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The perpendicular magnetic anisotropy of an Ir/CoFeB/MgO trilayer was investigated after annealing at temperatures ranging from 200 to 350 °C.
In the trilayer system annealed at 300 °C, we measured an interface anisotropy energy of 1.9mJ/m2. Further annealing led to mixing of the buffer
and ferromagnet, degrading the properties of the latter. In addition, we show the dependence of the magnetic anisotropy on the bias voltage. The
presented system is important for the development of perpendicular magnetic tunnel junctions for storage applications.
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M
agnetic multilayers are one of the most attractive
systems for digital storage applications.1) Current
magnetic random-access memory (MRAM) scal-

ability issues can be overcome by the use of materials with
perpendicular magnetic anisotropy (PMA).2,3) Systems with
PMA take advantage of either volume anisotropy properties,
as in, for example, Fe-based alloys,4) or anisotropy at an
interface between Co and a heavy metal5) or between Fe and
CoFe alloys and MgO.6–8) Recently, numerous groups have
also studied the effect of a capping or underlayer material
on PMA.9–15) In addition to the broadly investigated PMA
in these systems, the tunability of the PMA energy using
an applied bias voltage is an interesting alternative for
controlling the thin film magnetization.16–18)

It has already been demonstrated that the critical switch-
ing current can be reduced while maintaining high thermal
stability of the storage layer in a magnetic tunnel junc-
tion (MTJ).3) However, to fulfill the requirements for a 30-
nm-scale memorycell, the product of the effective PMA
energy density and the storage layer thickness should exceed
Keff t > 0.4–0.6mJ=m2.19) Further increases in the PMA and
preservation of the structure that exhibits high tunneling
magnetoresistance (TMR) and low switching current require
alternative storage layer systems. One possibility involves a
double CoFeB=MgO interface.20,21) Alternatively, theoretical
calculations for an Ir=Fe bilayer predict very high PMA
values;22) however, contradictory reports also exist.23)

In this Letter, we experimentally investigate the use of an
Ir buffer in a CoFeB storage layer application, which exhibits
higher PMA energy than any other metal=CoFeB bilayer. We
note that comparably high PMA values were also measured
in single-crystal Fe=MgO=Fe MTJs deposited by molecular
beam epitaxy (MBE)24–26) on a Cr or MgO buffer; however,
for practical applications, the sputtering deposition method
investigated in this paper is more relevant. Additionally, we
investigate PMA control using an electric field, which could
further reduce the power consumption of prototype devices
based on the presented technology.

For the experiment, we used the following multilayer
structure (thicknesses in nm): Ta (5)=Ir (5)=CoFeB (tCoFeB)=
MgO (2.5)=CoFeB (5)=Ta (5)=Ru (5)=Pt (2), which was de-
posited on a chemical–mechanical-polished Si substrate, with
tCoFeB values ranging from 0.7 to 4 nm. The Ir layer was
deposited on a room-temperature stage at the process gas
pressure of Pp = 0.05–0.1 Pa. The base pressure of the

sputtering apparatus was Pb = 5 × 10−7 Pa. The MTJs were
fabricated into rectangular devices with dimensions of 2 and
6 µm using optical lithography, ion-beam milling, and lift-off
processes. The thickness of the (Co15Fe85)80B20 was chosen
so that the thick upper CoFeB layer is always in-plane
magnetized, whereas the bottom layer’s effective anisotropy
changes from in-plane to perpendicular with changes in the
thickness or annealing temperature. This crossed magnetic
anisotropy alignment enabled us to calculate the magnetic
anisotropy surface energy on the basis of the magnetization
versus the magnetic field dependence, which was calculated
from a resistance measurement based on a model presented
in Ref. 27. A thick MgO tunnel barrier ensured a high
resistance–area product of about 100 kΩ·µm2; therefore, we
could neglect the effect of the small resistance of the elec-
trical connections, as well as any current-related phenomena
such as the spin-transfer torque or Oersted field, on our
results. After microfabrication, samples were successively
measured in a room-temperature probe station with magnetic
field values of up to 2T and annealed in a vacuum furnace
at temperatures ranging from 200 to 350 °C for 1 h followed
by cooling for 2 h. We note that the as-deposited samples
were unintentionally annealed at 170 °C for 2min during
the microfabrication process. The magnetic properties were
measured in a vibrating sample magnetometer (VSM) using
unpatterned films with only the bottom CoFeB layer present,
which were annealed under the same conditions as the
patterned devices. High-frequency measurements were per-
formed using a custom-designed radio-frequency (RF) two-
axis rotating probe, which enables magnetic field applica-
tion at any polar or azimuthal angle. Instead of using an
amplitude-modulated RF stimulus signal, we took advantage
of additional coils placed inside the electromagnet, which
are supplied with a low-frequency current, and thus per-
formed field-modulated electric-field ferromagnetic reso-
nance (FMR);28) this increased the sensitivity of our setup.
Throughout this Letter, a positive bias voltage indicates
electron accumulation in thin CoFeB=MgO interface.

We begin our discussion by presenting the magnetic
properties of unpatterned films with various tCoFeB values.
The saturation magnetization (Ms) at different annealing
temperatures is presented in Fig. 1(b). μ0Ms remains equal
to 1.65 T for annealing temperatures up to 300 °C; however,
a slight decline is visible at tCoFeB < 1 nm owing to mixing
with the Ir buffer layer. The product of tCoFeB and the
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effective anisotropy energy density Keff (defined as Keff =
Hk × Ms=2, where Hk is the anisotropy field measured using
the VSM along the hard magnetization axis) changes linearly
with tCoFeB, as shown in Fig. 1(a), which enables us to
calculate the interface anisotropy energy Ki,0 from the
intercept with the y-axis. The same anisotropy values (within
an experimental error) are obtained by integrating the area
between VSM measurements along the easy and hard axes.
Ki,0 evaluated this way increases from 1mJ=m2 for an as-
deposited sample to 1.9mJ=m2 for a sample after annealing
at 300 °C, which is higher than that when a Ta buffer is
used.8,29) We note that this value is comparable to the record
high Ki,0 value reported in30) for MBE-deposited Cr=Fe=
MgO.

Next, we discuss the effective thickness of the thin CoFeB
layer deposited on the Ir buffer. Deposition of a heavy
metal onto a ferromagnet (or vice versa) commonly reduces
its effective thickness because of material mixing at the
interface. This magnetic dead layer can thus decrease the
saturation magnetization and, as a result, change the effective
anisotropy of the thin magnetic film.29) To estimate the
magnetic dead layer thickness, we calculated the product
of Ms and tCoFeB as a function of tCoFeB, as shown in Fig. 1(c).
In the as-deposited sample, practically no magnetically dead
layer was measured, as the linear fit to the experimental
points crosses the Ms = 0 axis at tCoFeB = 0.1Å. After
annealing at 250 and 300 °C, a deviation from linear behavior

can be observed for tCoFeB below 1 nm, which can be
explained by interdiffusion of CoFeB and Ir at the interface
or by a reduction of the Curie temperature of an ultrathin
CoFeB layer.31) This feature is also reflected in a drop in
Ms in this thickness range. We therefore limit the CoFeB
thickness in further studies to the region between 1 nm (linear
dependence of MstCoFeB vs tCoFeB) and 1.5 nm (transition to
effective in-plane anisotropy). A detailed analysis of the
PMA energy versus the annealing temperature in the MTJ
with tCoFeB = 1.32 nm is presented in Fig. 2, together with its
dependence on the bias voltage (see below).

Having established an optimal CoFeB thickness, we now
focus on the transport measurement. Figure 3 presents an
example of a TMR curve for an MTJ with tCoFeB = 1.32 nm
annealed at 250 °C. In the as-deposited state, an in-plane
effective anisotropy is measured, which changes to the per-
pendicular direction upon annealing at 225 °C. To extract
the PMA energy from the transport measurement, we used
the cosine dependence of the MTJ conductance: G ¼ G90 þ
ðGp � G90Þ cos �; consequently, we expressed the ratio of
the perpendicular magnetization Min-plane to Ms as

Min-plane

Ms
¼ R90 � R

R

Rp

R90 � Rp
; ð1Þ

where Rp (Gp) is the MTJ resistance (conductance) in the
parallel state, which is measured in the saturation field; R90

(G90) is the MTJ resistance (conductance) in the state of

(a)

(b)

(c)

Fig. 1. (a) Product of the effective magnetic anisotropy of the free layer
and its thickness tCoFeB as a function of tCoFeB. Linear dependence is
maintained down to tCoFeB = 1 nm, below which a deviation is observed,
especially after sample annealing. (b) Magnetization saturation values
oscillates around μ0Ms = 1.65T. (c) Product of the magnetization on the free
layer thickness vs tCoFeB, from which the magnetic dead layer was calculated
to be negligible.

Fig. 2. Interface anisotropy energy Ki and anisotropy change per applied
electric field ΔK=ΔE as a function of annealing temperature of MTJ with
tCoFeB = 1.32 nm. ΔKi for temperatures below 225 °C (open circles) were
obtained for the device with tCoFeB = 0.88 nm.

Fig. 3. Normalized TMR vs in-plane field at different bias voltages for the
sample annealed at 250 °C. PMA energy is calculated from the marked area;
an example for Vb = 0.8V is presented in the inset.
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orthogonal CoFeB layer magnetization orientation, which
is measured in zero external magnetic field; and R (G) is the
resistance (conductance) in a given in-plane magnetic field.
The PMA energy density is calculated by integrating the
Min-plane(H) area; see the example in the inset of Fig. 3. The
result agrees well (within an experimental error of 15%)
with the anisotropy values obtained from the VSM on
unpatterned samples. Then, the TMR versus H curve was
measured at different bias voltages (Vb) separated by 0.1V
intervals, and the change in the PMA per applied electric
field, ΔK=ΔE, was derived. For annealing temperatures
below 225 °C, where the in-plane magnetization is measured,
the ΔK=ΔE values were obtained from the MTJ with
tCoFeB = 0.88 nm.

The annealing procedure positively affects the MgO=
CoFeB interface, which is manifested by an increase in the
TMR ratio. Negative TMR, measured at a high negative bias
voltage in as-deposited samples (not shown), is not observed
after annealing, which also reflects improvement of the inter-
face. Negative TMR can be explained by partial ferromagnet
oxidation.32) As expected, the PMA energy also increases
with increasing annealing temperature. The effect of the
electric field on the PMA also increases after annealing
and reaches ΔK=ΔE = 100 fJ=(V·m) after annealing at
250 °C. Treatment at higher temperatures slightly degrades
ΔK=ΔE, which coincides with saturation of Ki,0. At annealing
temperatures above 325 °C, intermixing between the Ir buffer
and CoFeB electrode dramatically increases, which results in
a rapid drop in Ms, Ki, and ΔK=ΔE. Therefore, we conclude
that this system is stable only up to 300 °C. We note that
ΔK=ΔE reaches a maximum value after annealing at lower
temperatures than those at which Ki,0 is maximized, which
can be explained by the greater sensitivity of the former to
the interface quality. A similar tendency was observed for
other buffer materials, which will be discussed elsewhere.
Nevertheless, in a single multilayer system, both high PMA
and a high anisotropy change under a bias voltage were
achieved, which is promising for application.

Recently, a few groups reported a large change in the
anisotropy using electric fields;33,34) however, in these cases,
the anisotropy changes are induced by migration of atoms
(oxygen) within the structure, which may limit both the
lifetime and operating speed of devices. To demonstrate
high-speed operation of our MTJ, we performed high-
frequency rectification measurements,35) as shown in Fig. 4.
The highest rectification signal was obtained when the
magnetic field was applied at 40° from the sample plane,
which confirms the dynamics related to the electric-field-
induced anisotropy change. The input power from the RF
generator was fixed at 0 dBm. In the entire investigated
field range, two symmetric peaks are visible in Fig. 4(b).
Note that in the magnetic-field-modulation detection method,
the derivative of the signal is measured. To understand the
origin of these two peaks, we performed macrospin calcu-
lations. First, the TMR curve measured in the same geometry
was modeled using the cosine behavior of the resistance
and relative magnetic moment angle.36) Then, knowing the
angle between each ferromagnetic layer moment θm and the
external magnetic field θH with respect to the normal-to-
sample plane, we used the following formula to calculate the
FMR frequency f :

2�f ¼ �
ffiffiffiffiffiffiffiffiffiffiffiffi
H1H2

p
; ð2Þ

H1 ¼ Hext cosð�H � �mÞ þ Hkz cos
2ð�mÞ;

H2 ¼ Hext cosð�H � �mÞ þ Hkz cosð2�mÞ;
where γ is the gyromagnetic ratio, Hext is the external
magnetic field amplitude, and Hkz is the effective anisotropy
field. For the free layer, Hkz = −Hk, whereas for the reference
layer, Hkz equals the demagnetizing field. Thus, by using
Hk from the static measurements, we obtained good agree-
ment between the experiment and simulation. In addition,
by changing Hk by the amount determined from the bias-
voltage-dependent TMR curves, we could model the FMR
under a high-bias condition, which also agrees well with
FMR data.37)

The second peak is very well fitted by the curve that
takes only the demagnetizing field into account; thus, we
can attribute it to the reference layer dynamics.38) We note
that its frequency does not change with the bias voltage.

In conclusion, we presented experimental evidence of
high PMA energy in the Ir=CoFeB=MgO trilayer system. In
an MTJ structure, we also measured a relatively high electric
field effect on the PMA energy, which reaches 100 fJ=(V·m)
after the MTJ is annealed at 250 °C; this is essential for
a thermally stable and energy-efficient MRAM cell design.
We demonstrated a high operating speed of the voltage-

(a)

(b)

Fig. 4. (a) FMR modes measured in the MTJ annealed at 250 °C with the
magnetic field applied at 40° from the sample plane. Solid lines represent
solutions to Eq. (2). Change in the oscillation frequency under a bias voltage
agrees well with PMA energy change derived from normalized TMR curves.
Inset shows bias voltage dependence of the TMR ratio. (b) Bias voltage
dependence of the FMR signal measured with Hext = −2 kOe.
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controlled magnetic anisotropy by measuring the rectifica-
tion signal from a device supplied with an RF signal. We
believe that further optimization of heavy metal=ferromag-
net=insulator systems will lead to development of a new class
of electric-field-controlled magnetic devices.
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