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The spin-transfer torque (STT) effect provides a new method of manipulation of magnetization in nanoscale
objects. The STT effect manifests itself as a transfer of spin angular momentum between the parallel magnetic
layers separated by a nonmagnetic spacer and traversed by a dc electric current. The transfer of the spin angular
momentum from one layer to another could result in the excitation of the microwave-frequency magnetization
dynamics in one of the magnetic layers. On the other hand, when a magnetization dynamics is excited in a mag-
netic layered structure by an external microwave signal both the structure electrical resistance and current
through the structure will acquire microwave components resulting in the appearance of a rectified dc voltage on
the magnetic structure. This “spin-torque diode effect” can be used for the development of ultra-sensitive spin-
torque microwave detectors (STMD). Below we present a brief review of our recent work on the general proper-
ties of STMDs, analyze the performance of the “resonance-type” and “threshold-type STMD” and consider the
possible applications for such microwave detectors.

PACS: 85.75.—d Magnetoelectronics: devices exploiting spin polarized transport or integrated magnetic fields;

75.76.+j Spin transport effects;

07.57.Kp Bolometers; infrared, submillimeter wave, microwave, and radiowave receivers and detec-

tors.

Keywords: spin-transfer torque, spin-torque diode, spin-torque microwave detector, magnetization dynamics.

Introduction

This paper describes spin-torque magnetic detectors —
a novel type of nano-scale devices based on the spin-torque
diode effect and relevant for the emerging field of applied
spintronics.

The spin-transfer-torque (STT) effect in magnetic mul-
tilayers was theoretically predicted in [1,2] and experimen-
tally observed in [3-13]. It provides a new method of ma-
nipulation of the magnetization direction in nanomagnetic
systems [14]: magnetization switching [3,4], generation of
microwave oscillations under the action of a dc electric
current [5-11] and the spin torque diode effect [12,13],
which can then be used for the development of practical
microwave detectors, so called spin-torque microwave
detectors (STMD), and also for quantitatively measuring
STT [15,16].

The spin torque diode effect is a rectification effect of
the input microwave current Ige (t) in a magnetoresistive
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junction, which is commonly observed in traditional re-
gime of operation of an STMD, when the frequency f of
the current Igg (t) = Igxe sin(2xfgt) is close to the ferro-
magnetic resonance (FMR) frequency f; of the junction.
In this case the induced resonance oscillations of the junc-
tion resistance R(t) can mix with the oscillations of the
input microwave current g (t) and produce a sufficient-
ly large output dc voltage Upc = (Ige (1)R(t)) across the
junction (here (...) denotes averaging over the period of
oscillations 1/fs).

There are two different dynamical regime of STMD
operation: the traditional or so-called IP-regime and the
so-called OOP-regime. In the traditional in-plane (IP)
regime of operation of an STMD [12,13,17] the STT ex-
cites a small-angle in-plane magnetization precession
about the equilibrium direction of magnetization in a free
layer (FL) of a magnetic tunnel junction (MTJ) (see the
red dashed curve in Fig. 1). In contrast to this well-known
regime of STMD operation, below we also consider a
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different regime of operation of an STMD, namely OOP-
regime, based on the excitation of large-angle out-of-
plane (OOP) magnetization precession under the action of
an input microwave current Igge (t) (see the blue dashed
curve in Fig. 1). We analyze the performance of an
STMD in these both regimes and consider typical appli-
cations of such detectors.

1. Fundamental properties of an STMD

The operation of an STMD employing an MTJ is based
on two related phenomena: the effect of tunneling
magnetoresistance (TMR) and the above mentioned STT
effect. The phenomenon of TMR exists because of the de-
pendence of the resistance R(B) of a MTJ on the angle 3
between the magnetizations of the two (“free” and
“pinned”) magnetic layers of the junction. For symmetric
unbiased junctions R(B) can be written as [17]

R(B) = — L, ®
1+n“cosp

where R is the junction's resistance in the perpendicular
(B ==/2) magnetic state and n is the dimensionless spin-
polarization efficiency. The conventional TMR ratio for
such system can be calculated as TMR :2n2/(1—n2).
Typical values of n are about 0.5-0.7, whereas R, can be
estimated as R, = RA/S, where RA~1-10Q-um? is the
resistance-area product of the MTJ and S is its area. For
typical sub-micron sizes of the junction, R, is much high-
er than the characteristic impedance Z =50Q of standard
microwave transmission lines.

-
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Fig. 1. (Color online) The model of an STMD: circular nano-
pillar of radius r consists of the free magnetic layer (FL) of thick-
ness d and the pinned magnetic layer (PL). Under the action of
microwave current Igr(t), the magnetization vector M (shown by
a black or red arrow) is precessing along small-angle in-plane
(red dashed curve, IP-regime) or large-angle out-of-plane (blue
dashed curve, OOP-regime) trajectory about the direction of the
bias magnetic field By (shown by a red or black arrow), p is the
unit vector in the direction of the magnetization of the PL.
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The dynamics of the magnetization M = M(r,t) in the
FL of an STMD under the action of an input microwave
current 1 (t) is governed by the Landau—Lifshits—Gilbert—
Slonczewski (LLGS) equation

oM o oM
M [Bure xM]+— | Mx L |+
at Y[eﬁX]MS[Xat}

+%‘S“)[waxp}], @)

where y~2n-28 GHz/T is the modulus of the gyromag-
netic ratio for electron spin, B is the induction of the
effective magnetic field acting on the magnetization M, «
is the dimensionless Gilbert damping constant, Mg =|M |
is the saturation magnetization of the FL, p is the unit vec-
tor in the direction of the magnetization of the PL, and
o (B) is the current-torque proportionality coefficient that
is equal to

_Yh m ®)

c
G(ﬁ):—L J_—%MV,
s

1+n2 cosB’

h is the reduced Planck constant, e is the modulus of the
electron charge, V =Sd is the volume of the FL (d is its
thickness).

The output dc voltage U across the MTJ induced by
an input microwave current | (t) can be found as

Upc =T ORBO) (4)

where (...) denotes averaging over the period of oscilla-
tions on input current, R(B) is given by Eq. (1) and
B =p(t) =arccos(M-p/My) depends on the solution M of
the LLGS equation (2).

2. Resonance-type STMD

2.1. General properties of a resonance-type STMD

In the traditional regime of operation of an STMD the
STT excites a small-angle in-plane magnetization preces-
sion about the equilibrium direction of the magnetization
in the FL of the magnetic junction (the typical trajectory of
the magnetization precession is shown by a red dashed
curve in Fig. 1). The STMD working in the traditional IP-
regime has the following properties [12,13,17].

(1) The STMD operates as a frequency-selective mi-
crowave detector with a resonance frequency that is close
to the frequency of the ferromagnetic resonance (FMR)
g = 2nfy of the FL.

(2) The range of operation frequencies of the detector is
of the order of the FMR linewidth T

(3) The output dc voltage Upc of the STMD is propor-
tional to the input microwave power Prp = I,%F Ro/2
(Ry =R(Bg) is the equilibrium MTJ resistance), so the
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STMD operates as a resonance-type quadratic microwave
detector:

I_‘2
Upc =&resPrr 50— ®)
res 2 + (g —coo)2
where

3

_Yh m
= 6
€res le MSVFQ(BO) (6)

is the resonance (at wg = wg) Volt-watt sensitivity of the
STMD (see [17]). Here Q(Bg) is the geometrical factor
that depends on the angle B, between the directions of the
equilibrium magnetization in the FL and PL of the MTJ.
For an in-plane magnetized MTJ we have:

sin? Bo

_ 7
(1+n2 cosBo)2 0

Q(Bo) =

(4) The STMD resonance sensitivity €. strongly de-
pends on the equilibrium angle B, between the magnetiza-
tion directions of the FL and PL (see Eq. (7)).

The resonance sensitivity of a traditional STMD
€res =Upc /Pre is predicted to be approximately 10* Viw
(see [17]), while the best experimental value achieved to
date is g5 ~300 V/W for an unbiased STMD [13]. How-
BVer, €5 #12000 V/W has been recently obtained for an
STMD biased by a dc current [18].

2.2. Theoretical description of noise properties of a
resonance-type STMD

It is well-known that the operation and the minimum
detectable power of any microwave detectors are limited
by noise. Below we present a theoretical description of the
noise properties of a passive (no dc bias current) reso-
nance-type STMD using the model developed in [17] with
additional terms describing the influence of thermal fluctu-
ations. The results presented below are expanded and are
complementary to the results presented in [19,20].

We used the following assumptions.

(1) We use the macrospin approximation for the mag-
netization dynamics in the FL of an STMD.

(2) We neglect any possible fluctuations or oscillations
of magnetization in the PL.

(3) We consider unbiased STMD, i.e., the current flow-
ing through STMD has only a microwave component
Irr (D).

(4) The amplitude of the detected current Ize, as well
as the temperature of the system T, are assumed to be suf-
ficiently small to guarantee a linear response of the mag-
netization to the fluctuations of current and thermal fluctu-
ations.

(5) We consider the case when the magnetic damping
of the STMD is sufficiently low I'/2m << f;.
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(6) We also assume that the frequency interval of the
detection Af (which is inversely proportional to the meas-
urement time) is much smaller than the FMR linewidth
I'/2m inthe FL, Af <<T'/2%.

(7) Finally, we assume that the effective noise tempera-
ture T for all the noise sources considered below is the
same.

There are several possible sources of noise in an
STMD. Moreover, since the operation of an STMD is non-
linear, the noise is, in general, not additive, and can depend
on the amplitude and frequency of the detected signal.
Among all the possible noise sources we shall consider
only the following.

a) Low-frequency Johnson—-Nyquist (JN) noise, i.e.,
low-frequency voltage fluctuations Uy (t) associated with
the equilibrium electrical resistance Ry of the STMD.
This type of noise is additive and is independent of the
magnetization dynamics.

b) High-frequency Johnson-Nyquist noise, that does
not contribute to the output detected signal directly. How-
ever, a microwave noise current Iy (t) can induce addi-
tional fluctuations of the magnetization direction in the FL
and, therefore, additional fluctuations of the electrical re-
sistance of an STMD. Being mixed with the detected cur-
rent Ire (t), these resistance fluctuations will create non-
additive low-frequency noise in the output voltage.

¢) Magnetic noise (MN), which is caused by the ther-
mal fluctuations of the magnetization direction in the MTJ
FL. It is modeled by the action of a random white Gaussian
magnetic field By (t) and leads to the fluctuations of the
electric resistance of the STMD. It is transformed into a
low-frequency noise after mixing with the driving current
Irr ().

The other noise sources, such as shot noise and flicker
noise, that might be important for STMDs biased by a dc
current, are not considered here.

To calculate the noise spectrum in an STMD we shall,
first, calculate the linear response of the magnetization of
the FL to arbitrary microwave currents and magnetic
fields. Then we shall calculate the corresponding variations
of the electrical resistance of the STMD, i.e., calculate the
electrical response of STMD to currents and fields. After
that, using a simplified electrical scheme of an STMD, we
shall calculate the STMD noise spectrum.

Dynamics of the magnetization M of the FL under the ac-
tion of microwave current 1(t) = Iz (t)+ 1y (t) and noise
magnetic field By (t) is described by the LLGS Eg. (2),
where the effective magnetic field is a sum of an intrinsic
effective magnetic field Beg = Bggr (M) and the noise field
By (t). The intrinsic field Bgs includes the external bias
magnetic field B, and the demagnetization field.

We performed analysis for a “planar” STMD in which
both FL and PL are magnetized in-plane. In this case, the
eigen-frequency of the FL of the MTJ is fy=

= (y/2m),/By (By +oM,) and the damping rate has the

459



0.V. Prokopenko and A.N. Slavin

form I'=ay(By+poMg/2), where pg is the vacuum
magnetic permeability. The output STMD signal was cal-
culated as a low-frequency part of the voltage
I ®)R(B())+Uy(t), where R(B) is the MTJ magneto-
resistance (1).

We assumed that noise signals produced by all the
noise sources are independent Gaussian stochastic process-
es with uniform spectral densities

S(UN) =S (In)RS =2kgTRy,
S(By) = 20kgT IyMgV , (8)

where kg is the Boltzmann constant. The detailed deriva-
tion of the noise spectrum of STMD is presented in [20].

We found that the noise of the output voltage
Upc =¢€resPre  has a characteristic spectral width of T
and, for a typical frequency bandwidth of measurement
Af < T'/27, can be considered as frequency-independent.
The root mean square fluctuations AUpc of STMD can
be written in a simple form

AUDC:UJN 1+U£+U£, (9)
Um Uwmn

where the three terms under the square root describe the
influence of the three above mentioned noise sources, re-
spectively, and

h B
Ugn = 4kgTRoAT, Upy .. U =222 (10)
eres 2e m

Note, that both the high-frequency JN and magnetic
noise give nonadditive contributions to the output low-
frequency signal and, therefore, their influence increases
with the input power (or the output voltage Upc). Uy
and Uy, are the characteristic output voltages at which
the influence of the corresponding noise source becomes
comparable to the influence of the additive low-frequency
JN noise. Non-additive noises can be ignored for small
output signals Upc <U iy, Upn-

For typical parameters (see e.g. [13,17]) of an MTJ
nanopillar (r =50 nm, d =1 nm, n = 0.7, Bo = /4, Rg =
=500 Q, (giving RA = 5.29 Q-um?), o = 0.01, poMs =
=0.8 T, Bg = 38 mT, (giving fp = 5 GHz)) Eq. (6) gives
the resonance STMD sensitivity in the passive regime
eres # 700 V/W, which is comparable to the sensitivity of
Schottky diodes [13]. At room temperature T = 300 K and
for the measurement bandwidth of Af = 1 MHz, Eq. (10)
gives the following estimations for the noise-induced volt-
ages: Uyny =2.88 uV, Uy = 175.9 mV, Uy = 3.14 uV.

It is clear, that the characteristic voltage Uy of the non-
additive high frequency JN noise is much larger than the
voltages created by the low frequency JN noise Ujyn, mag-
netic noise Uy, and the typical dc voltage output Upc of

460

the STMD. This means that the influence of the high-
frequency JN noise in (9) can be completely ignored. Note,
also that, in contrast with the other characteristic noise
voltages, the voltage Uy caused by the magnetic noise is
proportional to the bias magnetic field Bg, and, therefore,
increases with the increase of the frequency of the input
microwave signal.

Now, introducing the microwave powers Prp =
= Upc/eres, PMN = Umn/eres, and using (9), we can write a
simple expression for the signal-to-noise ratio (SNR) of the
STMD in terms of these characteristic powers:

P
sNr = Uoc _ Pre MN (11)
AUpc P VPun +Pre

2.3. The performance of a resonance-type STMD
in the presence of thermal noise

The simple analysis of Egs. (9), (11) demonstrates that
there are two distinct regimes of operation of the resonance
STMD in the presence of thermal noise. We shall classify
them by the type of noise that limits the minimum detectable
power of STMD By, (power corresponding to SNR = 1).

The first regime corresponds to the case of relatively
high frequencies of the input microwave signal, when
Pun > Pre (for Prg ~ Ppin)- In this regime, similar to
the conventional semiconductor diodes, the minimum de-
tectable power is limited by the low-frequency JN noise,
Pmin = Pyn. and the SNR of STMD s linearly proportion-
al to the input microwave power Pre: SNR = Pre /Pyy .

The second regime takes place in the opposite limiting
case of relatively low input frequencies, when
Pun << Prge. In this case the SNR of the STMD increases
with Prrp much slower than in conventional diodes, and is
proportional to the square root of the input microwave
power: SNR = /Pre /Pyin- The minimum detectable
power Py, = P& /Py in this regime is limited by the
magnetic noise in the FL of the MTJ.

The existence of two distinct regimes of the STMD oper-
ation is illustrated in Fig. 2, where two curves calculated
from Eq. (11) show the STMD SNR as functions of the in-
put power for signal frequencies f; =1 GHz (dashed blue
line) and f, =25 GHz (red solid curve). It can be seen, that
both curves (presented in logarithmic coordinates) demon-
strate a clear change of slope from 1 to 1/2 in the region,
where the input power Prg is close to the characteristic
power of the magnetic noise Ppn (which increases with the
increase of the input signal frequency). The minimum de-
tectable power Ppin(corresponding to SNR = 1) in the high-
frequency case is smaller than Py and lies in the region of
the linear dependence of SNR on Pgrg (solid red line in
Fig. 2). The situation is opposite in the low frequency case
(blue dashed curve in Fig. 2), when Ppin > Py and lies in
the region, where the slope of the SNR curve is equal to 1/2.

Low Temperature Physics/Fizika Nizkikh Temperatur, 2015, v. 41, No. 5
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Fig. 2. (Color online) Typical dependence of the SNR of STMD
on the input microwave power Prg calculated from Eq. (11) for
two different frequencies of the input microwave signal: f; =
=1 GHz (dashed blue line) and f, = 25 GHz (solid red line)
[19]. Pnin is the minimum detectable power of STMD (at
SNR = 1) and Pyy is the frequency-dependent characteristic
power of magnetic noise.

The evolution of the characteristic powers Pyn and
Pmin with the increase of frequency of the input microwave
signal f is shown in Fig. 3. The curve Pyn(f) separates the
plane into the region, where magnetic noise is dominant
(above the curve), and the region, where the STMD opera-
tion is limited by the JN noise (below the curve). It is,
clear, that the smallest detectable power is achieved near
the border of these two regimes.

When an STMD based on an MTJ nanopillar is used as
a sensor of microwave radiation it is typically connected to
a standard transmission line with the impedance of Z =
=50 Q. The minimum detectable microwave power deliv-
ered to a 50 Q transmission line can be written as [21]:

1R+ z)?

Poyin[50 Q] =
mln[ ] 4 ZRO

(12)

Pmin .

Using this expression and taking into account the size de-
pendence of the STMD resistance (R, oc 1Ur?), it is possi-
ble to show that Ry;,[50 <] has a clear minimum as a
function of the nanopillar radius r. For instance, the opti-
mum value of the nanopillar radius is fope ~ 100 nm for
the input frequency f =5 GHz (see the inset in Fig. 3).

As one can see from Figs. 2 and 3, the STMD operating
in the IP regime has a performance comparable to the per-
formance of a conventional Schottky diode. Taking this
into account we believe that such STMDs might be useful
for the development of practical signal processing devices
involving microwave detectors, such as sensors, frequency
analyzers, etc.
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Fig. 3. (Color online) Characteristic power of magnetic noise (solid
red line) and minimum detectable power Py, of an STMD (dashed
blue line) as functions of the input microwave frequency f. The
blue dashed area corresponds to undetectable signals (Prr < Ppin)
and gray shaded area shows the low-frequency STMD regime,
where the magnetic noise is dominant in the whole practical region
PrE > Pmin. Inset: minimum detectible microwave power delivered
to a 50 Q transmission line Py [50 Q] for f =5 GHz as a function
of the radius r of the MTJ nanopillar.

2.4. Influence of temperature on the performance
of a resonance-type STMD

In the case of an STMD the temperature dependence of
the detector's characteristics may be non-trivial since many
STMD parameters besides the noise level (e.g., saturation
magntetization and spin-polarization efficiency) also
change with the temperature. In this section of the paper
we analyze the influence of temperature T on the perfor-
mance of a passive STMD, namely, we studied the temper-
ature dependences of the STMD sensitivity g, [17], sig-
nal-to-noise ratio SNR, and minimum detectable
microwave power Py, [50 Q] [19,20]. We believe that the
developed formalism can be used for the optimization of
the practical operational parameters of an STMD in a wide
range of temperatures.

We assumed that the spin-polarization efficiency n of
the bias current flowing in an STMD depends on the tem-
perature T as

n(T) =nO@-«T¥?),

where « is the temperature coefficient of spin-
polarization, while the STMD resistance in a perpendicular
magnetic state R, is determined by

R (M) =R (0)@-xT),

where yx is the temperature coefficient of resistance
[22,23]. We also used the following expression for the
temperature dependence of the static magnetization

Mg (T):

(13)

(14)
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Ms(r)=Ms<0){1—TlJ , (15)

Cc

where T is the Curie temperature and t is the dimen-
sionless parameter, typically having magnitude within the
range from 0.1 and up to 0.5 [24].

In our calculations we used the following typical pa-
rameters of the NiggFezg FL in an MTJ nanopillar having
composition Co/Al203/NiggFep taken at room tempera-
ture T = 300 K (see e.g. [17,19,22,23]): temgerature coeffi-
cient of spin polarization k=410 K32 [23], angle
between equilibrium magnetization of the FL and PL
Bo =7/2, temperature coefficient of resistance x =y =
=7.65-107%, K* [23], equilibrium resistance of an STMD
Ro(300 K) = 1 kQ, the Curie temperature Tc = 822 K [25],
power coefficient t=0.4. All the other parameters are
presented in Sec. 2.3 (at T = 300 K). We also assume that
the power of the external microwave signal is
Pre =1pW.

The dependences of gre5(T) and SNR(T) on the tempera-
ture T are shown in Fig. 4 and the temperature dependence
of Pnin[50Q] T is shown in Fig. 5. One can see from
Fig. 4, that for relatively high temperatures (T > 50 K) the
sensitivity eres(T) decreases monotonically with the in-
crease of temperature T, mainly due to the temperature
dependence of the spin polarization efficiency n(T). At
low temperatures (T < 50 K), the sensitivity gres(T) slightly
increases with T. This behavior is explained by the reduc-
tion of the static magnetization M (T), which, in this
temperature interval, has a stronger temperature depend-
ence than n(T). The maximum of the curve gres(T) corre-
sponds to the temperature T, at which the factor
n3(r)/|v|s (T)r'(T) reaches its maximum value. Note, that
in the case of Py =n/2 the reduction of the function
gres(T) with the decrease of temperature in the range

T <T, may become more pronounced. This means that
100
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Fig. 4. Dependences of resonance volt-watt sensitivity €e5(T) (solid
line) and signal-to-noise ratio SNR(T) (dashed line) on temperature
T for the STMD with typical parameters (see Sec. 2.4 for details).

20 :

L 1
150 250
T,K

|
4 50 100 300

Fig. 5. Temperature dependences of a minimum detectable micro-
wave power Ppin[50 Q] for the STMD with temperature coefficient
of resistance y, = yo (curve 1, solid line) and y = 2.5y0 (curve 2,
dashed line). All the other parameters are the same as in Fig. 4.

cooling an STMD to very low temperatures (of the order of
4 K) may have an adverse effect in the form of the reduc-
tion of its sensitivity.

In contrast to the temperature dependence of gres(T),
the signal-to-noise ratio SNR(T) decreases monotonically
with the increase of temperature (see dashed line in
Fig. 4). This dependence is caused, mainly, by the rapid
increase (~ \/'F) of the Jonhson—Nyquist noise power
Pyn (T) with temperature.

The temperature dependence of the minimum detectable
microwave power Pin[50 Q](T), shown in Fig. 5, is more
complicated than the temperature dependencies gres(T) and
SNR(T). For some values of the detector's parameters the
curve Py,in[50 Q](T) may have a clear maximum at a cer-
tain temperature T,,. For instance, this situation is real-
ized for an STMD with a sufficiently high temperature coef-
ficient of resistance y (see curve 2 in Fig. 5).

The temperature dependence of By, [50 Q](T) is de-
termined by two main factors: by the temperature depend-
ence of the “intrinsic” minimum detectable power
Pyin (T) (without taking into account the impedance mis-
match effect), which can be obtained from the condition
SNR(T) = 1, and the temperature dependence of the im-
pedance mismatch coefficient between the detector and the
transmission line. Since the SNR(T) decreases monoton-
ically with the increase of the temperature, the “intrinsic”
power Byin (T) also monotonically increases with T. For a
sufficiently small temperature coefficient of resistance y,
the temperature dependence of B[S0 QI(T) is deter-
mined mainly by the “intrinsic” minimum power By, (T)
and has a monotonic shape (see curve 1 in Fig. 5).

On the other hand, if the temperature coefficient of re-
sistance y is large, the temperature dependence of the
mismatch may become stronger than the dependence
Pin(T). As a result, the minimum detectable power
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Phin[00 Q](T) decreases at high temperatures and reaches

a maximum value at a certain finite temperature T, (see
curve 2 in Fig. 5). In this regime, cooling of a STMD im-
proves its characteristics only in the low-temperature re-
gion T < Tax-

3. Threshold-type STMD

In contrast to the well-known IP regime of the STMD
operation, below we consider a different regime of opera-
tion of an STMD, based on the excitation of a large-angle
out-of-plane (OOP) magnetization precession under the
action of a sufficiently large (above threshold) input mi-
crowave current Iz (t). We show that this regime of the
STMD operation is realized when the STMD is biased by
the perpendicular magnetic field By =zBy, which is
smaller than the saturation magnetic field of the FL , i.e.,

Bp < poMes.

3.1. Theoretical description of the threshold-type STMD
working in the OOP-regime

We consider a simple model of an STMD, formed by a
circular MTJ nano-pillar (see Fig. 1). The magnetization of
the PL of the MTJ is assumed to be completely fixed and
lie in the plane of the layer. The direction of the PL mag-
netization p = x determines the axis of spin-polarization.
The radius r of the MTJ nano-pillar is assumed to be suf-
ficiently small, so that the magnetization M = M (t) of the
free FL is spatially-uniform and can be treated in the
macrospin approximation. For simplicity, we neglect any
in-plane anisotropy of the FL.

The dynamics of the magnetization vector M(t) =
=m(t)Mg in the FL under the action of a microwave cur-
rent | (t) = Ige sin(wgt) is governed by the LLGS Eg. 2
where Byt = (Bg —pgM;)z, M is the z-component of
vector M.

Using the spherical coordinate system one can express the
normalized magnetization vector as M/Mg = Xsin@cos ¢ +
+ ysin@sing+zcos6 and obtain the following equations
for the polar 6 and azimuthal ¢ angles characterizing the
position of the vector M/Ms:

(jj_? = —00p Sin 6 —clge sin(ogt)cosbcosp, (16a)

(jj—f{p = wp +0lgE sin(ogt)cscOsing. (16b)

Here op = wp () = oy —m)y; cosO is the frequency of the
magnetization precession in the OOP-regime, oy =By,
and oy = ypgMs. For simplicity, in Egs. (16) we neglect-
ed small nonconservative terms (~ a2 and ~ alge) which
have a negligible effect on the magnetization dynamics.

In the regime of a large-angle OOP precession, the
magnetization of the FL performs precession around the z
axis along an approximately circular orbit, 6= const,
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¢~ ogt+\y, where y is the phase shift between the mag-
netization precession and the driving current. To analyze
the conditions, under which the OOP regime is possible,
one can average Egs. (16) over the period of precession
2n/og, and obtain the averaged equations for the slow
variables 6 and v (see Egs. (11.39) in [20] for details).
The OOP regime of magnetization precession corre-
sponds to a stationary solution of the averaged equations
for slow variables © =04 = const, =g = const. In this
case one can find the conditions defining the stationary
value of the phase shift v :
Op Wg —Op

sinyyg :2(16 I
LIRF

tan By, cosyg =2

sin6. (17)
SRS

Eliminating g from the above equations, one obtains the
equation for 6 :

1
(g —(op)zsinzﬁS +oc20)|23 tan%0, = Zcilé,: . (18)

This equation for 64 is a nonlinear equation, which, in a
general case, can be only solved numerically. One can see
that Eqg. (18) has solutions only for microwave currents
Ire larger than a certain threshold current Iy, . At this
threshold current wp (65) = @, and the magnitude of the
threshold microwave current |y, (wg) needed to excite the
OOP precession is:

D

— 5., OM
Ith((ﬂs)—za_
G| Oy —0g

(19)

The OOP regime will be stable if the following approx-
imate conditions are fulfilled [26]:

(O]
0<cosfs < —H-,

O\

Og < Oy (20)

The output voltage of an STMD working in the OOP re-
gime can be found as [20]

Upc ~ Wiy (05)R, (21)

where w(a) = 11-a? (1—\/1—5-;12 la), a=n’sin6. It
follows from Eq. (19), (21) that the output dc voltage of an
STMD practically does not depend on the amplitude of the
microwave current, provided that it is larger than the
threshold value 1y,.

3.2. Performance of an STMD in the OOP regime

Below we shall analyze the above presented analytical
description for an STMD operating in the OOP regime,
compare this analytical description with the results of nu-
merical simulations of an STMD and, then, also compare
the performance of the STMD in the IP and OOP regimes.

We consider the case of an STMD with the typical pa-
rameters specified in Sec. 2.2. We choose the magnitude of
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the external out-of-plane dc magnetic field to be By =
=200 mT for the STMD in the OOP regime, which corre-
sponds to the maximum OOP precession frequency of
oy =27-5.6 GHz. In the IP regime of operation, the
STMD will be characterized by the equilibrium angle
o =7/2 between the equilibrium magnetization of the FL
and the magnetization of the PL. Hence, the equilibrium
resistance of the STMD in the IP regime is Ry=

=R =1 kQ. We choose the magnitude of the external DC
in-plane magnetic field as By =14.1 mT for the STMD in
the IP regime, that in accordance with the expression for the

FMR frequency fy = (y/2m),/By(By +1oMs), gives fo =
=3 GHz. The resonance STMD sensitivity in the passive
regime for such parameters is g5 = 2700 V/W (see e.g.
[17]), which is greater or comparable to the sensitivity of a
typical unbiased Schottky diode [13].

We used Eq. (5) for the calculation of the output dc
voltage of an STMD in the IP regime as a function of the
magnitude Irr and frequency f = fg = wg/2n of the input
microwave current. These curves are shown in Figs. 6 and
7 by red dashed lines.

In order to verify the conclusions of the analytical theo-
ry of an STMD in the OOP regime we solved the LLGS
Eq. 2 numerically and then numerically calculated the out-
put dc voltage of the detector as (4). The results of our cal-
culations are presented in Figs. 6, 7. In these figures solid
blue lines and red dashed lines show the analytical depend-
encies of Upc in the OOP and IP regimes (see Eq. (21) and
Eg. (5)), respectively. Dots are the results of our numerical
calculations. Black crosses and green circles correspond to
the cases of increasing and decreasing of the parameter
(frequency g or magnitude Ige of the microwave cur-
rent), respectively. As one can see, the results of the ana-
lytical theory are in a reasonable agreement with the results
of our numerical calculations.

As one can see from Fig. 6, in the OOP regime the
STMD works as a broadband low-frequency nonresonant
microwave detector and its performance is very different
from the performance of an STMD operating in the tradi-
tional resonance IP regime. The response of the STMD to
an input microwave current with a magnitude Iz is also
substantially different in the cases of OOP and IP regimes
of operation of an STMD (see Fig. 7). In the OOP regime,
the STMD operates as a nonresonant broadband threshold
microwave detector of low frequency microwave signals.

The OOP regime of operation of a STMD might be re-
sponsible for an extremely large diode volt-watt sensitivity
£ ~10°V/W observed in recent experiments with thermal-
ly-activated “nonadiabatic stochastic resonance” [27].

The STMD in the OOP regime could be used as a basic el-
ement of novel energy harvesting devices, in as much as it has
no resonance frequency, and, therefore, could harvest energy
from all the low-frequency region (o < ) of the micro-
wave spectrum. The energy conversion rate of an STMD in
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Fig. 6. (Color online) Typical dependences of the output DC
voltage Upc on the frequency f of the input microwave current
Ire (Irr = 0.2 mA) for an STMD operating in the IP regime
(dashed line) and OOP regime (solid line and points), respective-
ly. Blue solid line is the analytical dependence given by Eq. (21),
red dashed line is the analytical dependence given by Eq. (5).
Points are the results of numerical simulations. Black crosses and
green circles corresponded to the case when frequency is in-
creased and decreased, respectively.

the OOP regime may reach 3.5% in the case Igg = Iy, (©s).
We believe that this ratio is sufficiently large for practical
applications in the microwave energy harvesting.

Conclusions

In conclusion, we have presented a theoretical descrip-
tion of an STMD operating in two distinct regimes of
magnetization precession. One of them is characterized by

120 ;

P
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Fig. 7. (Color online) Typical dependences of the output dc voltage
Upc on the amplitude of the input microwave current Igg (f =
= 3 GHz) for an STMD operating in the IP regime (dashed line) and
OOP regime (solid line and points), respectively. Blue solid line is
the analytical dependence given by Eq. (21), red dashed line is the
analytical dependence given by Eq. (5). Points are the results of
numerical simulations. Black crosses and green circles corresponded
to the case when the current is increased and decreased, respectively.
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a small-angle in-plane precession (IP regime), while the
other is characterized by a large-angle out-of-plane preces-
sion (OOP regime). The performance of an STMD in these
regimes is substantially different.

An STMD working in the IP regime works as a reso-
nance-type quadratic detector having the resonance fre-
quency close to FMR frequency of the STMD free layer. In
the presence of noise this resonance-type detector can op-
erate in two distinct sub-regimes. In one of these sub-
regimes the detector sensitivity is limited by the magnetic
noise and, therefore, noise-handling properties of the
STMD in this sub-regime are different from the properties
of traditional traditional semiconductor detectors. The de-
veloped formalism for the description of an STMD operat-
ing in the IP regime can be used for the optimization of the
noise-handling parameters of an STMD in a wide range of
temperatures.

An STMD operating in the novel OOP regime works as
a threshold-type broadband detector sensitive to the mi-
crowave signals of a sufficiently low frequency and suffi-
ciently high amplitude. We believe that the OOP regime of
the STMD operation can be used for the development of
novel devices for microwave energy harvesting and that
the OOP regime of the STMD operation might be respon-
sible for the extremely large diode volt-watt detector sensi-
tivity observed in the recent experiments with “non-
adiabatic stochastic resonance” [27].
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