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Recent progresses in magnetic tunnel junctions with perpendicular magnetic anisotropy (PMA) are reviewed and
summarized. At first, the concept and source of perpendicular magnetic anisotropy (PMA) are introduced. Next, a historical
overview of PMA materials as magnetic electrodes, such as the RE–TM alloys TbFeCo and GdFeCo, novel tetragonal
manganese alloys Mn–Ga, L10-ordered (Co, Fe)/Pt alloy, multilayer film [Co, Fe, CoFe/Pt, Pd, Ni, Au]N , and ultra-thin
magnetic metal/oxidized barrier is offered. The other part of the article focuses on the optimization and fabrication of
CoFeB/MgO/CoFeB p-MTJs, which is thought to have high potential to meet the main demands for non-volatile magnetic
random access memory.
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1. Introduction
Compared with other random access memory (such as

SRAM, DRAM, non-flash), magnetic random access mem-
ory (MRAM) has attracted considerable interest as a fast, low-
power consumption, long-service-life, radiation-resistant, and
non-volatile memory.[1–6] The first generation of MRAM uti-
lized the Oersted field induced by current in adjacent conduct-
ing lines to switch the magnetization of a free layer. However,
in such a device, when the size of the memory cell is reduced
below 0.1 µm, the writing power must increase rapidly be-
cause the switching current is inversely proportional to the cell
size. Meanwhile the long-term stability of the memory cell
would also be jeopardized due to thermal activation induced
by the high power.[7]

In 1996, Slonczewski and Berger predicted that spin-
polarized current could reversibly switch the magnetization of
a ferromagnetic layer — an effect called spin-transfer torque
(STT).[8,9] In 2000, Katine et al. were the first to realize
SST by using spin-polarized current to switch the magneti-
zation of a Co layer in a Co/Cu/Co nano-pillar with diameter
about 100 nm.[10] Subsequently, a number of research groups
demonstrated the effect in ferromagnetic layers in amorphous
AlOx- or crystalline MgO-based nano-size MTJs.[11–13] With
the improvement of nano-fabrication and ultra-thin film de-
position technology, MRAM with switching via STT effect,
which is generally called STT-MRAM, has become a strong
candidate for future memory applications.

Until now, the critical tasks in developing STT-MRAM

for future non-volatile memory lie in finding ways to reduce
the switching current density Jc and validate that the STT
switching characteristics are sustainable under the same cir-
cumstances where the conventional field-driven MRAM is ex-
pected to meet serious scaling problems.[14]

For in-plane MTJs, the intrinsic current density is given
by[15,16]

In-plane : IC =

(
2e
h̄

)
2α

g(𝑚 ·𝑝)p
(UK +πM2

s ). (1)

However, for the perpendicular-anisotropy MTJs (p-
MTJs) case, the intrinsic current density is given by[15,16]

Out-of-plane : IC =

(
2e
h̄

)
2α

g(𝑚 ·𝑝)p
(Uk), (2)

where Ms, Uk, and α are the saturation magnetization, the
energy barrier and the damping constant. Therefore, from
Eqs. (1) and (2), the switching current for MTJs with perpen-
dicular anisotropy is lower than that of in-plane MTJs. More-
over, smaller Jc is good for reducing the size of the transis-
tor and achieving denser storage. The thermal stability can
be defined as the thermal factor ∆ = Uk/kBT = HeffMsV/2,
where Heff is the effective anisotropy field, and Ms and V are
the volume and saturation magnetization of the free layer, re-
spectively. For p-MTJs, the thermal factor ∆ can be improved
by using high magnetic anisotropy materials without sacrific-
ing the low current density. Therefore, these PMA materials
can be explored as the electrodes for magnetic tunnel junctions
(MTJs).
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In the following sections, first we will introduce the con-
cept and source for the perpendicular magnetic anisotropy
(PMA), and then discuss several kinds of PMA materials, such
as rare-earth/transition metal (RE–TM) alloys TbFeCo and
GdFeCo,[17] novel tetragonal manganese alloys Mn–Ga,[18,19]

L10-ordered (Co, Fe)/Pt alloy,[20,21] multilayer film based on
[Co, Fe, CoFe/Pt, Pd, Ni, Au] with a number of periods,[22–24]

and ultra-thin magnetic metal/oxidized barrier.[25] Later, the
optimization and fabrication of PMA CoFeB/MgO system will
be addressed.

2. Perpendicular magnetic anisotropy (PMA)
Magnetic anisotropy is the energy required to switch the

easy-axis magnetization to the hard-axis magnetization, which
can be formed by electric field, interface, stress or shape of
a solid or crystal. There are several sources for magnetic
anisotropy: (I) magneto-crystalline anisotropy, (II) magneto-
elastic anisotropy, (III) shape anisotropy. The effective mag-
netic anisotropy field is denoted as Hani, with direction usually
parallel to the easy-axis.[26] For uniaxial magnetic anisotropy,
the effective magnetic anisotropy field can be expressed as

Hani =
2K1

M
cosγ, (3)

in which γ is the angle between the easy axis and the mag-
netization, and K1 is the anisotropy constant. The magnetic
anisotropy energy Eani has the form:

Eani = K1 sin2
γ +K2 sin4

γ +K3 sin6
γ + · · · , (4)

where for example, K1 is larger than other parts in a thin film,
and γ is defined as the angle between the normal direction and
the magnetization direction. The anisotropy constant could be
separated as a crystalline anisotropy Ku and shape anisotropy
Ks. If (Ku +Ks) > 0, the multilayer film favors perpendicular
magnetization, while for (Ku +Ks) < 0, the film is prone to
in-plane magnetization. Considering the interfacial anisotropy
Ki, the effective magnetic anisotropy could be written as

Ku = Kb−M2
s /2µ0 +Ki/t, (5)

where Kb is the bulk crystalline anisotropy, which is typically
negligible, Ki is the interfacial anisotropy, and t is the thick-
ness of the thin film. The values of Kb and Ki can be obtained
by fitting the relation between the product Kut and t. Figure 1
shows the fitting results for Co/Pd multilayer.[27] According
to the Eq. (5), the intercept Ki > 0 indicates that the direction
of magnetization prefers perpendicular alignment to the layer
plane. The slope (Kb−M2

s /2µ0)< 0 means that the magneti-
zation favors in-plane alignment. In other words, at a certain
thickness t⊥ (here 13 Å), the contribution of bulk magnetiza-
tion anisotropy is equal to interfacial anisotropy.
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Fig. 1. The product Keff · t versus the thickness t for Co/Pd multilayer films.
The vertical axis intercept equals the interface anisotropy, whereas the slope
of linear data gives the bulk anisotropy contribution.[27]

3. Perpendicular magnetic anisotropy materials
There are several kinds of perpendicular magnetic

anisotropy (PMA) materials. Multilayer films based on tran-
sition metal (TM) like Co, Fe, CoFe, and noble metal such as
Pt, Pd, Ni, and Au with number of periods, exhibit perpendic-
ular magnetic anisotropy (PMA), which is mainly attributable
to the interfacial anisotropy rather than the magnetocrystalline
anisotropy. The interfacial anisotropy can be several orders
magnitude larger than the magnetocrystalline anisotropy, es-
pecially with a smooth interface between the TM and the no-
ble metal. The magnetic properties of these multilayer films
can be easily modified by changing the number of periods or
the thickness of the TM or the noble metal.

In the other case of rare-earth/transition metal (RE–TM)
alloys TbFeCo and GdFeCo, the mechanism of perpendicular
magnetic anisotropy has not yet been fully understood. Sev-
eral mechanisms such as anisotropic chemical bonding of Fe
3d and Tb 4f electrons, exchange anisotropy, and anti-parallel
dipole have been considered to explain the origin of the per-
pendicular anisotropy. On the other hand, L10-ordered (Co,
Fe)/Pt alloys show very high perpendicular anisotropy due to
magnetocrystalline anisotropy from hybridization between the
Pt 5d band and Co or Fe 3d band electronic states. The key
challenge in achieving high perpendicular anisotropy for these
materials is the fabrication of perfect texture by using suitable
underlayer and annealing temperature.

Recently, novel tetragonal manganese alloys Mn3−δ Ga
with large perpendicular anisotropy (Ku∼ 1–2×107 erg/cm3),
a high predicted spin polarization value of 70%–88%, small
damping constant α (α < 0.008), low saturation magneti-
zation and Curie temperature of 730–770 K depending on
δ [28,29] were also reported. These materials have the po-
tential to be excellent candidates for spintronics materials.
However, a large lattice mismatch exists in the MnGa and
MgO tunnel barrier, resulting very low TMR ratio. The in-
sertion of a conventional 3d transition metal layer, such as
Co, Fe, and CoFeB, between the MnGa electrode and the
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MgO tunnel barrier is always used to overcome the mis-
match problem. Figures 2(a) and 2(b) show the unit cell
of L10-MnxGa (1 < x < 1.8) and cross-sectional TEM im-
age of MTJ with a stack structure of L10–Mn62Ga38(30)/
Fe(1.1)/Mg(0.4)/MgO(2)/Co50Fe50/Cap layer.

Fig. 2. (a) Unit cell of L10-MnxGa (1 < x < 1.8), (b) cross-
sectional TEM image of MTJ with stack structure of L10–
Mn62Ga38(30)/Fe(1.1)/Mg(0.4)/MgO(2)/Co50Fe50/Cap layer.[29]

In addition, according to first-principles calculations,
ultra-thin magnetic metal/oxidized barrier[30–32] shows per-
pendicular anisotropy, due to PMA interfacial contribution
from hybridization between the Fe 3d band and O 2p orbitals
(Fig. 3(a)), elastic stress due to the lattice distortion (Fig. 3(b)),
and crystal symmetry breaking down due to the interface
(Fig. 3(c)). An ultra-thin Fe, CoFeB, and CoFeAl/MgO barrier
with PMA has also been demonstrated (Ku ∼ 106 erg/cm3).
Today, these materials are thought of as the well-known body
centered cubic (bcc) material systems that are good for a high
TMR ratio in MTJs.[33]

Compared with the in-plane anisotropy electrodes, PMA
materials have following advantages: (i) avoiding the edge
effect. For deep submicron patterned magnetic film, use of
PMA materials can avoid magnetization curling, which is usu-
ally due to edge domain configurations and is always observed
for in-plane materials; (ii) reducing the feature size. In-plane
MTJs usually have lower effective magnetic anisotropy than
PMA MTJs (p-MTJs), so the critical size of in-plane MTJs is
larger than that of p-MTJs, due to a superparamagnetism ef-
fect. When storage density is up to Tbit/in2, the dimension
of a memory cell is tens of nanometers or even smaller.[34]

Therefore, p-MTJs with smaller feature size not only increase
the storage density but also meet the demand for thermal sta-
bility; (iii) lowering the switching current density. According
to recent progress in semiconductor technology, the switching
current density for the MTJ as a memory cell should be further
reduced to allow lower-power operation.

Fig. 3. Schematic of main contribution to the PMA Fe–MgO system.[33] (a) Fe–O hybridization; (b) elastic stress; (c) interface asymmetry.

Researchers from industrial firms and research insti-

tutes try to discover, optimize and utilize PMA electrode

materials for MTJs, which is a very promising research

field. In 2002, Nishimura et al. measured the TMR ra-

tio of 55% in GdFeCo/CoFe/AlOx/CoFe/TdFeCo p-MTJs at

room temperature (RT), shown in Fig. 4.[35] In 2007, a

TMR ratio of 74% was obtained in double barrier p-MTJ

with GdFeCo/AlOx/GdFeCo/FeCo/AlOx/FeCo/TbFeCo stack

structure by Cabrera et al.[36]

In 2008, Nakayama et al. studied spin-transfer switch-

ing in the TbCoFe/CoFeB /MgO/CoFeB/TbCoFe MTJ with

a TMR ratio about 15%, current density of 4.7 MA/cm2 and

thermal stability factor of 107 at RT, shown in Fig. 5.[37] In

the same year, Park et al. observed TMR ratio of 15% at

RT in Co/Pt multilayer electrodes and AlOx barrier.[38] Due

to the spin filter effect of the MgO tunnel barrier, Ye et al. in-

vestigated the effect of annealing on [Co/Pd]10/MgO/[Co/Pt]5

p-MTJ, and obtained the TMR ratio of 32% by insertion of
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Mg layers on both sides of the MgO barrier.[39] Unfortunately,
Co/Pt and Co/Pd multilayers with fcc (111) structure mis-
match with the texture of bcc MgO (001).

M
R
/
%

H/Oe

Fig. 4. (a) Schematic of GdFeCo(50)/CoFe(1)/Al-O(2.2)/CoFe(1)/TbFeCo p-
MTJs structure and (b) TMR ratio curve measured at RT.[35]
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Fig. 5. (a) R–H and (b) spin-transfer switching curves of the
TbFeCo(30)/CoFeB(2)/MgO(1) /CoFeB(1)/TbFeCo(3 nm) MTJ stack
structure.[37]

High TMR ratio and low resistance–area (RA) product
are the key points for developing ultra-high density MRAM.
In 2010, Yakushiji et al. succeeded in patterning the MgO-
based MTJs with [Co/Pt]n/CoFeB/CoFe as a free layer and
CoFe/CoFeB/TbFeCo as a reference layer. After annealing
at relatively low temperature of 225 ◦C, they obtained TMR
ratio of up to 85% at RT and a low resistance-area (RA)
product of 4.4 Ω ·µm2. With post-annealing temperature in-
creasing Ta > 225 ◦C, TMR ratio decreases rapidly, due to
the crystallization of CoFeB layer adjacent [Co/Pt] superlat-
tice into fcc (111) orientation, shown in Fig. 6.[40] In 2011,
Mizunuma et al. investigated the TMR ratio of 101% af-
ter annealing at 300 ◦C in the [CoFe/Pd]N /Co20Fe60B20/MgO
(2 nm)/Co20Fe60B20/[Pd/CoFe]10 p-MTJ with two different
Pd layer thicknesses. By reducing the B composition in the
CoFeB layer, they obtained the high TMR ratio of 120%.[41,42]

However, the damping constant α is several times larger than
the regular FM layer because of the strong spin–orbit interac-
tion of Pt or Pd, leading to a large switching current density,
according to Eqs. (4) and (5). Novel perpendicular magnetic
anisotropy materials should be optimized to meet the demand
for a high perpendicular anisotropy energy Ku, a low damping
constant and a high TMR ratio.

Post anneal temp/C

M
R

/
%

Fig. 6. (a) Schematic of [Co/Pt] (2.4)/CoFeB(t)/CoFe (0.3)/MgO/CoFe
(0.4)/CoFeB (1.3)/ TbFeCo (16 nm) p-MTJs structure, (b) MR ratio versus
post-annealing temperature.[40]

In 2010, Ikeda et al. realized PMA in Ta/CoFeB/MgO/
CoFeB/Ta MTJs with the thickness of the CoFeB layers be-
ing less than l.5 nm. The perpendicular anisotropy energy
density Ku is up to 2.1× 106 erg/cm3 at tCoFeB = 1.3 nm,
and increases as the thickness of the CoFeB layer is re-
duced. The damping constant α was less than 0.03, as
determined from the FMR spectra. A TMR ratio of over
120% and RA = 18 Ω · µm2 were achieved in 40-nm-scale
Ta/Co20Fe60B20(1.0)/MgO(0.85)/Co20Fe60B20(1.7 nm)/Ta p-
MTJ after annealed at 300 ◦C. In addition, switching cur-
rent density Jc0 and thermal stability factor E/kBT were 3.9×
106 A/cm3 and 43, respectively. Figure 7 shows the schematic
structure of CoFeB-MgO p-MTJs, magnetic properties of sin-
gle CoFeB layer and R–H (I) curves.[43] These results demon-
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strate that CoFeB-MgO system is capable of supporting the
low Jc0, sufficient thermal stability E/kBT and high TMR ra-
tio, which was a breakthrough for high-density memories and
logic circuits.

Table 1 summarizes the publications on p-MTJs.
Until now, the TMR ratio of over 120% at RT in

CoFeB/MgO/CoFeB system was by far the highest among
these kinds of p-MTJs. Recently, current-induced mag-
netization switching was successfully demonstrated in
Ta/CoFeB/MgO/CoFeB/Ta p-MTJs with the smallest feature
size of 17 nm, for investigating the downscaling feasibility of
STT-MRAM.[44]
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Fig. 7. (a) Schematic structure of CoFeB-MgO p-MTJs, (b) magnetic properties of single CoFeB layer, and (c) perpendicular R–H
curve and (d) current-induced-magnetization-switching loop at current pulse duration of 300 µs and 1 s.[43]

Table 1. Publications on p-MTJs.

No. Core structure/nm TMR/% Ref.
1 GdFeCo(50)/CoFe(1)/Al-O(2.2)/CoFe(1)/TbFeCo 55 2002 J. Appl. Phys. 91 5246
2 GdFeCo/AlOx/GdFeCo/FeCo/AlOx/FeCo/TbFeCo 74 2007 IEEE Trans. Magn. 43 914
3 TbFeCo/CoFeB(2)/MgO(1)/CoFeB(1)/ TbFeCo(3) 15 2008 J. Appl. Phys. 103 07A710
4 GdFeCo(100)/Fe(3)/MgO(2)/Fe(3)/TbFeCo(100) 64 2008 J. Appl. Phys. 103 07A911
5 L1-CoPt(20)/MgO(3)/L1-CoPt(30) 6 2008 Appl. Phys. Lett. 92 172502
6 L1-FePt(3)/MgO/Fe(2)/L1-FePt 120 2008 IEEE Trans. Magn. 44 11
7 [CoFe/Pd]3/CoFeB/MgO/Fe/[Pd/CoFe]10 78 2009 Appl. Phys. Lett. 95 232516
8 Ta/CoFeB/MgO/CoFeB/[Co/Pd]4 41 2009 Appl. Phys. Lett. 98 022501
9 [Co/Pt]6/Co(0.5)/Al-O /[Co/Pt]3 14.7 2010 J. Appl. Phys. 107 09C711

10 [CoFe(0.2)/Pd(1.2)]3/CoFeB(3)/MgO(2)/CoFeB(3) /[CoFe(0.2)/Pd(1.2)]10 91 2010 Jpn. J. Appl. Phys. 49 04DM04
11 [Co(0.24)/Pt(0.16)]/CoFeB(1.1)/CoFe(0.30)/MgO(1.1) /CoFe(0.4)/CoFeB(1.3)/TbFeCo(16) 85 2010 Appl. Phys. Exp. 3 053003
12 CoFeB(1.3)/MgO(0.85)/CoFeB(1.3) 124 2010 Nat. Mater. 9 721
13 [CoFe/Pd]N /CoFeB/MgO(2)/ CoFeB/[Pd/CoFe]10 120 2011 J. Appl. Phys. 109 07C711
14 Cr/MnGa(30)/Mg(0.4)/MgO(2.2)/CoFe(2.5) 23@10 K 2011 Appl. Phys. Lett. 99 192509
15 MnGa/Co/Mg(0.4)/MgO(1.8)/CoFeB(1.2) 40 2012 Appl. Phys. Lett. 101 032402
16 CoFeAl/MgO/(CoFe, Fe)/CoFeB 91 2012 Appl. Phys. Exp. 5 063003

4. Optimization and fabrication of CoFeB/MgO/
CoFeB p-MTJs

4.1. Perpendicular magnetic anisotropy in CoFeB/MgO
stack layer

In order to systematically study the magnetic and
magneto-electric transport properties of CoFeB/MgO p-MTJs,

Wang et al.[45] were first to prepare the multilayer struc-

tures of Ta(5)/Ru(10)/Ta(5)/CoFeB(t1:0.6–1.8)/ MgO(2.5) and

Ta(5)/MgO(2.5)/CoFeB(t2:0.6–2.2)/Ta(5 nm) on thermally

oxidized silicon by magnetron sputtering, and then post an-

nealed the samples at different temperatures in vacuum for 1 h.

They investigated an increase in PMA with an increase in the
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annealing temperature up to 350 ◦C. When the annealing tem-
perature was higher than 350 ◦C, both Hc and Ku were reduced
due to the intermixing of CoFeB and Ta at their interface.
The phase diagrams of perpendicular anisotropy with anneal-
ing temperature and thickness of CoFeB layer in Ta/CoFeB/
MgO and MgO/CoFeB/Ta were summarized from experimen-
tal data points, as shown in Fig. 8.[45]

tCoFeB/nm

tCoFeB/nm

T
A
/
C

T
A
/
C

Fig. 8. The phase diagram: annealing temperature and thickness of
CoFeB layer dependence of out-of-plane Mr/Ms in Ta/CoFeB/MgO (a)
and in MgO/CoFeB/Ta.[45]

4.2. TMR effect and magneto-electric properties in
CoFeB/MgO/CoFeB p-MTJ

According the phase diagram of PMA, the multi-
layer of Ta(5)/Ru(10)/Ta(5)/ CoFeB (1.2)/MgO(2)/CoFeB
(1.4)/Ta(5)/Ru (6 nm) was deposited by the sputtering sys-
tem. Junctions with 5×10 µm2 were fabricated by micro-
fabrication technique, and then annealed at 300 ◦C in vacuum
to obtain high TMR ratio with good PMA. The magnetic and
transport properties were measured in SQUID and PPMS sys-
tems respectively. Figure 9(a) shows the out-of-plane magne-
tization versus the magnetic field M–H loop at 2 K for the
CoFeB(1.2)/MgO(2)/CoFeB(1.4 nm) stack film annealed at
300 ◦C. The coercivity Hc of top CoFeB is larger than that of
bottom CoFeB, so the magnetization of bottom CoFeB layer
switches first during the magnetic field changes from positive
to negative. From TMR–H curve shown in Fig. 9(b), switch-
ing between parallel (P) and antiparallel (AP) configurations
was clearly separated, and the out-of-plane TMR ratio was

about 128% at 300 K.
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Fig. 9. (a) Out-of-plane magnetization versus magnetic field M–H loop
at 2 K for the CoFeB(1.2)/MgO(2)/CoFeB(1.4 nm); inset: schematic of
PMA CoFeB/MgO/CoFeB film structure. (b) TMR curve for the MTJ
device after annealing treatment.

For an in-plane, PMA MTJ device, the tunneling trans-
port properties usually include the elastic and the inelastic tun-
neling modes. The elastic tunneling mode means that spin-
polarized electrons during tunneling process do not lose en-
ergy. In fact, the spin-polarized electrons will interact with
magnetic impurities at the FM electrode/barrier interface, de-
fects in the barrier and the crystal lattice of FM electrodes and
barrier, and result in excitation of magnon and phonon, which
can be studied by inelastic electron-tunneling spectroscopy
(IETS, d2I/dV 2).[46] Using this method, sorts of elementary
excitations in inelastic scattering process can, in principle, be
detected, which are thought as important reasons for decreas-
ing the TMR ratio with high bias voltage.

The dynamic conductance G (dI/dV ) and IETS
(d2I/dV 2) of the P configuration at 2 K in PMA
CoFeB/MgO/CoFeB MTJs are presented in Fig. 10(a), where
several multiple peaks in the d2I/dV 2 of the P configura-
tion can be seen, in accordance with the electron–magnon
and electron–phonon scattering processes. A strong asymme-
try in the dI/dV curve between positive and negative biases
is observed. Such asymmetry has been reported previously
by some groups,[47,48] which is usually attributed to different
electronic structures of the top and bottom CoFeB/MgO inter-
faces. The first peak of a zero-bias (ZB) anomaly is clearly
visible in IETS (marked ZB in the figure), which is located at
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about ±3.8 mV. The ZB anomaly peak is attributed to mag-
netic impurities and is not dependent on the magnetic config-
uration of external field.[49,50] The next peak (marked by M)
appeared at ±30 mV, which corresponds to the magnon exci-
tation at the FM electrode/barrier interfaces.[51] The M peak is
thought to contribute greatly to the TMR behavior during post
annealing. The MgO barrier phonon peak (marked by P) is
at about 76 mV, typical to MgO-based MTJ.[52] Figure 10(b)
shows the temperature dependence on IETS of the P configura-
tion. The M and ZB peak gradually disappear with increasing
temperature. At 300 K, only the MgO barrier phonon peak can
be visible.
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Fig. 10. (a) Dynamic conductance G (dI/dV ) and IETS (d2I/dV 2) of
the P configuration for PMA CoFeB/MgO/CoFeB MTJ at 2 K; (b) IETS
of P configuration versus temperature.

4.3. Electric-field and spin-transfer-torque effect on
CoFeB/MgO/CoFeB p-MTJ

Recently, electric-field-induced modification of mag-
netism in 3d ferromagnets has been investigated by Brillouin
light scattering, Kerr effect, ferromagnetic resonance, and
anomalous Hall effect. In 2007, Weisheit et al.[53] demon-
strated that the magnetocrystalline anisotropy of FePt or FePd
can be modified by and electric field when it is immersed in an
electrolyte, shown in Fig. 11. Although the coercivity of the
FePt and FePd thin films were altered by up to 4% and 1%,
this experiment confirmed that electric field can modify mag-
netism of 3d ferromagnets, and it stimulated the emergence of
a series of research with interesting results.

Fig. 11. Schematic of electric-field-induced modification of perpen-
dicular magnetic anisotropy of FePt or FePd in electrolyte propylene
carbonate.[53]

Subsequently, in 2009 Maruyama et al.[54] utilized the
relatively small electric-field causing a large change of about
40% in the magnetic anisotropy of Fe/MgO junctions. How-
ever, the resistance switching induced by electric-field had not
been realized until perpendicular anisotropy induced by inter-
facial magnetic anisotropy was demonstrated in magnetic tun-
nel junctions by Ikeda et al. in 2010, because the external
electric field can only penetrate into a ferromagnetic electrode
by a few monolayers owing to the effect of screening by free
electrons.

In pursuit of PMA originating from interfacial magnetic
anisotropy at CoFeB/MgO interface, in 2011 Wang et al. suc-
cessfully achieved voltage-induced resistance switching be-
cause the electric field can significantly change the inter-
facial magnetic anisotropy in Ta/CoFeB(1.2–1.3)/MgO(1.2-
2)/CoFeB(1.6 nm) p-MTJ. They found that Hc depends quasi-
linearly on a bias electric field for the bottom CoFeB elec-
trode, and the top electrode exhibits the opposite dependence,
where Hc increases with increasing electric field, as shown in
Fig. 12(b). Moreover, they achieved fully reversible unipo-
lar switching of resistance by a series of consecutive negative
pulses with alternating amplitudes of −0.9 V and −1.5 V un-
der a constant Hbias of 55 Oe, as shown in Figs. 12(c)–12(d).
The magnetization state of PMA CoFeB/MgO/CoFeB MTJ
was first reset to the antiparallel state under a constant bias
field Hbias. With the negative bias voltage V1, the MTJ was
switched from P to AP by the STT effect. The switching
current density was only about the order of 104 A/cm2 due
to PMA and energy barrier Uk reduced by electric field. AP
state of MTJ stayed stable after the bias voltage V1 was re-
moved. The more negative voltage V2 (|V2| > |V1|), caused a
further reduction of PMA and energy barrier height such that
the MTJ state was returned to the P state by the bias field
Hbias. As the energy barrier height Uk is reduced by applied
electric field, the average current density was of the order of
104 A/cm2, demonstrating a good energy-efficient switching
process in Fig. 12(e).[55]
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Fig. 12. (a) Schematic drawing of a p-MTJ and the effect of electric field through a small voltage supplied by a battery. (b) Dependence
of the coercivities for the top and bottom CoFeB layers on electric field. Error bars designate the s.d. Inset: the TMR curves of an in-
plane MTJ under opposite bias voltages. (c) Unipolar switching of the p-MTJ by a series of negative pulses with alternating amplitudes
of −0.9 V and −1.5 V. (d) Schematic diagram of the hysteresis loops of the top CoFeB layer showing the unipolar switching. (e)
Schematic description of the switching process.[55,56]

R
/
k
W

µ0H/mT Time/s

Fig. 13. (a) Schematic of experimental setup with PMA
CoFeB/MgO/CoFeB MTJ. (b) Minor resistance versus magnetic field
curves as a function of dc bias voltage. (c) Resistance measured after
the application of voltage pulses of 0.9 V with 1.8 ns duration. Arrows
indicate the time at which the voltage pulses are applied. The bias volt-
age pulse produces a temporal magnetic field.[57,58]

A similar magnetization reversal process was also ob-
tained by Kanai et al. in PMA CoFeB/MgO/CoFeB MTJ sys-
tem, utilizing nanosecond-duration unipolar bias voltage pulse
under a static external magnetic field,[57] shown in Fig. 13.

They mentioned that the temporal in-plane effective magnetic
field can be produced by the bias voltage pulse with nanosec-
ond duration through the change of magnetic anisotropy, and
induce the precession of magnetization of the CoFeB free
layer.

Almost at the same time, first-principles calculations
showed that an external electric field can modify the PMA
at the surface of ultrathin FM film.[59,60] It is known that the
PMA at the oxide/FM interface is explained by the hybridiza-
tion of the oxygen 2p orbital and Fe/Co 3d orbitals. Due to the
degeneracy of 3d orbitals at the Fe/Co interface, the energy
differs for the in-plane d orbitals (dxy, dx2−y2), and the out-of-
plane d orbitals (dxz, dyz, and d2

z ). The magnetic anisotropy
energy can be expressed in terms of the more-than-half-filled
d orbital (Fe, Co)

∆UPMA =−G
H

ξ

4µB
(m⊥orb−m‖orb), (6)

where G/H is a band structure-dependent coefficient, ξ is
the orbital coupling constant, m⊥orb and m‖orb are the out-
of-plane and the in-plane orbital moments, respectively. If
(m⊥orb−m‖orb)> 0, the PMA is favorable. If (m⊥orb−m‖orb)< 0,
the easy axis of magnetization is in-plane. When an electric
field is applied at the oxide/FM interface, the redistribution of
charge will induce changes between m⊥orb and m‖orb.[61]
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5. Summary
The progress of research into perpendicular magnetic ma-

terials, especially the CoFeB-MgO system with interfacial
anisotropy, has pushed forward the development and the com-
mercial applications of STT-MRAM toward a near-future goal
of a sub-20 nm node. In addition, in ferromagnets where the
magnetic properties are mainly dominated by the oxide/FM
interface, large changes of magnetic anisotropy in response to
applied electric field have been demonstrated. This effect can
be used to achieve ultra-low-energy consumption MRAM, by
reducing the switching energy barrier between the AP and P
states of MTJs. Recently, a low switching current density of
104 A/cm2 associated with a quasistatic unipolar voltage pulse,
was obtained in CoFeB/MgO/CoFeB p-MTJ. Therefore, the
perpendicular anisotropy materials have opened new possibil-
ities in achieving high storage density, low-power operation
and the third generation of MRAM.
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