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Spin transfer torque can excite ferromagnetic resonance of magnetization in a nanoscale magnetic

tunnel junction. Here we describe a strongly nonlinear regime of spin-torque-driven ferromagnetic

resonance in which large-amplitude magnetization oscillations are excited by microwave current

applied to the junction. In this nonlinear regime, the junction generates a large direct voltage in

response to the applied microwave signal and thereby can serve as a sensitive microwave signal

detector. We demonstrate a low-temperature detector sensitivity of 2.5� 104 V/W, which exceeds

the sensitivity of metal-semiconductor Schottky diodes. VC 2013 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4819179]

The discovery of large tunneling magnetoresistance

(TMR) in magnetic tunnel junctions (MTJs) with MgO tun-

nel barriers1–4 has led to the development of a variety of

MTJ-based electronic devices such as non-volatile mem-

ory5,6 and hard drive read heads for high-density information

storage.7 Recent experiments demonstrated that nanoscale

MTJs can also rectify microwave signals8 and can thus func-

tion as microwave signal detectors.9,10 The rectified voltage

Vdc generated by the MTJ originates from precession of the

MTJ magnetization driven by alternating spin torque (ST)

from the applied microwave signal.11,12 The maximum Vdc is

observed when the frequency of the microwave signal is

equal to the ferromagnetic resonance (FMR) frequency of

the MTJ magnetization. Here we describe a different type of

nonlinear magnetization dynamics excited by GHz-

frequency ST in nanoscale MTJs, in which small-amplitude

microwave signal with a frequency below the FMR fre-

quency excites large-amplitude oscillations of magnetiza-

tion. The rectified signals generated by the MTJ in this

nonlinear regime exceed typical Vdc levels measured at the

FMR frequency by nearly three orders of magnitude. This

strong enhancement of the rectifying properties of nanoscale

MTJs holds promise for the development of MTJ microwave

signal detectors with sensitivity exceeding that of microwave

Schottky diode detectors.

We study ST-driven magnetization dynamics in nano-

scale MTJ samples schematically shown in Fig. 1(a). The

samples have the following multilayer structure: (Si sub-

strate)/(bottom lead)/(pinned layer)/(barrier)/(free layer)/(cap),

where (pinned layer)� PtMn(15)/Co70Fe30(2.5)/Ru(0.85)/

Co40Fe40B20(2.4), (barrier)�MgO (1.1), and (free layer)

�Co60Fe20B20 (1.56) with the layer thicknesses given in

nanometers. The multilayers are grown by magnetron sputter-

ing in a Singulus TIMARIS system and are annealed at

300 �C for 2 h in a 1 T in-plane magnetic field that sets the

magnetization direction of the pinned layer. The multilayer is

patterned into a 110� 50 nm2 elliptical nanopillar with the

long axis parallel to the annealing field direction. For all

measurements, a magnetic field is applied at 12� from the nor-

mal to the plane of the sample with its in-plane component

along the direction of the magnetization of the Co70Fe30 layer,

as illustrated in Fig. 1(a). Fig. 1(b) shows the resistance of the

sample, R, as a function of direct current, Idc, applied between

the top and the bottom leads of the nanopillar. ST from posi-

tive Idc switches13–22 the magnetic moment of the MTJ free

layer from the high-resistance (HR) state, a nearly antiparallel

magnetic configuration at Idc¼ 0 lA, to the low-resistance

(LR) state, a nearly parallel configuration at Idc� 100 lA (see

Fig. 1(a)). The non-hysteretic character of the HR$LR tran-

sition in Fig. 1(b) demonstrates that the free layer of the MTJ

is superparamagnetic at 100 K.12

To study ST-driven GHz-range magnetization dynamics

of the MTJ free layer, we apply an alternating current of

RMS amplitude Iac between the top and the bottom leads of

the device and measure the direct voltage, Vdc, generated in

response to the alternating current. ST from Iac induces pre-

cession of the free layer magnetization, giving rise to resist-

ance oscillations via the TMR effect. The time-dependent

resistance takes on the form RðtÞ � R0ðIacÞ þ dRacðIacÞ
sinðxtþ uÞ, where u is the phase shift between the ac cur-

rent and the resistance oscillations. As a result of mixing of

the resistance and current oscillations, a rectified voltage

Vdc ¼ 1
ffiffi

2
p IacdRac cosðuÞ is generated by the MTJ.9 In the

presence of a direct current Idc, the ac-ST induced direct

voltage acquires an additional component proportional to Idc

because the time-average resistance of the MTJ, R0ðIacÞ,
depends on the alternating current by means of a shift of the

time-average direction of the free layer magnetization

induced by ST from Iac.
12,23 The induced direct voltage

is thence given by Vdc ¼ 1
ffiffi

2
p IacdRac cos/þ IdcdRdc, where

dRdcðIacÞ ¼ R0ðIacÞ � R0ð0Þ is the difference between the

time-average MTJ resistance in the presence and in the ab-

sence of Iac. To measure Vdc, we employ lock-in detection,

in which the applied microwave signal is square-wave modu-

lated, and the direct voltage induced by the microwave signal

is measured by a lock-in amplifier.9,12

Fig. 1(c) shows Vdc measured at zero direct current bias

as a function of the frequency, f, of a 5 lA RMS alternating

current. This Vdc(f) response curve shows a negative peak

arising from FMR of the free layer excited by the alternating

ST (ST-FMR).9 The observed resonance peak amplitude of

tens of lV is similar to that previously reported for MTJ
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samples.9,24 Our measurements show that the maximum

absolute value of Vdc(f) can be significantly increased if a

direct current bias is applied to the sample. Fig. 1(d) illus-

trates that application of Idc¼ 100 lA reverses the sign of

Vdc and increases the maximum Vdc by nearly three orders of

magnitude as compared to the Idc¼ 0 lA data in Fig. 1(c).

The origin of the large enhancement of Vdc can be

understood by considering the magnetic energy landscape of

the free layer nanomagnet. Fig. 2(a) schematically shows the

magnetic energy EM of the MTJ free layer as a function of

the in-plane components of its magnetization EM(Mx,My).

This energy landscape has two minima arising from the uni-

axial magnetic shape anisotropy of the free layer. The global

energy minimum corresponds to the HR state (favored by

the in-plane component of the applied field) that is the

ground state of the system at zero current (see Fig. 1(b)).

Application of ST from a direct current (Idc¼ 60 lA in

Fig. 1(b)) brings the free layer into the higher-energy LR

state corresponding to a shallow local energy minimum in

Fig. 2(a). Fig. 2(a) also shows that at energies higher than

that of the LR state, constant energy contours correspond to

magnetization precession on large-amplitude out-of-plane

trajectories encircling both the HR and LR states.25 We

argue that microwave currents with frequencies similar to

the frequencies of these large-amplitude dynamic (D)

states26 bring the free layer from the static LR state into a D

state. The frequency of the D-state trajectories can be signifi-

cantly lower than the FMR frequency of small-amplitude

oscillations in the HR state,16 which is in good agreement

with our data in Figs. 1(c) and 1(d).

Coincidence of the drive frequency with the frequency

of the D-state trajectory is not sufficient for excitation of the

D state by alternating ST. Indeed, Gilbert damping torque

acting on the free layer dissipates a significant amount of

energy per oscillation period in the D state because the

length of any D-state trajectory is large. Therefore, energy

per cycle supplied by ST to the free layer magnetization

must exceed a threshold value in order to sustain oscillations

of magnetization in the D state.

Figure 2(b) illustrates that alternating ST supplies net

positive energy to the D state provided the oscillations of the

free layer magnetic moment are phase locked to the ac ST

drive27,29 with approximately a p phase shift. For such phase-

locked oscillations, ac ST pushes the magnetic moment of the

free layer away from the HR state when the free layer is near

the HR state (IacsinðxtÞ > 0) and pushes magnetization

towards the HR state (away from the LR state) when the free

layer is near the LR state (IacsinðxtÞ < 0). In both cases alter-

nating current gives rise to a positive out-of-plane component

of ST and, in turn, pushes the magnetic moment of the free

layer towards the high-energy D trajectories above the plane

of the sample. This net positive out-of-plane component of

ST arising from the alternating current continuously pumps

energy into the free layer nanomagnet. The positive energy

flux from ST into the magnetic system in the D state counter-

acts the magnetic energy dissipation by Gilbert damping and

thereby stabilizes the high-energy D state.

To supply energy per precession cycle exceeding a

threshold value determined by Gilbert damping, ac ST must

be sufficiently large. Therefore, we expect the D state to be

stabilized only for Iac exceeding a certain threshold value,

which should result in a stepwise increase of Vdc from a

small value below a threshold ac current to a large, nearly

constant Vdc above the threshold. Fig. 2(c) shows the meas-

ured dependence of Vmax¼max{Vdc(f)}(f,H) on Iac with and

without the direct current bias. At zero dc current, the value

of Vmax is small and Vmax(Iac) is quadratic; this behavior

shows that the D state is not excited at zero bias current. The

observed quadratic dependence of Vdc on Iac is expected

because the amplitude of resistance oscillations dRac

increases linearly with increasing ac ST drive in the regime

FIG. 1. Sample structure and ST-FMR spectra. (a) Schematic view of the

MTJ nanopillar. (b) Resistance as a function of direct current Idc applied to

the MTJ. Arrows mark the direct current values at which ST-FMR measure-

ments shown in (c) and (d) are made. (c) ST-FMR response curve Vdc(f)
measured at Idc¼ 0 lA. (d) ST-FMR response curve measured at

Idc¼ 100 lA.

FIG. 2. Strongly nonlinear regime of ST-FMR. (a) Sketch of the magnetic

energy of the free layer as a function of the in-plane component of its mag-

netization EM(Mx,My). Two energy minima correspond to the static LR and

HR states while the large-amplitude trajectory of the magnetization corre-

sponds to the dynamic state D. (b) Alternating ST, sac, pushes magnetization

towards the D state if the phase of the magnetization oscillations is p-shifted

with respect to sac. (c) Vmax ¼ maxfVdcðf Þgðf ;HÞ versus Iac measured at

Idc¼ 0 lA and Idc¼ 130 lA. (d) Temperature dependence of the maximum

voltage Vmax generated by the MTJ in response to a 5 lA RMS alternating

current.
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of small-amplitude magnetization oscillations:8 Vdc

� IacdRac � I2
ac. For Idc¼ 130 lA, Vmax(Iac) rapidly rises and

saturates above Iac,sat� 30 lA at a large value of approxi-

mately 50 mV. This behavior differs from a step function,

although any sharp step is smoothed in time-averaged

Vdc(Iac) by the action of thermal fluctuations, which ran-

domly switch the system between the D state (large Vdc) and

LR state (small Vdc) in the region of the LR$D transition.

Because the D-state trajectory passes near both the HR

and LR states, the time-average resistance of the D state, RD,

is approximately equal to the average of the LR and HR

state resistances. Fig. 1(b) shows that RLR � 3.6 kX at

Idc¼ 130 lA, while the value of RHR at Idc¼ 130 lA is

approximately equal to resistance of the HR state at

Idc¼�130 lA (RHR � 5.0 kX), which gives RD � 4.3 kX.

For Idc� Iac, Vdc � IdcdRdc can be as high as Vdc

� IdcðRD � RLRÞ � 90 mV. The values of Vdc in Fig. 2(c) are

consistent with this upper bound on Vdc, demonstrating that

magnetization oscillations with precession cone angle of tens

of degrees are excited by ac ST at Idc¼ 130 lA. We also

note that ST from Idc applied to the MTJ not only enhances

Vdc but also supplies a fraction of the energy needed to stabi-

lize the D state. Indeed, ST from Idc> 0 pumps energy into

the free layer as evidenced by Idc-driven stabilization of

the LR state, in which energy is higher than the ground

(HR) state energy of the system. This also explains our ob-

servation that the saturation current Iac,sat decreases with

increasing Idc.

Observation of the D state excited by ac ST at a fre-

quency lower than the HR-state FMR frequency is consistent

with the energy landscape in Fig. 2(a). Low-energy D-state

trajectories pass close to the separatrix trajectory separating

the LR and D states. Since this trajectory passes through a

saddle point in the energy landscape, it possesses zero fre-

quency in the macrospin approximation. Therefore, frequen-

cies of the D trajectories with energies slightly higher than

that of the separatrix trajectory are low. Micromagnetic

effects increase the frequency of the separatrix trajectory to a

value greater than zero due to spatial inhomogeneity of the

demagnetizing field, but the frequencies of the low-energy D

trajectories remain lower than the FMR frequency in the

HR state.

Our measurements reveal that excitation of the D state

by low-level alternating current (Iac< Iac,sat) has a thermally

activated character.28,29 Fig. 2(d) shows the temperature de-

pendence of Vmax induced by a low-level alternating current

Iac¼ 5 lA measured at several values of the direct current

bias. The measured Vmax(T) exhibits a peak, and the tempera-

ture of this peak decreases with increasing direct current. The

data in Fig. 2(d) clearly show that a low-level alternating cur-

rent does not excite the D-state when temperature is below a

bias-dependent threshold temperature. Thus thermal fluctua-

tions of magnetization are needed for initiation of the transi-

tion from the LR to the D state when Iac< Iac,sat. These data

demonstrate that the maximum sensitivity of the MTJ detec-

tor can be tuned to a desired temperature by tuning the direct

current bias. The data in Fig. 2(d) also suggest that phase

locking between the ac ST drive and the magnetization oscil-

lations in the D state is perturbed by random thermal torques,

which results in a decrease of Vdc at higher temperatures. We

also note that Vmax(T) at Iac¼ 125 lA does not exhibit a max-

imum because Iac¼ 5 lA ceases to be in the low-level regime

since Iac,sat� 5 lA for Idc¼ 125 lA and T¼ 4 K.

The observed phenomenon of large-amplitude oscilla-

tions of magnetization, excitation of which requires both a

weak ac drive and temperature, is analogous to the well-

known phenomenon of stochastic resonance.30 In contrast to

conventional stochastic resonance, we observe thermally

activated excitation of a high-frequency dynamic state (non-

adiabatic stochastic resonance)12,31,32 rather than quasi-

periodic low-frequency transition between two static states.30

The giant amplification of Vdc under a direct current bias was

recently observed in all-metallic nanopillar spin valves,12 in

which the rectified signal arose from giant magneto-

resistance (GMR). The maximum Vdc in these GMR

structures was tens of lV, too low a value for practical

microwave signal detection. The MTJ samples described in

this paper generate maximum rectified voltages of tens of

mV owing to the higher magneto-resistance of MTJs com-

pared to that of GMR spin valves. We note that the higher

magneto-resistance of MTJs enhances the rectified voltage

not only via larger amplitude of resistance oscillations but

also through additional alternating ST it generates in the

large-amplitude precessional D state. Indeed, ST in MTJs is

proportional to applied voltage,24 and for a current-biased

device, large-amplitude resistance oscillations result in alter-

nating voltage at the frequency of magnetization precession.

The alternating ST resulting from this voltage in the D state

adds constructively to ST from the applied alternating cur-

rent and thereby decreases the magnitude of the ac current

needed to stabilize the D state.

Fig. 2(d) shows that the maximum induced dc voltage

increases with increasing Idc, and the largest detector sensitiv-

ity is found at the highest value of current bias employed in

our measurements Idc¼ 125 lA. For this direct current bias,

the maximum rectified voltage of 40 mV is achieved at

T¼ 4 K for Iac¼ 5 lA, which gives detector sensitivity

e ¼ Vdc

Pin
¼ 2.5� 104 V/W, where Pin is the incident microwave

power. This value of the detector sensitivity exceeds that of

high-sensitivity metal-semiconductor Schottky diode detec-

tors33 despite the poor impedance matching of our MTJ de-

tector to the 50 X transmission line through which microwave

power is applied. Impedance matching of the detector can be

improved by decreasing the resistance-area product of the

MTJ and/or by adding a simple on-chip impedance matching

transformer. The maximum expected sensitivity of an imped-

ance matched MTJ sample is e ¼ Vdc

I2
acRD
� 3.6� 105 V/W. This

value significantly exceeds the sensitivity of Schottky diode

detectors as well as the maximum theoretical sensitivity of

zero-bias MTJ detectors, 104 V/W.34 We also note that

increasing the volume of the free layer nanomagnet is

expected to shift the temperature of maximum sensitivity at a

given direct bias current (see Fig. 2(d)) to higher values12 and

thereby enable high-sensitivity room temperature operation

of this type of microwave detectors.

In summary, we demonstrated excitation of a strongly

nonlinear regime of spin torque ferromagnetic resonance in

current-biased nanoscale MTJs in which large-amplitude

out-of-plane magnetization precession is excited by alternat-

ing spin torque. In this nonlinear regime, direct voltage
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generated by the MTJ in response to applied microwave sig-

nal is strongly enhanced compared to the linear regime of

ferromagnetic resonance. Thus, current-biased MTJs hold

promise for applications in microwave signal detection. We

demonstrate a low-temperature detector sensitivity of

2.5� 104 V/W.
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