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ABSTRACT 
The authors studied the effects of different types of armor on the performance of spin-torque 

microwave detectors (STMD). Working prototypes of novel nano-sized spintronic sensors of 
microwave radiation for battlefield anti-radar and wireless communications applications are 
being integrated into Sensor Enhanced Armor (SEA) and Multifunctional Armor (MFA) and 
tested in SEA-NDE Lab at TARDEC. The preliminary theoretical estimations have shown that 
STMD based on the spin-torque effect in magnetic tunnel junctions (MTJ), when placed in the 
external electromagnetic field of a microwave frequency, can work as diode detectors with the 
maximum theoretical sensitivity of 1000 V/W.  These STNO detectors could be scaled to sub-
micron size, are frequency-selective and tunable, and are tolerant to ionizing radiation. We 
studied the performance of a STMD in two different dynamical regimes of detector operation: in 
well-known traditional in-plane regime of STMD operation and in recently discovered novel out-
of-plane regime.  

INTRODUCTION 
  The spin-transfer-torque (STT) effect in magnetic 
multilayers theoretically predicted in [1, 2] and 
experimentally observed in [3–13] provides a new 
method of manipulation of magnetization direction 
in nano-magnetic systems [14]: magnetization 
switching [3, 4], generation of microwave 
oscillations under the action of DC electric current 
[5–11] and the spin torque diode effect [12–13], 
which can 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 quadratic 
rectification effect of the input microwave current 

( )RFI t  in a magnetoresistive junction, which is 
commonly observed in traditional regime of 

operation of a STMD, when the frequency f  of 
the current ( ) = sin(2 )RF RFI t I ftπ  is close to the 
ferromagnetic resonance (FMR) frequency 0f  of 
the junction. In this case the resonance oscillations 
of the junction resistance ( )R t  (at frequency 0f ) 
can ineract with the oscillations of input 
microwave current ( )RFI t  (at frequency 0f f≈ ) 
and produce a relatively large output DC voltage 

= ( ) ( )DC RFU I t R t  across the junction (here ...  
denotes averaging over the period of oscillations 
1 / f ). 

In the traditional regime of operation of a 
STMD [12, 13, 17] STT excites a small-angle in-
plane (IP) magnetization precession about the 
equilibrium direction of magnetization in the FL 
of a magnetic tunnel junction (MTJ) (see the red 
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dashed curve in Figure 1). Below we refer to this 
regime of STMD operation as the IP-regime.  

 

 
 

Figure 1. The model of a STMD: circular nano-
pillar of radius r consists of the “free” magnetic 
layer (FL) of thickness d and the “pinned” 
magnetic layer (PL). Under the action of 
microwave current IRF(t) magnetization vector M 
(shown by a blue 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 B0 (shown by a red or blue 
arrow), p = x is the unit vector in the direction of 
the magnetization of the PL, x is the unit vectors 
of x-axis. 

 
   Using analytical theory we have shown that the 
performance of a passive STMD in IP-regime was 
limited by a thermal noise. We have also shown 
how to calculate the optimal parameters of a 
STMD operating in this regime. We used the 
developed formalism for optimization of practical 
noise-handling properties of a STMD. 

In comparison to the well-known IP-regime of 
STMD operation, we also considered a different 
regime of operation of an STMD, based on the 
excitation of large-angle out-of-plane (OOP) 
magnetization precession under the influence of 
the input microwave current ( )RFI t  (see the blue 
dashed curve in Figure 1). Using analytical and 
numerical calculations, we have shown that all the 
major STMD characteristics in the OOP-regime 
qualitatively differ from the ones in the traditional 
IP-regime. In particular, excitations in the OOP-

regime do not have a resonance character and exist 
in a wide range of driving frequencies. Also, the 
output DC voltage of an STMD in the OOP 
regime is almost independent of the input 
microwave power, provided it exceeds a certain 
threshold value. We believe that these properties 
of an STMD in the OOP-regime will be useful for 
the development of nano-sized threshold detectors 
with a large output DC voltage and also for the 
applications in microwave energy harvesting in 
the low-frequency region of the microwave band. 

 
PROPERTIES OF A RESONANCE-TYPE 
STMD 
   It has been shown in [16, 17] that a magnetic 
tunnel junction (MTJ) subject to the external 
microwave current IRF(t) = 𝐼𝑅𝐹𝑐𝑜𝑠(2πft) can 
perform as a resonance-type quadratic detector of 
microwave radiation generating the DC voltage 
UDC proportional to the acting microwave power 
UDC =  𝜀𝑃𝑅𝐹  (𝑃𝑅𝐹 ~ 𝐼𝑅𝐹2 ). The detector operation 
is based on the spin-torque effect [1, 2] and the 
detector sensitivity ε has the maximum value 
𝜀 =  𝜀𝑟𝑒𝑠 when the frequency of the external 
microwave signal is close to the eigen-frequency 
f0 of the MTJ nanopillar, f = f0. The resonance 
sensitivity 𝜀𝑟𝑒𝑠 of the STMD was calculated in 
[18]: 
 

𝜀𝑟𝑒𝑠 =  
𝑈𝐷𝐶
𝑃𝑅𝐹

= �
𝛾ℎ

8𝜋𝑒
�

𝑃3

𝑀𝑠𝑉𝛤
𝑄(𝜃0),          (1) 

 
where γ ≈ 2π · 28 GHz/T is the modulus of the 
Gyromagnetic ratio, h is the Planck constant, e is 
the modulus of the electron charge, P is the spin-
polarization efficiency of the MTJ, Ms is the 
saturation magnetization of the free layer (FL) of 
MTJ, V = 𝜋𝑟2𝑑 is the volume of the FL (r is its 
radius and d is its thickness), Γ is the 
magnetization damping rate in the MTJ FL, 
proportional to the Gilbert damping constant α, 
and Q(𝜃0) is the geometrical factor that depends 
on the angle 𝜃0 between the directions of the 
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equilibrium magnetization in FL and pinned layer 
(PL) of the MTJ. 
   We are introducing the microwave powers PRF= 
𝑈𝐷𝐶/𝜀𝑟𝑒𝑠, the noise power /JN JN resP U= ε  and UJN 
- the voltage associated with Johnson-Nyquist 
(JN) noise. Also, using the noise power PMN = 𝑃𝑀𝑁

𝜀𝑟𝑒𝑠
 

and UMN as the voltage associated with the 
magnetic (MN) noise in the FL of the MTJ, we 
can write a simple expression for the signal-to-
noise ratio (SNR) of the STMD in terms of these 
characteristic powers. The SNR of a STMD can be 
calculated as: 
 

DC MNRF

DC JN MN RF

U PPSNR
U P P P

= =
∆ +

, (2) 

 
   The simple analysis of Equation (2) 
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 Pmin (power corresponding to 
SNR = 1).  
   The first regime corresponds to the case of 
relatively high frequencies of the input microwave 
signal, when PMN ≫ PRF (for PRF ~ Pmin). In this 
regime, similar to the conventional semiconductor 
diodes, the minimum detectable power is limited 
by the low-frequency JN noise, Pmin = PJN, and 
the SNR of STMD is linearly proportional to the 
input microwave power PRF (SNR ≅ PRF/PJN). 
   The second regime takes place in the opposite 
limiting case of relatively low input frequencies, 
when PMN ≪ PRF. In this case the SNR of STMD 
increases with PRF much slower than in 
conventional diodes, and is proportional to the 
square root of the input microwave power: SNR≅ 
�𝑃𝑅𝐹/𝑃𝐽𝑁. The minimum detectable power Pmin= 
𝑃𝐽𝑁2 /𝑃𝑀𝑁  in this regime is limited by the magnetic 
noise in the FL of the MTJ.   
   The existence of two distinct regimes of STMD 
operation is illustrated in Figure 2 below, where 

two curves calculated from Equation (2) show the 
STMD SNR as functions of the input power for 
signal frequencies f1 = 1 GHz (dashed blue line) 
and f2 = 25 GHz (red solid curve). 
 

 
 

Figure 2. Dependence of the SNR of STMD on 
the input microwave power PRF calculated from 
Eq. (2) for two different frequencies of the input 
microwave signal: f1 = 1 GHz (dashed blue line) 
and f2 = 25 GHz (solid red line). Pmin is the 
minimum detectable power of the STMD (at SNR 
= 1). 
 
EXPERIMENTAL SETUP 

The authors have measured the microwave 
signals transmitted through ceramic and composite 
materials and detected by the STMD. The output 
signal was rectified by the STMD detector and 
was measured using a nanovoltmeter. The 
experiment was setup inside a grounded anechoic 
chamber so that ambient signals did not interfere 
with testing. Microwave signals were transmitted 
by a horn antenna and received by the STMD 
detector, shown in Figure 3. Various armor 
samples were positioned in front of the STMD 
detector (aluminum oxide shown). 

The data were collected using both the traditional 
in-plane (IP) regime of the STMD operation and 
the recently discovered novel out-of-plane (OOP) 
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regime of the STMD operation. Detectors labeled 
as 1A, 2A, 3A, 4A and 5A were IP detectors. 
Detectors labeled as 1B, 2B, 3B, 4B and 5B were 
OOP detectors. The antennae feature a set screw 
that was used to adjust the position of the external 
magnet, determining the magnitude of the external 
magnetic field the sensor was subjected to. The 
enlarged view of the STMD detector is shown in 
Figure 4 [19].  

 
 

 
 
Figure 3. The experimental setup inside the 

anechoic chamber for measuring microwave 
signals using the transmitting horn antenna and the 
STMD detector. The aluminum oxide armor cells 
were positioned in front of the detector. 
 

 
 

 Figure 5. Enlarged view of the STMD [19]. 

The external magnetic field was adjusted in our 
experiments in order to achieve the maximum 
sensitivity of the STMD detector. The data that 
were collected using the traditional in-plane (IP) 
regime of STMD operation (sensor # 4A) are 
shown in Figure 5 below. The data collected using 
the novel out-of-plane (OOP) regime of STMD 
operation (sensor # 3B) are shown in Figure 6. 
These plots were compared with the baseline data 
collected with and without ceramics cells using 
the experimental setup shown in Figure 3. The 
comparison shows that there was no attenuation of 
the incoming RF signal going through ceramics 
cells: Aluminum oxide and SiC, see Figure 5 and 
6. In some cases we observed the increase in the 
output voltage, when the microwave signal was 
going through a ceramic material.  

 

 
 
 
Figure 5. The output spintronic detector data 

were collected using the traditional in-plane (IP) 
regime of STMD operation inside the anechoic 
chamber. 
 
   This effect may be due to a microwave resonator 
being formed, i.e. cavity resonance of the brass 
cover of the STMD detector and the intervening 
ceramic material. 

As shown by the data and graphs, in general 
there was little to no voltage drop compared to the 
baseline performance, specified as nothing 
between the transmitting antenna and STMD 
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detector.  At other frequencies, the performance 
did suffer due to an intervening material compared 
to the baseline. 
   

 
 
 
Figure 6. The output spintronic detector data 

were collected using the novel out-of-plane (OOP) 
regime of STMD operation (detector # 3B) inside 
the anechoic chamber.  

 
CONCLUSION 
Further experimentation and numerical 

simulation is planned to validate and explain these 
results. Measurements are performed while the 
STMD is enclosed in a grounded anechoic 
chamber so that background emissions have a 
negligible effect on the amplitude and frequency 
of the resonance peaks.  The cavity resonance 
effect of an enclosed and embedded STMD, when 
further validated and modeled, may have 
important applications in spectrum analysis of 
incoming signals, RF energy harvesting and 
multifunctional armor. 
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