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An ultrahigh electric field induced by ionic liquid gating (ILG) can be employed to manipulate fer-
romagnetism with low Joule heating dissipation, showing great potential for spintronics applications.
In ferromagnetic/heavy metal thin films, however, typical materials used in both layers are electron-carrier
dominant, which significantly suppresses the ILG effect due to the short electrostatic screening length in
metal. Here, we employ Mn,CoAl, a spin gapless semiconductor with hole carriers, as the ferromagnetic
layer and investigate the ILG effect in MgO/Mn,CoAl/Pd ultrathin films with perpendicular magnetic
anisotropy. Reversible change of the magnetic anisotropy from the out-of-plane to the in-plane direction is
achieved, induced by electrostatic charge accumulation. Moreover, ambipolar transport behavior has been
observed and explained by a two-carrier model. Finally, we find that skew scattering is the mechanism
of the anomalous Hall effect and can be enhanced at a positive gate voltage in our system. Our results
strongly demonstrate that a significant ILG effect on magnetism can be easily achieved in two-carrier

dominant ultrathin films.
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I. INTRODUCTION

An exotic electronic band structure can induce various
physical and chemical phenomena which are important
not only for fundamental research but also for practi-
cal applications [1-3]. Recent studies have reported an
interesting class of semiconductor materials exhibiting a
partially gapless band structure at the Fermi level (EF) [4,
5]. These materials, called spin gapless semiconductors
(SGS:s), exhibit a band gap in one of the spin channels and
a zero-band gap in the other, as shown in Fig. 1(a) [6],
which bridge the gap between semiconductors and half-
metallic ferromagnets with a 100% spin polarization and
show great potential for spintronics applications.

The SGS Mn,CoAl was experimentally verified in
2013 [7]. This inverse Heusler compound shows a mag-
netic moment of 2up and a high Curie temperature of
720 K. In order to develop this material for spintronics
applications, researchers are starting to extend the study
of Mn,CoAl from bulk to thin films [8—13]. Furthermore,
perpendicular magnetic anisotropy (PMA) and skyrmions,
a type of topological spin texture with nanoscale size,
have been observed in MgO/Mn,CoAl/Pd thin films due
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to the strong spin-orbit coupling and Dzyaloshinskii-
Moriya interaction (DMI) at the interface between the Pd
and Mn,CoAl layer [14—16], making this material more
attractive to use in ultralow-power and ultrahigh-density
devices [17,18].

Ionic liquid gating (ILG) using ionic liquids or ion gels
has been demonstrated as a powerful method to effec-
tively tune the ferromagnetism, superconductivity, and
metal-insulator transition in thin films [19,20]. Using this
method, an ultrahigh electric field can be generated at the
electric double layer (EDL) interface over a nanometer-
scale gap between the ions in the Helmholtz layer and
charge carriers in the sample [20]. This interfacial gating
behavior can lead to controlled and reversible changes of
carrier concentration, and to a magneto-ionic effect [21].
For a ferromagnet/heavy metal system with PMA, the
magnetic anisotropy, coercive field, and DMI can be tuned
by ILG due to the electrostatic charging or magneto-
ionic effect. Also, ILG can be used to control magnetic
domains and generate skyrmions [22]. However, most of
the work carried out has employed the Co and Co-Fe-B
as the ferromagnetic layer and Ta, Pd, and Pt as the heavy
metal layer [23—26]. These typical metallic materials used
as both ferromagnetic and heavy metal layers exhibit a
large electron-carrier concentration and short electrostatic

© 2022 American Physical Society
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FIG. 1.

(a) Schematic of density of states for an SGS. The density of states N (E) as a function of energy £. The occupied states

are indicated by filled areas. Arrows indicate the majority (1) and minority (| ) states. (b),(c) Schematic of the thin-film structure and
device, respectively. (d),(e) Typical gate dependence of AHE measured in an out-of-plane magnetic field at 150 K for a MgO(1.6

nm)/Mn, CoAl(2.6 nm)/Pd(2.6 nm) stack.

screening length so that electrons cannot be entirely com-
pensated in the top heavy metal by ILG, not to mention
the modulation in the bottom ferromagnetic layer. There-
fore, the ILG effect on the ferromagnetic layer can be
dramatically suppressed.

On the other hand, in the two-carrier system combining
materials with electronlike and holelike charge carriers,
the anomalous Hall effect and magnetism can be observed
[27-29]. 1t is known that the Mn,CoAl thin film is a
p-type material with a hole-carrier concentration (from
approximately 1.6 x 10%° to 4 x 10> cm™> from differ-
ent groups [13]), and ambipolar transport behavior induced
by altering the polarization of dominant carriers has been
observed by ILG [30]. Usually, heavy metals with elec-
tron carriers are needed to induce PMA, which has been
shown in a Mn,CoAl/Pd system [15]. Thus, the combi-
nation of holelike Mn,CoAl and electronlike heavy metal
Pd is unusual and may result in exotic magnetotransport
phenomena not seen in structures made of conventional
metals. Moreover, this two-carrier heterostructure is an
ideal system for not only tuning the electronic states and
Er but also realizing ambipolar transport by ILG.

In this work we investigate the ILG effect in
MgO/Mn,CoAl/Pd ultrathin films with two carriers and
PMA. We demonstrate that the magnetic anisotropy
can be reversibly switched from the out-of-plane to
the in-plane direction. The ambipolar transport behavior

also can be observed and elucidated by a two-carrier
model.

II. EXPERIMENTAL METHOD

Ultrathin films consisting of MgO/Mn,CoAl/Pd tri-
layers, as shown in Fig. 1(b), were deposited on ther-
mally oxidized Si/SiO, (300 nm) substrates by mag-
netron sputtering with a base pressure below 4 x 1078
torr. Samples were grown at ambient temperature while
rotating the sample holder and then annealed in situ
for 1 h at 300°C. MgO was rf sputtered at a growth
rate of 0.05A/s. Mn,CoAl and Pd were dc sputtered
at a growth rate of 0.84 A/s and 0.46 A/s, respectively.
For more information of the sample fabrication, see our
previous work [14,15]. A reference sample without a
Mn,CoAl layer, MgO(1.6 nm)/Pd(2.6 nm), has also been
grown. Then trilayers were patterned into standard Hall
bars (I = 1600 um, w = 150 um) by photolithography and
then Ar ion milling. Ta(2 nm)/Cu(100 nm) were deposited
as contact pads for electrical transport measurements.
A small droplet of ionic liquid, N,N-Diethyl-N-methyl-N-
(2-methoxyethyl)ammonium bis(trifluoromethylsulfonyl)
imide (DEME-TFSI, IoLiTec), was used as the electrolyte
connecting the Pt wire gate electrode and the Hall channel
of the device, as shown in Fig. 1(c).
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The gate voltage was applied and changed by a Keithley
6517B electrometer at 7 = 220 K, which is just above
the glass transition temperature of DEME-TFSI. Because
the interfacial chemistry is significantly suppressed at this
transition temperature [31], any possible interfacial elec-
trochemistry between the ionic liquid (IL) and Hall channel
can be avoided. The charging routeis3.5V — —3.5V —
3.5 V— 0V with a step of 0.25 V or 0.5 V. All sam-
ples were charged for 30 min to reach the equilibrium of
carriers at each gate voltage.

Anomalous Hall resistance and longitudinal resistance
were measured at and below 175 K by using the resistivity
option of a physical property measurement system (Quan-
tum Design). It should be noted that the mobile ions in
the IL were completely frozen and the gate current cannot
be modulated by electrostatic gating voltage at temper-
atures below 175 K, therefore samples can be affected
under the same ILG condition at a fixed gate voltage for
temperature-dependent measurements.

III. RESULTS

A. Gate voltage-dependence of magnetic anisotropy

It is well known that the anomalous Hall effect (AHE)
is a typical method for identifying the PMA and in-plane
magnetic anisotropy (IMA) [17]. Usually, the Hall resis-
tance is comprised of two terms, R., = R,H. + R M.,
where R, and R, are the ordinary and anomalous Hall
coefficient, respectively. In ferromagnetic materials, R4 is
much greater than R, so that R,, is usually proportional to
the out-of-plane component of magnetization, M. .

To investigate the magnetic anisotropy of trilayers influ-
enced by ILG, the AHE of the MgO(1.6 nm)/Mn,CoAl
(2.6nm)/Pd(2.6 nm) films was measured under various
gate voltages (Vi) at 150 K, as shown in Figs. 1(d)—1(e).
In the bottom panel of Fig. 1(d), there is a square
hysteresis loop with a coercive field uoH, = 18.6 mT
and a saturation Hall resistance Ry = 0.43 Q at Vg =
0 V, meaning that this trilayer exhibits a PMA. For an
oxide—ferromagnet—heavy-metal system, the PMA usually
originates from the electronic hybridization between the
oxygen and magnetic transition metal orbit at the interface
between the MgO and Mn,CoAl, the spin-orbit interac-
tion and the magnetic proximity effect at the interface of
Mn,CoAl and Pd [32]. By applying a negative V' from 0
V to —3.5 V, the square shape of loops and poH, of the
sample is unchanged, as shown in Fig. 1(d). In the case of
positive Vi [see Fig. 1(e)], the PMA of the sample is still
robust under a relatively low Vg up to 1.5 V. However, the
hysteresis loop starts to shrink at g =2 V and entirely
disappears at Vg = 3 V. From our previous result that a
clearly square hysteresis loop can be observed by sweeping
the in-plane magnetic field if the out-of-plane hysteresis
loop disappears induced by ILG [22], we believe that the

magnetic moments switch from the out-of-plane to the in-
plane direction when V; is greater than 2 V, rather than are
reducing. After setting the voltage back to 0 V, the PMA
is spontaneously recovered with a loop in which poH. is
indistinguishable from the first 0 V loop, meaning that the
ILG effect in our system is reversible (see Fig. S1 in the
Supplemental Material [33]).

The density of states of nonmagnetic Pd or Pt at
the Fermi energy nearly satisfies the Stoner criterion in
which the ferromagnetism is expected to occur when
N(Ep)I > 1, where N and [ are the density of states at the
Fermi energy and Stoner parameter, respectively [34,35].
Recently, it has been experimentally demonstrated that
magnetization can be induced in Pt and Pd thin films by
ILG [36-38]. To check if any component of the AHE we
measure in the trilayers is from the Pd layer magnetized
by ILG, a reference sample without a Mn,CoAl layer,
MgO(1.6 nm)/Pd(2.6 nm), has been studied under differ-
ent gate voltages. However, we find no evidence of AHE
observed from 175 K to 3 K at either positive or negative
voltages (see Fig. S2 in the Supplemental Material [33]).
Therefore, we can rule out the presence of a magnetiza-
tion in the Pd induced by the ILG, and the AHE effects we
detect are from the ferromagnetic Mn, CoAl layer.

B. Ambipolar transport behavior

To comprehensively understand the ILG influence on
the magnetic behavior of the Mn,CoAl trilayer, the cru-
cial parameters were extracted from the anomalous Hall
hysteresis loops or longitudinal resistance (R,,) curves, as
shown in Fig. 2. Figure 2(a) shows the ratio of remanent
Hall resistance and saturation Hall resistance, R, /R;. Start-
ing with Vg at 3.5 V, the value of the ratio is 0, that is,
the magnetic moments are along the in-plane direction.
When changing Vi toward —3.5 V, R, /R, becomes 1 when
Vs reaches the voltage threshold for the onset of PMA,
about 1.75 V. Then, by setting V¢ back toward 3.5 V,
the PMA disappears again at a threshold voltage of 1 V.
Figure 2(b) displays the gate dependence of woH. mea-
sured from the anomalous Hall loops, showing a similar
behavior to R,/R;. poH,. is 19 mT for the sample in the
PMA state, with a significant reduction of 84% to 3 T when
the sample changes to IMA.

The gate dependence of saturation anomalous Hall resis-
tance (Rayg) is presented in Fig. 2(c) after subtracting the
ordinary Hall effect with an R, from —1.05 to —1.26 x
10* cm® C~! at various V. It firstly shows an M-shape
with a minimum value of 0.36 €2 at 1.25 V when changing
Vs from 3.5 to —3.5 V [see the black curve in Fig. 2(c)],
and then when changing V¢ back to 3.5 V, Rayg increases
to a maximum value of 0.72Q2 at 2 V before flattening off
at higher V. We also repeated the voltage change from
3.5 to 0 V; the plot of Rapg versus Vg [see the blue curve
in Fig. 2(c)] shows a similar trend to that of the first gate
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FIG. 2.

(a)Hd) Gate dependence of R,/R;, (oH., Raue and Ry, respectively, at 150 K. The inset of (d) shows the carrier concen-

tration as a function of gate voltage. (e)}+(h) The state of two-carrier model for 0 V, 0 Vto —3.5V, 0V to 1.5 V,and 1.5 V to 3.5
V, respectively. The e (—) and A" (+) correspond the electron and hole carrier. Anions (©) and cations (&) are accumulated on the

surface of Pd in (f),(g), respectively.

voltage sweep (black curve), only with an upward shift
compared to the first sweep. Like other inverse Heusler
alloys with itinerant electron magnetism [39], the intrinsic
magnetic properties of Mn, CoAl are primarily determined
by unpaired d electrons of Mn and Co elements with
energies close to Er [5]. It is known that the value of
magnetization or Ragg can be tuned by shifting the posi-
tion of Er. [10,40]. Since the Ryyg was extracted under an
out-of-plane saturation magnetic field the magnetization is
always in the out-of-plane direction and there is no influ-
ence on Rpyg from spin reorientation. Therefore, we think
the change in Ry might be ascribed to the modification of
electron density at Er by the ILG-induced electrical field.
For metals with electron carriers, like Pt and Au, R,
shows a linear relationship with Vg [41,42]. In our sys-
tem, the gate dependence of R, measured at zero magnetic
field exhibits this linear association from —3.5to 1.5V, as
shown in the black curve of Fig. 2(d). However, R,, starts
to increase for Vs above 1.5 V, meaning that some of the
carriers have been compensated and start to change polar-
ity, which can be called ambipolar transport behavior [20].
The change in R, is in line with the behavior of the gate
dependence of carrier concentration; see the black curve
of inset of Fig. 2(d). After setting Vs back to 3.5 V [see
the red curve of Fig. 2(d)], the ambipolar characteristics of
R,, can still be observed with an upward shift compared

with the black curve of Fig. 2(d). One can also see that R,
is almost unchanged in the range from —3.5 to —1.5 V.
This hysteresis results from the slow restructuring process
of ions or polarization relaxation of the EDL, that is, the
carriers are almost locked [43,44], which can be confirmed
in the red curve of the inset of Fig. 2(d) where the car-
rier concentration is nearly unchanged in the same regime.
This locked-carrier effect induces the upward shift of R,,.
It is quite notable that the minimum values of R,, in the
red and black curves of Fig. 2(d) are reached at a V' of 1
V and 1.5V, respectively, almost identical to the voltage
thresholds for the change between PMA and IMA states in
Figs. 2(a) and 2(b).

Though there is a difference of R,, between magneti-
zation parallel and perpendicular to the electrical current,
which is the so-called anisotropic magnetoresistance effect,
this effect is very small for 3d ferromagnetic materials,
usually less than 5% [45], and in Mn,CoAl films it is less
than 0.4% [46]. For our case, there is an 8.6% difference
in R,, between 0 and 3.5 V, where the spin-reorientation
transition happens. Furthermore, R,, enhances 29.3% at
—3.5V, where the magnetization is still in the perpendicu-
lar direction. This significant change cannot be ascribed
to the spin-reorientation transition. Therefore, we con-
clude the change in R,, is mostly affected by the carrier
concentration.
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It should be noted that these results as shown in
Figs. 2(c) and 2(d) in our heterostructures are different
from other PMA systems in which the charge carriers of
both ferromagnetic and heavy metal layers are electrons.
In our system, the Mn,CoAl layer is hole-carrier domi-
nant (see Fig. S3 in the Supplemental Material [33]) while
the top Pd layer is electron-carrier dominant (see Fig. S2
in the Supplemental Material [33]). Therefore, we estab-
lish a simple two-carrier model to explain this ambipolar
transport behavior and magnetic properties as a function
of Vg, as shown in Figs. 2(e)—2(h). At 0 V, there are free
electrons and holes in the Pd and Mn,CoAl layer, respec-
tively, as shown in Fig. 2(e). With increasing V¢ in the
negative gate direction, anions are accumulated above the
film surface and thus decrease the number of electron car-
riers in the Pd layer, resulting in an increase in R,, with
less electron conduction, as shown in Fig. 2(f). Since the
Pd thin film shows a very high electron-carrier concentra-
tion, 8.7 x 10?2 cm™—3 [see Fig. S2(c) in the Supplemental
Material [33]] and all electrons in the Pd layer cannot
be depleted at this intermediate Vs, we believe that the
carriers in the Mn,CoAl layer are not affected. On the
other hand, when the Hall channel is positively biased,
the electron concentration increases in the Pd associated
with the decrease in R,,, as shown in Fig. 2(g). This gate-
dependent behavior of R,, is in line with other metals that
also have electrons as the charge carriers [41,42]. How-
ever, when subsequently increasing the Vs above 1.5V,
some of the electrons might diffuse into the Mn, CoAl layer
so that some of the positive carriers in that layer are com-
pensated. Therefore, R,, starts to increase and exhibits an
ambipolar transport behavior. This behavior has also been
observed in thick Mn; CoAl films by ILG [30]. As we men-
tioned above, the voltage threshold for the change between
PMA and IMA relates to the minimum value of R,,.. We
think the hole carriers start to be depleted in the Mn,CoAl
layer at these minimum V¢ points and change the interface
interaction.

It must be stressed that the chemical window of DEME-
TFSl s as high as 6 V when charging at the glass transition
temperature, 220 K [47]. Though in Fig. 2(d) the value of
R, does not return to the initial state at 3.5 V after cycling
of the Vg, we think the reason is the slow polarization
relaxation of the EDL [43,44] rather than the electrochemi-
cal reaction. Moreover, the characteristic of gate dependent
R, is reversible. All the foregoing strongly suggests that
there is no irreversible electrochemical reaction at 3.5 V in
our system.

C. Temperature dependence of magnetotransport

We also investigated the ILG effect on the magnetotrans-
port behavior at different temperatures from 175K to 3 K
at Vg values of —3.5V, —0.75 V and 3.5 V, respectively, as
shown in Fig. 3. The sample shows a robust PMA from 175
K to 3 K with a V5 at —3.5 V and —0.75 V, respectively,
as shown in Figs. 3(a) and 3(b). In the case of Vg = 3.5V,
hysteresis appears with a creeping transition near the coer-
cive field when decreasing the temperature because the
effective perpendicular magnetic anisotropy of ultrathin
films increases greatly with decreasing temperature [48],
as shown in Fig. 3(c).

The values of ugH. and Rayg were extracted from
Fig. 3, as shown in Figs. 4(a) and 4(b), respectively. Both
rise with decreasing temperature. Comparing the value of
noH, at —3.5 Vand —0.75 V, it is the same from 175 K to
100 K. However, uoH, is greater at —3.5 V from 75 to 3
K, implying that the ILG effect is enhanced at low tem-
perature. Regarding poH. at 3.5 V, it is smaller than at
—3.5 Vand —0.75 V at all temperatures due to the reduc-
tion of PMA induced by the ILG effect. Turning to the
temperature dependence of Rayg, Rapg rises by cooling
the sample for all V', but the values for a positive Vg are
significantly higher, around 42%—45% greater than the val-
ues for Vg = —0.75 V from 175 K to 3 K. Though thick
Mn;CoAl layers show a weakly semiconducting behavior

(a) (b) (c)
= —I75K —I75K
l.OE 3.5V — 150K 1.0 15V — 150K 1.0—
T 125K 125K
0.5 - T W 0s | E o)
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=00 —23K | 00} —2K | 00}
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FIG. 3.
respectively.

The AHE of the MgO(1.6 nm)/Mn,;CoAl(2.6 nm)/Pd(2.6 nm) stack measured from 175 K to 3 K at —3.5, —0.75,and 3.5V,
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(a)c) Temperature dependence of poH., Rayg, and R,,, respectively, from 175 K to 3 K at —3.5, —0.75, and 3.5 V. (d)

Gate dependent plot of payg versus py,. The inset shows the skew-scattering parameter a as a function of gate voltage.

[see Fig. S3(b) in the Supplemental Material [33]], the
temperature dependence of R, in the stacks exhibits a typ-
ical metallic behavior with a residual resistance around
15 K, as shown in Fig. 4(c), suggesting that the carrier con-
centration and conductivity of Pd are greater than that of
Mn,CoAl in the ultrathin film stacks.

By plotting papg versus py,, one can identify the mech-
anisms of AHE in ultrathin multilayer systems [49—51].
Figure 4(d) is the papug—px: plot for the sample measured
at 175 Kto3 Kat —3.5V, —0.75 V, and 3.5 V, respec-
tively. Interestingly, a nicely linear dependence on p,, can
be observed in the range from 175 K to 25 K. We notice
that this unusually linear behavior has been reported in
some other materials. For instance, in thin films of Ni,
granular Ni-SiO, mixtures, and Co nanoclusters embed-
ded in Pt matrix [52], skew scattering, an asymmetric
scattering of electrons by impurities, is considered as the
mechanism giving rise to the linear dependence due to the
surface scattering or nonmagnetic impurities. Considering
that there is an unavoidable mixture of Pd and Mn,CoAl
at the interface, the nonmagnetic Pd impurity might be
one of the sources of skew scattering because Pd show-
ing a strong spin-orbit interaction is able to induce the

difference in the skew-scattering probabilities for spin-up
and spin-down electrons. Furthermore, a theory about the
chiral spin fluctuation induced by the impurity has been
reported to clarify the linear relationship in ILG SrCoO;
thin films [53]. Recently, Ishizuka er al. reported that
skew scattering can also be induced by spin chirality in
a system with DMI [54]. In our previous work [15,22],
a DMI of 0.2-0.35 mJ m~2 has been proved at the inter-
face between the Pd and Mn,CoAl layer due to the broken
inversion symmetry and strong spin-orbit coupling. There-
fore, we expect spin chirality to be another source of skew
scattering in our system.

When skew scattering dominates, both papp and o,y
are proportional to the transport lifetime and thus payg =
aopxx [55], where aq is the skew-scattering parameter,
meaning the strength of the scattering. By fitting these
results with this linear equation, one can obtain a skew-
scattering parameter ay of 0.014, 0.013, and 0.023 for
—3.5V, —0.75 V, and 3.5 V, respectively, as shown in
the inset of Fig. 4(d). This nice linear fit leads to a very
low uncertainty, approximately 10~°. The skew-scattering
effect is almost unchanged at Vg = —3.5 V. From the
model we established in Fig. 2, the number of carriers is
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only changed in the Pd layer and there is no influence in the
Mn;CoAl layer. As a result there is no effect of V' on the
spin-dependent skew scattering in the ferromagnetic layer.
However, there is a strong enhancement, 76.9%, of skew
scattering at positive Vg = 3.5 V. This may be related to
the two-carrier model in which the electrons diffuse into
Mn,CoAl and thus increase the possibility of skew scat-
tering. The advantage of this two-carrier heterostructure is
that the strength of skew scattering can be easily changed
by only tuning the carrier concentration without doing any
chemical doping which can change the level of disorder.

IV. DISCUSSION

Here, we discuss the origin of the magnetic anisotropy
switch due to the gating voltage as shown in Figs. 1 and 2.
Conventionally, there are three potential effects of ILG:
electrostatic charging, magneto-ionic effects, and electro-
chemical reactions [21]. But only electrostatic charging
effects exhibits a volatile and reversible behavior after
switching off the gate voltage. Electrostatic charging is
due to carriers accumulating at the surface which gener-
ate a volatile ultrahigh electric field in the trilayer. With
this electric field, Zhao et al. found that the distribution of
the charge density in a heavy metal can be varied, result-
ing in a changing of the spin-orbit coupling energy and a
Rashba effect in a AWDEME-TFSI/Pt/(Co/Pt),/Ta capac-
itor heterostructure with PMA [25]. For the Rashba effect,
the spin degeneracy is removed under an electric field
due to the spin-orbit interaction and leads to an effective
in-plane magnetic field [56]. Considering that our films
have a similar ferromagnetic/heavy metal structure to the
PMA films of Ref. [25] and our previous work found that
reversible and electrostatic changes in anisotropy can be
observed under a small positive voltage [22], the origin can
be potentially ascribed to the in-plane net Rashba field that
causes the easy axis to change from the out-of-plane to the
in-plane direction in a reversible mode.

To date, there has been lots of work on the modifica-
tion of PMA in ferromagnetic-metal-heavy-metal systems
by electrostatic ILG. However, the electrostatic charging
effect on the modification of PMA in these ferromag-
netic metal systems is not as strong as in our trilayers
that incorporate a Mn,CoAl SGS. For instance, in fer-
romagnetic metals with PMA, the gate voltage does not
completely switch the magnetic anisotropy to the in-plane
direction and an out-of-plane hysteresis still exists [25,57—
59]. To have a large modification of PMA by ILG, the
number of carriers in the ferromagnetic layer needs to be
modulated. Though the electron carrier concentration may
increase in the ferromagnetic layer resulting from the elec-
tron diffusion from the heavy metal layer at positive gate
voltages, the ferromagnet electron concentration cannot
be significantly reduced since the heavy metal on the top
already has a high concentration of electrons. To prove this

hypothesis, we prepared a PMA stack where we replaced
the Mn,CoAl layer with a layer of Co,MnGa. The lat-
ter is a ferromagnet with an electron carrier concentration
approximately 2 x 10%? cm™3, typical for metals [60,61],
MgO(1.6 nm)/Co,MnGa(3.0 nm)/Pd(2.5 nm). In Fig. S4
in the Supplemental Material [33] , one can observe that
the coercive field is almost unchanged at 3.5 V and can
only be slightly tuned by ILG at a large positive Vg = 5 V.
Though the coercive field of a Co,MnGa stack is almost
10 times greater than that of a Mn,CoAl stack at 175 K,
the coercive field of the Mn,CoAl stack shows a similar
value at 25 K, as shown in Figs. 3(a) and 3(b), where the
coercive field can be significantly tuned at 3.5 V. These
results support the conclusion that the large ILG effect on
the magnetic anisotropy we have observed is due to the
bipolar conduction in the Mn, CoAl/Pd heterostructure.

V. CONCLUSION

In summary, we employ the SGS Mn;CoAl with dom-
inant hole carriers as the ferromagnetic layer to fabricate
two-carrier MgO/Mn;CoAl/Pd ultrathin films with PMA
and investigate their magnetic properties affected by ILG.
The magnetic anisotropy of trilayers can be tuned from
the out-of-plane to the in-plane direction under a positive
gate voltage because an electrostatic charge accumula-
tion happens at the surface and could induce a sufficient
in-plane net Rashba magnetic field. We also observe an
ambipolar transport behavior related to the onset of PMA
which can be explained by a two-carrier model. Finally, the
temperature-dependent magnetotransport of trilayers has
been investigated. The Pd impurity and spin chirality might
be the sources for the skew scattering leading to the AHE.
The gate-dependent strength of skew scattering can also be
elucidated by the two-carrier model. Our results strongly
demonstrate that the two-carrier ultrathin film is an ideal
system for the modification of ferromagnetism by the ILG.
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