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Rie Matsumoto�, André Chanthbouala, Julie Grollier, Vincent Cros, Albert Fert, Kazumasa Nishimura1,

Yoshinori Nagamine1, Hiroki Maehara1, Koji Tsunekawa1, Akio Fukushima2, and Shinji Yuasa2
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We present a detailed study of the spin-torque diode effect in CoFeB/MgO/CoFe/NiFe magnetic tunnel junctions. From the evolution of the

resonance frequency with magnetic field at different angles, we clearly identify the free-layer mode and find an excellent agreement with

simulations by taking into account several terms for magnetic anisotropy. Moreover, we demonstrate the large contribution of the out-of-plane

torque in our junctions with asymmetric electrodes compared to the in-plane torque. Consequently, we provide a way to enhance the sensitivity of

these devices for the detection of microwave frequency. # 2011 The Japan Society of Applied Physics

S
pin-transfer torque (STT) in MgO-based magnetic
tunnel junctions (MTJs)1,2) is under development
for device applications such as STT random access

memories (STT-RAM),3,4) domain-wall-motion MRAM,5)

racetrack memory6) and spintronic memristors.7,8) Recently,
spin-torque diodes9) have attracted much attention because
their sensitivity for the detection of microwave frequency
may exceed that of semiconductor diodes.10,11) In the spin
diode effect, an applied rf current to the MTJ exerts an
oscillating spin torque on the magnetization of the free layer,
leading to excitation of the ferromagnetic resonance (FMR)
mode. The dynamics of the free layer cause oscillations of
the tunnel magnetoresistance (TMR). As a result, the
oscillating resistance partially rectifies the rf current and
dc voltage is obtained (Vdiode). The spin diode effect depends
on the relative amplitudes (aJ and bJ ) of the classical
in-plane torque (TIP) and the out-of-plane field-like torque
(TOOP).

12,13) Here, the torques are expressed as TIP ¼
��ðaJ=MsÞm� ðm�MrefÞ and TOOP ¼ ��bJm�Mref

with m (Ms) being the magnetization vector (the saturation
magnetization) of the free layer, Mref the magnetization
vector of the reference layer, and � the gyromagnetic ratio.
In spin diode spectra [Vdiode as a function of frequency ( f )],
the contribution of TIP (and TOOP) results in a peak with a
Lorentzian component (and an anti-Lorentzian component,
respectively);

Vdiode ¼ Að f 21 � f 2Þ þ Bf 2

ð f 21 � f 2Þ2 þ ð�f Þ2 ; ð1Þ

A / �2Hd
@bJ
@I

TMR sin2 �; ð2Þ

B / ��
@aJ
@I

TMR sin2 �; ð3Þ
where A and B are the amplitudes of the anti-Lorentzian and
Lorentzian components, respectively, f1 is the resonance
frequency, and � is the peak linewidth. In the macrospin
approximation using the assumption that the free-layer
magnetization is aligned along the hard axis direction, a
macrospin model leads to eqs. (2) and (3) for the parameters
A and B.14) Hd is the out-of-plane demagnetization field, I
is the bias dc current, and � is the relative angle between
the free and reference layers. The experimentally evaluated

TOOP was reported to reach over 25% of TIP in conventional
CoFeB/MgO/CoFeB MTJs with symmetric electrodes.12,13)

However, in these MTJs, the dc bias dependence of TOOP

is quadratic and symmetric with respect to the polarity of
bias, leading to A ¼ 0 at zero dc bias voltage. For MTJs
with asymmetric electrodes, on the other hand, the bias
dependence of TOOP is expected to be asymmetric and linear
at low bias,15,16) leading to a larger A at zero dc bias voltage.
In this study, we perform spin diode measurements of MgO-
based MTJs with asymmetric electrodes. We also measure
its dependence on the magnitude and angle of the in-plane
external magnetic field (Hext) to identify the free-layer
excitation modes.

Thin films of MTJs are deposited with a magnetron
sputtering system (Canon ANELVA C-7100). The stacking
structure [see Fig. 1(a)] is IrMn (7)/Co70Fe30 (2.5)/
Ru (0.9)/Co60Fe20B20 (3)/MgO tunnel barrier (1.1)/
Co70Fe30 (1)/Ni83Fe17 (4)/capping layers (thickness in
nm) deposited on thermally oxidized Si substrate/buffer
layers. Annealing treatment in a high-vacuum furnace at
330 �C for 2 h is then carried out under a 1 T magnetic field.
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Fig. 1. (a) Sketch of the MgO-based magnetic tunnel junction (MTJ)

stack. (b) Resistance versus magnetic field curves obtained for the in-plane

magnetic field applied along 0� (dotted line) and 90� (solid line). Inset in

(b) is a schematic explaining our convention of the angle (�H) of the in-

plane magnetic field (Hext) and the magnetization direction of the reference

layer (Mref ). (c) Spin-torque diode signal (Vdiode) versus frequency measured

under Hext ¼ þ20mT with �H ¼ 0� with fitted curve.
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These MTJ films are micro processed into nano pillars with
an elliptic junction area of 70� 270 nm2. All the measure-
ments presented here were carried out at room temperature.
We first present in Fig. 1(b) the resistance versus magnetic
field [RðHÞ] curves obtained for in-plane Hext applied along
0 and 90� [the definition of the angle for Hext (�H) is
schematically shown in the inset of Fig. 1(b)]. The TMR
ratio is 67.7% and the resistance is 162� in the parallel
magnetic state. The angular spin diode measurements
presented in the following are performed with in-plane
Hext at various �H. The injected microwave power is kept
constant at �15 dBm, and no dc current is applied.

As an example of spin diode measurements, in Fig. 1(c)
we show the spectrum obtained at Hext ¼ þ20mT with
�H ¼ 0�. In the MTJs of this study, the spin diode spectrum
typically has two peaks that we label Mode 1 and Mode 2.
As expected from eq. (2), in the case of the MTJs with
asymmetric electrodes, the peaks have a significant anti-
Lorentzian component. The peaks are well fitted by eq. (1)
[see Fig. 1(c)].

First, we focus on the property of Mode 1. The resonance
frequency of Mode 1 versus Hext [f1ðHÞ] at different angles is
shown in Figs. 2(a), 2(c), and 2(e). For higher jHextj > 50mT,
f1ðHÞ increases with increasing Hext following the Kittel
formula.17) Fitting f1ðHÞ for �H ¼ 0� with the Kittel formula
gives Hd ¼ 1:1T. For small Hext < 50mT, f1ðHÞ exhibits an
asymmetric behavior with respect to the polarity of Hext,
especially for Hext with �H ¼ 0� [Fig. 2(a)]. This character-
istic cannot be explained by the macro-spin model taking into
account only the in-plane shape-anisotropy field (HSA). The
in-plane crystalline-anisotropy field (HCA) due to Co70Fe30 in

the free layer can be responsible for this asymmetric f1ðHÞ.
The CoFe layer is amorphous in the as-grown state but
it crystallizes in a cubic-crystal texture by post-annealing4)

then leading to cubic anisotropy. It should be noted that its
in-plane crystalline orientation can be arbitrary.

To understand this asymmetric f1ðHÞ, we analytically
simulate the resonance frequency versus Hext of the free
layer [ffreeðHÞ] with the macro-spin model taking into
account not only HSA but also the fourfold HCA

18) due to
Co70Fe30 having an arbitrary crystalline orientation. First,
the equilibrium angle of the free-layer magnetization (�)
under Hext with �H is given by

Hext sinð�� �HÞ ¼
1

2
HSA sin 2�

� 1

4
HCA cos 4ð�� �Þ: ð4Þ

Here, � is the angle of crystalline easy axis in the CoFe
layer, defined with respect to the minor axis of the patterned
ellipse. Then, ffreeðHÞ is given by

f ¼ �

2�
fHd½Hext cosð�� �HÞ

�HSA cos 2�þHCA cos 4ð�� �Þ�g1=2: ð5Þ
The simulation results are shown in Figs. 2(b), 2(d),
and 2(f). Here, we fix all the parameters except for Hext

and �H : HSA ¼ 20mT, HCA ¼ 10mT, � ¼ 63�, and Hd ¼
1:1T. The qualitative correspondence between the analyti-
cally simulated ffreeðHÞ and experimental f1ðHÞ indicates that
Mode 1 corresponds to the free-layer mode, and that the
contribution of HCA is not negligible.

We also measure f1ðHÞ of other samples on the same lot.
Although each sample exhibits the asymmetric f1ðHÞ with
a different characteristic at �H ¼ 0�, each f1ðHÞ can be
qualitatively explained by eqs. (3) and (4) with various �
(0–90�), similar values of HSA (20–40mT) and HCA (15–20
mT), and the same Hd ¼ 1:1T. This result also supports the
measurable contribution of HCA. To further obtain quanti-
tative agreement between the simulated ffreeðHÞ and experi-
mental f1ðHÞ, especially in the low-field range, we need to
take into account the coupling with Mode 2. However, the
origin of Mode 2 is still under debate, while such higher-
order modes are often observed in MgO-based MTJs.
Depending on the authors, the origin is attributed to the
edge mode, higher-order spin wave mode, or mode of CoFe/
Ru/CoFeB synthetic antiferromagnetic layers.10,19) To dis-
cuss the origin of Mode 2 is beyond the scope of this letter.

The fitting parameters A (anti-Lorentzian component)
and B (Lorentzian component) of eq. (1) versus Hext with
�H ¼ 0� that maximizes the spin diode effect are shown in
Figs. 3(a) and 3(b), respectively. First, the amplitude of the
parameter A is one order of magnitude larger than that of the
parameter B. Indeed, from eqs. (2) and (3), it appears that
parameter A is proportional to large �Hd whereas parameter
B is proportional to a small � � ��Hd, where � is the
Gilbert damping.12–14) This model, which relies on the
assumption that the free-layer magnetization is saturated
along the hard axis, is applicable only to the field amplitudes
larger than 60mT in our experiment (corresponding to the
colored box surrounded by doted lines in Fig. 3). In this
range, the average value of A=B is larger than 50. The linear
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Fig. 2. Resonance frequency of the free-layer mode versus the external

magnetic field (Hext) with various angles (f) of (a, b) 0�, (c, d) 30�, and
(e, f) 50�. (a, c, e) Experimental results. Insets in (a)–(c) are schematics

explaining our convention of the angle (�H) of the in-plane magnetic field

(Hext) and the magnetization direction of the reference layer (Mref ).

(b, d, f) Simulation results with consistent parameters: in-plane shape-

anisotropy field (HSA) of 20mT, in-plane crystalline-anisotropy field (HCA)

of 10mT, angle of crystalline-anisotropy field in CoFe layer (�) of 63�, and
Hd ¼ 1:1T.
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bias dependence of TOOP in the MTJs with asymmetric
electrodes might open a way to enhance the diode sensitivity
(Vdiode divided by the injected rf power).

We also check the diode sensitivity with a similar sample
on the same lot. Here, we carefully measure the bias dc
dependence of resistance and the diode effect,8) and calibrate
the impedance mismatch of the sample using the measured
bias dependence of the resistance and backgrounds of the
spin diode spectra.14) At Hext ¼ 42mT, we obtain a diode
sensitivity of 100mV/mW. This sensitivity is competitive
compared to those of past studies although the TMR ratio in
our study is about half.10,11)

For higher jHextj > 60mT, parameter A changes its sign
depending on the polarity of Hext while the sign of parameter
B is independent of the polarity of Hext. This result agrees
with the vectorial expression of the spin torques because
the vector product in TOOP changes polarity depending on
the polarity of Hext as schematically shown in the insets
of Fig. 3, while the vector product in TIP does not. The
above-mentioned characteristics of the Hext dependence of
parameters A and B also support that Mode 1 corresponds to
the free-layer mode.

In summary, spin diode measurements are performed in
CoFeB/MgO/CoFe/NiFe MTJs having asymmetric elec-
trodes without dc bias current. Their spin diode spectra

exhibit peaks with strong anti-Lorentzian components
originating from TOOP in the asymmetric MTJs. Because
of the significant contribution of TOOP, under an in-plane
magnetic field of 42mT, we obtain a diode sensitivity as
large as 100mV/mW (after impedance matching correc-
tion). We also perform the spin diode measurements under
various Hext with �H. By comparing the experimental f1ðHÞ
with the simulation results of ffreeðHÞ, we can identify the
free-layer excitation modes where the contribution of HCA is
observed to be measurable as well as HSA.
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