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Two-channel anomalous Hall effect originating from the intermixing in Mn, CoAl/Pd thin films
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The anomalous Hall effect (AHE) is an electronic transport phenomenon with rich physics. In thin magnetic
films and multilayers, an unusual peak observed in AHE is often identified as the topological Hall effect
(THE), induced by topologically nontrivial spin textures. However, it is a challenge to determine whether this
unusual peak truly originates from such spin textures or is an artifact due to inhomogeneities. In this work, we
systematically study the Pd thickness and temperature dependence of the Hall effect in Mn,CoAl/Pd thin films.
We observe an unusual peak in the Pd thickness dependence and rule out that the origin of the peak is from
the topologically nontrivial spin textures by directly imaging the magnetic domain structures. We also build a
model for the AHE based on the sum of contributions from Mn,CoAl and an intermixed CoPd alloy. These
materials have opposite signs of the AHE and different coercive fields, which successfully explains the thickness
and temperature behaviors of the unusual peak. Our results show that the interface mixing layer can play an
important role in the interpretation of the AHE in ferromagnet/heavy metal systems.

DOI: 10.1103/PhysRevB.106.144414

I. INTRODUCTION

Topologically nontrivial spin textures with chirality and
emergent phenomena create opportunities to design energy
efficient and miniaturized spintronics devices [1,2]. Among
these spin textures, magnetic skyrmions are quasiparticles
with noncollinear spin configuration and nanoscale dimension
enabling them to be used as information carriers [3,4]. They
have been observed in single crystals with a noncentrosym-
metric lattice [5,6] and in ferromagnet-heavy metal ultrathin
films or multilayers [7,8].

Due to the topologically nontrivial property of the mag-
netic skyrmions, an emergent magnetic field can be induced.
The moving electrons will be scattered by this magnetic field
and thus give rise to a transverse resistance, the so-called
topological Hall effect (THE) [9,10]. With the contribution
of THE, the total Hall resistance of ferromagnetic materi-
als with magnetic skyrmions can be given as R,y = Rong +
Rane + Rrug, where Ropgg and Rapg are the ordinary Hall
effect and the anomalous Hall effect (AHE), respectively. The
magnitude of Ryyg is generally proportional to the density of
the skyrmions [10,11]. Thus, for the Hall effect measurement
of the magnetic skyrmion host materials, an unusual peak
or hump appearing near the coercive field has been often
attributed to THE. The observation of this unusual peak has
been used as an electrical signature to verify the presence of
skyrmions in various thin film systems [12—15].

However, the origins of this unusual peak have been de-
bated recently, and an alternative interpretation related to
the superposition of two anomalous Hall channels has been
proposed [16]. For instance, an unusual peak was observed

. .
simon.granville@vuw.ac.nz

2469-9950/2022/106(14)/144414(7)

144414-1

in the single layer SrRuQOj3 ultrathin films, which can be ex-
plained by the conventional inhomogeneity of the coercive
field and thickness with the opposite sign of AHE [17-19].
This unusual peak can also be induced by the compositional
inhomogeneity in rare-earth transition-metal ferrimagnetic al-
loys, e.g., the Co,Gd;_, alloy thin films in which Co and
Gd show opposite sign of AHE [20]. Several reviews have
recently appeared that summarize experimental observations
of this peak in various materials as well as its potential origins
[21-23].

In ferromagnet-heavy metal multilayers, it is well known
that the Dzyaloshinskii-Moriya interaction (DMI) can be in-
duced at the interface between the ferromagnetic layer and
the heavy metal layer due to the broken inversion symmetry
and strong spin-orbit coupling [24,25]. Because DMI favoring
noncollinear spin states competes with the exchange and mag-
netic anisotropy interactions favoring collinear spin states, the
magnetic skyrmions can be stabilized as a ground state in the
multilayer systems [8]. Therefore, the unusual peak observed
in these systems is usually ascribed to THE [13,26]. However,
Gerber proposed that in [Co/Pd], multilayers (where n cor-
responds to the number of repetition), an intermixing layer at
the interface exhibits opposite sign of AHE compared with
the ferromagnetic layer, and thus gives rise to an unusual peak
[27]. Yet, in the multilayers, the interfaces are complicated,
making it hard to quantitatively identify the relationship of the
unusual peak and the intermixing layer. Also, still unknown is
the influence of thickness of heavy metal on the unusual peak.

To investigate the origins of the unusual peak in
ferromagnet-heavy metal ultrathin film systems, we have stud-
ied a simple trilayer system, MgO/Mn,CoAl/Pd thin film,
where we only need to be concerned with one interface,
between the Mn,CoAl and Pd layer. We have observed an
unusual peak in the Hall resistivity, which we previously
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FIG. 1. The Hall effect for MgO(1.6 nm)/Mn;CoAl(2.6 nm)/Pd(2.2-3.8 nm) trilayers at 300 K. The inset shows the zoomed in region of
the loop. Black branch: positive-to-negative magnetic field sweeping; red branch: negative-to-positive magnetic field sweeping.

identified as the topological Hall effect [13]. Furthermore,
DMI is present and we have studied magnetic skyrmions
in this system using magneto-optical Kerr effect microscopy
[28,29]. Therefore, it is an ideal system to investigate the
relation of the unusual peak and the magnetic skyrmions.

In this work, we prepared MgO/Mn,CoAl/Pd trilayers
with various thickness of Pd layer and investigated the Hall ef-
fect and magnetic domain structures. We observed an unusual
peak in Hall effect and demonstrated that the origin is not from
topologically nontrivial spin textures. The Pd thickness and
temperature behaviors of the unusual peak can be clarified by
a model based on two different magnetic materials with an
opposite sign of AHE and difference of coercive field.

II. EXPERIMENTAL METHOD

A series of trilayers: MgO(1.6 nm)/Mn,CoAl(2.6 nm)/
Pd(2.24.4 nm) were deposited on thermally oxidized
Si/S10,(300 nm) substrates by magnetron sputtering with a
base pressure below 4 x 10~® Torr. Samples were grown at
ambient temperature while rotating the sample holder and
then post-growth annealed in sifu for 1 hour at 300. Our
previous work has shown that samples prepared in this way
demonstrate perpendicular magnetic anisotropy [28,30].

Magneto-optical Kerr effect (MOKE) measurements with
a green light (A = 540 nm) were used to obtain the hystere-
sis loops and the magnetic domain morphology at ambient
temperature in differential imaging mode. An out-of-plane
magnetic field was used and the magnetic domains imaged in
polar mode, to detect the out-of-plane component of magneti-
zation. The Hall resistance was measured in a Van der Pauw
geometry by using the resistivity option of a Physical Property
Measurement System (PPMS, Quantum Design).

III. RESULTS

A. Pd thickness dependence of the unusual AHE

The Hall effect of MgO(1.6 nm)/Mn,CoAl(2.6 nm)/Pd
(tpg nm) thin films was performed at 300 K, as shown in

Fig. 1. In our system, Royg is much smaller than Ragg and can
be neglected at the low magnetic fields of the measurements
presented here. For the sample with thin Pd layer tpg = 2.2 nm
it shows a positive AHE with a very small Ry, = 0.0013
2, as shown in the inset of Fig. 1(a). Upon sweeping the
magnetic field from saturation, there is a small peak close to
the coercive field uoH., present for both positive-to-negative
and negative-to-positive field sweeps. By increasing tpq, the
sign of AHE changes to negative with an obvious unusual
peak, as shown in Figs. 1(b) and 1(c). We have previously
identified this peak as the THE due to the existence of the
topologically nontrivial spin textures. After fpg > 3.2 nm, the
unusual peak starts to decrease, and almost disappears for the
trilayers with a thick Pd layer, as shown in Figs. 1(d)-1(f).

The values of Rapr and Ry, were extracted from the
Hall effect measurements and plotted as a function of fpq (see
Fig. 2), where Ryak is the magnitude of the peak defined as
Rpeak=Rxy-Rone-RanE [see Fig. 1(c)]. Figure 2(a) shows that
the sign of Rayg changes from positive to negative when fpq =
2.4 nm. The value of Ragg increases to a maximum —0.040
at tpg = 2.8 nm, and then decays to —0.025 2 at tpg = 4.4 nm.
For the case of Ryeax, the value of Rpeqx increases from around
0 to a maximum 0.023 €2 in the range of tpg = 2.2 to 3.0 nm,
and then drops to O in the range of fpg = 3.2 to 4.4 nm, as
shown in Fig. 2(b).

B. Magnetic domain morphology

To answer whether this unusual peak is THE origi-
nating from the magnetic skyrmions or not, the magnetic
domain structures of Mn,CoAl trilayers have been charac-
terized by MOKE. Figure 3 shows the typical hysteresis
loops and the magnetic domain structures for the same films
MgO(1.6 nm)/Mn,CoAl(2.6 nm)/Pd(r nm) with an external
out-of-plane magnetic field at ambient temperature. For the
hysteresis loops, the coercive field decreases with raising #pq
due to the reduction of the perpendicular magnetic anisotropy
with thicker Pd layer. Especially for tpg = 3.8 nm, the rema-
nent magnetization, magnetization at zero-field, is close to 0
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FIG. 2. Rapge and Ry as a function of the thickness of the Pd
layer.

[see Fig. 3(m)] suggesting that this thin film shows a magnetic
anisotropy closing to the spin-reorientation transition between
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the out-of-plane and in-plane directions. It should be noted
that the coercive field measured by MOKE is larger than that
of the Hall effect results. The reason is that the sweep rate
of the magnetic field for electrical transport measurements is
much slower than that of the MOKE measurements. The field
stabilisation time for the electrical transport measurements in
the PPMS is longer than it is for the MOKE equipment, and of
a similar time as the nucleation time of the magnetic domains.
Hence, in the Hall measurements the magnetic domains
are indeed nucleated and propagated, and thus a relatively
small magnetic field is needed to switch the magnetization
compared with the MOKE measurement, which measures
over faster timescales compared to the dynamic of magnetic
domains.

Here, we will discuss the magnetic domain structures and
the nucleation process for these Mn,CoAl trilayers. Samples
were magnetically saturated first with a large enough negative
magnetic field, —18 mT. Then, magnetic domain images were
taken continuously by MOKE while sweeping the field from
negative to positive. For samples with tpg = 2.2 nm, one can
see that a uniform magnetic domain nucleates at a defect
position and then propagates with increasing the magnetic
field as shown in Figs. 3(b)-3(d). For samples with tpg =
3.0 nm, which shows the highest unusual peak in the Ry,
several magnetic domains nucleate near the coercive field
and then propagate with the rise of the magnetic field as
shown in Figs. 3(f)-3(h). In Figs. 3(g) and 3(h), there are
labyrinth structures visible within the larger area of black
reversed magnetic domain. By increasing fpg = 3.2 nm, now

Holl, = 7.2 mT

Mo, =2.0 mT

o, =2.5mT

HoH,=0.42 mT

Mo, =0.8 mT

Mol =-1.90 mT U, =-0.95 mT

FIG. 3. The hysteresis loops and the corresponding magnetic domain images for MgO(1.6 nm)/Mn,CoAl(2.6 nm)/Pd(2.2-3.8 nm)
trilayers at ambient temperature. The blue dash lines show the magnetic field where the magnetic domain images were taken. Black branch:
positive-to-negative magnetic field sweeping; red branch: negative-to-positive magnetic field sweeping.
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FIG. 4. (a)-(b) The temperature dependence of Hall effect for MgO(1.6 nm)/Mn,CoAl(2.6 nm)/Pd(3.8 nm) trilayer measured from 300 K
to 230 K. (c)—(e) Raue, Rpeak> MoH. and poHpeax as a function of the temperature, respectively.

reaching a regime where there is a relatively weak perpen-
dicular magnetic anisotropy, more uniform magnetic domains
transform to the labyrinth domains as shown in Figs. 3(j)—
3(1). For samples with tpg = 3.8 nm at the spin-reorientation
transition regime, magnetic skyrmions with around 800 nm
size nucleate as shown in Fig. 3(n) and established in our
previous work [28,29]. The density of the magnetic skyrmions
increases under a lower magnetic field as shown in Figs. 3(0)
and 3(p).

It has been shown that there is an unusual peak observed in
samples with fpg = 2.2, 3.0, and 3.2 nm in Fig. 1. However,
we only observe uniform magnetic domains and labyrinth
domains in those samples. Though the labyrinth domains may
show chirality with noncollinear domain walls due to the
interfacial DMI in these films, there should exhibit two peaks
in each branch when sweeping the field down from saturation,
where a peak happens at the nucleation regime and another
peak with opposite sign should appear at the annihilation
regime where some unreversed labyrinth domains remain (see
Supplemental Materials [31]) [32]. Here, only one peak is
observed at each branch suggesting that the unusual peak is
not related to the chiral labyrinth domains.

Kan et al. reported that the value of the THE resistance
should depend on the sweep rate of magnetic field [17]. In
the Supplementary Materials [31], the Hall effect measure-
ments with different magnetic field sweep rate have been
presented. One can see that Ry, is independent of the sweep
rate while both poH. and poHpe change, where poHpeak
corresponds to the magnetic field of the peak. In Ref. [17],
this sweep rate behavior can be understood in the conventional
magnetization reversal process rather than the topologically
noncollinear spin textures. Furthermore, we notice that a large
amount of magnetic skyrmions have been observed in the

sample with tpg = 3.8 nm, where only a very weak R,, peak
is obtained. This sample also only shows one peak at each
branch. Previous studies reported that magnetic skyrmions in
ultrathin films cause a very weak THE, only 10% of Rapg,
in which a peak cannot be directly observed but obtained by
scaling the difference of the AHE and magnetization loops
[11,33]. It is hard to believe that, in the sample with tpq =
3.0 nm, Ryeac With a size of 57% of Rapg results from the
topologically noncollinear spin textures. Based on the above
discussion, we conclude that the peak does not originate from
the topologically noncollinear spin textures.

C. Temperature dependence of the unusual AHE

To find out the origin of the unusual peak, the
temperature dependence of Hall measurements for
MgO(1.6 nm)/Mn,;CoAl(2.6 nm)/Pd(3.8 nm) trilayer has
been performed from 300 K to 230 K as shown in Fig. 4. By
cooling down the temperature, uoH, of the hysteresis loops
becomes larger and the remanent magnetization equals the
saturation magnetization, indicating that the perpendicular
magnetic anisotropy becomes strong at low temperature as
shown in Figs. 4(a)-4(b). One can observe three types of
hysteresis loops: loops with a peak woHe = poHpeak (Type
I), loops without a peak (Type II), and loops with a peak
woH. < HOHpeak (Type III).

RaHE, Rpeak> moH: and poHpeax were extracted from the
temperature-dependent Hall effect measurements, as shown
in Figs. 4(c)—4(e), respectively. Rapg increases linearly from
0.029 Q to 0.045 2 on cooling [see Fig. 4(c)]. Regard-
ing Rpea, the temperature dependent behavior is relatively
complicated and exhibits three regimes [see Fig. 4(d)]: Rpeax
increases from nearly 0 to maximum 0.015 €2 in the range
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FIG. 5. The schematic of the model based on two magnetic contributions. The total Raygg in a trilayer is a sum of two components: MCA
layer and intermixed CoPd layer. (a) Model for Pd thickness dependent of AHE. (b) Model for temperature dependent of AHE. Black branch:
positive-to-negative magnetic field sweeping; red branch: negative-to-positive magnetic field sweeping.

from 300 K to 282 K, then reduces to a minimum at 248 K,
and finally increases to 0.015 €2 again at 230 K. In Fig. 4(e),
poH. and poHpeac were plotted together. In the range from
300 K to 282 K, poHpeak 18 less than (o H. while the difference
between them becomes small on cooling. poHpeax approaches
noH. at 284 K and keeps a very small difference with poH,
until the temperature decreases to 248 K. After that, ptoHpeak
is greater than puoH, in the range from 246 K to 230 K.
Strikingly, the temperature-dependent relationship of woH.
and ptoHpe,x shows completely the same three temperature
regimes as the temperature behavior of Rpea, strongly sug-
gesting that the magnitude of Ry,  relates to the difference of
woH. and poHpeax . Therefore, we think the unusual peak may
result from two different magnetic species with opposite signs
of AHE and different coercive fields.

D. Model based on two magnetic contributions

From our previous work, the ferromagnetic Mn,CoAl layer
shows a positive AHE from 300 K to 5 K [34]. Recently,
Basha et al., directly observed that there is an intermixing
CoPd alloy in Co,MnSi/Pd ultrathin films similar to our sys-
tem [35]. Also, it is known that the CoPd alloy with excess Pd
shows a negative AHE [36]. Thus, we establish a model based
on Mn,CoAl and intermixed CoPd alloy with opposite signs
of AHE and different coercive fields to clarify the thickness
and temperature dependence of the unusual peak.

We first discuss the relationship of the unusual peak and
the Pd thickness. The schematic loops for the Pd thickness
dependent AHE and unusual peak are summarised in Fig. 5(a).
For the sample with a thin Pd layer, tpg = 2.2 nm, a small
amount of intermixing at the Mn,CoAl/Pd interface forms a
CoPd alloy and contributes a weak negative AHE. The total
measured AHE is dominated by the perpendicular magnetized
Mn,CoAl layer in this situation. If the coercive field of the
intermixed CoPd alloy (uoHcopa) is less than the coercive
field of perpendicular magnetized MnyCoAl (poHyRs), the
total AHE is positive and a small peak can be observed [see
Fig. 1(a)]. With increasing the thickness of the Pd layer, there
is more CoPd formed with a stronger negative AHE and

woHcopq increases so that the total AHE reverses to negative
with a peak. Regarding the samples with a thick Pd layer, like
tpa = 3.2 nm, most of the electric current will pass through
the Pd layer because the bulk resistivity of Pd, ~11 u2 cm
[37], is much lower than that of Mn,CoAl, 200 ©2 cm [34],
which is the so-called shunting effect. This effect leads to a
reduction of the net AHE of the Mn,CoAl/Pd bilayer with
intermixed CoPd at the interface and a decline of the peak for
the samples with a thick Pd layer as shown in Fig. 2(b).

The temperature dependence of Ryeac With three types of
hysteresis loops can be also understood by this model. First,
the total AHE stays negative for the thin film with tpg = 3.8 nm
in the range from 300 K to 230 K as the intermixed CoPd
alloy is the dominant contribution. Then, the transformation of
hysteresis loops can be explained by the difference of j.oHypoa
and poHcopq illustrated in Fig. 5(b). In the range from 300 K
to 250 K, the sample shows the Type I loops because j.oHypa
is smaller than poHcopg. For the magnitude of the peak, as
the difference of the coercive field for both magnetic contrib-
utors is large enough to disentangle the value of AHE, Rpeax
only represents the component of intermixed CoPd alloy. By
cooling down the temperature, the AHE of the CoPd will be
increased which has been observed in the range from 300 K
to 282 K in Fig. 4(e). However, in the range from 282 K to
248 K, poHcopa closes to woHiYA, meaning that the switch
of the magnetization for both Mn,;CoAl and CoPd merges at
the same field so that the peak decreases and disappears at
248 K, where j1oHcopa €quals to pwoHya. By continuing to
decrease the temperature, oHcopg starts to become greater
than poHY¥A, so that the switch of magnetization for both
contributors again disentangles, and a peak can be observed
again [see Fig. 4(e)].

IV. DISCUSSION

The temperature dependence of the coercive field can be
described by a Sharrock-type formula [38],

kT
woH, = MoHo[l A In (fof)i|, (D
0
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where oHp is the intrinsic coercive field at 0 K and Ej is
the zero-field energy barrier. In (fyt) is an extrinsic term that
relates to the sweeping field rate which is independent of
temperature. Brown et al. reported poHo ~ M. while Ey
is almost temperature insensitive in Co/Pd mutilayers [38],
where M is the saturation magnetization. Given that M of
perpendicular magnetized Mn,CoAl trilayer (315 emu/cm?
[28]) is larger than that of CoPd alloy which is Pd-rich (less
than 200 emu/ cm? [39]), we think poHy of Mn,CoAl is larger
than that of CoPd alloy. Thus, the temperature dependence of
coercive field of perpendicular magnetized Mn,CoAl is more
sensitive than CoPd alloy.

It has been reported that inhomogeneities could be the
origin of the unusual peak in perovskite oxide thin films, like
SrRuO; [18,19]. For this type of material, the sign of the AHE
is determined by the intrinsic electronic structure and is sensi-
tive to the thickness [40]. For instance, in single layer STRuO3
ultrathin films, the sign of AHE changes from negative to pos-
itive when decreasing thickness from 5 to 4 unit cells, so that
an unusual peak for the films can be observed with thickness
between 4 and 5 unit cells. Corresponding to the magnetic
domains in this nonuniform thin film, a two-step magnetic
switching behavior has been observed due to the mixture of
magnetic domains for the area with a thickness variation [19].
In our films, we do see the mixture of the labyrinth domains
and uniform magnetic domains, but this depends on the com-
petition of the magnetic anisotropy, exchange interaction, and
DMI rather than the thickness inhomogeneity of the Mn, CoAl
layer [8,28]. More importantly, unlike AHE in SrRuO3, which
is sensitive to the thickness or composition, the Mn,CoAl
layer is only known to show positive AHE [30,41,42]. There-
fore, we think that the thickness inhomogeneity is not the
origin in our system. Considering the interface between the

Mn;CoAl and Pd layers, it is reasonably assuming that an
intermixed CoPd alloy can be formed at the interface and thus
induce an unusual peak in AHE.

V. CONCLUSION

In summary, we fabricated Mn;CoAl/Pd thin films with
perpendicular magnetic anisotropy by varying the thickness of
Pd layer in order to investigate the link between the observed
Hall effect and the magnetic domains present. A THE-like
peak was observed in the Hall effect hysteresis loops. By char-
acterizing the magnetic domain morphology, we demonstrate
that this unusual peak is not THE and rule out its origin as
being topologically nontrivial spin textures. We believe that an
intermixed CoPd alloy at the interface between the Mn,CoAl
and Pd layers plays a key role in the appearance of the unusual
peak. A model based on Mn,CoAl and intermixed CoPd alloy
with opposite signs of AHE and different coercive fields fully
explains the thickness and temperature-dependent behaviors
of the unusual peak. For the Pd thickness dependence of the
peak, the magnitude of the peak increases when increasing
the thickness of Pd layer since there is more intermixed CoPd
alloy formed. With thicker Pd layers, the reduction of the peak
can be ascribed to the shunting effect through the low resis-
tivity nonmagnetic Pd. For the temperature dependence of the
peak, three types of AHE hysteresis loops can be observed due
to the difference of the coercive field between the Mn,CoAl
and intermixed CoPd alloy.
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