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The influence of the magnetization configuration on the Kondo effect in a magnetic tunnel junction is 
investigated. In the parallel configuration, an additional resistance contribution (R∗) below 40 K exhibits 
a logarithmic temperature dependence, indicating the presence of the Kondo effect. However, in the anti-
parallel configuration, the Kondo-effect-associated spin-flip scattering has a nontrivial contribution to the 
tunneling current, which compensates the reduction of the current directly caused by Kondo scattering, 
making R∗ disappear. These results indicate that suppression and restoration of the Kondo effect can be 
experimentally achieved by altering the magnetization configuration, enhancing our understanding of the 
role of the Kondo effect in spin-dependent transport.

© 2016 Elsevier B.V. All rights reserved.
1. Introduction

When dilute magnetic impurities are embedded in a metallic 
host, spin-flip scattering between the conduction electrons and the 
magnetic impurities gives rise to a logarithmic temperature de-
pendence of the resistance of the system below a characteristic 
temperature, which is known as the Kondo effect [1]. The Kondo 
effect has been observed in various mesoscopic systems, includ-
ing quantum dots [2,3], single-molecule transistors [4], non-local 
spin valves [5], and magnetic-doped thin films [6], etc. Though the 
Kondo effect has been intensively investigated, only a few stud-
ies focused on the influence of the Kondo effect on the transport 
behavior in magnetic tunnel junctions (MTJs). An unusual suppres-
sion of the tunneling magnetoresistance (TMR) of the MTJs was 
observed at low temperature and proved to be a result of the 
Kondo effect [7,9]. This observed manifestation of the Kondo effect 
was nearly independent of the magnetization alignment of the fer-
romagnetic layers in the published literature [7,9]. However, since 
the contributions of spin-flip scattering to the tunneling current in 
the parallel (P) and anti-parallel (AP) magnetization configurations 
are opposite [10], the Kondo effect is expected to be dependent on 
the magnetization configuration. More investigations are therefore 
required to explain this controversial issue.

In this work, the temperature dependence of the transport 
properties of MTJs is reported, providing experimental evidence 
for the presence of the Kondo effect in the MTJs. The main prop-
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erties (spin, concentration, position) of the magnetic impurities 
are discussed. The influence of the magnetization alignment on 
the Kondo effect is investigated and explained by considering the 
spin-flip nature of the Kondo effect and its impact on the spin-
dependent tunneling process.

2. Material and methods

The MTJ thin film was deposited using magnetron sputtering 
with a base pressure of 2.66 × 10−7 Pa. The structure of the MTJ 
thin film (units in nanometers) was as follows: substrate/10.0 NiFe-
CuMoTa/1.0 CoFe + pre-oxidization, O2 = 0.133 Pa, 30 s/0.8 Al +
plasma oxidization, O2 = 0.133 Pa, 30 W, 30 s/1.0 CoFe/2.5 NiFe-
CuMoTa/0.5 CoFe/10.0 IrMn/7.0 Ru. Before deposition of the tunnel 
barrier, the pre-oxidization of the CoFe layer was performed in 
order to quench any orange-peel coupling [11]. The CoFe layer 
was oxidized by exposing it to a pure O2 gas with pressure of 
0.133 Pa for 30 s. The AlOx tunnel barrier was formed by de-
positing an Al layer and subsequently oxidizing it in a pure O2
plasma with pressure of 0.133 Pa and power of 30 W for 30 s. 
After the multilayer structure was prepared, the sample was an-
nealed at 200 ◦C for 15 min in an in-plane magnetic field of 70 mT. 
After being annealed with desired duration, the sample was cooled 
naturally to room temperature and the applied magnetic field re-
mained constant during the whole process. The MTJ thin film 
was then patterned to elliptical junctions with areas of 70 μm2, 
125 μm2, 165 μm2, and 190 μm2 respectively using photolithog-
raphy combined with etching processes. The transport behavior in 
the junctions was investigated using a four-probe technique and 
the magnetic field was applied along the easy axis of the MTJ. 
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Fig. 1. Temperature dependence of RP of the MTJ with junction area of 125 μm2

measured from 140 K to 5 K. The red solid line is the fitted curve using the 
GM model, RP(T ) = 1/GP(T ) = 1/(A + BT 1.33 + C T 2.5 + DT 3.6), where GP is 
the corresponding conductance in the P state, the fitting parameters A = 8.02 ×
10−4 �−1, B = 1.40 × 10−8 �−1 K−1.33, C = 1.09 × 10−11 �−1 K−2.5, and D =
6.95 ×10−14 �−1 K−3.6. Inset: temperature dependence of RP measured from 300 K 
to 5 K. (For interpretation of the references to color in this figure legend, the reader 
is referred to the web version of this article.)

Temperature-dependent measurements were carried out in a cryo-
stat over a temperature range from 300 K to 5 K, with temperature 
stability of ±0.1 K.

3. Results and discussion

The temperature dependence of the MTJ resistance was inves-
tigated and compared with the Glazman–Matveev (GM) hopping 
model [12]. A typical curve of the resistance (RP) in the P mag-
netization alignment and its numerical fitting are shown in Fig. 1. 
The GM model can well reproduce the temperature dependence 
of RP above 40 K. Below this critical temperature, RP starts to 
deviate from the fitted curve and tends to be highly temperature-
dependent, indicating the occurrence of an additional resistance 
contribution at low temperature. This additional resistance (R∗) is 
calculated by subtracting the fitted values from the experimental 
data. As shown in Fig. 2(a), R∗ is negligible and exhibits no obvi-
ous change before temperature is decreased to about 40 K. Upon 
further reduction in temperature, R∗ begins to increase and be-
comes more significant as temperature continues to decrease. This 
behavior presumably originates from the spin-exchange scattering 
interaction between the conduction electrons and the magnetic 
impurities, known as the Kondo effect [8,13].

To verify the above assumption, the R∗ data are fitted by the 
Kondo empirical expression [14],

R∗(T ) = R0

(
T 2

0

T 2 + T 2
0

)S

, T0 = TK
(
2

1
S − 1

)− 1
2 (1)

R0 represents the value of R∗(T ) extrapolated at 0 K, S is a dimen-
sionless parameter, and TK is the Kondo temperature, satisfying the 
equation R∗(TK) = R0/2. Fig. 2(b) shows the plot of the normalized 
resistance R∗(T )/R0 with respect to the normalized temperature 
T /TK and the fitted curve. The trend of R∗(T )/R0 closely resem-
bles the empirical expression with the fitting parameters S = 1.71, 
TK = 7.15 K, and R0 = 16.14 �. The logarithmic temperature de-
pendence of R∗(T )/R0 provides strong evidence for the presence 
of the Kondo effect in the MTJ [7,9,15].

The above manifestation of the Kondo effect is intimately re-
lated to the magnetic impurities in the system. By comparing the 
aforementioned fitting parameters (S , R0) with those reported in 
the literature, the main properties of the magnetic impurities in 
the MTJs were analyzed. The value of S depends on the total spin 
of the magnetic impurity [16] and often varies distinctively among 
different types of systems [9,16,17]. The fitted S (1.71) in this 
work is much larger than that in a conventional spin-1/2 quantum 
dot system (S = 0.22) [14], suggesting the larger total spin values 
Fig. 2. (a) Temperature dependence of R∗ of the MTJ with junction area of 125 μm2. 
(b) Normalized resistance R∗(T )/R0 as a function of the normalized temperature 
T /TK. The red solid line is the fitted curve according to the Kondo empirical for-
mula with the fitting parameters S = 1.71, TK = 7.15 K, and R0 = 16.14 �. (For 
interpretation of the references to color in this figure legend, the reader is referred 
to the web version of this article.)

(>1/2) of the magnetic impurities in the MTJ that we are studying. 
However, a similar S (1.7) parameter was reported by J.H. Park’s 
group in [9], where after one ferromagnetic layer (CoFe) was de-
posited, one more lightly-oxidized CoFe layer was formed using 
Ar mixed with a small amount of O2 as the sputtering gas. Extra 
magnetic impurities (aluminum ferrite, Al1+xFe1−xO3+δ) were be-
lieved to be formed between the AlOx and CoFe layers, which was 
proved in their previous work [7]. In this MTJ, a pre-oxidization 
process was conducted after the deposition of the CoFe free layer, 
which also resulted in the formation of a lightly-oxidized CoFe 
layer on the top. Therefore, the aluminum ferrite could also be 
formed due to interlayer diffusion between the free layer and the 
barrier in this MTJ. The similar S parameters further suggest that 
the formed magnetic impurities reported in this study and [9] have 
similar values of the total spin. Furthermore, the concentration of 
magnetic impurities in MTJs can be qualitatively evaluated utiliz-
ing the correlation between the impurity concentration and the 
Kondo resistivity. The normalized Kondo resistivity at 0 K is de-
fined as ρ0. ρ0 is closely related to the Kondo scattering rate, 
which is proportional to the concentration of magnetic impuri-
ties [6,18,19]. The estimated ρ0 (∼3 �m) is much smaller than 
that (6.25 × 105 �m to 8.63 × 105 �m) in [9], indicating a much 
lower concentration of magnetic impurities in our MTJ. Compared 
with the pre-oxidization performed after the deposition of the free 
layer in our fabrication process, a larger amount of O2 can pene-
trate into the ferromagnetic layer during deposition in [9], leading 
to the formation of magnetic impurities with higher concentration.

To further verify the above discussion of magnetic impurities, 
the temperature dependence of RP was investigated on several 
MTJs, each with a different junction area. R∗(T ) is also fitted by 
the empirical formula and the fitting parameters are extracted 
from the fitted curve. Almost the same S (∼1.7) and ρ0 (∼3 �m)

values are obtained for all MTJs, as exhibited in Fig. 3. This is ex-
pected because all MTJs are patterned on the same wafer, therefore 
both the type and concentration of magnetic impurities in all MTJs 
would be expected to be similar.

The location of magnetic impurities was also investigated by 
analyzing the trend of R∗(T ) as well as the temperature depen-
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Fig. 3. Fitting parameters S and ρ0 as a function of junction area. Based on 
the Kondo empirical formula, the parameters are extracted from the fitted curve 
(R∗(T )/R0 versus T /TK) for each MTJ using the same fitting procedure. The mea-
sured MTJs are divided into 4 groups each with a different junction area (70 μm2, 
125 μm2, 165 μm2, and 190 μm2). Each data point is averaged from 4 MTJs with 
the same junction area. The error bars in the figure represent one standard devia-
tion from the mean.

dence of the squareness of magnetic transfer curves. The R∗(T )

manifestation of the Kondo effect is highly dependent on the posi-
tion of magnetic impurities [7,9,10]. When the magnetic impurities 
are formed in the ferromagnetic layer or at the interface between 
one ferromagnetic layer and the barrier, the conduction electrons 
tend to be scattered by these impurities, giving rise to an increase 
of the resistance [7,9]. When the magnetic impurities are formed 
inside the barrier, additive resonant channels are possibly acti-
vated, resulting in a reduction in the junction resistance [10,20]. 
The rapid rise of the resistance in this MTJ is consistent with the 
former case. In order to further determine whether the impurities 
are formed in the ferromagnetic layer or at the interfacial regions, 
the squareness of the magnetic transfer curve is calculated over a 
temperature range from 300 K to 5 K. Herein the squareness (Sq) 
is defined as,

Sq =
√(

RZF1 − Rm

RAP − Rm

)
×

(
Rm − RZF2

Rm − RP

)
, Rm = RP + RAP

2
(2)

As shown in Fig. 4(a), RZF1 and RZF2 are the resistance values 
at zero magnetic field while RP and RAP are the resistance val-
ues in the P and AP magnetization configurations, respectively. 
The squareness is related to the existence of inhomogeneous re-
gions in the free layer [21]. As displayed in Fig. 4(b), the large 
squareness (∼0.9) suggests that there are few magnetic inhomoge-
neous regions or magnetic pinning sites existing in the free layer 
so that the magnetization of the free layer can switch uniformly 
with the external magnetic field. Therefore, the magnetic impuri-
ties are probably located at the interface rather than inside the free 
layer.

The influence of the magnetization alignment on the Kondo 
effect was then studied. Fig. 5 shows RAP as a function of tempera-
ture. As opposed to the temperature dependence of RP, the RAP(T )

curve can be fitted well with the GM model. In order to explain 
this behavior, the spin-flip nature of the Kondo scattering and its 
nontrivial impact on the tunneling process should be taken into 
account. To start with, the direct influence of the Kondo scattering 
on the tunneling current is considered while the spin-flip nature of 
the Kondo effect is not taken into consideration. In both the P and 
AP magnetization configurations, the injected electrons are scat-
tered by the magnetic impurities located at the free layer/barrier 
interface, which diminishes the tunneling current. However, the 
spin-flip scattering associated with the Kondo effect contributes 
to the tunneling current in the P and AP magnetization configu-
rations in an opposite manner [10]. For those electrons scattered 
by the magnetic impurities, the spin orientation of each electron is 
flipped due to the spin-exchange interaction between the electrons 
and the magnetic impurities. The majority spin is converted to the 
minority one and vice versa, which reduces the spin-polarization of 
the tunneling electrons. The decline of the polarization can then 
Fig. 4. (a) Typical magnetic transfer curve of the MTJ with junction area of 125 μm2

measured at 13 K. (b) Temperature dependence of the squareness of the magnetic 
transfer curves.

Fig. 5. Temperature dependence of RAP of the MTJ with junction area of 125 μm2

measured from 140 K to 5 K. The red solid line is the fitted curve using the 
GM model, RAP(T ) = 1/GAP(T ) = 1/(A + BT 1.33 + C T 2.5 + DT 3.6), where GAP is 
the corresponding conductance in the AP state, the fitting parameters A = 6.00 ×
10−4 �−1, B = 1.30 × 10−9 �−1 K−1.33, C = 7.59 × 10−11 �−1 K−2.5, and D =
1.15 × 10−15 �−1 K−3.6. (For interpretation of the references to color in this fig-
ure legend, the reader is referred to the web version of this article.)

affect the tunneling current according to the conductance model 
developed by Shang’s group [22]. The conductance values in the P 
and AP magnetization alignments are expressed as,

GP(T ) = GT(1 + P1 P2) + αT
4
3 ,

GAP(T ) = GT(1 − P1 P2) + αT
4
3 (3)

Here GT is the direct elastic tunneling term, α is a constant, 
and P1 and P2 are the effective polarizations of the free and 
pinned layers, respectively. The decrease of the spin-polarization 
suppresses the tunneling current for the P magnetization align-
ment but raises the tunneling current for the AP magnetization 
alignment. Therefore, in the P state, both the interfacial Kondo 
scattering and its resulting reduction of the spin polarization hin-
der the tunneling process and thus increase the junction resis-
tance, enabling us to observe the Kondo effect. However, in the 
AP state, the spin-flip scattering associated with the Kondo effect 
has a nontrivial contribution to the tunneling current, which com-
pensates the reduction of the tunneling current directly caused by 
the interfacial Kondo scattering, making the R∗ contribution disap-
pear. This experimental result is seemingly inconsistent with that 
reported previously in the literature [7,9], where the Kondo effect 
was also observed in the AP magnetization configuration. This dis-
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Fig. 6. Temperature dependence of TMR of the MTJ with junction area of 125 μm2

measured from 300 K to 5 K.

crepancy can be explained by the difference in the concentration 
of magnetic impurities. The concentration of magnetic impurities is 
much higher in the earlier reported works than that in the MTJ we 
are investigating, which is suggested by the larger estimated Kondo 
resistivity ρ0 in literature ([7]: 1.70 × 103 �m to 1.30 × 104 �m; 
[9]: 6.25 × 105 �m to 8.63 × 105 �m), compared with the calcu-
lated ρ0 (∼3 �m) in this MTJ. As the concentration of magnetic 
impurities is extremely low, only one spin-flip scattering event 
is presumably involved for each scattered electron. The spins of 
the scattered electrons are then flipped, which reduces the spin-
polarization of the tunneling electrons and thus suppresses the 
resistance in the AP state. This suppression of the resistance there-
fore compensates the increase of the resistance directly caused by 
scattering in this MTJ. However, since the concentration of mag-
netic impurities is much higher in the published literature [7,9], 
sequential spin-flip scattering events are probably involved and the 
flipped spins of electrons could be scattered back to their initial 
states. The decline of the spin-polarization caused by the former 
spin-flip scattering events could be canceled out by the later ones. 
Therefore, the influence of the spin-flip events tends to be dimin-
ished and the direct influence of scattering becomes dominant in 
the MTJs with much higher impurity concentration. As a result, the 
MTJ resistance is significantly raised in both the P and AP magne-
tization configurations in the previously reported works [7,9].

The Kondo effect activated at low temperature also diminishes 
the TMR of the MTJ. As shown in Fig. 6, above 40 K the TMR value 
gradually grows with the decreasing temperature, which is a typi-
cal behavior for a MTJ. Upon further reduction in temperature, the 
TMR curve exhibits an anomalous drop attributed to the increase 
of RP, which is in line with those reported in the literature [7,9]. 
This phenomenon is believed to be another strong indicator evi-
dencing the presence of the Kondo effect in the MTJ [7–9,23,24].

4. Conclusions

In this report, the manifestation of the Kondo effect in MTJs 
is demonstrated to be strongly dependent on the magnetization 
configuration. In the P magnetization configuration, both the di-
rect effect of the interfacial Kondo scattering and the accompanied 
spin-flip process suppress the tunneling current below a critical 
temperature, leading to a nontrivial increase of the MTJ resistance. 
However, in the AP magnetization configuration, the spin-flip pro-
cess promotes the tunneling of the conduction electrons, which 
compensates the suppression of the tunneling current caused by 
the Kondo scattering, making the additional resistance contribution 
disappear. These results indicate that the spin-flip process associ-
ated with the Kondo scattering plays a crucial role in determining 
the MTJ resistance, providing a possible route to manipulate the 
spin-dependent transport in MTJs. Also, the manifestation of the 
Kondo effect can be changed by altering the magnetization con-
figuration of the MTJ. This behavior has not been experimentally 
observed before in a MTJ, although it was theoretically predicted 
in a quantum dot system [25]. Future work will focus on the im-
pact of the spin-flip process on the zero-bias anomaly of the MTJs, 
which may serve as a powerful tool to probe more spin-dependent 
properties (g-factor, localized moments, spin-flip energy) of the 
magnetic impurities formed inside the system.
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