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modaulation

Mengli Liu', Chengxin Ma', Wei Du', Hua Su', Huaiwu Zhang', Bo Liu?, Hao Meng? and Xiaoli Tang®'

Abstract

Antiferromagnetic (AFM) spintronic devices play a vital role in the development of novel spintronic devices due to
their attractive features. Herein, the interfacial state manipulation of the AFM IrMn material is investigated by
combining a ferroelectric single crystal Pb(Mg,,3Nb,,3)0,Tig3035 (PMN-PT) with an electric field (E-field)-controlled
magnetic moment arrangement of the IrMn film. A PMN-PT/Cu/IrMn/NiFe heterostructure is chosen to confirm the
deterministic manipulation of AFM interfacial states and its angle of magnetic moment rotation. The appropriate
thickness of the Cu layer is selected to disrupt the strain-mediated magnetoelectric coupling between the NiFe layer
and PMN-PT substrate. The NiFe film reference layer can reflect the variation in AFM interfacial states via the exchange

development of AFM spintronic devices.

bias. When the E-field is applied, an in-plane piezoelectric strain is produced. If Ir'Mn responds to the strain, its
magnetic moment rotates from [001] to [1—10] depending on the crystal orientation of PMN-PT. Based on the
experimental results and theoretical analyses, a rotation in the magnetic moment of the IrMn layer by ~20° is
confirmed. This work provides convincing evidence for the manipulation of E-field-controlled AFM interfacial states
and describes a reliable method for achieving the rotation angle of AFM moments, which can help to accelerate the

Introduction

Antiferromagnetic (AFM) materials with staggered
magnetic order and a net magnetic moment of zero are of
great interest. They provide promising alternatives to
present-day magnetic materials due to their unique fea-
tures, such as ultrafast spin dynamics, absence of mac-
roscopic magnetization, and insensitivity to external
magnetic fields'”. Recently, AFM spintronics was pro-
posed?, and several studies were conducted to confirm the
possibility of the control of AFM moments by the applied
electric field (E-field)*™°. Several new spin devices and
application scenarios”® based on AFM materials have
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been proposed to meet the requirements of next-
generation information technology.

Numerous investigations are being conducted to devise
new methods of controlling the magnetic properties of
AFM materials. Several such studies have confirmed that
noncollinear antiferromagnets can be modulated by spin
current via spin-orbit torque (SOT)> and the magneto-
electric (ME) effect®!, but the number of studies that
have utilized controlled collinear AFM alloys is limited.
Furthermore, some researchers have questioned the
ability of the SOT to switch the AFM Néel vector''. The
ferroelectric (FE) material-generated piezoelectric strain
has received much attention because of its ability to
control the magnetism of a ferromagnetic (FM) layer in an
FM/FE multiferroic heterostructure'> '*, Recently, several
studies focusing on the piezoelectric strain control AFM
magnetic properties have been proposed”'®'*™'?, The
resistance state modulation and Néel SOT manipulation
of AFM materials by the E-field were introduced'®'’. A
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theoretical study of the Néel vector rotation in Mn-based
collinear AFM materials has been reported®’. However,
experimental research on controlling their AFM moments
by an E-field remains elusive because it is difficult to
detect and verify the magnetic states of AFM materials.

In the FM/AFM bilayer, an exchange bias field (H,)
originating from the interfacial exchange coupling effect
can be produced®. It has been widely applied in spin
valves (SVs) and magnetic tunnel junctions (MTJs)*>.
The change in H,,;, also provides an indirect way to display
the AFM interfacial state variation’* 2. Thus, the
exchange bias system provides a significant avenue to
achieve evidence of AFM interfacial state manipulation by
the exchange bias effect. However, in previous studies on
AFM modulation using the FM/AFM exchange bias sys-
tem?’ 3% both the FM and AFM materials have large
magnetostriction constants. It is difficult to distinguish
whether the change in H,, is produced by AFM or FM
films or both are responsible for the result. Many L1,-type
collinear XMn alloys, such as IrMn and PtMn, have been
used in current spintronic devices, and many of them are
composed of heavy metals, which can also act as spin
electron injection sources via the spin Hall effect® 2,
Therefore, achieving and verifying their voltage-
manipulated AFM moments are critical for AFM-based
spintronic devices, and they can be easily made compa-
tible with spintronic devices.

In this work, we determined the E-field controlled AFM
moment of IrMn by using a PMN-PT/Cu/IrMn/NiFe
exchange-biased heterostructure. When an E-field is
applied to the PMN-PT substrate, the piezoelectric strain
is transmitted to the AFM IrMn layer but not to the FM
NiFe layer due to the strict control of the Cu underlayer
thickness. As a result, if the strain causes the AFM mag-
netic moment to rotate in the [1-10] direction, the
magnetic hysteresis (M-H) loops of the bilayer layer can
reflect the results. Our experimental results and theore-
tical calculations confirmed the manipulation of AFM
interfacial states by an E-field. An AFM moment rotation
of ~20° was obtained. This work develops an important
method for obtaining the rotation angles of AFM mate-
rials using the exchange bias effect, thus paving the way
for the development of AFM spintronic devices.

Materials and methods

To investigate AFM switching, Cu (30-115)/NiFe (12)/
Ta (5) and Cu (100)/IrMn (15)/NiFe (12)/Ta (5) (nm)
structures were first deposited on a (110)-oriented
Pb(Mg1/3Nby/3)07Tip305 (PMN-PT) substrate for com-
parison. The appropriate thickness of the Cu layer was
used to cut off the piezoelectric strain transmission from
the PMN-PT substrate to the NiFe film. This experiment
provided convincing evidence for the successful modula-
tion of AFM moments by an E-field. The thin films were
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deposited by using magnetic sputtering at room tem-
perature with 50 W power and an Ar pressure of 3 mTorr.
The easy magnetic axis of the FM layer and the pinning
direction were produced initially along the [001] direction
by applying a constant magnetic field of 300 Oe during
film deposition. Nigg 4Fe;96 was selected as the FM layer
due to its small saturation magnetostriction coefficient
233 The A of 2.4 x 10~ was deduced from the E-field-
induced effective magnetic field®®. During the strain
modulation measurements, the E-field was applied along
the thickness direction of PMN-PT, and the in-plane
magnetization properties of the heterostructures were
measured using a vibrating sample magnetometer. All
measurements were carried out at room temperature.

Results and discussion

A schematic of the multiferroic heterostructure utilized
in the present study is displayed in Fig. la. The easy
magnetic axis of the FM layer and the pinning direction
are initially produced along the [001] direction. The 6, a,
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Fig. 1 Schematics and XRD patterns of the AFM/FM films.
a Schematics of the AFM/FM heterostructure. b XRD patterns of the
NiFe and IrMn/NiFe films.
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and S are the measuring angles for the magnetic field, the
FM magnetic moment, and the AFM magnetic moment
to the [001] direction, respectively. The direction of f3 is
also treated as the direction of the exchange bias field. In a
PMN-PT/AFM/EM heterostructure, both the magnetic
moment of FM and AFM layers can be controlled by the
piezoelectric strain. To study the magnetoelastic effect in
the heterostructure, the film quality of the FM and AFM
layers was also confirmed. Figure 1b shows the X-ray
diffraction (XRD) scans of a single NiFe layer and IrMn/
NiFe bilayer. The normal (111) diffraction peaks corre-
sponding to NiFe and IrMn films were obtained®’. This
general polycrystalline texture of the film has been widely
used to investigate the ME effect. An effective magnetic
field H.y can be produced through the strain-mediated
ME coupling between the FM or AFM layer and the
PMN-PT substrate, which can be expressed as®:

Hr — 3)L(Uom]v[— 01-10) ’ (1)
s

where 0¢; and o0;_¢ are the in-plane piezo stress values
in the [001] and [1-10] directions, A is the magnetostric-
tion constant, and My is the saturated magnetization.
Considering a positive magnetostriction constant of NiFe
and IrMn****3> and compressive and tensile strains along
the [001] and [1-10] directions, respectively, a positive
effective magnetic field along the [1-10] direction is
obtained. As a result, the magnetization direction of the
FM and AFM layers are rotated toward the [1-10]
direction.

To investigate the interfacial state manipulation of the
AFM/EM bilayer, we first perform a theoretical analysis
by using the Stoner-Wohlfarth model®®. The free energy
density of the exchange-biased system can be expressed
as:

E = Kysin? (a — ¢) — Kg cos(B — a) — HM cos(8 — a),  (2)

where Kj; is the sum of the effective uniaxial anisotropy
and the induced uniaxial anisotropy constant of the FM
layer, K is the unidirectional anisotropy constant
originating from the interfacial exchange coupling
between FM and AFM layers, and ¢ is the angle between
the effective magnetic field Hr and the [001] direction.
Based on the principle of minimal energy, the angle a for
the moment, determined by the competition of K, Kg
and the measuring magnetic field, can be calculated by
g—g = 0. The corresponding M-H loops were simulated. By
changing the direction of the measuring magnetic field,
the angular dependence on H,, can be obtained from the
simulated M-H loops. Normally, H,, =0 is aligned with
the perpendicular direction of the exchange bias field.
Therefore, using rotation VSM measurements of H,, in an
FM/AFM bilayer and discovering a new direction of

Page 3 of 8

H,,=0 is considered a simple way to achieve a new
exchange bias direction and provide effective evidence
that the AFM moment was manipulated®*>’. According
to our theoretical calculations, this method has flaws and
limitations. The following three configurations are
proposed to determine the most effective method. In
configuration I, we supposed that only the FM layer would
respond to the strain. In configuration II, we assumed that
the strain modulates the AFM, and the FM layer does not
respond to the strain and instead follows the rotation of
the AFM material by the exchanging coupling effect®. In
configuration III, we considered that both FM and AFM
respond to the strain, but their rotation angles are
different because of their different magnetostriction
constants. The simulated M-H loops in three configura-
tions are shown in Figs. S1, S2, and S3. The Kr = H,,Ms*
is equal to 28,000 J/m> assuming H,, =19778 A/m and
using Ms=1.1x10°A/m for the FM film. The initial
deviated FM angle is defined as ay, and it deviates from
the [001] direction at an external field of zero. It is
determined by the competition between K;; and Kg. We
obtained various assumed angles @, by calculating
particular values of K, in the simulation. The simulated
H,, at the different orientations of the external magnetic
fields is displayed in Fig. 2a—c. H,, was found to have a
strong angle 6 dependence (corresponding to the direc-
tion of the measuring field). In the simulations, we defined
S =0° for configuration I, three different S values were
assumed for modulation of strain in configuration II, and
B = —20° for configuration III. As shown in Fig. 2a, the
determined H,, values at ap = 40°, 50°, 60°, and 70° were
different from those obtained in the initial state (ag = 0°).
In particular, H,, =0 was obtained within a relatively
wide region at ay=50°. The AFM moments were not
modulated in this case. Therefore, relying solely on the
angle variation of H,;, to confirm the strain or spin current
modulation of AFM interfacial states and the direction of
H,,=0 to determine the new exchange bias field
direction is difficult and inaccurate. Furthermore, similar
results were obtained for configuration IIL. In this case,
the AFM moments were assumed to be manipulated by
the strain and were aligned at —20°. Because the FM and
AFM layers respond differently to strain, the FM layer was
rotated at a different angle. As shown in Fig. 2¢c, H,;, =0
was obtained at different angles, which contradicts the
assumption that the AFM moment was aligned to —20°.
Therefore, unlike previous reports*’, we cannot simply
use the change in exchange-biased curves and the
direction perpendicular to H,, =0 to judge the modula-
tion of the AFM interfacial state. In these
complex situations, it is difficult to use M-H loops to
accurately determine the new direction of the AFM
moment when we are not sure whether the AFM
moments are modulated or not. In contrast, as displayed
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in Fig. 2b, we assumed that the FM layer did not respond
to the strain and rotated coherently with the AFM. As
shown in Fig. 2b, H,, =0 exactly achieved the direction
perpendicular to the AFM magnetic moment. Under this
condition, the rotation measurements of the M-H curves
can be used to confirm the modulation of interfacial AFM
states and determine its new magnetic moment direction
from H,,=0. Therefore, we chose the appropriate
thickness of the Cu underlayer to cut off the transmission
of piezoelectric strain to the FM film while matching
configuration II. If the modulated M-H loops are
achieved, it provides conclusive evidence of strain control
of AFM interfacial states and the rotation angle of the
AFM moments.

The magnetization direction of the FM layer does not
respond to the piezoelectric strain to match model con-
figuration II. We inserted a thick Cu layer between the
NiFe film and PMN-PT substrate to cut off their strain-
mediated ME coupling effect. Figure 3 displays the M-H
loops of the PMN-PT/Cu (£)/NiFe (12)/Ta (5) (nm)
multiferroic heterostructures with and without an E-field
for different thicknesses of the inserted Cu layer. The
thickness of the Cu layer was in the range of 30—115 nm.
The measuring magnetic field was applied in the [001]
direction, which corresponds to the easy axis of the NiFe
film. Although the magnetostriction constant of NiFe is
very small, it still responds to the large strain produced by
PMN-PT when the thickness of Cu is 30 nm (Fig. 3a).
This result indicates that the easy axis of the NiFe film is
rotated toward the [1-10] direction due to ME coupling.
The response to the strain decreases as the thickness of
the Cu layer is increased. When the thickness of Cu
reaches 115 nm, there is little difference between the M-H
loops measured at the E-field of 0 kV/cm and 8 kV/cm
(Fig. 3d), indicating that the impact of the piezoelectric
strain on the FM layer has been eliminated.

According to the above experiments, a 115 nm inserted
Cu layer is enough to isolate the impact of strain on the
FM layer. Therefore, a PMN-PT/Cu (100)/IrMn (15)/NiFe
(12)/Ta (5) (nm) multiferroic heterostructure was fabri-
cated to investigate the modulation of AFM IrMn film by
the ME effect. Figure 4 presents the E-field dependence of
the M-H loops of the magnetic field measured in the [001]
and [1-10] directions. In the initial state, because the
pinning direction was along the [001] direction, a straight
loop with large H,, and a slanted loop without H,, were
obtained when the measuring magnetic field was parallel
and perpendicular to the AFM magnetic moment. The
M-H loops changed when an E-field of 8 kV/cm was
applied. As shown in Fig. 4a, when the external magnetic
field was applied in the direction of the initial exchange
bias, the H,, decreased by ~10%, and the M-H curve
showed a slanted loop. In contrast, a slanted M-H loop
with a positive H,, was obtained in the initial H,, =0
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direction ([1-10] direction), as shown in Fig. 4b. Because
the E-field does not affect the magnetic properties of the
NiFe layer due to the inserted Cu layer, such a variation in
H,;, was attributed to the changing interfacial states of the
IrMn layer. The repeated measurements of M-H loops in
the other two heterostructure samples are displayed in
Figs. S4 and S5. The measurements taken when the vol-
tage in the sample was turned on and off multiple times
are displayed in Fig. S6. These measurements confirmed
that the E-field-controlled AFM interfacial state manip-
ulation is repeatable and reliable. These results indicate
that the magnetic moment of the IrMn layer was changed
from the [001] to [1-10] direction by the piezoelectric
strain. The AFM rotational direction was consistent with
the result predicted by Eq. (1) because the A of IrMn is
positive?® and 6o9;—07_10 is negative. Then, a H,y that

represents an effective field along the [1-10] direction was
introduced; such a field can rotate the magnetic moment
of the AFM layer in the [1-10] direction due to the strain-
mediated ME effect.

Based on the results displayed in Fig. 4, the determi-
nistic AFM moment rotation in IrMn by piezoelectric
strain was confirmed. To gain deeper insight into the
modulating results, the angular dependence of M-H loops
with and without an E-field was also measured to gain a
better understanding of the modulating process. As
shown in Fig. 5a, the angular dependence of the M-H
loops without an E-field is displayed for the measuring
magnetic fields applied along different directions
(0° to 90°). H,,, decreased with increasing angle 6 from 0°
to 90°, and this trend is consistent with normal exchange-
biased theory and experiments®**>. H,, =0 at 90° when
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the applied magnetic field was perpendicular to the
exchange bias direction. The angular dependence of the
M-H loops measured under an E-field of 8 kV/cm was
displayed in Fig. 5b. H,;, decreased to zero at 8 =70°, and
a nonzero H,, was obtained at 8=90°. The angular
dependence of H,;, in the FM/AFM bilayer indicated that
the magnetic moment of the IrMn film was rotated by
—20° from [001] to [1-10] by the E-field. The polar plots
of H,, versus 0 are also displayed in Fig. 5c. The initial
exchange bias direction is aligned along 0°, and the green
single arrow represents the rotation direction of AFM
moments. When an E-field of 8 kV/cm was applied, the
magnetic moment of the IrMn film was rotated to the
—20° (340°) direction.

Theoretical calculations using Eq. (2) were performed to
further confirm the magnetic moment rotation of the
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IrMn film. Figure 6a displays the simulated M-H loops
when the measuring magnetic field was varied from 0° to
90°. The strain was assumed to modulate the angle S to
—20°, and the magnetic moment of the FM layer is
coherently rotated with AFM. The simulated results are
consistent with the measured results shown in Fig. 5b. In
addition, the consistent experimental data with the
simulated results were also repeated successfully on sev-
eral other similar heterostructure samples. They con-
firmed the correctness of the research. The experimental
and simulated results for different directions of the
applied fields are plotted in Fig. 6b. The simulated data
and the measured results were in good agreement. The
zero H,, and the minimum Mr/Ms were obtained at
0=70°, which demonstrates that the AFM magnetic
moment was rotated ~20° by a piezoelectric strain.

Conclusions
In summary, we investigated the interfacial state
manipulation of AFM IrMn in a PMN-PT/Cu/IrMn/NiFe
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multiferroic heterostructure. The Cu underlayer was used
to disrupt the strain-mediated ME coupling between the
NiFe layer and the PMN-PT substrate. In this case, the
variation in the M-H loops of the pinned NiFe layer
indicated the manipulation of interfacial states of the
IrMn layer. By applying an E-field, the piezoelectric strain
produced rotation of the IrMn moment toward the [1-10]
direction was confirmed. The experimental results and
theoretical calculations indicated that the magnetic
moment rotation of the IrMn layer was 20°. These results
demonstrate deterministic AFM moment manipulation
controlled by the piezoelectric strain and a method to
determine the modulated angle of the AFM moments.
This research suggests that the piezoelectric strain can be
used to control the magnetic properties of AFM materials
and has great potential for developing low-power AFM
spintronic devices.
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