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 1 Introduction Tunnelling phenomena in magnetic 
tunnel junctions have been attracting important attention 
for the last decade [1, 2]. The main efforts have concen-
trated on the increase of tunnelling magnetoresistance  
values, searching for new types of insulating barriers  
[3, 4]. Another research direction has emerged recently 
which is related to tunnelling in complex (hybrid) junc-
tions. Manipulation of the barrier by doping with mag-
netic or nonmagnetic impurities or nonmagnetic, magnetic 
or superconducting dots [5–7], could add a new degree  
of freedom to spin polarized tunnelling and strongly  
enhance the versatility of spintronic devices based on  
this effect. Our work presents an experimental study  
of electron transport and low frequency noise in 
Co(80 Å)/Al2O3(10 Å)Si(δ)/Al2O3(2 Å)/Py(100 Å) hybrid 
magnetic tunnel junctions. We observed a continuous tran-
sition between the weak (Si impurities) and strong (array 
of Si quantum dots) regimes. In order to discriminate the 
different conductance regimes, we study the temperature 
and bias dependence of both the conductivity and TMR as 
a function of Si doping. 

 2 Experimental details Details of sample prepara-
tion have been published previously [6, 9]. For the silicon 
doped samples, after deposition of the underlying Co elec-
trode, a first tunnel barrier was formed by deposition and 
subsequent oxidation of 10 Å of Al. Subsequently, sub-
monolayer amounts of Si (of width δ in the following) 
were deposited on the Al2O3 surface, followed by a second 
Al layer deposition (2 Å) and oxidation, and by 100 Å of 
permalloy. We call positive bias the application of the 
voltage on the top Py electrode. 
 Measurements were performed using a computer con-
trolled system [8, 9], which allows to detect the dynamic 
resistance, the DC value of the current and the voltage, and 
the noise in the device under study. Biasing of the samples 
was done at a constant current, applied using a calibrated 
source. It also allows modulating the applied current. The 
amplified signal was recorded in an analog-digital con-
verter. Measurement of the noise uses the same biasing 
technique and the same low noise amplifiers, placed on top 
of a cryostat. The pre-amplified signals are further ampli-
fied by additional low-noise amplifiers (Stanford Research 

Low frequency noise and dynamic tunneling resistance have 
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tunnel junctions (MTJs) with and without asymmetric Si dop-
ing of the insulating barrier (Si ≤ 1.8 Å). Variation of the dy-
namic resistance and tunneling resistance with Si doping and 
applied bias in  these MTJs  indicate a transition from the 
Si-doped regime to Si cluster formation above a δ-layer thick-
ness  of  about  1.2 Å,  close  to  1 monolayer  coverage.  The 

 measurements show anomalously strong enhancements of the 
low frequency noise for Si thickness above 1.2 Å, mainly due 
to the appearance of random telegraph noise. A simple model, 
which considers suppression of Coulomb blockade in the ar-
ray of Si dots, opening two-step tunnel channels, qualitatively 
explains the variation of both conductivity and noise with Si 
content. 
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SR560). A spectrum analyzer SR780 calculates the cross-
correlation spectrum of the voltage noise, containing  
thermal, shot and 1/f contributions. The obtained dynamic  
resistance allows to convert the voltage noise into the cur-
rent noise. 
 
 3 Experimental data All measured MTJs show an 
enhancement of the resistance when the temperature is 
lowered down to 2 K, which rules out the presence of pin-
holes even for the highest silicon thickness. At room tem-
perature the conductance is a parabolic function of the bias. 
However, below 100 K a peak of the form of the so-called 
zero bias anomaly appears in all MTJs at low bias, below 
30 mV (see Fig. 1(a)).  
 These weak anomalies are similar both in the undoped 
and doped samples, possibly indicating a common origin. 
Besides, above 100 mV, the conductance shows strong 
variations with Si thickness. We have represented this be-
haviour in Fig. 1(b) by means of the parameter bias de-
pendence (BD):  
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It may be seen that it is weakly dependent on δ for low Si 
thickness, but increases sharply after a crossover region at 
δ = 1.2 Å, close to the size of the atomic radius of Si. 
 Measurement of the variation with temperature of the 
low bias conductance has shown a linear dependence at 
temperatures below 20 K in all studied MTJs. 
 In Fig. 2(a) we show the zero bias tunnelling magne-
toresistance (TMR) as a function of δ, at several selected 

temperatures. The influence of Si doping is strongest at 
room temperature, nearly suppressing TMR for δ = 1.8 Å, 
while at low temperatures TMR only shows a slight de-
crease. In Fig. 2(b) we present an analysis of the bias de-
pendence of TMR by plotting, as a function of δ, the bias 
voltage (VTMR/2) needed to reduce TMR to one half of its 
zero bias value, at a temperature of 2 K. A low value of 
VTMR/2 means a strong dependence on bias voltage. It is 
seen in the figure that this dependence increases strongly 
for δ > 1.2 Å. 
 Electric noise in MTJs is composed of two compo-
nents: “white” noise, which includes thermal and shot 
noises, and 1/f noise, reflecting resistance fluctuations.  
We have found that, at low temperatures, in all samples 
with δ ≤ 1.2 Å the detected noise is “white” at frequencies 
above 1000 Hz, while the power spectrum is propor- 
tional to 1/f  below this frequency. However, for high  
Si thickness we observe new features. For low bias  
(below 20 mV) the noise is similar to the other samp- 
les, but with increasing bias the low frequency noise  
increases very strongly reaching a maximum at a voltage 
of the order of 100 mV (Fig. 3(a)). This maximum  
has a higher value for positive bias. As may be seen  
in Fig. 3(b), the origin of this increase lies in the apparition 
of a Lorentzian line shape superimposed to the 1/f  
background. This Lorentzian is the signature of so-called 
random telegraph noise (RTN), as is shown in the  
time domain noise register of Fig. 3(c). In order to analyze 
the bias dependence of this noise of several samples,  
we have characterized its variance by the square root inte-
gral of noise over the finite frequency range of interest 
VRMS (see Fig. 3(a)). 
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Figure 1 a) Dependence of the normal-
ized conductance on bias voltage at low 
bias for undoped and a highly doped sam-
ples. b) Dependence of the parameter B

D
, 

which characterizes the bias dependence 
of conductance, on silicon content (see 
text, Eq. (1)). 

Figure 2 (online colour at: 
www.pss-a.com) a) Dependence of 
TMR on Si content at three selected 
temperatures. b) Bias dependence of 
TMR (V

TMR/2
, see text) on Si content. 
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Figure 3 (online colour at: www.pss-a.com) a) Integrated noise 
(see text) as a function of bias voltage. Note the enhancement at 
high bias in the highly doped MTJ, and the asymmetry with re-
spect to bias. b) Spectral power enhancement in a sample with 
δ = 1.8 Å, due to the superposition of a Lorentzian line-shape to 
the 1/f background. c) Time domain register of RTN (left), giving 
rise to the Lorentzian, and histogram of number of counts at each 
voltage value. 
 
 4 Discussion and conclusions The main finding de-
rived from these experimental results is that the behaviour 
of conductance and noise versus doping are closely related, 
and that there is a change in the physics of the MTJs when 
doping is increased over δ = 1.2 Å, which corresponds 
roughly to one monolayer coverage. This may be qualita-
tively understood within the model of Zeller and Giaever 
[10] of two-steps tunnelling, controlled by Coulomb 
blockade. If the transition from having isolated Si impuri-
ties to Si islands in the barrier starts at a thickness around 
1.2 Å, then the enhanced resistance BD (Fig. 1(b)) could be 
attributed to the appearance of a new energy scale in elec-
tron transport, related to the finite capacitance of the sili-
con islands, practically absent for lower Si thickness. We 
have observed that the conductance for high δ tends to 
saturation, while for low δ and undoped samples the trend 
is maintained, as expected in normal MTJs with direct tun-
nelling. Within the Coulomb blockade model, the observed 
linear variation with temperature of the zero bias conduc-
tance at low temperatures may be attributed to the variation 
of the thermal population of electrons in the islands. For 
small δ two steps tunnelling is not possible due to Cou-
lomb blockade, which is suppressed by the appearance of 
the Si islands, opening new conduction channels. This 
analysis is further supported by the bias dependence of 
TMR shown in Fig. 2(b). 

 We note here that there is also a crossover around 
δ = 1.2 Å of the noise behaviour, which may be attributed 
to the changes in the Coulomb blockade phenomena. In 
undoped and with low Si content samples the low fre-
quency noise is quite low, corresponding to normal MTJs 
with direct tunnelling. Besides, the measured “white” noise 
corresponds well to shot noise of uncorrelated tunnelling 
events. In MTJs with δ = 1.2 Å there is some threshold 
voltage where two-step processes are allowed giving rise 
to the observed RTN. We believe that the maximum in 
noise versus bias (Fig. 3(a)) may indicate the transition 
from a regime of pure direct tunnelling to the regime includ-
ing many current channels through the silicon islands, in a 
way that only in the intermediate zone some few fluctuators 
are activated, which give rise to RTN. The asymmetry of the 
maximum with respect to bias may be to an asymmetric 
situation in the environment of these fluctuators. 
 In conclusion, we have shown that conductance and 
low frequency noise measurements in doped MTJs are a 
useful tool to unveil different transport mechanisms in 
these systems. 
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