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The possibility of electrical control of the interlayer exchange interaction in CoFeB/MgQO/CoFeB tunnel
junctions exhibiting magnetoresistance of ~200% is studied. It is shown that the increase in the applied volt-
age from 50 mV to 1.25 V leads to a shift of the magnetization curve of the free layer by 10 Oe at a current
density of ~10° A/cm?. The discovered effect can be used in the development of energy-efficient random

access memory.
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One of the most urgent practically significant
problems of spin electronics is to control the magnetic
state of nanosystems by the electric field (magneto-
electric effect), i.e., without the application of high-
density currents. The use of the magnetoelectric effect
ensures the high recording density and energy effi-
ciency of magnetoresistive random access memory
(MRAM). The MRAM element is a tunnel magneto-
resistive (TMR) junction, the logical state (resistance)
of which is determined by the mutual orientation of
the magnetizations of the free (soft magnetic) and
fixed (hard magnetic) layers. Recording information
into a cell involves the magnetization reversal of its
free layer, which is a nontrivial task. In the first com-
mercially available MRAMs, switching was performed
by the magnetic fields of the recording current buses
[1, 2]. When moving to the nanoscale, this approach
turns out to be extremely inefficient because of a high
heat release and the impossibility of localizing mag-
netic fields. Currently, the recording process is based
on the application of spin polarized currents of very
high densities (~10° A/cm?) to a system [3, 4], inevita-
bly leading to significant energy loss. Magnetization
reversal caused by the dependence of magnetic anisot-
ropy on the applied voltage [5, 6] does not require high
currents, but in view of the quadratic dependence of
the effect on magnetization, the deterministic switch-
ing is possible only in the dynamic mode, which
imposes strict requirements on the duration and shape
of voltage pulses. The controlled anisotropy effect is
also used to assist magnetization reversal by a spin-
polarized current [7], but the switching barrier

decreases only in one direction (e.g., from 0 to 1)
because the effect is an even function of the voltage.

The dependence of the interlayer exchange interac-
tion on the voltage [8] applied to the TMR junction
allows deterministic switching at a relatively low cur-
rent density passing through the system. This effect is
due to the change in the shape of the potential barrier
under the effect of the electric field and, as a conse-
quence, the change in its tunnel transparency, which
determines the exchange constant. In this work, we
studied the possibility of controlling the interlayer
exchange interaction by applying the electric voltage
to the CoFeB/MgO/CoFeB TMR junctions. This sys-
tem demonstrates the giant tunneling magnetoresis-
tance [9] and is the most promising for the develop-
ment of MRAM.

Multilayer Ta(20 nm)/Pt(10 nm)/Ta(20 nm)/
CoFeB(3—5 nm)/MgO(1.3—1.5 nm)/CoFeB(5 nm)/
IrMn(10 nm)/Ta(3 nm)/Pt(10 nm) nanostructures
grown on Si/SiO, substrates by high-vacuum magne-
tron sputtering at room temperature were used to
manufacture TMR elements. The residual pressure in
the growth chamber did not exceed 3 x 10~7 Torr, and
the working argon pressure during the deposition was
(1.5=2) x 1073 Torr. The MgO barrier layer was
formed by the rf sputtering of a MgO stoichiometric
dielectric target. Using successive optical lithography
and ion etching, 1.5 X 4-um rectangular multilayer
particles were made from the resulting structures.
Then, the TMR junctions were connected in series in
chains of 50 elements with gold bridges to prevent
static breakdown and junction pads were formed for
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Top contact

Bottom contact

Fig. 1. (Color online) (Left panel) Scanning electron
microscopy image of a region of a chain of TMR junctions
and (right panel) the schematic of the cross section (per-
pendicular to the chain) of a TMR junction.

connection to a measuring circuit. Figure 1 shows a
scanning electron microscopy image of a part of a
chain of TMR elements obtained prior to the upper
contact deposition step, as well as a schematic image
of a TMR junction built into the electrode system.

The final manufacturing stage was the thermal
annealing of the prepared chips in vacuum at 330°C
for 2 h, which results in a significant increase in the
TMR effect from 10—20 to 100—200% for different
samples (Fig. 2), which corresponds to the world level
in the field of magnetoresistive structures [10]. The
decrease in the unidirectional anisotropy in the fixed
layer of annealed structures is probably due to the dif-
fusion of Mn atoms from the antiferromagnetic IrMn
layer and the violation of the quality of the
CoFeB/IrMn interface.

The increase in the magnetoresistance during
annealing is associated with the recrystallization of
amorphous CoFeB layers from the interface with the
MgO [001] textured barrier, which, in turn, imposes
the [001] crystallographic orientation on the ferro-
magnetic layers. The MgO layer itself initially acquires
a crystal structure oriented in the [001] direction upon
sputtering on an amorphous CoFeB layer. The pres-
ence of the crystal texture of the MgO [001] and
CoFeB [001] layers is a prerequisite for observing the
giant TMR effect in this system because of the features
of the band structure of these materials [11].

The resolution of the electron microscopy image of
the cross section of the TMR structures (Fig. 3) is
insufficient to determine the specific crystal structure
and orientation of the CoFeB and MgO layers, but it is
sufficient to distinguish between polycrystalline and
amorphous materials. It is seen in Fig. 3 that, after
thermal annealing, an inhomogeneous polycrystalline
contrast appeared in CoFeB layers (Fig. 3b), which
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Fig. 2. Magnetoresistance curves of the chain of
CoFeB/MgO/CoFeB TMR junctions (a) before and
(b) after thermal annealing.

was initially absent in amorphous CoFeB layers
(Fig. 3a).

In order to clarify the possibility of electrical con-
trol of the interlayer exchange interaction, magne-
totransport measurements were carried out at various
voltages applied to the chains and individual TMR
junctions (Fig. 4). As a result, it was found that the
increase in the voltage leads to a significant drop in the
TMR effect (Figs. 4a, 4c), which is typical of the stud-
ied system and was observed earlier [12]. It is more
important that the increase in the applied voltage from
50 mV to 1.25 V (which corresponds to the electric
field of #10° V/m) by one junction is accompanied by
a shift of the magnetization curve of the free layer by
up to 10 Oe (Figs. 4b, 4d), which indicates the change
in the exchange interaction between the magnetic lay-
ers. In this case, the current flowing through the junc-
tion has a density of about 10° A/cm? (at the voltage of
1.25 V per junction), which is two or three orders of
magnitude lower than the currents necessary for
switching of the MRAM cell due to the spin-transfer
torque effect (STT-MRAM). It should be noted that
the magnitude of the TMR effect, as well as the shape



692

~19.0 nm

10 nm

~19.0 nm

10 nm

Fig. 3. (Color online) Transmission electron microscopy
images of the cross section of the CoFeB/MgO/CoFeB
TMR structure (a) before and (b) after thermal annealing.

and position of the magnetoresistance curves, is com-
pletely recovered at the decrease in the voltage.

To effectively switch the state of the TMR element,
the field shift should be larger than the slope width of
the hysteresis curve, which is 20—30 Oe for different
samples. The study of magnetoresistive curves of sin-
gle junctions shows that a wide magnetization reversal
front is caused by the appearance of inhomogeneous
(multivortex and/or multidomain) states in each indi-
vidual junction because of micron sizes rather than by
the dispersion of particle parameters in the chain. The
observed steps on the magnetoresistance curve of a
pair of TMR junctions (Figs. 4c, 4d) are due to the
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Fig. 4. (Color online) Magnetoresistance curves for (a, b)
chains of TMR junctions and (c, d) pairs of TMR junc-
tions at various applied voltages.

transition of the system through a sequence of meta-
stable inhomogeneous magnetic states during the
magnetization reversal of the system. The increase in
the steepness of magnetoresistive curves can be
achieved by the electron lithography fabrication of
submicron (200—300 nm) TMR elements. Magnetic
particles of this size will have two stable states with a
uniform distribution of magnetization, switching
between which occurs stepwise [13].

To summarize, the possibility of electrical control
of the interlayer exchange interaction in the
CoFeB/MgO/CoFeB system has been experimentally
demonstrated. The resulting TMR junctions exhibit a
magnetoresistance of 200% and are highly resistant to
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electrical breakdown, which allows applying voltages
up to 1.25 V per cell. In this case, a shift of the magne-
tization curve of the free layer by up to 10 Oe is
detected at a current density flowing through the sys-
tem, ~103 A/cm?. This effect can be used to develop
energy-efficient MRAM.
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