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In this Supplementary Information section, we present a detailed derivation of the inverse 

TMC and provide the parameters used in the calculation of iTMC-V curves shown in the main 

text. 

 

Derivation of the inverse TMC. The calculation of the inverse TMC is performed using DF 

model (combined with Zhang formula and parabolic barrier approximation) and SDD model. The 

DF model is a useful tool for the calculation of dynamic dielectric constant in a variety of 

insulating solid and liquid systems1−4. This model can also be applied to the inverse TMC in 

MTJs, because it has been successful in accounting for the normal TMC in dielectric-based 

spintronic devices, such as MgO-based MTJs and FeCo-MgF nanogranular films5,6. Based on the 

model7, the complex dielectric constant ε* can be generally represented by 
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where ε∞ and ε0 are the high-frequency and static dielectric constants, ω is the angular frequency 

and τ is the relaxation time. The exponent β, indicating the distribution of relaxation time, is 

between 0 and 1. Since the real part of ε* is proportional to the capacitance, the capacitance 

CP(AP)DF (	f	) as a function of frequency f for the P(AP) configuration in MTJs can be expressed by  
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where C∞, P(AP) and C0, P(AP) are the high-frequency and static capacitances, τP(AP) is the relaxation 

time and β P(AP) is the exponent showing the distribution of relaxation time, respectively, for the 

P(AP) configuration. After a straightforward calculation of equation (2), we can obtain 
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According to Julliere formula8, the relation between τP and τAP in FM1/insulator/FM2 (P1 > 0 and 

P2 < 0) is given by  
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Therefore, under no bias voltage, as the inverse TMC ratio is defined by 
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we can find the frequency characteristics of the iTMC ratio by substituting C∞, P(AP), C0, P(AP), 

βP(AP), τP and P1(2) in equations (3)−(5).  

In addition to this procedure, the following three models are taken into account to describe the 

inverse TMC at a finite bias voltage; i) Zhang formula, ii) parabolic barrier approximation and iii) 

SDD model. According to Zhang’s theory9, the tunnel conductance in FM1/insulator/FM2 strongly 

depends on the bias voltage, especially within the order of a few hundred millivolts, due to hot 

electrons producing spin excitations. The conductance GP(AP),V at a finite bias voltage V in the 

P(AP) configuration can be expressed by GP(AP),V	=	GP(AP),0൫1+KP(AP)V൯, where GP(AP),0 is a 

conductance at zero bias in the P(AP) configuration and KP(AP) is a parameter determined by 

Curie temperatures of FM1 and FM2, the DOS of itinerant electrons in FM1 and FM2, and direct 

and spin-dependent transfers and spin quantum number within the framework of the transfer 

Hamiltonian in the system of FM1/insulator/FM2. The KP(AP) is assumed to be an adjustable 

parameter in our calculation. Since the assumption that the relaxation time is inversely 

proportional to the conductance can give a good agreement with experimental data5,6, the 

relaxation time τP(AP),V with applied voltage can be written by 
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where τP(AP),0 is the relaxation time at zero bias voltage in the P(AP) configuration; equation (4) 

is modified to τAP,0	=	τP,0(1 − |P1||P2|)/(1+|P1||P2|). Therefore, τP(AP) in equaiton (3) should 

be replaced to τP(AP),V, described by equation (6), under the application of the bias voltage.  

Next, we consider the bias voltage dependence of the effective barrier thickness, which 

contributes to the measured capacitance. The potential profile in the barrier is assumed to be a 

parabolic function, which is known as a good approximation to describe tunneling process, such 

as ac tunneling transport explained by DF model5,6 and fluctuation-induced tunneling (FIT) 

proposed by Sheng10. In this parabolic barrier approximation, the potential function ϕ(u) under 

the bias voltage V can be expressed by eVuuuu +−= )1(4)( 0φφ , where u	=	x/d is the reduced 

spatial variable, x is the distance from the surface of the one side electrode, d is the barrier 

thickness, ϕ0 is the barrier height in the absence of the bias voltage and e is the electron charge. 
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Since the solution of ϕ(u)=eV is u1	=	eV/4ϕ0 and u2	=	1 (for u1	<	u2), the effective barrier 

thickness deff can be represented by  
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Therefore, from equations (3), (6) and (7), the capacitance CP(AP),VDF-ZP (	f	) at a finite applied voltage 

in the P(AP) configuration, based on Zhang model and parabolic barrier approximation, can be 

written by 
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Finally, we incorporate spin capacitance caused by the difference between spin-up and 

spin-down diffusion length, described by SDD model11. According to this model, accumulation of 

minority spins and depletion of majority spins, taking place at the interface between the 

ferromagnetic layer and insulator, form a tiny screening charge dipole. This dipole gives rise to an 

addition serial capacitance, which corresponds to spin capacitance. The screening charge density 

in P(AP) configuration is given by enP(AP)(ݔ)	=	en0,P(AP)exp(− x/ξ), where x is the distance from 

the interface between one-side electrode and insulator, ξ is a characteristic screening length and 

en0,P(AP) is a screening charge density at the interface in P(AP) configuration. Since the spin 

capacitance in P(AP) configuration can be expressed by CP(AP),V
SDD 	=	ΔQP(AP)/ΔV, where ΔQP(AP) 

is the screening charge for P(AP) configuration and ΔV is the electrical potential difference 

applied in the charging space, it is given by CP(AP),V
SDD 	=	eSnP(AP)(x)dx/dV(x), where S is a junction 

area and V(x)  is an electrical potential as a function of x in the charging space, i.e., 

V(x)	=	Veff	exp(− x/ξ), where Veff is an effective applied voltage. Veff is assumed to be γV, 

where γ is an adjustable positive parameter of much smaller than 1.0. From these equations, we 

can find a simple formula: 
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Since this screening charge acts as a serial capacitance, V in equations (6)−(8) should be modified 

into (1 − γ)V. Therefore, these equations are replaced to 



5 
 

0,P(AP)
P(AP)

,P(AP) )1(1

1 τ
γ

τ
VKV −+

= ,    (10) 

d
Ve

deff 






 −−=
04

)1(
1

φ
γ ,       (11) 























+
−

−
+

−−
= ∞

∞
−

)2/cos()]2ln(cosh[

)]2ln(sinh[
1

24/)1(1

1
)(

P(AP),P(AP)P(AP)

,P(AP)P(AP)P(AP),P(AP),0
P(AP),

0

ZPDF
,P(AP) πβτπβ

τπβ
φγ V

V
V f

fCC
C

Ve
fC .  (12) 

From these procedures, the capacitance CP(AP),V(	f	)  at a finite bias voltage V in P(AP) 

configuration is given by  
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The behavior of charge accumulation, contributing to CP(AP),VDF-ZP (	f	) and CP(AP),V
SDD ,	 is illustrated in 

Fig. 2 in the main text. The equivalent circuit of the MTJ is also shown. Consequently, as the 

iTMC ratio in the presence of the applied voltage is defined by 
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we can obtain the frequency characteristics and bias dependence of the iTMC ratio using 

equations (9)−(14). 
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Parameters used in the calculation. The parameters used in the calculation of iTMC-V curves 

shown in Figs. 4 and 8 in the main text are listed in Tables 1 and 2, respectively. 

 

Table 1 Parameters used in the calculation of iTMC-V curves shown in Fig. 4 in the main text. 

Positive bias 

Sample C0,P(AP) 

(nF) 

C∞,P(AP) 

(nF) 

τP,0 

(s) 

βP(AP) KP(AP) 

(V -1) 

φ0 

(eV)

αP(AP) 

(nC) 

γ P1(2) 

A 78(79) 0.295(0.296) 0.075 0.9875(0.9880) 8.9(83) 0.20 0.60(0.57) 0.1 0.40(−0.013)

B 89(96) 0.640(0.643) 0.075 0.9875(0.9880) 10(109) 0.17 4.0(3.9) 0.1 0.40(−0.085) 

C 60(69) 0.168(0.170) 0.075 0.9875(0.9880) 7.8(64) 0.17 1.1(1.0) 0.1 0.39(−0.17) 

 

Negative bias 

Sample C0,P(AP) 

(nF) 

C∞,P(AP) 

(nF) 

τP,0 

(s) 

βP(AP) KP(AP) 

(V -1)

φ0 

(eV)

αP(AP) 

(nC) 

γ P1(2) 

A 78(79) 0.295(0.296) 0.075 0.9875(0.9880) 8.9(60) 0.21 0.60(0.57) 0.1 0.40(−0.013)

B 89(96) 0.640(0.643) 0.075 0.9875(0.9880) 10(69) 0.19 4.0(3.7) 0.1 0.40(−0.085) 

C 60(69) 0.168(0.170) 0.075 0.9875(0.9880) 7.8(31) 0.20 1.1(1.0) 0.1 0.39(−0.17) 
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Table 2 Parameters used in the calculation of iTMC-V curves shown in Fig. 8 in the main text. 

Positive bias 

f 
(Hz) 

C0,P(AP) 

(nF) 

C∞,P(AP) 

(nF) 

τP,0 

(s) 

βP(AP) KP(AP) 

(V -1) 

φ0 

(eV)

αP(AP) 

(nC) 

γ P1(2) 

20 22(24) 0.1975(0.2010) 0.06 0.9830(0.9880) 7.8(7.1) 0.18 22.0(21.0) 0.1 0.30(−0.13)

40 35(37) 0.1680(0.1691) 0.06 0.9500(0.9600) 4.2(4.3) 0.14 1.70(1.67) 0.1 0.30(−0.13)

4k 50(57) 0.1680(0.1691) 0.06 0.9875(0.9880) 11(30) 0.16 0.54(0.50) 0.1 0.30(−0.13)

 

Negative bias 

f 
(Hz) 

C0,P(AP) 

(nF) 

C∞,P(AP) 

(nF) 

τP,0 

(s) 

βP(AP) KP(AP) 

(V -1) 

φ0 

(eV)

αP(AP) 

(nC) 

γ P1(2) 

20 22(24) 0.1975(0.2010) 0.06 0.9830(0.9872) 7.8(6.9) 0.24 22.0(20.0) 0.1 0.28(−0.12)

40 35(37) 0.1680(0.1691) 0.06 0.9500(0.9600) 2.4(2.5) 0.12 1.70(1.65) 0.1 0.30(−0.13)

4k 50(57) 0.1680(0.1691) 0.06 0.9875(0.9880) 11(21) 0.18 0.54(0.50) 0.1 0.30(−0.13)
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