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Electric field (E) control of the tunnel magnetoresistance (TMR) effect is a key technology
for reducing power consumption during data writing in spintronic memory devices. In this
Letter, we explore E control of the TMR effect in magnetic tunnel junction (MTJ) devices
with a CopFeS1/V/PMN-PT multiferroic heterostructure. By controlling the polarity of the
applied E field to the multiferroic heterostructure, a repeatable and nonvolatile change in
the TMR effect is achieved. The change in the TMR effect is strongly influenced by the
microscopic domain structures in the CopFeSi layer after the application of a certain E. To
obtain optimal changes, it is important to consider the control of the microscopic domain

structure governed by the magnetoelectric effect in the multiferroic heterostructure.
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Magnetoresistive random-access memory (MRAM) is a promising candidate for next-generation
nonvolatile memory technologies'™. The memory cell in MRAM consists of a magnetic tunnel
junction (MTJ)—a representative spintronic component composed of two ferromagnetic electrodes
separated by an insulating tunnel barrier>~’. To write information, MRAM utilizes a spin-polarized
current that passes through the MTJ!=3. However, this current-based writing operation induces
Joule heating, leading to increased energy consumption during the write process®. To address
this issue, electric-field (E)-controlled MRAM devices have been studied extensively®~'2. Among
several approaches, magnetoelectric random-access memory (MeRAM) has attracted attention
because its predicted writing energy consumption is approximately 0.16 fJ/bit-significantly lower
than that of conventional MRAM devices (~100 fJ/bit)! 2. Tn addition, the proposed device can
simultaneously achieve room-temperature operation and high storage density. The key compo-
nent of the writing scheme in MeRAM is a ferromagnetic/piezoelectric multiferroic heterostruc-
ture. This structure enables E-field control of the magnetization vector in the ferromagnetic
layer at room temperature (RT) through a piezostrain-induced converse magnetoelectric (CME)
effect!>”?2. Compared to other E-based approaches for controlling the magnetization vector —

9.23.24_multiferroic heterostructures have

such as those employing ultrathin ferromagnetic layers
fewer limitations on the operating environment, particularly in terms of ferromagnetic layer thick-
ness. To implement a multiferroic heterostructure in MTJ devices, both a large CME effect—with
a CME coupling coefficient (o) exceeding 107> s/m—and nonvolatile memory operation are
required. Experimental studies on MTJs with multiferroic heterostructures have used ferromag-
netic CoFeB and piezoelectric Pb(Mg; 3Nb;3)O03-PbTiO3 (PMN-PT)>28. However, the ag
value for CoFeB/PMN-PT was less than 107> s/m?°. Recently, we discovered a multiferroic het-
erostructure with o exceeding 107> s/m, using ferromagnetic Co,FeSi and piezoelectric PMN-
PT.3932 [n this Letter, we demonstrate E-field control of the TMR effect in MTJ devices with
the Co,FeS1/V/PMN-PT multiferroic heterostructure. By controlling the polarity of the applied E
field, we achieve a repeatable and nonvolatile change in the TMR effect. This change is strongly
influenced by the microscopic domain structures that appear in the Co,FeSi layer following the
application of a given E field. To achieve optimal changes in the TMR ratio, it is important to
consider controlling the microscopic domain structure governed by the magnetoelectric effect in

the multiferroic heterostructure.

Figure 1(a) shows a schematic of the stacked structure on a piezoelectric PMN-PT(011) sub-

strate, fabricated using molecular beam epitaxy (MBE) and magnetron sputtering techniques.
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FIG. 1. (a) Stacking structure for MTJ devices. (b) Magnetization curve of the stacked films. H was
applied along PMN-PT[011], and the red (blue) plot indicates the sweep from positive (negative) to negative
(positive) fields. (c) A HAADF-STEM image of the stacked heterostructure. (d) Representative MR curve

(left) and minor loop (right) for the MTJ device. The color code is the same as that in Fig. 1(b).

First, a 10-nm-thick Co;FeSi layer was grown on the PMN-PT(011) substrate by MBE at 300°C,
with the insertion of a vanadium (V) layer, which promotes the growth of a highly oriented
Co,FeSi layer’2. After cooling to RT, a 1-nm-thick Al layer was deposited on the Co,FeSi layer in

the same MBE chamber, and an AlO, layer was formed by ex-situ natural oxidation. Subsequently,
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using magnetron sputtering, an 8-nm-thick CoFe layer was deposited on the AlO, layer, followed
by the deposition of IrMn and Ru layers. The samples were then annealed in a vacuum furnace
at 250°C under a magnetic field to induce unidirectional anisotropy in the CoFe layer along the
[011] crystal axis of PMN-PT. In-plane magnetization curves of the stacked heterostructure were
measured using a vibrating sample magnetometer (VSM) at RT. To characterize the TMR effect,
spin-valve-type MTJs were fabricated using electron-beam lithography and Ar-ion milling. All

TMR measurements were performed at RT.

Figure 1(b) shows the magnetization curve of the stacked heterostructure. Owing to the pinning
effect induced by the antiferromagnetic IrMn layer, the magnetization curve exhibits both parallel
(P) and antiparallel (AP) states. This characteristic is favorable for observing the TMR effect. A
high-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) image
of the stacked heterostructure is shown in Fig. 1(c). Although the AlO, layer on top of the Co,FeSi
layer exhibits a roughness of approximately 1-2 nm, a several-nanometer-thick AlO, tunnel barrier
is clearly formed between the CoFe and Co,FeSi layers. Representative MR curves of the major
loop (left) and minor loop (right) at RT are shown in Fig. 1(d). In these measurements, in-plane
external magnetic fields (H) were applied along the PMN-PT[011] direction. The TMR ratio is
defined as (Rg — R_40mt)/R—40mT X 100, where Ry and R_4omt are the junction resistances at
a given H and at H = —40 mT, respectively. A field of —40 mT is sufficient to establish the
parallel magnetization state. Clear MR changes due to magnetization switching were observed
in the MTJ device fabricated on the Co,FeSi/V/PMN-PT multiferroic heterostructure. Notably,
both P and AP magnetization states were observed in the minor loop within an H range of £20
mT at room temperature. Correspondingly, two distinct MR states—low and high—were detected.
This behavior demonstrates a clear nonvolatile memory effect, which provides the fundamental
operation principle of MTJ-based memory devices. The observed TMR ratio of approximately
19% is lower than that reported in a previous study (~28%)>3, which we attribute to the roughness

of the AlO, tunnel barrier. Using these MTJ devices, we further investigated the effect of the
electric field on the TMR response.

To detect the effect of £ on the TMR ratio, we applied E to the PMN-PT substrate using
the top CoyFeSi and bottom Au electrodes, as shown in Fig. 2(a). Here, we focused on MR
minor loop measurements to clearly observe the nonvolatile memory effect. Figure 2(b) shows
an MR minor loop at the zero-field state [E = 0(—)] after applying a negative E of —0.3 MV/m

(sequence 1). To evaluate the TMR ratio modulation in the zero magnetic field, we define TMR(E)
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FIG. 2. (a) Schematic of the fabricated MTJ device. TMR minor loops for the MTJ device measured
at (b) E = 0(—) (sequence 1), (¢c) E = 0(+) (sequence 2), and (d) E = 0(—) (sequence 3) states, where
the magnetic field was applied along PMN-PT[011]. (e) Repeated binary TMR changes by switching the
sequence between E = 0(—) and E = 0(+). Here, the sequence 0 corresponds to the initial state displayed
in Fig. 1 (c). The top and bottom insets present the ideal lattice deformation of the PMN-PT(011) plane
and the magnetization vector of the Co,FeSi layer, respectively, at E = 0(—) and E = 0(+). (f) Schematic
illustration of the lattice deformation in the PMN-PT (011) plane and the corresponding polarization vectors

at E = 0(—) state (left) and E = 0(+) state (right).
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as the difference between the TMR ratio at H = 0 in the down-sweep curve (red) and at H = —20
mT. In this situation (sequence 1), the TMR(E) value decreased to approximately 15%. Next,
after applying a positive £ of + 0.3 MV/m, we measured the MR minor loop in the zero-field
state [E = O(+)], as shown in Fig. 2(c) (sequence 2). As a result, the TMR(E) value further
decreased to approximately 10%. Notably, when we returned to the E = 0(—) state by applying
a negative E of —0.3 MV/m (sequence 3), the TMR(E) value increased to ~13%, as shown in
Fig. 2(d). Subsequently, we observed that the increase and decrease in the TMR(E) value could
be repeatedly switched. A plot of the change in TMR(E) versus E application sequence is shown
in Fig. 2(e). Sequence 3 [E = 0(—)] clearly shows an increase in TMR(E), indicating that the
nonvolatile memory effect can be repeatedly controlled by switching the polarity of the applied E

in the multiferroic heterostructure.

To understand the repeatable changes in the TMR effect, we first focused on the shape of the
MR curves. By comparing the minor loop shapes shown in Fig. 2(b) and Fig. 2(c), we observe
differences around zero magnetic field. This feature indicates that the magnetization vector of the
bottom Co,FeSi layer undergoes nonvolatile switching between the E = 0(—) and E = 0(+) states.
We now explain why the magnetization vector of the bottom Co,FeSi layer switches repeatedly.
To this end, we tentatively consider the lattice deformation of the PMN-PT(011) plane at the
E = 0(—) and E = 0(+) states’®. Note that the charge-mediated contribution to magnetization
control is considered negligible in our sample, as the thickness of the ferromagnetic CoFeSi layer
(10 nm) is much greater than the typical screening length, which is on the order of only a few

atomic layers.

The schematics in the top inset of Fig. 2(e) illustrate two distinct lattice deformation states of
the PMN-PT(011) plane. Figure 2(f) provides the schematic illustration of the lattice deformation
and corresponding polarization vectors in the PMN-PT(011) plane at the E = 0(+) and E = 0(—)
states. It is well known that in thombohedral PMN-PT, the polarization vectors can align along
the eight body-diagonal directions of the pseudocubic unit cell>*3%. At zero electric field, two
representative domain configurations can be realized. One configuration, as shown in the right
schematic, consists of polarization vectors pointing along the r1™ or 72" directions, resulting
in lattice elongation along the [100] direction®*. The other configuration, illustrated in the left
schematic, includes in-plane polarization vectors pointing along the 3 or r4* directions, leading

5

to lattice elongation along the [011] direction®®. In the following, we discuss the relationship

between the lattice deformation and the TMR(E).
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In sequence 1, the PMN-PT(011) plane is likely elongated along the PMN-PT[011] direction,
inducing strain-driven magnetic anisotropy along the same direction in addition to the intrinsic
magnetic anisotropy of the Co,FeSi layer.’® Consequently, the magnetic easy axis (EA) of the
Co,FeSi layer remains aligned along PMN-PT[011], as shown in the bottom inset of Fig. 2(e).
This direction matches that of the pinned CoFe magnetization. Consequently, a relatively high
TMR(E) is observed in sequence 1 (E = 0(—)). However, in sequence 2 (E = 0(+)), compressive
strain is expected along PMN-PT[011], which may cause the EA of the Co,FeSi layer to rotate
from PMN-PT[011] to PMN-PT[100]. Accordingly, a lower TMR(E) is observed in sequence
2. Based on these considerations, the repeatable and nonvolatile changes in the TMR ratio can
be qualitatively explained by piezostrain-mediated reorientation of the EA in the Co,FeSi layer
of the multiferroic heterostructure, occurring between the two electric field states, E = 0(—) and

E = 0(_'_).30,32

If ideal 90° switching of the magnetization vector in the Co,FeSi layer occurred between the
E =0(—) and E = 0(+) states, the shape of the TMR curve at E = 0(+) would resemble that of a
magnetic hard axis (HA). However, as shown in Fig. 2(c), the curve still exhibits an EA-like shape.
From the TMR(E) modulation shown in Fig. 4(e), the change in TMR between the E = 0(—) and
E = 0(+) states is estimated to be approximately 40%. This value is smaller than the previously
reported modulation of 55%2, which was estimated using a similar method. For practical applica-
tions, enhancement of the TMR modulation is required to achieve substantial readout margins. To
clarify the origin of this deviation, we investigated the magnetic domain structure in the Co,FeSi
layer using Kerr microscopy. For this purpose, we fabricated a patterned structure consisting of
only a single free layer based on a Co,FeSi1/V/PMN-PT multiferroic heterostructure, as schemat-
ically illustrated in Fig. 3(a). Here, the Co,FeSi layer was patterned into a rectangular structure
with dimensions of 5 x 20 ,urnz. The thicknesses of the V, Co,FeSi, and AlO, layers were 0.6, 10,
and ~ 2 nm, respectively. Figure 3(b) presents snapshots of the magnetic domain configurations
at the E = 0(—) and E = 0(+) states under various magnetic fields H. In Fig. 3(b), the brighter
contrast indicates that the magnetization in the region points to the right, while the darker contrast
indicates that it points to the left. The white arrows show the estimated magnetization directions.
In the top row of images corresponding to E = 0(—), a uniform single-domain state was observed
within the patterned region, and sharp magnetization reversal occurred upon sweeping H. This re-
sult confirms that the PMN-PT[011] direction aligns with the EA of the Co,FeSi layer. In contrast,

at E = 0(+) (bottom images), complex multi-domain structures emerged during magnetization re-
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FIG. 3. (a) Schematic of a pattered structure for magnetic domain imaging. (b) Images of the magnetic
domains at £ = 0(—) (top) and E = 0(+) (bottom) states, where H was swept along PMN-PT[011]. The
insets show the ideal lattice deformation of the PMN-PT(011) plane at E = 0(—) and E = 0(+). The white
arrows indicate the magnetization direction. (c) A magnetization curve obtained from the domain image

contrasts.

versal in the Co,FeSi layer. That is, the multi-domains in the Co,FeSi layer influence the magneti-
zation switching at £ = 0(+) states. Figure 3(c) shows the magnetization curve obtained from the
domain image contrasts in Fig. 3(b). Interestingly, we observe a strange magnetization curve with
respect to the sweep direction of H at E = 0(+), which is a possible origin of the presence of the
EA-like shape of the TMR curve in Fig. 2(c), even at E = 0(-+). Therefore, it is quite important

to control the microscopic magnetic domain configurations in Co,FeSi/V/PMN-PT multiferroic



heterostructures to achieve more precise modulation of the TMR effect.

Finally, we discuss a method for controlling the microscopic magnetic domains in the Co,FeSi1/V/PMN-
PT multiferroic heterostructure. When we enhanced the shape-induced magnetic anisotropy along
the PMN-PT[100] direction and established a uniform in-plane piezoelectric domain state,” an
ideal HA behavior was observed at the E = 0(+) state. This outcome suggests that achieving a
well-defined 90° switching of the magnetization vector in the Co,FeSi layer is feasible, even for
MT]Js based on Co,FeSi/PMN-PT multiferroic heterostructures.

In summary, we experimentally demonstrated repeatable and nonvolatile £-control of the TMR
effect at RT by integrating a Co,FeS1/V/PMN-PT multiferroic heterostructure into an MTJ device.
Our findings highlight that the modulation of the TMR effect between the E = 0(—) and E = 0(+)
states is significantly influenced by the microscopic magnetic domain structure in the Co,FeSi
layer. These results underscore the need to further optimize MTJ designs to effectively control

magnetic domains via magnetoelectric coupling in multiferroic heterostructures.
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