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Robust emergence of a topological Hall effect in MnGa/heavy metal bilayers
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We have investigated the topological Hall effect (THE) in MnGa/Pt and MnGa/Ta bilayers induced by the inter-
facial Dzyaloshinskii-Moriya interaction (DMI). By varying the growth parameters, we can modulate the domain
wall energy, and the largest THE signals are found when the domain wall energy is the smallest. The large
topological portion of the Hall signal from the total Hall signal has been extracted in the whole temperature range
from 5 to 300 K. These results open up the exploration of the DMI induced magnetic behavior based on the bulk
perpendicular magnetic anisotropy materials for fundamental physics and magnetic storage technologies.
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The exchange interactions allow the magnetic moments in
a solid to communicate with each other and lie at the heart
of the phenomenon of long-range magnetic order [1]. In the
early days of quantum mechanics, the Heisenberg exchange
interaction was recognized to determine the types of magnetic
ground state. It can be shown as a relatively simple form
J12S1 - Sz, where Jj; is the exchange constant; S; and S, are
the total spin of two nearby atoms. The sign of Jj, (positive
or negative) determines the coupling modes of S; and S,
(ferromagnetic or antiferromagnetic). However, the spin-orbit
coupling (SOC) will also exert influence on the exchange
interactions. On one hand, it connects the magnetization
direction to the crystal lattice, and the resulting variation of
magnetic energy is referred to as magnetic anisotropy. On
the other hand, in the magnetic systems that lack inversion
symmetry (whether due to underlying crystal structure or
interfaces), SOC can combine with the exchange interaction
to generate an anisotropic exchange interaction that favors a
chiral arrangement of the magnetization [2,3]. This is known
as the Dzyaloshinskii-Moriya interaction (DMI), which has a
form Dy, - (S1 X S3). The vector Dy, depends on the details of
electron wave functions and could point to different directions,
which depends on the symmetry and the precise crystalline
structure. Contrary to the Heisenberg exchange interaction,
which leads to collinear alignment of lattice spins, this form of
DMI therefore very often cants the spins by a small angle. If
the DMI is strong enough to compete with the Heisenberg
exchange interaction and the magnetic anisotropy, it can
stabilize chiral domain wall structures such as the skyrmion.
When a conduction electron passes through a chiral domain
wall, the spin of the conduction electron will experience
a fictitious magnetic field (Berry curvature) in real space,
which deflects the conduction electrons perpendicular to the
current direction [4,5]. Therefore, it will cause an additional
contribution to the observed Hall signals that has been termed
the topological Hall effect (THE) [4,5]. THE can be described
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by the same theoretical scheme as the intrinsic anomalous Hall
effect (AHE), which has been clarified to be a Berry phase in
momentum space [6].

The recently reported THE in the bulk noncentrosymmetric
crystalline structure in B20-type magnets has demonstrated its
promise as a tool for probing DMI [7,8]. Besides the bulk-type
DMI, recent extensive experiments have been focused on the
interfacial-type DMI in heavy metal/ferromagnet (HM/FM)
bi- and multilayers due to the inherent tunability of magnetic
interactions in two dimensions [9—15]. In ultrathin films which
are thinner than the domain wall width and DMI associated
length, the domain wall energy with interfacial DMI can
be written as 0 = 4+ AK — D, where D is the effective
DMI energy constant, A the exchange constant, and K the
anisotropy constant [16,17]. For the most favorable chirality,
it lowers the energy. The limit of this situation is when o
goes to zero, which defines the critical DMI energy constant
D, = 4V AK /m. Therefore, the domain wall energy would
be negative and the chiral domain walls should proliferate
if D > D,, and the methods that can modulate D and D,
to decrease o have been explored. To induce a much larger
DMI at the interfaces, Moreau-Luchaire et al. have designed
the Co-based multilayered thin films in which the Co layer
is sandwiched between Ir and Pt layers, which will lead to
additive interfacial chiral interactions that increase the effective
DMI of the magnetic layer since the two HMs induce interfacial
chiral interactions of opposite symmetries and parallel D,
[9]. By harnessing the large and opposite signs of DMI
generated from Fe/Ir and Co/Pt interfaces, Soumyanarayanan
et al. achieved substantial control over the effective DMI
governing skyrmion properties in the Ir/Fe/Co/Pt multilayers
[12]. The inclusion of Fe results in the gradual formation of
a Fe/lr interface and corresponding suppression of the Co/Ir
boundary, leading to increasing DMI and evident THE. More
importantly, by varying the ferromagnetic layer composition
and thickness, they can modulate D.. When D > D., the
skyrmions become thermodynamically stable entities, which
is particularly important for technological applications.

In this work, we present the large THE in MnGa/Pt and
MnGa/Ta bilayers, in which the MnGa layer exhibits bulk
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FIG. 1. (a—c) Hysteresis loops for the out-of-plane and in-plane magnetizations of the three samples at 300 K. (d—f) AFM images of samples

A-C (scale bar, 200 nm).

perpendicular magnetic anisotropy (PMA). The value of D
is considered to be constant with the same HM capping layer.
Therefore, by varying the growth parameters of MnGa, we
can modulate D, to decrease o, and the largest THE signals
are found when o is the smallest. We clearly demonstrate the
extraction of the large topological portion of the Hall signal
from the total Hall signal in the whole temperature range from 5
to 300 K and determine the magnitude of the fictitious magnetic
field.

The nominal 1-nm-thick MnGa films were firstly grown on
100-nm-thick GaAs buffered semi-insulating GaAs (001) sub-
strates by molecular-beam epitaxy. The growth temperatures
have been set at 80°C, 60°C, and 40°C for three samples
denoted as samples A, B, and C, respectively. Then the samples
were annealed at 300°C for 1 min. Finally, other nominal
3-nm-thick MnGa films were continued to be grown at 300 °C

after the annealing. The thickness of the MnGa films has been
controlled by the flux of Mn and Ga atoms referred to in our
previous works [18,19]. Figures 1(a)-1(c) show both the out-
of-plane and in-plane hysteresis loops of the three samples. The
strong difference between the out-of-plane and in-plane curves

TABLE 1. Saturation magnetization M, the anisotropy field H;,
uniaxial PMA constant K, the critical DMI energy constant D,, and
the root-mean square roughness R, of the three samples.

Sample M (kAm™') H; (T) K (kJ/m®) D.(mJ/m?) R, (nm)

A 145 13.7 993 1.82 3.6
B 51 4.5 115 0.652 2.6
C 63 9.5 299 1.08 1.1
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reveals giant bulk PMA in these films. From the magnetization
measurements we can get the following parameters: saturation
magnetization My, the anisotropy field H, and uniaxial PMA
constant K = M, H; /2. The exchange constant A(~2.3 pJ/m)
is considered to be the same for the three samples [20].
Finally, the D, can be determined and all the parameters
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have been summarized in Table I. Therefore, we will focus
on the performance of the magnetic and transport properties
based on sample B, in which the smallest D, results in the
smallest o. Figures. 1(d)-1(f) show atomic force microscopy
(AFM) images for three samples. It is found that the grains
with the size ranging from 30 to 300 nm have been formed
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FIG. 2. (a—e) Total Hall resistivities in the single MnGa, MnGa/Pt (¢), and MnGa/Ta (7) (t+ = 2,5nm) films at 300 K. The arrows denote
the change tendency of Hall resistivity when the magnetic field is applied from positive to negative. (f—j) (oa + pr) vs H for the single MnGa,
MnGa/Pt (¢), and MnGa/Ta () (t = 2,5 nm) films in the temperature range from 5 to 300 K.
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in the samples A, B, and C. The surface root-mean square
roughness R, of the three samples has also been summarized
in Table I. Although the R, of sample B is relatively large,
the grains shared the same orientation as proved by the x-ray
diffraction (XRD) measurements as shown in Fig. S1 of the
Supplemental Material [21]. Finally, sample B was transferred
to the magnetron sputtering system immediately through a
lower vacuum chamber, which is similar to our previous works
[18,19], and the films revealed good interface properties and
eliminated other interface effects. The Pt and Ta layers with
different thicknesses were then deposited and a 2-nm-thick Al
film was also deposited on sample B to prevent oxidation, but
we denote sample B/Al (2 nm) bilayers as a single MnGa film
in this Rapid Communication. Photolithography and Ar ion
milling are used to pattern Hall bars and the lift-off process is
used to form the contact electrodes. The size of all the Hall bars
is 10 um x 80 um (Supplemental Material [21]), which is the
same as in our previous work [19]. To determine the DMI at the
MnGa/HMs interfaces, we looked into the field dependence of
the Hall resistivities in MnGa/Pt (t) and MnGa/Ta (t) (f = 2 and
5 nm) bilayers in the whole temperature range from 5 to 300 K,
which are compared with the results in a single MnGa film.
Considering the different thickness of MnGa and HM films, the
anomalous Hall resistivity, the topological Hall resistivity, and
the longitudinal resistivity in this Rapid Communication have
been defined with respect to those of the MnGa layer with the
assumption that each film acts as a parallel resistance path [19].
We have measured the temperature-dependent resistivities of
single Al, Pt, and Ta films, and the definition of the resistivity in
MnGa layer has been shown in Ref. [21]. The results are shown
in Figs. 2(a)-2(e), where it is found that the deposited Pt and
Ta layers have given rise to anomalies in the Hall resistivities,
which show a bump or dip during the hysteretic measurements.
The total Hall resistivity can usually be expressed as the sum
of various contributions [8]:

pa = RoH + pa + por, (D

where Ry is the normal Hall coefficient, ps the anomalous Hall
resistivity, and p the topological Hall resistivity.

In Figs. 2(a)-2(e), the THE signals clearly coexist with the
large background of normal Hall effect and AHE. To more
clearly demonstrate it, we have subtracted the normal Hall
term and the temperature dependence of (ps + pr) have been
shown in Figs. 2(f)-2(j). After the subtractions, we can further
discern the peak and hump structure in the whole temperature
range, which can be attributed to the THE term. On the other
hand, the interface transport properties should depend on both
the MnGa and HM layers, though we have subtracted the
contribution from the HM layers [21]. The combination of
different polarities of the normal Hall coefficient in MnGa and
Pt layers has changed the sign of (ps + pr) in the MnGa/Pt
(5 nm) bilayers as compared with that in other films. The AHE
contribution ps can be expressed as [6]

pa = aMpyo+bMpy,, )

where p, o is the residual resistivity induced by impurity scat-
tering, p,. the longitudinal resistivity, M the magnetization,
and o and b the coefficients. The first term is the extrinsic
contribution from both the side jump and skew scattering,
and the second term is the intrinsic contribution. Therefore,
to extract the THE term pr, the magnetoresistance (MR) and
magnetization in the whole temperature range should be firstly
investigated.

MR is expressed as MR = [0, (H) — pxx(0)]/pxx(0) and
the results of the single MnGa, MnGa/Pt (5 nm) and MnGa/Ta
(5 nm) films have been taken as representatives as shown
in Fig. 3. The AMR of single MnGa film shows similar
behavior to that our previous work [18]. More interestingly,
dip structures in the AMR curves have been found in the
MnGa/Pt (5 nm) and MnGa/Ta (5 nm) bilayers around zero
magnetic field. It indicates that the electrons experience a
more complicated electromagnetic field due to the presence of
nonzero Berry curvature in real space, which becomes stable
and plays a more significant role in the transport properties
when the applied magnetic field is smaller than the coercivity.
Note that the origin of MR is connected with SOC and its
influence on s-d scattering, and the orbital magnetic moment
and the topology of the Fermi surface will be influenced by the
strong SOC of the deposited HM layers. Correspondingly, in
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FIG. 3. Magnetoresistance of the single MnGa, MnGa/Pt (5 nm), and MnGa/Ta (5 nm) films in the temperature range from 5 to 300 K.
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FIG. 4. (a—d) pr(H) in MnGa/Pt(¢) and MnGa/Ta(¢) (¢t = 2,5 nm) films at different temperatures. (e,f) Temperature dependence of pr for
all the films. (g,h) show the temperature dependence of fictitious magnetic field B in all the films.

this case, the electron energy will be modified by the orbital
magnetic moment and the electron velocity gains an extra
velocity term proportional to the Berry curvature in real space
[22]. At the high-field limit, i.e., w.T >> 1, where w, is the
cyclotron frequency and t is the relaxation time, the total

current in the crossed electric and magnetic fields is the Hall
current, suggesting that even in the presence of AHE, the
high-field Hall current gives the “real” electron density. It can
explain the larger THE signals appearing between zero field
and the coercivities. On the contrary, at the low-field limit, i.e.,
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w.T K 1, the Berry phase will induce a linear MR as o, &
o9 + oD where 0 is the zero field conductivity, o o
Besr, and By is the fictitious magnetic field. It may explain
the nearly linear MR behaviors around the zero magnetic field,
which is much more evident in the MnGa/Ta (5 nm) bilayer due
to a stronger fictitious magnetic field. On the other hand, the
unusual MR can also be ascribed to the field-related magnetic
textures which can be visualized in the M-H curves as shown
in Fig. S4 [21].

After accounting for the longitudinal resistivity and mag-
netization, now we can extract the THE term py. As the topo-
logical Hall resistivity should vanish when the ferromagnetic
magnetic collinear state is induced, the coefficients in Eq. (2)
can be determined by describing the AHE resistivity pr in
terms of the longitudinal resistivity p,, in a high-field region
[21]. The extracted pr in all the films have been shown in
Figs. 4(a)-4(d). It is assumed to be a unique signature of THE,
and the temperature dependences of the largest pr in all the
bilayers have been shown in Figs. 4(e) and 4(f). The THE is
evident in the whole temperature range from 5 to 300 K, which
is much different from that in B20-type bulk chiral magnets
subjected to low temperature and large magnetic field [7,8].
Notably, the difference of the THE signals between 2- and
5-nm Ta capping layers is larger than that in MnGa/Pt (¢)
films. Clevenger et al. have demonstrated that the resistivity
of o phase Ta film (~50 u2cm) is much lower than its
phase (~200 2 cm) [23], which dramatically depends on the
deposition conditions and stress relaxation, and the §-Ta has
stronger SOC [24]. Although the resistivity of a 2-nm-thick
Ta film is very close to that in a 5-nm-thick film as shown in
Fig. S3 [21], the phase may be different since the thinner film is
more susceptible to interface stress and oxidation. Meanwhile,
though the 2-nm-thick Ta should be oxidized to some extent,
the SOC and spin Hall angle are considered to be not strongly
influenced as discussed in the work of Woo et al. [25]. On the
other hand, the different coverage on the MnGa grains will
also modify the effective SOC. Therefore, the interfacial DMI
should be varied by these effects.

Since the fictitious magnetic field acts like the classical
magnetic field in the same manner as the normal Hall effect,
the measured THE signals can be written as pt = P Ry Befr =
PRon;;qbo, where P is the spin polarization of charge carriers
and determined to be 40% for all the films [26], Ry denotes the
normal Hall coefficient, and B¢ the fictitious magnetic field,
¢o = h/e is the flux quantum, and n£ is the chiral domain wall
density [12,13]. Then the temperature dependences of Begr in
all the films can be deduced and have been summarized in
Figs. 4(g) and 4(h). The variation tendency is similar to pr, and
the largest values at 200 K have been found in both MnGa/Pt
(5 nm) and MnGa/Ta (5 nm) bilayers, which depends on the
whole set of magnetic parameters and DMI. The B values of
MnGa/Ta (5 nm) in the whole temperature are all much larger
than the bulk-type DMI derived fictitious magnetic field under
low temperature and large field [7,8]. At room temperature,
the nj is calculated to be ~800 um~* and ~1 x 10* um~2 in
MnGa/Pt (5 nm) and MnGa/Ta (5 nm) bilayers, respectively.
We can also approximately estimate that the separation of the
chiral domain walls [(ng)_l/z] is ~35nm and ~10 nm in these
two films, which also indicates the length scale of the skyrmion
because its lower limit should be larger than the film thickness

of ~4 nm due to the two-dimensional nature of the skyrmion.
The values are area averaged and can be even smaller due to
the coexistence between the skyrmion and the ferromagnetic
phase. On the other hand, based on the MnGa films shown
in this Rapid Communication, the value of D at the MnGa/Pt
interfaces would be around 1.08 mJ/m? since a weak THE
emerged in sample C/Pt (5 nm) bilayers [21]. According to
the magnetic parameters as shown in Table I, the nominal
domain wall width A = /A/K of sample B is ~4.47nm
and the DMI associated length £ = 2A/D is considered to
be ~4.26 nm based on MnGa/Pt bilayers, which are all larger
than the nominal thickness ~4 nm of sample B. Therefore,
the domain wall structures in MnGa/HMs bilayers can be
explained by the theory of Thiaville et al., where they have
investigated by micromagnetics a new domain wall structure
in ultrathin films with perpendicular anisotropy, as a result of
the DMI from the adjacent layers [17]. The Néel domain wall
structure with a fixed chirality will be finally stabilized when
D islarger than D., and the domain wall width A is considered
to be constant during the transition. With the introduction of
interfacial DMI to sample B, the domain wall structures in
MnGa/Pt and MnGa/Ta bilayers will be Néel type with fixed
chirality, and the domain wall widths in both of the films are
considered to be similar to that in sample B (A = 4.47 nm).
Therefore, the size of the chiral domain walls in the sample
B/Pt and sample B/Ta bilayers are considered to be the same
but the separation is different according to the discussion of
(ng)‘l/ 2,

Notably, the SOC plays different roles in Spin Hall effect
(SHE) as compared with the interfacial DMI, since there is no
obvious connection between the strength and sign of SHE and
those of the interfacial chiral DMI. It is suggested by the similar
behavior of pr in the MnGa/Pt and MnGa/Ta films, though the
spin Hall angles in Pt and Ta are opposite in sign. Recently,
using relativistic first-principles calculations, Belabbes et al.
have shown that the chemical trend of the DMI in 3d-5d
ultrathin films follows Hund’s first rule with a tendency similar
to their magnetic moments in either the unsupported 3d mono-
layers or 3d-5d interfaces [27]. The driving force is the 3d
orbital occupations and their spin-flip mixing processes with
the spin-orbit active 5d states directly controlling the sign and
magnitude of DMI. The largest absolute DMI value is obtained
in Mn/5d films, indicating that DMI does depend critically not
only on SOC and the lack of the inversion symmetry, but also
on the d wave function hybridization of the 3d-5d interface.
Therefore, in addition to SOC, the Hund’s exchange and
crystal-field splitting of d orbitals should also be considered in
the origin of DMI. Based on this scenario, to some extent,
the large THE in the MnGa/Pt and MnGa/Ta films can be
partly ascribed to the degree of hybridization between Mn/Pt
and Mn/Ta states around the Fermi level. Mn has five filled
3d orbitals with all spin-up states, where the spin-up (spin-
down) channels are totally occupied (unoccupied), so that all
the possible transitions between these states will contribute
to DML

It should be noted that the suitable design of MnGa films
will decrease the D, and o, making the DMI energy more
prominent in the total magnetic energies [28,29]. We have also
compared the THE in sample A/Pt (5 nm) and sample C/Pt
(5 nm) bilayers and a weak THE only emerged in sample
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C/Ptbilayers [21]. In our previous works, we have investigated
the spin-orbit torque (SOT) in the MnGa/HMs films [18,19],
in which the MnGa layer is continuous film (R; = 0.4nm)
and the D, is calculated to be ~1.11 mJ/m? [21]. However,
we have not found THE in these films though the value of
D, is very close to that in sample C as shown in Table I.
Therefore, it seems that the grain structures will promote
the formation of THE, which needs further investigation. We
have also investigated the SOT in MnGa/Pt (5 nm) bilayers
based on the three samples. The SOT driven magnetization
switching only emerged in the sample C/Pt bilayers [21], and
the magnetization has not been fully switched. The SOT driven
magnetization switching is supposed to be subdued for grain
films, and the domain wall motion will be strongly influenced
by the grain sizes though there is THE in both sample B/Pt
and sample C/Pt bilayers. Furthermore, in the calculation we
have determined the same value of A for the three samples,
which actually will change due to the structural disorders
of the MnGa films [30]. Based on a simple assumption in
the Stoner model for itinerant ferromagnetism, the smaller
saturation magnetization in samples B and C can be an index
of the weak exchange interaction [31]. Therefore, the role of

DMI in SOT driven magnetization switching and THE based
on MnGa films should be further exploited.

In summary, we have demonstrated the presence of large
THE in the MnGa/Pt and MnGa/Ta bilayers induced by strong
interfacial DMI between HMs (Pt and Ta) and Mn atoms. The
largest THE signals have been found based on the MnGa films
with smallest D, which correspondingly results in the smallest
o. The large topological portion of the Hall signal from the
total Hall signal has been extracted in the whole temperature
range from 5 to 300 K and the magnitude of the fictitious
magnetic field has been determined. These results open up the
exploration of the DMI induced magnetic behavior based on
the bulk PMA materials for fundamental physics and magnetic
storage technologies.
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