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ABSTRACT

Recent advancement in the switching of perpendicular magnetic tunnel junctions with an electric field has been a milestone for realizing
ultra-low energy memory and computing devices. To integrate with current spin-transfer torque-magnetic tunnel junction and spin–orbit
torque-magnetic tunnel junction devices, the typical linear fJ/Vm range voltage controlled magnetic anisotropy (VCMA) needs to be signif-
icantly enhanced with approaches that include new materials or stack engineering. A possible bidirectional and 1.1 pJ/V m VCMA effect has
been predicted by using heavily electron-depleted Fe/MgO interfaces. To improve upon existing VCMA technology, we have proposed
inserting high work function materials underneath the magnetic layer. This will deplete electrons from the magnetic layer biasing the gating
window into the electron-depleted regime, where the pJ/Vm and bidirectional VCMA effect was predicted. We have demonstrated tunable
control of the Ta/Pd(x)/Ta underlayer’s work function. By varying the Pd thickness (x) from 0 to 10 nm, we have observed a tunable change
in the Ta layer’s work function from 4.32 to 4.90 eV. To investigate the extent of the electron depletion as a function of the Pd thickness in
the underlayer, we have performed DFT calculations on supercells of Ta/Pd(x)/Ta/CoFe/MgO, which demonstrate that electron depletion
will not be fully screened at the CoFe/MgO interface. Gated pillar devices with Hall cross geometries were fabricated and tested to extract
the anisotropy change as a function of applied gate voltage for samples with various Pd thicknesses. The electron-depleted Pd samples show
three to six times VCMA improvement compared to the electron accumulated Ta control sample.
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INTRODUCTION

Spintronics offers a new generation of non-volatile, ultrafast
memory with current-induced switching utilizing spin-transfer
torque (STT)1–3 and spin–orbit torque (SOT).4–6 Critical switching
current density for these devices remain large in most material
systems and methods to reduce the switching energy are highly
sought after.7 A potential solution is to utilize the VCMA effect,
which allows for a dynamic reduction in magnetic anisotropy with
an applied voltage, thus lowering the switching energy while
retaining high anisotropy for thermal stability.8–10 For a ferromag-
netic (FM) layer with perpendicular magnetic anisotropy (PMA),
the VCMA effect modifies the occupancy of hybridized orbitals at
the FM/MgO interface, which are responsible for PMA in the FM
layer, thus modifying the magnetic anisotropy.11,12 Typical CoFeB/
MgO perpendicular magnetic tunnel junction (p-MTJ) systems

show VCMA coefficients (ξ) on the order of 10–100 fJ/(V m) for
various underlayers.13–15 To fully reduce the anisotropy energy
barrier of thermally stable 10 nm MTJ devices, VCMA coefficients
on the order 1–10 pJ/(V m) are required.16 Additionally, direct
STT applications are limited by linear VCMA responses which,
while decreasing the switching energy in one direction of applied
voltage, increases the energy for the other direction.13,14 Recent
theoretical work by Zhang et al. for Fe/MgO systems has predicted
a large [∼1 pJ/(V m)] and bidirectional effect at high levels of elec-
tron depletion.17 However, the required voltages to achieve these
levels of depletion are beyond the dielectric breakdown of experi-
mental gates.

In this paper, we utilize a Ta/Pd(x)/Ta underlayer to create a
tunable metal–metal junction to reach levels of electron depletion
at the interfaces not possible with only applied voltages.18 When a
ferromagnetic layer is brought into contact with the underlayer due
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to the difference in work functions, the Fermi levels will equalize
creating an effective built-in voltage drop.19–22 Utilizing varied Pd
thicknesses from 0 to 10 nm, the underlayer’s work function
becomes tunable, allowing for a larger range of electron depletion
than can be reached with only an applied gate voltage. By using
ultraviolet photoelectron spectroscopy (UPS), we have demon-
strated the work function tunability of the Ta/Pd(x)/Ta underlayers.
To investigate the extent of the electron depletion as a function of
the Pd thickness in the underlayer, we have performed DFT calcu-
lations on supercells of Ta/Pd(x)/Ta/CoFe/MgO, which demon-
strate that the electron depletion will not be fully screened at the
CoFe/MgO interface. Gated pillar devices with Hall cross geome-
tries were fabricated and tested to extract the anisotropy change as
a function of applied gate voltage for samples with various Pd
thicknesses. The electron-depleted Pd samples show a three to six
times VCMA improvement compared to the electron accumulated
Ta control sample.

VIABILITY OF A TUNABLE ELECTRON DEPLETION
UNDERLAYER

The work function tunablity of the Ta/Pd(x)/Ta underlayer
was demonstrated via ultraviolet photon spectroscopy (UPS) mea-
surements in ultrahigh vacuum. Isolated stacks of SiO2/Ta(3 nm)/
Pd(x nm)/Ta(5 nm) were grown using magnetron sputtering on
300 nm thermally oxidized Si substrates with a base pressure of

9 × 10−8 Torr and an Ar working pressure of 1.5 mTorr. The films
were then annealed at 300 °C for 30 min in the nitrogen environ-
ment. Via in situ ion milling and x-ray photoelectron spectroscopy
(XPS), the top 3.5 nm of TaOx was removed, leaving a 1.5 nm
unoxidized Ta interface. Additional annealed stacks of isolated
20 nm Ta, Pd, and CoFeB were grown to measure the baseline
polycrystalline work function values of the sputtered films, with
any oxide fully etched away before measurement. By varying the Pd
thickness, a wide range of work functions can be tuned, varying
from 4.32 to 4.90 eV, as shown in Fig. 1(a). For Pd thicknesses of
0–2 nm, we observe electron accumulation in the CoFeB layer with
a work function of 4.63 eV. Thicknesses above 3 nm show increas-
ing electron depletion behavior saturating to 4.90 eV, well below
the isolated Pd value of 5.24 eV.

To better understand the underlying physical origin and extent
of the depletion effect, first-principles calculations of (MgO)6
(CoFe)8 Ta3PdyTa6, where y is the number of atomic monolayers
based on the density functional theory (DFT) were performed. The
lattice constant of MgO (2.918Å) was adopted for the slab calcula-
tion with a vacuum layer thicker than 20Å to avoid the interactions
between slabs. CoFe is used in place of CoFeB for the calculation to
better represent the experimental films with boron diffusion into
the Ta layer and CoFe crystallization after annealing.23 A diagram of
the slabs is shown in Fig. 1(b), the 0, 3, 6, and 9 monolayer Pd slabs
are labeled as Pd 0, 1, 2, and 3 nm, respectively. The generalized gra-
dient approximation exchange-correlation potentials plus the

FIG. 1. (a) UPS measurements of the underlayer vacuum etched to Ta 1 nm. Green lines show measured values control samples of oxide etched 20 nm Ta, Pd, and
CoFeB films. (b) Slab structure for the first-principles calculations and (c) the plane-averaged charge of Pd 0 slab and the charge difference of the Pd 1, 2, 3 nm slabs
from the Pd 0 slab.
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projector augmented wave method for the electron–ion interaction24

were implemented in Vienna ab initio simulation package code.25

All self-consistent calculations were performed with a plane wave
cutoff of 500 eV. The geometric optimizations were carried out
without any constraint until the force on each atom was less than
0.01 eV/Å and the change of energy per cell was smaller than
10−5 eV. The Brillouin zone k-point sampling was set with a
12 × 12 × 1 Γ-centered Monkhorst–Pack grids. To better describe
the localized 3d electrons of transition metal, an additional on-site
Hubbard-U correction term was applied with the different U values
tested.26 The dipole correction was applied to properly treat the
dipole moment due to the formation of heterostructures. To get
the change of the plane-averaged charge (PAC) profile due to the
change of the Pd thickness, the PAC of different heterostructures
were aligned with each other in the vacuum and compared
between different structures. Figure 1(c) depicts the PAC of the
Pd 0 slab and the charge difference of the Pd 1, 2, 3 nm slabs
from the Pd 0 slab. The MgO slab starts after 20Å vacuum layer
then is followed by the CoFe and Ta/Pd(x)/Ta layers. The charge
difference in the vacuum and MgO layers is zero, however, in the
CoFe layer of the Pd 1, 2, 3 slabs, there is a decaying charge
profile as expected. The charge difference is the largest at
the CoFe/Ta interface and decays due to the electron screening in
the metal layer. The charge difference remains nonzero at the
MgO/CoFe interface, which dominates the anisotropy and VCMA
response, suggesting there will be an effect on the VCMA due to
the electron depletion from the Pd layer.

MATERIALS GROWTH AND CHARACTERIZATION

Films of Ta (3 nm)/Pd (2, 4, 6, 8, 10 nm)/Ta (1.5 nm)/
Co20Fe60B20 (1.3 nm)/MgO (2.2 nm)/Ta (2 nm) as well as a Ta
control sample of Ta (5 nm)/Co20Fe60B20 (1.3 nm)/MgO (2.2 nm)/
Ta (2 nm) were deposited via magnetron sputtering, using the
same conditions as above, for magnetic and electrical testing. The
2 nm Ta capping layer is naturally oxidized after removal from the
sputtering system, forming a 2 nm TaOx film. The films were then
annealed at 300 °C for 30 min. The bottom Ta (3 nm) layer pro-
vides adhesion of the Pd to the SiO2 substrate while the 1.5 nm Ta
layer helps nucleate the body-centered cubic form of the CoFeB
allowing for interfacial PMA. PMA was confirmed for all Pd thick-
nesses up to 10 nm via vibrating sample magnetometer (VSM) mea-
surements shown in Fig. 3(a). The squareness of the perpendicular
loop and strength of the anisotropy decreases for the Pd 10 nm
sample. Tunneling electron microscope (TEM) measurements were
done on the Pd 2 and 10 nm samples. Bright-field TEM and
High-Angle Annular Dark-Field (HAADF) images of Pd 10 and Pd
2 nm samples are shown in Fig. 2. The TEM shows polycrystalline
Ta, Pd, CFB, and MgO layers with large grains in the Pd layer on
the scale of the film thickness for the Pd 10 nm sample. The forma-
tion of these large Pd grains likely increased the roughness of the
CoFeB/MgO interface and caused the loss of PMA for the Pd 10 nm
sample. Additionally, electron-energy loss spectroscopy (EELS)
images are shown in Figs. 2(c) and 2(f). These show short range dif-
fusion of the Pd into the Ta layers forming a TaPd alloy, with no Pd
signal in the CoFeB layer.

FIG. 2. (a) Bright-field TEM, (b) high-angle annular dark-field TEM, (c) EELS elemental mapping of the Pd 10 nm sample. (d) Bright-field TEM, (e) high-angle annular
dark-field TEM, (f ) EELS elemental mapping of the Pd 2 nm sample.
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ANOMALOUS HALL EFFECT MEASUREMENT

To measure the VCMA effect, the effective CoFeB interfacial
anisotropy (Keff ) is extracted from magnetic field sweeps of the
anomalous Hall effect (AHE) signal at varied gate voltages.27–29 An
11 nm MgO oxide gate with an additional 2 nm Ta capping was
later added to the stacks; the final stack for the films is Ta (3 nm)/
Pd (2, 4, 6, 8, 10 nm)/Ta (1.5 nm)/Co20Fe60B20 (1.3 nm)/MgO
(2.2 nm)/TaOx (2 nm)/MgO (11 nm)/TaOx (2 nm). The stacks with
added gate oxide are then patterned into hall bar devices with a
7 μm diameter gated pillar in the hall cross. The CFB/MgO/TaOx/
MgO/TaOx layers outside the pillar were removed via ion milling,
and the pillar was insulated utilizing a 200 nm PE-CVD grown
SiOx layer. A device schematic is shown in Figs. 3(b)–3(d). The Pd
10 nm sample was not electrically tested for VCMA due to the
weakened PMA. A DC current is applied through the Hall channel
with a magnetic field ranging from 0.75 to −0.75 T along the
in-plane direction of CoFeB. The transverse voltage is measured to
extract the AHE signal as a function of applied field, as seen in
Fig. 4(a). The AHE voltages are normalized by taking the maximal
(minimal) value to represent Mz = + 1 (−1). The resulting magneti-
zation tilting, θM , due to the applied field can be numerically
modeled using the Stoner–Wohlfarth model30

Ev ¼ K1 sin
2(θM � θH)�M0H cos θM ,

where Ev is the energy per unit volume of the system, K1 is the
second order anisotropy term, θH is the angle of the applied field,
and M0 is the spontaneous magnetization of the CoFeB, measured
to be 1250 emu/cm3 via VSM. The model assumes the fourth order
magnetic anisotropy term K2 is zero, which is appropriate as K2 is
typically one to two orders of magnitude smaller than K1.

31,32 The
model assumes coherent rotation and neglects domain wall contri-
butions to magnetization switching resulting in higher field switch-
ing points than the data. Taking the absolute value of Mz

normalization removes the switching points, allowing for accurate
curve fitting. Additionally, the normalized AHE curves can be fit
using the modeled θM(H) to estimate the anisotropy K1 using

jV j ¼ βAHEjcos θM j þ βPHEjsin θM j,

where βAHE and βPHE are the voltages resulting from the anomalous
Hall and planar Hall effects, respectively. This is repeated as the
gating voltage is swept from −4 to +4 V to estimate the change in
K1 as a function of applied voltage. The gate voltage is stepped in
0.4 V increments from negative to positive values and is then
retraced from positive to negative to ensure there are no hysteretic
effects from ionic motion. The VCMA coefficient ξVCMA can be
extracted from the derivative of effective interfacial anisotropy with
respect to the electric field at the MgO/CoFeB interface for a linear

FIG. 3. (a) VSM measurements of the Pd 2–10 nm samples. (b) and (c) Device schematic for the gated anomalous Hall effect measurement. (d) Optical microscope
image of a patterned device.
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VCMA effect this takes the form of

ξVCMA ¼ tgate
V

K1tFM ,

where tgate and tFM are the thicknesses of the MgO gate and the
ferromagnetic CoFeB layer, respectively.28 The tFM term also
accounts for the magnetic dead layer extracted from the VSM
sheet films samples. The extracted K1/Mo for the Ta control
sample and Pd 2,4,6,8 nm samples are shown in Figs. 5(a)–5(e).
All samples appear linear with voltage. The Pd based films have
three to six times larger ξVCMA than the Ta the control sample,
with a peak VCMA coefficient of −16.8 fJ/V m for the Pd 2 nm
sample. Plotting ξVCMA vs the difference in work function of the
CFB and underlayer allows for comparing to the electron-depleted
VCMA predictions in Fe/MgO by Zhang et al.17 The heavily
electron accumulated Ta control sample has a small negative sign,
−3 fJ/V m VCMA coefficient. As the Pd thickness is increased
and, therefore, the electron concentration in the CFB decreases,
we see a sharp increase in the VMCA coefficient as the CFB goes
from electron accumulation to a neutral state. Then, as the CFB
goes from neutral to electron depletion, we see a gradual decrease
in magnitude of the VCMA coefficient toward 0 where the bidir-
ectional point is predicted. At even further levels of electron
depletion, we would expect to see the bidirectional VCMA as well
as increasing positive VCMA coefficients until the peak pJ/V m
VCMA coefficient is reached. However, the sign of the VCMA
coefficient remains negative for all Pd thicknesses, higher work
functions and, therefore, higher levels of electron depletion are
needed to realize the bidirectional and pJ/V m effect predicted in
the Fe/MgO system. The Ta/Pd(x)/Ta underlayer work function,
which saturates to only 4.9 eV, is too low to reach the levels of

electron depletion needed. Engineering a new underlayer with a
higher work function material, such as Pt with a work function
of 5.64 eV, may allow for realizing the bidirectional and pJ/V m
VCMA coefficients. The trend of the VCMA coefficient with the
level of electron concentration appears to qualitatively match the
predictions; however, the magnitude of the VMCA effect is
smaller than expected. The Ta control sample demonstrates a
much smaller VCMA coefficient than the literature values of
14–33 fJ/V m14,27,33,34 for typical Ta/CoFeB/MgO systems. This
is likely due to the low ordering of the polycrystalline CoFeB/
MgO interfaces grown within these samples. Improving the crys-
tallinity and PMA quality of the samples will likely improve the
VCMA coefficient.

The work function tunablity of the Ta/Pd/Ta underlayer with
the improved VCMA effect paves the way for designing new and
more efficent spin torque based MRAM. For use in STT-MRAM a
large and bidirectional VCMA effect must be realized. The pro-
posed structure can be easily implemented into existing STT
devices, while retaining PMA in the ferromagnetic layer, crucial for
device scaling. With a combined VCMA + STT device the applied
switching current also produces a voltage across the insulating
barrier of the p-MTJ, temporarily lowering the magnetic anisotropy
allowing for reduced switching current. After switching, the anisot-
ropy returns to a larger value allowing for thermal stability. In
SOT-MRAM, the geometry of the devices allows for the use of the
unidirectional VCMA effect observed in the samples. For integra-
tion of the proposed structure, it is ideal for the electron depletion
underlayer to serve also as the spin hall channel. Pd is not an ideal
spin Hall material, having a realitivly low spin torque efficiency up
to 0.01;35–37 however, the Ta/Pd/Ta underlayer can be easily
replaced with an alternative high work function and high efficiency
SOT material while maintaining the electron depletion from the

FIG. 4. (a) Anomalous Hall effect (AHE) voltage of the Pd 4 nm sample as an in-plane field is swept from positive to negative fields (blue curve) and negative to positive
fields (red curve). (b) Fitted magnetization curve of the normalized and subtracted AHE voltage for the Pd 4 nm sample with an applied −0.4 V gate voltage.
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underlayer stack. A promising candiate is Pt and Pt alloys, which
has a workfuction higher than that of Pd. Recent reports have
shown spin torque efficiencies of 0.12,38 0.26,39 and 0.340 for Pt,
Pd25Pt75, and Au25Pt75, respectively. Another promising candiate to

replace Ta/Pd/Ta for SOT + VCMA devices are topological insula-
tors (TIs), such as Bi2Se3,

41–47 (BixSby)2Te3,
48,49 and Bi2Te3.

48

These TI systems have shown spin torque efficiencies much greater
than seen in heavy metals with demonstrated work functions as

FIG. 5. (a)–(e) Extracted K1 and linear fits of Ta control and Pd 2,4,6,8 nm samples. ( f ) Resulting VCMA response of the Ta control sample and the Pd underlayers
plotted against the effective work function difference of the underlayer with respect to the CFB layer.
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high as 4.95–5.6 eV.50 Combining VCMA + SOT offers the same
advantages of reduced switching current and enhanced thermal
stability as well as scalability with p-MTJS.

CONCLUSIONS

The bidirectional and pJ/Vm range VCMA coefficients pre-
dicted by Zhang et al.17 require heavily electron-depleted FM
layers. The electric fields required to reach these levels of electron
depletion are well beyond what is possible with dielectric gating
alone. In this paper, we utilized Ta (3 nm)/Pd (2, 4, 6, 8 nm)/Ta
(1.5 nm) underlayers to provide a built-in biasing to a CoFeB FM
layer through the work function mismatch at the metal–metal junc-
tion. Through UPS measurements, we have demonstrated tunable
control of the Ta/Pd/Ta structure’s work function with the Pd
thickness. To verify the electron depletion is not electronically
screened within the FM layer, DFT calculations were performed on
supercells of Ta/Pd(x)/Ta/CoFe/MgO. The calculations demonstrate
a decaying charge profile in CoFe that is non-zero at the CoFe/
MgO interface. Devices were fabricated for gated AHE measure-
ments to extract the anisotropy and VCMA coefficient of Ta/Pd/
Ta/ stacks as well as a Ta control sample. The VCMA coefficients
of the Pd based samples show an improvement over the Ta control
sample and qualitatively match the trends predicted as the electron
concentration is decreased. However, the predicted bidirectional
and pJ/Vm range VCMA effect was not observed. High work func-
tion underlayer materials are required to reach the levels of electron
depletion needed to observe the effects. The proposed tunable work
function structure for improving VMCA can be easily integrated
with existing STT- and SOT-MRAM devices provided the under-
layer materials can be engineered to achieve a higher work function
than CoFeB.
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