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Sub-volt switching of nanoscale voltage-controlled
perpendicular magnetic tunnel junctions
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Magnetic random-access memory (MRAM) based on voltage-controlled magnetic aniso-
tropy in magnetic tunnel junctions (MTJs) is a promising candidate for high-performance
computing applications, due to its lower power consumption, higher bit density, and the
ability to reduce the access transistor size when compared to conventional current-controlled
spin-transfer torque MRAM. The key to realizing these advantages is to have a low MTJ
switching voltage. Here, we report a perpendicular MTJ structure with a high voltage-
controlled magnetic anisotropy coefficient ~130 fJ/Vm and high tunnel magnetoresistance
exceeding 150%. Owing to the high voltage-controlled magnetic anisotropy coefficient, we
demonstrate sub-nanosecond precessional switching of nanoscale MTJs with diameters of
50 and 70 nm, using a voltage lower than 1V. We also show scaling of this switching
mechanism down to 30 nm MT]Js, with voltages close to 2 V. The results pave the path for
the future development and application of voltage-controlled MRAMs and spintronic devices
in emerging computing systems.
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agnetic random-access memory (MRAM) based on
M perpendicular magnetic tunnel junctions (MT]s) is

being actively developed by the semiconductor indus-
try, both as an embedded nonvolatile memory (eNVM) and for
random-access (Cache) memory applications2. Its key advan-
tages are its nonvolatile data retention, single-transistor cell
structure, small number of added lithography masks (compared
to embedded Flash), and compatibility with complementary
metal oxide semiconductor (CMOS) processing3’4. One of the
important requirements of embedded MRAM for Cache appli-
cations in microprocessors is the ability to switch the direction of
the magnetization with high speed (~3-10ns or less, for level 2
and level 3 Cache, respectively) and with low write voltage. The
conventional switching mechanism based on current-induced
magnetization reversal using spin-transfer torque (STT) requires
significant current density through the MTJ] (in particular,
for high-speed switching), thus limiting its ability to scale the
access transistor sizel>~7. Voltage-controlled magnetic anisotropy
(VCMA) has been proposed as an alternative writing mechanism
which, owing to its electric-field-based principle, may solve the
limitations present in STT-MRAMs and enable higher bit density,
as well as ultra-low power switching due to reduced Ohmic
dissipation8-13, in advanced CMOS nodes.

VCMA switching is realized by applying a voltage pulse across
the MT]J, the length of which approximately corresponds to half
the precession period of the MTJ free layer®11:13-25. When a
voltage of a particular polarity is applied, due to the VCMA
effect!%:12.26-32 the energy barrier E, between the two stable free
layer states is reduced. Once the voltage reaches a threshold value,
the energy barrier is eliminated and the magnetic moment of the
free layer starts to precess around an in-plane axis. This axis is
defined by a small external bias magnetic field in typical experi-
ments, but can be replaced by a built-in static magnetic field in
appropriately designed devices. By removing the voltage at the
half-period point, the magnetization of the free layer will end up
in the opposite direction.

One of the main requirements for the practical adoption of
VCMA-MRAM is to have the device switched at low voltages,
which are compatible with the voltage levels of existing
CMOS logic circuits. The switching voltage in precessional
VCMA switching, noted as Vj,, can be expressed as Vi, =4
tmgoEn(V = 0)/(76D?)3:33, where fygo is the thickness of the MgO
tunnel barrier, E, is the energy barrier between the free layer
states, & is the VCMA coefficient which quantifies the sensitivity
of the magnetic anisotropy to electric fields, and D is the diameter
of the device. Thus, because Vy, is inversely proportional to &, a
sufficiently large VCMA coefficient is essential to achieve
switching of nanoscale MTJs with a low write voltage. Most
previous works on VCMA-induced switching in MTJs utilized
material stacks with relatively low VCMA values (~ 30-50 fJ/
Vm), resulting in high switching voltages (~2V or higher), and
limiting the minimum MT]J diameters that could be switched to
50 nm or larger!3-1>17-25 While subsequent works theoretically
predicted*-3¢ and even experimentally demonstrated3’-40
material structures with substantially higher VCMA values, none
of these materials were implemented into precessional switching
experiments on nanoscale MTJs. This has been due to the diffi-
culty of simultaneously achieving all required MTJ parameters (in
addition to high VCMA) in the same material stack, the most
important being the tunnel magnetoresistance (TMR) ratio
(required for electrical readout of the device state) and the per-
pendicular magnetic anisotropy (PMA), along with sufficient
thermal tolerance (up to 400 °C) to withstand advanced CMOS
back-end-of-line (BEOL) processing temperatures. In addition,
some reports of large voltage-induced modulation of magnetic
properties relied on magneto-ionic effects*1->3 which, while large,

generally do not function at the sub-nanosecond time scales
required for high-speed precessional switching.

In this work, we demonstrate sub- 1V switching of nanoscale
MT]Js using VCMA, and demonstrate scaling of this switching
mechanism down to MTJs with 30 nm diameter. This is achieved
by developing a voltage-controlled MTJ] material stack which
simultaneously provides large VCMA (~130 fJ/Vm), high TMR
(>150%), and thermal annealing stability at 400 °C. We performed
precessional VCMA switching experiments on nanoscale perpen-
dicular MTJs made of this stack, with diameters ranging from 30 to
70 nm. Switching with higher than 90% probabilities in both
directions was obtained on 50 and 70 nm MT7Js with a voltage pulse
amplitude of ~1V, with a switching energy of ~11-15 fJ/bit. In
agreement with the single-domain switching model, the switching
voltage increased to ~2 V for the 30 nm MTJs, which is comparable
to the best previously reported values for much larger MT]Js
(>50 nm). We also report ab initio electronic structure calculations
of the VCMA effect in material stacks similar to those studied
experimentally in this work, which shed light on the origins of the
high VCMA and its effect on the observed transport characteristics.
Overall, these results represent the lowest VCMA-induced
switching voltage and the smallest VCMA-switched MT] dia-
meter, both while maintaining high TMR and temperature stabi-
lity, in nanoscale MRAM devices reported to date.

Results and discussion

Device structure. A schematic of the devices studied in this work is
shown in Fig. la. The MT]J stack consists of bottom electrode /
pinning layer (which includes a Co/Pt-based synthetic anti-
ferromagnetic (SAF) multilayer) / CoyoFegoB (0.8) / MgO (~1.5) /
Coy7.5Fes;5B30 (1.6) / Mo (5) / top electrode, where numbers in
parentheses are thicknesses in nanometers. The total thickness of the
stack, excluding its bottom and top electrodes, was ~20 nm. Devices
were patterned into circular pillars with diameters of 30, 50, and
70 nm. More information about the sample preparation is given in
Methods and in Supplementary Note 1.

The use of Mo as the capping layer was motivated by its better
thermal annealing stability compared to alternative capping
materials (notably, commonly used heavy metals such as Ta and
Ir). This, in turn, is a consequence of the fact that Mo hardly
bonds to Co or Fe, thus preventing its diffusion into the CoFeB
layer>4->6, Different CoFeB compositions were used in the top
free and bottom fixed layers, varying the B content while keeping
the same 1:3 ratio between Co and Fe. The Boron concentration
in the bottom fixed CoFeB layer was chosen to be 20%, which has
been shown to better promote the formation of (001) MgO
texture®”>8, thus increasing the TMR. A higher B content of 30%
was chosen for the top CoFeB layer. This is motivated by the fact
that the composition ratio of Fe and B in Co,;sFes, 5B3q is closer
to that of body-centered tetragonal Fe,B. Thus, as noted
previously in the case of in-plane MTJs with large B content in
the CoFeB?3, a short-range ordered structure close to that of Fe,B
can form in the free layer. This can induce a tensile strain on the
MgO>859, which is expected to affect the VCMA34. Although the
higher B content will result in reduced CoFeB crystallization and
could be harmful for the TMR ratio®8, this is effectively
compensated in the B-rich top free layer due to the fact that we
can use a higher annealing temperature, enabled by the thermally
stable Mo capping. In addition, we note that the MgO texture
(hence TMR) is more prominently affected by the CoFeB layer
preceding the MgO, which in our case contains only 20%
Boron. In the following measurements, the positive voltage is
defined as the voltage being applied to the top electrode relative to
the bottom electrode. Figure 1b shows the device resistance as a
function of the perpendicular magnetic field for a 70 nm MT]
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Fig. 1 Device structure and magnetoresistance curves. a Schematic of a magnetic tunnel junction used in this work. Positive voltage is defined as indicated
in a. An external magnetic field (H) is applied at an angle 6y from the film normal. b Resistance as a function of magnetic field for a 70 nm device under
different DC bias voltages when 6y = 0. Ho,, denotes the out-of-plane magnetic field.

measured under different DC bias voltages. The low and high
resistance levels correspond to the parallel (P) and antiparallel
(AP) magnetization configurations of the two CoFeB layers,
respectively. Since the magnetization of the bottom CoFeB (fixed
reference layer) is fixed by the pinning layer, only the
magnetization of the top CoFeB (free layer) can be switched.
The TMR ratio, which is defined as (Ryp — R,)/R,, shows a value
of ~170% in the loop measured at near-zero (1 mV) voltage bias.
Negative (positive) 1V bias voltages are observed to decrease
(increase) the coercivity of the free layer, confirming the existence
of VCMA. A small offset field of ~—50 Oe can be observed, which
is due to the imperfect cancellation of the stray magnetic field
from the SAF and reference layers.

Voltage-induced switching measurements. Electric-field-
induced precessional switching measurements were performed
on the patterned devices, using voltage pulses of different
amplitude and width. A constant tilted magnetic field was applied
at an angle 8y from the film normal during measurement, to (i)
compensate the offset (i.e., stray) field, (ii) define an in-plane axis
for the precession, and (iii) adjust the energy barrier of different-
sized devices to a similar value for fair comparison®® of their
switching behavior, similar to earlier reports of VCMA-induced
switching!®1>. The switching probability was obtained by mea-
suring the device resistance after each voltage pulse application.
Figure 2 shows the switching probability of successive back and
forth switching (parallel state to antiparallel state and back to
parallel, noted as Pgj) for a 70 nm MTJ, which was obtained
using 103 switching attempts with identical voltage pulses, each
having the nominal amplitude of 0.9V, for various pulse widths
and external fields. Data on MT]Js with different diameters were in
general agreement with those reported here, and are shown in
Supplementary Note 2. The white dashed line in Fig. 2 indicates
the in-plane magnetic field chosen for the switching measure-
ments which are later shown in Fig. 3.

It should be noted that the actual pulse amplitude across the
MTJ is higher than the nominal value, due to the reflection
resulting from the impendence mismatch between the MTJs and
the 50 Q) transmission line. As a result, the peak voltage across the
MTJ is in fact V=(1+1I)Viominar Where I' is the voltage
reflection coefficient and I' = 1 when the MT] impedance is much
larger than 50 Q. Thus, in principle, for long enough square-
shaped pulses, the actual peak voltage across the MT] will be
V=2V omina- However, due to the finite rise time of the pulse
generator used in this experiment, short (sub-ns) pulses were
nearly triangular in shape and thus the actual amplitude across

the MT] was significantly smaller than 2V, omina. To accurately
determine its value, the actual pulse shapes were measured using
an oscilloscope with a 1 MQ input impendence, representing a
reflection coefficient I' = 1, similar to the MTJ case. All switching
voltages reported in this paper correspond to this calibrated
peak value.

To investigate the switching behavior in more detail, we next
measured the probabilities of parallel to antiparallel (Py,),
antiparallel to parallel (Pyp), and consecutive back and forth
switching (Pgy) for the same 70 nm device, using the fixed external
field determined from Fig. 2, under different nominal voltage
amplitudes and write pulse durations. The results are shown in
Fig. 3, where the switching probabilities were determined using a
larger number of write attempts (10* attempts for each pulse
amplitude and duration) compared to Fig. 2. Oscillations of the
switching probability as a function of pulse width were observed for
voltages over 0.8V, indicating the electric-field-induced preces-
sional switching®!1:13-1517-25 Switching with > 90% probabilities
in both directions (Py; > 90, P > 90, Py19 > 81%) was achieved at a
0.9V nominal amplitude and 0.4 ns pulse duration. It is worth
noting that the switching probabilities for the two directions are not
exactly the same, especially at lower voltages. This is because of the
imperfect compensation of the stray field from the fixed layer, and
the finite voltage-dependent effect of spin-transfer torque (which is
also evident from the shifts in the hysteresis loops shown in
Fig. 1b). During the measurement, a tilted external magnetic field
was applied with the perpendicular component set to compensate
both the stray field from the fixed layer and the shift due to STT
near the switching voltage. However, since the shift induced by STT
depends on the applied current (voltage), the switching probabil-
ities in the two directions show a larger difference at lower voltages,
where the STT effect is smaller.

The (nearly triangular) real shape of the voltage pulse at this
point, recorded using the oscilloscope, is shown in the inset in
Fig. 3¢, showing a maximum amplitude of V,, = 0.95 V. Here, the
black dots correspond to the measured data, and the red dashed
line is a Gaussian fit to the data. This value of V, is ~2x lower
than the best previously reported values for precessional VCMA
switching in MTJs!1:13-1517-23 The energy dissipation during the
switching was calculated using the fitted Gaussian function, and is
given by E = [ Pdt = [(V2/R)dt = 15.1 {]/bit, where the resistance
was chosen as R = (Rp + Rpp)/2 under —1V DC bias, as shown
in Fig. 1b, to obtain the average energy for the two switching
directions. The same measurements, repeated on MTJs with
different sizes on the same wafer gave results of Vi, =1.05V,
E =11.2 {]/bit for 50 nm MTJs, and V,, =2V, E = 17.6 {]J/bit for
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Fig. 2 Switching phase diagram for a 70 nm device. Measured probability
of back and forth switching (i.e., two successful consecutive switching
attempts) for a 0.9 V nominal voltage pulse under different pulse widths
and in-plane magnetic fields applied to a 70 nm device. The dashed white
line indicates the in-plane magnetic field that was used for the subsequent
switching probability measurements as a function of voltage pulse
amplitude and width, shown in Fig. 3.

30 nm MTJs. More information on the latter two cases is given in
Supplementary Note 2. The energy consumption per write is
comparable to the best previously reported values for VCMA
switching!4-17, and could be further reduced by designing MT]J
stacks with a higher resistance-area (RA) product.

Determination of VCMA coefficient. Next, we extracted the
VCMA coefficients for the MTJs with different diameters from
the switching measurement results. To do so, we first determined
the energy barrier of the free layer under near-zero bias,
E,(V=0), by measuring the mean time for thermally activated
switching (i.e., the dwell time)®l. To obtain the energy barrier
under the same condition as in the switching measurements, the
dwell time measurements were performed on the same devices
and under the exact same applied external field as in the
switching measurements described above. The dwell time was
determined from a total of ~300 switching events, by monitoring
the real-time voltage across the MT] using an oscilloscope.
Results from a 70 nm device are shown in Fig. 4a and b. The
energy barrier E, was calculated from 7= toexp(Ey/ksT)°!, where
7 was the measured dwell time, 7, is the attempt time (assumed to
be 1ns), kg is Boltzmann’s constant, and T is temperature. The
parallel state distribution corresponded to a dwell time of p =
19.2s as shown in Fig. 4b, resulting in an energy barrier of
E,(V=0)=23.7 kgT, while the same calculation performed on
the AP state gave E,(V =0) =22.7 kgT. As mentioned above, the
small asymmetry can be attributed to the finite remaining stary
field®? from the fixed layer, which is not perfectly canceled by the
applied field. Thus, the energy barrier under zero bias was esti-
mated as E,(V=0)=23.2+0.5 kgT. Similarly, the energy bar-
riers for the 30 and 50 nm devices reported in this work were
measured to be 23.5+ 0.5 kgT and 22.4 + 0.8 kT, respectively. As
mentioned above, the similar energy barrier for devices of dif-
ferent sizes was the result of adjusting the in-plane external field,
to allow a fair comparison of their switching voltages.
Independently, the energy barrier can be calculated as the
product of an effective anisotropy energy density K¢ and the free
layer volume V, where V= (tcopesD?n)/4 and K=K/
teoren — 2TM % 83303, Here, tcopep is the free layer thickness, K;
is the interfacial anisotropy energy density, and M; is the
saturation magnetization. Assuming a linear dependence of the

interfacial anisotropy energy density on voltage, we have
Ki(V) = &Vitygo + Ki(V =0). Combining the above equations,
the voltage-dependent energy barrier can then be written as®33

Eb(V)=£ Vi1 V+Eb(v:0)

1
D? 4hyg0 D?

At the threshold voltage for precessional reversal, the energy
barrier becomes zero, i.e., Ey(Vg,) = 0. The VCMA coefficient can
thus be determined from Eq. (1), using the Ey(V =0) values
measured above for MT]Js with different diameters. Red dots in
Fig. 4c show the VCMA coefficients for MTJs with different
diameters, obtained using this method. The values calculated for
30, 50, and 70 nm devices were 102, 67, and 39 f{J/Vm,
respectively.

The VCMA coefficients extracted from the precessional
switching experiments decrease noticeably with increasing MT]
diameter. This can be attributed to the role of sub-volume
nucleation in determining the energy barrier of MTJs with larger
diameters®0:64-67  which has been shown in previous works to
result in an underestimation of the VCMA coefficient obtained
from pulsed switching measurements for large MTJs®0. Specifi-
cally, in free layers with larger diameters (typically > 40 nm), the
thermally activated switching (which was used here to determine
the dwell time) is no longer realized as a single-domain
reorientation, since there are more energetically favorable paths
for the magnetization to reverse through the formation of a
nonuniform micromagnetic configuration. Hence, the effective
free layer diameter which determines E,, will be smaller than its
real value (50 or 70 nm). Since this effect is not accounted for in
Eq. (1), using this expression to estimate the VCMA value for our
50 and 70 nm devices results in a lower (underestimated) VCMA
coefficient.

To verify this hypothesis, we performed complementary
measurements of the VCMA coefficient, which are discussed in
detail in Supplementary Note 5. We first extracted the effective
area for MTJs with different sizes by measuring the free layer
energy barrier at different in-plane magnetic fields. Then, by
substituting this effective area (which accounts for the sub-
volume nucleation effect) into Eq. (1), we obtained VCMA
coefficients of 81, 106, and 99 fJ/Vm for 30, 50, and 70 nm
devices, respectively. These coefficients are indicated with blue
squares in Fig. 4c.

In addition, we independently determined the VCMA
coefficient for each device diameter by measuring the voltage
dependence of the free layer energy barrier. This independent
measurement resulted in VCMA coefficients of 128, 131, and 100
fJ/Vm for the 30, 50, and 70 nm devices, respectively. These
coefficients are indicated with green diamonds in Fig. 4c. The
values obtained from the voltage-dependent energy barrier
measurement are in general higher than the values extracted
from the switching measurements. We attribute this to the effect
of the pulse shape on the switching dynamics®®: Since the
estimation of VCMA from the switching data assumes a constant
(square-shaped) voltage pulse, the non-ideal pulse shape in the
experiment (inset of Fig. 3¢) results in an underestimation of the
VCMA coefficient. This artefact is not present in the voltage-
dependent energy barrier measurements, making their resulting
VCMA coefficients more reliable.

It is worth comparing the switching results of this work with
those from a previous report!4, where a switching voltage of
1.96 V. was achieved on a D=50nm MTJ] with a VCMA
coefficient of £=32 fJ/Vm and an energy barrier similar to this
work (~23 kpT)!4%0, Based on Eq. (1), the switching voltage can
be expressed as Vi, = 4tpmgoEn(V = 0)/(néD2). Comparing these
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Fig. 3 Measured switching probabilities for a 70 nm device. Switching probabilities a from parallel to antiparallel (Po;), b antiparallel to parallel (P;o), and
¢ back and forth switching (Pg10) under different voltage pulses, as a function of pulse duration. The inset in ¢ shows the measured shape of the pulse with
0.9 V nominal amplitude and 0.4 ns width, which gives >90% switching probability in both directions. The black dots are measured using an oscilloscope

with a 1 MQ impedance, and the red dashed line is a Gaussian fit to the data.

data to the switching results from 30 nm MTJs in the present
work (Supplementary Note 2), we note that given the comparable
tmgo and Ey(V=0), the switching voltage should be inversely
proportional to D2 Thus, for our D =30 nm MT]Js with average
&£=102 fJ/Vm, one would expect the switching voltage to be
~1.7 V. For comparison, note that the estimated switching voltage
would be ~5.4V assuming a 30 nm MT] with {=32 fJ/Vm,
which would break the MgO barrier before inducing switching. It
is worth noting that another recent work?® reported VCMA and
TMR values comparable to those presented here, but in
significantly larger MTJs with 100 nm diameter, and using a
different approach to engineer the MTJ] material stack, ie., by
engineering the interfacial spin-orbit coupling using an unspeci-
fied transition metal layer insertion at the free layer—MgO
interface. However, a more detailed comparison to this work is
not possible, since it did not report the switching voltage
amplitude, the measurement method used to determine the
VCMA coefficient, or the type of the transition metal layer used
in the experiment. Finally, we note that while the 70 nm device
data in Fig. 3 show switching probabilities (P) higher than 90%,
we also performed switching probability measurements at
voltages up to 1.5V, where much lower write error rate
(WER = 1 — P), approaching ~10~3, was observed. These results,
which are shown in Supplementary Note 4, are comparable to
WER results obtained at significantly larger write voltages in
earlier VCMA switching experiments. A more detailed compar-
ison with other recent works on precessional VCMA switching is

given in Supplementary Note 3.

Ab initio calculations. To further understand the effect of Mo
capping on the PMA and VCMA, ab initio electronic structure
calculations were carried out in a Mo/CoFe/MgO heterostructure.
The slab supercell for the Mo/CoFe/MgO (001) junction con-
sisted of three Mo monolayers on top of three monolayers of B,-
type CoFe, sandwiched between seven monolayers of rocksalt
MgO and a 15 A-thick vacuum region. The O atoms at the CoFe/
MgO interface were placed atop the Fe atoms, which is the most
stable configuration. We denote with Fe; and Fe, the atoms at the
Fe/MgO and Fe/Mo interfaces, respectively.

The Fe,, Fe,, and Co magnetic moments were 2.683, 2.146, and
1.769 up, respectively. Induced magnetization was also found in
the capped Mo monolayers because of the proximity effect, where
the interfacial Mo monolayer acquires a spin moment of —0.180

ys. The variation of the magneto-crystalline anisotropy (MCA) as
a function of the electric field in MgO is shown in Fig. 5a, which
exhibits an asymmetric (shifted) V-shape with giant £ values of
+479 and —512 {J/Vm, and a minimum near 0.2 V/nm. The
underlying origin of the shifted V-shape arises from the fact that
the interface bands depend on the magnetization direction due to
the Rashba effect. The Rashba coupling, which is proportional to
the net electric field, E,, at the interface, has contributions from
both the internal and external electric fields®®. The critical field
where the anisotropy reaches its maximum or minimum value
depends on the interplay between the two electric fields, where
the internal electric field can be tuned via strain and/or disorder.
Thus, this critical electric field depends sensitively on the biaxial
strain which is ubiquitous in heavy metal/ferromagnet/insulator
tunnel junctions, and as noted before, may be further affected by
the presence of remaining B atoms within the free layer after
annealing’0. Further simulations showed that a small change in
the in-plane lattice constant of CoFe (0.5%) would shift the
critical electric field by several tenths of V/nm, and from negative
to positive. Furthermore, disorder at the CoFe/MgO and Mo/
CoFe interfaces can change both the value of £ and the critical
electric field where the anisotropy reaches its minimum. Thus, we
hypothesize that in experiments, the real lattice constant may
shift the minimum point out of the range of the experimentally
accessible electric fields, resulting in an apparently monotonic
dependence.

In order to understand the underlying mechanism of both the
anisotropy and VCMA behavior, we calculated the difference in
spin-orbit coupling (SOC) energies between the in- (||) and out-of-
plane (L) magnetization orientations, AEg = (Eloe — Edoe)7!.
We find that the MCA = AEsoc due to the relatively small SOC of
Mo. In Fig. 5b we show the layer-resolved and total electric-field-

induced change of AEsoc, 8soc = AESOC(T:")) — AESOC(E)C), where
75: is the critical electric field. The layer-resolved dsoc for E > E c

and E <E . is consistent with the trend of the electric field variation
of the anisotropy in Fig. 5b, indicating that the largest contribution to
electric-field-induced change of AEsoc arises from the interfacial
Mo layer.

Conclusions
In summary, a Mo-capped bottom-pinned voltage-controlled

MT] structure has been demonstrated, with simultaneously high
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VCMA coefficient and TMR. Using this material structure,
VCMA switching of nanoscale MTJs has been achieved with a
switching voltage lower than 1 V. We also demonstrated scaling
of the precessional VCMA switching mechanism down to 30 nm
MTJs, pointing to the potential of VCMA-controlled MT]Js for
high-density MRAM arrays. The role of the Mo capping was

further investigated by ab initio calculations, which indicate the
importance of local strain on the size and qualitative features of
the VCMA effect. Our results provide a promising direction for
VCMA-MRAM in embedded memory applications, making
voltage-controlled MTJs compatible with the standard voltage
levels of logic transistors.
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Methods

Device fabrication. The 1.6 nm-thick CoFeB free layers for all the MTJs used in
this work were taken from a wedged film where the CoFeB thickness was varied
across the wafer. The film stacks were sputter deposited in an ultrahigh vacuum
(UHV) physical vapor deposition (PVD) system (Canon ANELVA HC7100),
annealed at wafer level for 30 min at 400 °C, and then fabricated into circular pillars
with diameters of 30, 50, and 70 nm using electron beam lithography. The MgO
layers were deposited by radio-frequency (RF) sputtering, while metallic layers
were deposited by DC sputtering.

Electrical measurements. Electrical measurements were performed on a probe
station with a projected field electromagnet, using microwave probes with a
ground-signal-ground (GSG) configuration. The voltage pulses for the switching
measurement were applied with a Tektronix pulse generator (PSPL10070A), and
the resistance after each pulse was measured by a sourcemeter (Keithley 2401)
using a bias tee. Switching measurements were performed on three MTJs of
each size.

Ab initio calculations. The first-principles calculations were carried out within the
projector augmented-wave method’2, as implemented in the Vienna ab initio
simulation package (VASP)73. The generalized gradient approximation was used to
describe the exchange-correlation functional as parametrized by Perdew, Burke,
and Ernzerhof (PBE)74. The in-plane lattice constant was set to be 2.86 A. An
energy cutoff of 500 eV and a 16 x 16 x 1 k-point mesh were used to relax the
atomic coordinates for each electric field until the largest force became less than
5x 1073 eV/A, and the change in the total energy between two ionic relaxation
steps was smaller than 1076 eV. The dipole corrections were taken into account
along the [001] direction. The SOC of the valence electrons was in turn included
using the second-variation method’> employing the scalar-relativistic eigenfunc-
tions of the valence states and a 32 x 32 x 1 k-point mesh. The MCA energy per
unit interfacial area, A, was then determined from (E(;00) — Ejoo17])/A, where E{jq)
and Ejgo) are the total energies with magnetization along the [100] and [001]
directions, respectively. The voltage-controlled magnetic anisotropy was calculated
as AMCA) = ¢E; = &E,, /¢, where ¢ is the dielectric constant of the insulator
which depends on strain, and E,y is the external electric field70-7°.

Data availability
The data that support the plots within this paper and other findings of this study are
available from the corresponding author upon reasonable request.
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