Furthermore, recently spin-orbit torque
(SOT) induced switching has been demonstrated in Co,MnGa with
B2 phase,” and simultaneously a large spin Hall angle is also reported
in L2, phase through nonlocal inverse spin Hall measurements using
lateral spin valve structures.”” However, a direct, calibrated compari-
son of the spin-current generation efficiencies from these different
phases of Co,MnGa is still missing.

In this paper, we systematically study the effect of growth condi-
tions on the chemical order of the films and its subsequent effect on
the electronic and magnetic properties of the films. We also study the
effect of chemical disorders on the SOT generations from Co,MnGa
films by quantitatively determining the spin Hall angle in films of
different phases.

Co,MnGa (100 nm) films were grown on a MgO (100) substrate
using a direct current (DC) magnetron sputtering from a commercial
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TABLE I. Growth and annealing conditions for various Co,MnGa samples.

Deposition Annealing
temperature temperature
Sample name Taep (°C) Tann (°C)
A Room temperature N/A
B 300 500
C 400 500
D 600 700

target. All films were grown at a base pressure of less than 3 x 10~ Torr
and at a working pressure of 3 mTorr at a low growth rate of 0.2 A/s to
ensure good film quality. We varied the substrate temperature and
the post-annealing conditions to tune the degree of structural disor-
der.”' The film growth and annealing temperatures (Tgep, and Toyp)
are tabulated in Table I, where all except the room temperature
grown film were post annealed for an hour. Prior to the deposition,
the substrates were preheated to the deposition temperature and
soaked for half an hour. All samples were capped with ~5nm of
Pt at room temperature to prevent oxidation from air exposure.
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We then carried out a structural analysis of the films using x-ray dif-
fraction (XRD) and the results are shown in Figs. 1(a)-1(c). Strong
reflections are observed from the planes (002) and (004) of Co,MnGa
samples deposited above room temperature as shown in the 0-20 scan
in Fig. 1(a), indicating the formation of the (001) texture with a high
degree of long-range ordering. Figure 1(c) depicts the ¢-scan measure-
ments for the (202) peak on Co,MnGa films grown at RT and at
600 °C, where the fourfold rotational symmetry and the comparative
location of Co,MnGa peaks to the substrate MgO (202) peaks confirm
the epitaxial growth with CoZMnGa[l10]//Mg0[100].21‘22 Finally, we
examined the (111) planes of our samples and found that all samples
grown at Tgep > 300 °C had an obvious (111) peak. The degree of order
for the L2, structure can be extracted from the intensity of the (111)
superlattice peak.”” We note that the intensity of (111) peak increased
with growth temperature indicating increased chemical ordering
[Fig. 1(b)]. The XRD measurement on the (111) and (002) peaks, there-
fore, shows that with the increase in T4ep, samples A to D transit from
B2- to L2,-dominated phase.

We performed magnetic measurements using a vibrating sample
magnetometer (VSM) at room temperature. The in-plane magnetiza-
tion loop in Fig. 2(a) shows that the saturation magnetization
M increases with the deposition temperature, consistent with the

250hm ¥
- -1nm

FIG. 1. (a) XRD 0-20 scans of Co,MnGa (100 nm) films with Tge, = RT, 300, 400, and 600 °C grown on the MgO (001) substrate (the shaded area depicts substrate peaks)
and (b) 20-scan for the (111) plane and (c) ¢-scan of (202) planes from Co,MnGa grown at 600 °C, RT, and the MgO substrate. (d) Atomic force microscopy image of the

Co,MnGa (10 nm)/Pt (3 nm) film. The scale bar is 250 nm.
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FIG. 2. In plane magnetization loops for Co,MnGa films grown and annealed at different temperatures for (a) 100 and (b) 10 nm films. Hall resistivity as a function of applied

out-of-plane field for (c) 100 and (d) 10 nm films.

previous studies”””" which show that an increase in the L2, phase cor-

responds to larger M;. The lower M; in the B2-ordered Co,MnGa thin
film is due to the antiferromagnetically coupled moment of a pair of
Mn atoms.”' At Taep = 600 °C, M is determined to be ~765 emu/ cm’,
which is close to the reported value of ~780emu/cm’ in bulk
samples.'*”*

To use the Co,MnGa film as a spin current source and reduce
the required net current for the SOT effect, we also grew thinner,
10 nm films of Co,MnGa on MgO (100) substrate following the condi-
tions for samples A and C using the aforementioned techniques. We
choose to employ samples grown at 400 °C for the following study as
10 nm films grown at temperatures higher than 500 °C show disconti-
nuities; meanwhile, from the discussion before, we would expect
substantial L2, phase to exist in Tj,, =400°C samples. The two
10 nm films were also characterized with VSM as shown in Fig. 2(b),
where a trend similar to the 100 nm ones was observed, with M
~ 590 emu/cm” for the high temperature grown film. The difference
from bulk magnetization for thin samples has been reported in the lit-
erature and attributed to strain-induced changed in the electronic
structure or a slight off-stoichiometric composition.”"** Atomic force
microscopy (AFM) was employed to further examine the surface mor-
phology for the 10nm samples, and a smooth surface with an RMS
roughness of 0.18 nm is obtained [Fig. 1(d)].

It has been shown previously that due to the Berry curvatures
from the Weyl points or nodal lines, the L2,-ordered Co,MnGa exhibit
much stronger AHE compared with the chemically disordered phases.
We then measured the Hall resistivity by applying a magnetic field, H,,
normal to the film (xy) plane, and measuring the voltage transverse to
the current. Empirically, the Hall resistivity (p,,) in a ferromagnetic
material is given by p,.= R.H, + pan, Where R, is the ordinary Hall
coefficient, H, is the applied field, and p g is the anomalous Hall resis-
tivity. By subtracting the contribution from the ordinary Hall effect
(<1%), we obtained results for pap for 100 and 10 nm films, respec-
tively [Figs. 2(c) and 2(d)]. A similar trend of monotonic increase in
pan with the increase in Ty, was observed for both set of films. The
maximum absolute value of p,y in the L2,-ordered Co,MnGa
(100 nm) film at Tyep=600°C is ~14.6 pQ cm, comparable to the
experimental value in bulk Co,MnGa.'* For the 10nm samples, the
pan is 098 and 5.4 pQ cm for RT and Tge, = 400 °C samples, respec-
tively. We note that a sharp decrease in the p i with thicknesses below
20 nm has been studied elsewhere and is attributed to the reduction in
majority spin contribution to the Berry curvature as well as an increase
in the extrinsic scattering mechanism (side-jump or skew scattering) as
the surface effects become more prominent.””>*’

To unravel the spin-current generation efficiency from the spin
Hall effect (SHE) with different degrees of chemical ordering, we grow

Appl. Phys. Lett. 121, 092404 (2022); doi: 10.1063/5.0102039
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multilayer stacks of Co,MnGa (10 nm)/Cu (1 nm)/Co,Tb;_, (7 nm)/
Ru (3 nm) using magnetron sputtering. The Co,MnGa film employed
in the two samples correspond to the growth and annealing condition
of samples A and C in Table I, separately. For the high temperature
sample, following the in situ annealing, we allow the samples to cool to
room temperature preceding the Cu/CoTb/Ru growth within the
same growth chamber. The transition metal-rare earth alloy,
Co,Tb, _,, is a ferrimagnetic with robust bulk perpendicular magnetic
anisotropy (PMA) whose anisotropy and magnetization can be
adjusted by tuning chemical compositions.”**” We co-sputtered these
films using cobalt and terbium targets and chose a 7 nm film with an
atomic ratio of Cogg;Tby 13 to get optimal PMA for the stack. To avoid
direct exchange coupling between Co,MnGa and CoTb, we insert a
1 nm copper spacer layer for its long spin diffusion length and negligi-
ble SHE.”>*" Finally, the stack is capped with a thin ruthenium layer
to prevent oxidation of CoTb.

The magnetic hysteresis loops in both in-plane and out-of-plane
orientation for RT and 400 °C sample are shown in Figs. 3(a) and 3(c),
respectively. Consistent with our results above, we see a larger in-plane
saturation magnetic moment for Ty, =400 °C sample as compared
to RT grown one. From the out-of-plane MH curve, we see relatively
sharp switching edges from the PMA CoTb layers. We note that the
CoTb film grown on 400 °C Co,MnGa exhibits a weaker, less steeper
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switching compared with the one grown on the RT sample, likely due
to the different textures of the underlying film which influences the
PMA of CoTb through crystallization. Meanwhile, the different seed-
ing layer also led to different magnetic moment in the CoTb layer, as
shown in Figs. 3(a) and 3(c), although the chemical composition of
the two CoTb layers is nominally the same. We then patterned these
films into Hall bar structures for transport measurements. The anoma-
lous Hall resistance (Ry;) as a function of out-of-plane magnetic field
for both sets of samples is shown in Figs. 3(b) and 3(d). Comparing
the Ry loop with the MH loop, we can identify the sharp edges as
being the contributions from the AHE of the PMA CoTb, and the lin-
ear slope as being caused by the Co,MnGa film which has a hard axis
along the out-of-plane direction. We also note that the linear part of
the Ry signal has a larger slope for high temperature sample [Fig.
3(d)] as compared to room temperature sample [Fig. 3(b)], consistent
with our results for bare Co,MnGa samples [Fig. 2(d)].

By monitoring the change in the switching curves of the CoTb
layer under applied current, we are able to quantitatively determine
the SOT exerted from the Co,MnGa film onto CoTb. Here, we
adapted the SOT magnetometry technique from Pai et al.,”” where a
constant in-plane bias field, H,, is applied along the current (I4.) direc-
tion, and the lateral shift in the Ry; vs H, curve is measured for a series
of applied I4. This overall shift of the hysteresis loop is due to the

(b)os

RT

-1 0 1 2
H_(kOe)
-0.5 1 1 1 I 1
2 -1 0 1 2
H,(kOe)

FIG. 3. In plane and out-of-plane magnetic hysteresis loops of the heterostructure Co,MnGa/Cu/Coq g7 Tbg 13/Ru for (a) Tgep = RT and (c) Tgep =400 °C samples. The anoma-
lous Hall resistance as a function of applied out-of-plane field H, for the stack atop (b) Tge, = RT and (d) Tgep =400 °C.
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Slonczewski (damping-like) torque which manifests as an out-of-plane

effective field, HY | during the switching process. The experimental
setup is schematically shown in Fig. 4(a). As shown in Figs. 4(b) and
4(c), the loop center deviates from zero in opposite directions for = I
due to this SOT effective field (ijf) from Co,MnGa. The current
induced H, as a function of the current density in the Co,MnGa
layer (J,), is plotted in Figs. 5(a) and 5(b) for room temperature and
400 °C samples, separately. Here, we calculate H, ;ff using the differen-

tial value under positive and negative current Hg; = w,

where H, is the center of hysteresis loop for *1I, to get rid of zero
point offset of the magnetic field from the magnet. The ratio of Hf
and the applied current density j., defined as y = Hff /j, then gives
the damping-like SOT efficiency. The sign of this slope y changes as
the domain wall moment in the Neél-type walls realign parallel to the
applied in-plane field, =H,,” as observed in our plots [Figs. 5(a) and
5(b)]. Also, in both samples, we see no noticeable shifting of curves at
H, = 0 as expected. In Figs. 5(c) and 5(d), we summarize the mea-
sured y as a function of = H,. For the RT grown sample, we see that
the slope of H, vs y curve deviates from a linear curve between 500
and 610 Oe [Fig. 5(c)], suggesting that the external field approaches
the Dzyaloshinskii-Moriya interaction field (Hpyy), and y measured
under the highest H, approximately reflects its saturation value ;.
For the Tye, =400 °C, we see a smaller deviation from the linear slop
slope at H, ~ %610 Oe, indicating that a larger H, is required to
completely overcome Hpyy [Fig. 5(d)]. The effective spin Hall angle
sy s related to ygqc through32

2 2epty Mt
OsH =~ ——

W

where 71 is the reduced PlancK’s constant, e is the electron charge, 1, is
the vacuum permeability, and M; and t = 7 nm are the saturation mag-
netization and the thickness of the CoTb layer, respectively. Using the
saturation magnetization of CoTb (M, ~ 383 emu/cc) grown on the RT
Co,MnGa sample and the measured 3™ ~ 2.5 x 10°°Oe A~ cm?,
oy is determined to be —11.8%. We note that the sign of oy is consis-
tent with and its magnitude is comparable to the recent results on

scitation.org/journal/apl

B2-ordered Co,MnGa (001).”* Because of the limitation in the in-
plane field capability of our instrument, we did not achieve full satu-
ration »* for the 400 °C sample. However, we can still estimate a
lower bound based on the results we have. Using the M, of CoTb
(~495 emu/cm?) grown on the 400 °C sample and assuming that
7~ 0.78 x 107°Oe A~ ! cm?, we get —5.2% as the lower bound
on effective spin Hall angle.

It has been shown both theoretically and experimentally that the
large intrinsic AHE in Co,MnGa arises from the large Berry curvature.
Considering the very similar intrinsic and extrinsic scattering mecha-
nisms driving AHE and SHE and similar scaling relationship,
Co,MnGa is conceived as a possible candidate for reaching a large
spin Hall angle. Furthermore, it has been shown theoretically that a
strong intrinsic SHE can be realized in Weyl semimetals,”"* as sup-
ported by the recent experimental determination of spin Hall angle of
~—0.19 L2, ConnGa.25 However, in our measurement, we do not
see the obvious advantage in the chemically ordered sample over the
disordered one. Within our measured field range, the disordered B2
phase sample even shows a larger spin-orbit torque efficiency com-
pared with the L2, phase sample. More theoretical calculations
focused on the relationship between the spin Hall effect and the chem-
ical ordering can potentially help in solving this puzzle. Moreover, this
observation may be related to the following extrinsic reasons. First, it
is possible that the surface quality of the Co,MnGa film with high
growth and annealing temperature is not as transparent as the RT one
for reaching an optimal spin-mixing conductance, which will
decrease the measured SOT efficiency. Second, as mentioned earlier,
the sharp decrease in AHE attributed to the reduction in majority spin
contribution to the Berry curvature can also potentially explain the
smaller than expected values of ogy for very thin films used in our
case. Future experiments with thicker Co,MnGa (f>20nm)
layers will be useful for verifying this point. Finally, the in-plane field
used in our experiment was barely enough to reach the SOT
efficiency saturation, suggesting a very strong Dzyaloshinskii-Moriya
interaction (DMI) in the L2; Co,MnGa/Cu/CoTb system. Further
experiments with higher in-plane field can pinpoint the exact value of
the spin Hall angle and lead to better understanding of enhanced
DML
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FIG. 4. (a) Schematic of experimental geometry of SOT magnetometry. The width and length of the Hall bar are 8 and 40 um, respectively. (b) Ry vs H, for a 400 °C sample,
the dc current density is =3.4 x 108 A/ cm? through Co,MnGa, and the applied bias field is Hy, = +610 Oe. (c) Ry vs H, for the Co,MnGa grown at room temperature with a
current density of =2.1 x 10° A/cm? and a bias field H, = —610 Oe. Slight vertical offsets are introduced for =14 loops in (b) and (c) for clarity.
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FIG. 5. Calibration of the SOT efficiency in the Co,MnGarge,/Cu/CoTb samples. The

center shift field H; as a function of applied current density for (a) Tqep, =RT and (b)

Taep =400°C samples. The dotted lines are a linear fit to the experimental data points. The slope of these lines, , gives the damping-like SOT efficiency plotted in (c) for

Taep = RTand (d) Tgep, =400 °C samples as a function of in-plane field H,.

In conclusion, we have grown epitaxial MWSM Co,MnGa thin
films with different chemical orderings. Consistent with the previous
reports, we have shown a monotonic decrease in saturation magneti-
zation, M, as well as the anomalous Hall resistivity from L2;-ordered
to B2 Co,MnGa films. In addition, we have shown the generation of
SOTs from Co,MnGa with different crystalline phases. Within our
experimental accuracy, we do not observe a strong advantage of the
L2,-ordered sample over the B2 phase in the efficiency of SOT.
Further studies on the spin transparencies across the Co,MnGa/
magnetic free layer interfaces as well as other extrinsic mechanisms’
contributions to SOT in Co,MnGa are needed to reveal the full picture
of the promised Berry curvature driven charge to spin conversions in
MWSM.
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