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The temperature dependence of the spin polarized tunnel conductance is investigated with Fe/MgO/Fe tunnel
junctions with different structural properties and interfacial chemistry. A global quantitative model is proposed
for analyzing the tunnel conductance in both parallel and antiparallel configuration. Three contributions to the
temperature dependence can be distinguished. The first one is governed by the Bloch law for the temperature
dependence of the magnetization of the electrodes. The second one is unpolarized and follows a power-law
associated with a hopping mechanism. Although these two mechanisms are predominant in the decrease of
tunnel magnetoresistance with temperature, a third contribution must be considered. This term results from a
thermally activated decrease of the effective spin polarization, introduced by an Arrhenius law. It appears in
either the parallel or antiparallel conductance, depending on the interface chemical doping, and could then be
related to a symmetry dependent diffusion process. Finally, this global analysis appears universal, as it can well
fit the temperature dependence of all samples.

DOI: 10.1103/PhysRevB.98.144437

I. INTRODUCTION

The prediction of an exceptional tunnel magnetoresistance
(TMR) effect in FM/MgO/FM (FM: ferromagnetic) junctions
has been the motivation for extensive experimental stud-
ies. Two different strategies were simultaneously developed:
one using monocrystalline junctions grown on MgO (100)
substrate which are expected to provide the best control of
the structural parameters [1] and the second using textured
junctions grown on Si wafers [2,3]. The optimization of the
FM materials used as electrodes, of the growth and subse-
quent annealing conditions, led to a TMR ratio of several
thousand percent at low temperature. These results made
use of the properties of magnetic electrodes band structure,
particularly with half-metallic electrodes [4,5]. Nevertheless,
a much lower TMR ratio is measured at room temperature
which remains limited to some hundred % whatever the spin-
polarization properties of the ferromagnetic electrodes [5–10].
For a given MgO thickness, the decrease of the TMR with
increasing temperature is in fact steeper in case of Heusler
alloys than with conventional ferromagnetic electrodes [4,11].
The understanding of the temperature dependence is therefore
a huge task to improve the TMR ratio at room temperature.

It is now well established that the decrease of TMR
is mainly due to the steep increase of antiparallel (AP )
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conductance with temperature, whereas the parallel (P ) con-
ductance appears rather flat or even decreases in case of
thin MgO barrier [5,6,8,9,12–22]. As a matter of fact, some
authors proposed a model only considering the temperature
dependence of the antiparallel conductance [8,23] or the TMR
[6,7,18,24], disregarding the temperature dependence of the
parallel conductance. Even among the studies considering
the parallel conductance (or resistance), few papers present
the fit of the experimental data on a relevant scale in order
to exhibit its nonmonotonous dependence with temperature
[5,19]. The parallel conductance, which exhibits a “quasi-
flat” temperature dependence, appears indeed as a sensible
parameter to test the theoretical models.

Based on the Jullière model [25], the TMR temperature
dependence can be calculated assuming that the spin polariza-
tion follows a Bloch law [12]. This model provides opposite
temperature dependence for the (P ) and (AP ) conductances,
revealing a decrease (increase) of the parallel (antiparallel)
conductance with temperature. This raw model was applied
directly to the temperature dependence of the TMR [14],
and of the conductance [16], but with different parameters
in the Bloch law for (P ) and (AP ) configurations. In the
case of a thin MgO barrier (typically <2 nm), the simple
smearing factor describing the thermal energy broadening
of the Fermi function appears sufficient to describe a non-
monotonous temperature-dependent (P ) conductance [19]. In
the case of a thicker barrier, the increase of (P ) and (AP )
conductances with increasing temperature is enhanced and
this model has to be improved. A spin independent term can be
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added with a power law temperature dependence describing a
hopping mechanism [12,18,24]. Zhang et al. [26] proposed
a spin flipping mechanism involving the inelastic tunneling
thermally excited by magnons in the temperature dependence.
It was consistently applied to thin CoFeB/MgO junctions [15].
However, a spin independent hopping term has to be added
in the case of thick junctions [20,24]. The same model was
applied to a MgO tunnel barrier with half metallic electrodes
using a Bloch law temperature-dependent polarization, with-
out any hopping mechanism. Nevertheless, different values of
the parameters had to be introduced to fit the (P ) and (AP )
conductances [5]. Moreover, Lu et al. [17] have developed
a model based on the extended Glazman-Matveev theory
[27] with a mechanism of hopping assisted by spin-polarized
tunneling. It appears more relevant for strongly temperature-
dependent conductances or thick barrier [8,17] rather than
for thinner ones where the direct tunneling mechanism has a
larger contribution [20]. Finally, we point out that few studies
include in the discussion the very specific symmetry filtering
properties of MgO [17,28].

Up to now, the temperature dependence of the (P ) and
(AP ) tunneling conductances remains under debate: a univer-
sal and global picture independent on the barrier thickness is
still lacking. The present study proposes an analysis which can
use consistent parameters to fit both the parallel and antipar-
allel conductances. Several types of Fe/MgO/Fe/Co junctions
have been considered by tuning the structural (from textured
to monocrystalline) and interface chemical properties (carbon
doping). The introduction of a phenomenological term is
discussed in terms of the wave functions’ symmetry impact on
the temperature dependence of the tunneling conductances.

II. EXPERIMENTAL DETAILS

This paper gathers results obtained from four different
junctions. They are all grown by ultrahigh vacuum molecular
beam epitaxy (MBE) equipped with reflection high-energy
electron diffraction (RHEED). The magnetic electrodes con-
sist of a thick (from 30 to 60 nm) soft Fe layer first deposited
on the substrate, and of a hard Fe/Co bilayer deposited after
the MgO tunnel barrier. The thickness of the MgO barrier
is controlled with RHEED intensity oscillations. Finally, the
structure is capped with an Au layer to prevent oxidation.

The first two junctions, denoted as M1 and M1C, have a
monocrystalline structure and are grown on the same wafer, as
reported in Ref. [28]. The multilayer structures are MgO(100)
substrate/alternative MgO (3 nm)/ Fe(45 nm)/MgO (12 ML)/
Fe (10 nm)/Co(20 nm)/Au(10 nm), where ML stands for
monolayer. With the use of an in situ shutter, the alternative

FIG. 1. RHEED intensity profile in the Fe [110] azimuth. The
surface with carbon shows a 2 × 2 reconstruction. The solid lines are
fits with a Lorentzian law with a linear background.

3-nm MgO layer is present only in the M1 stack where it
serves as an antidiffusion layer for the carbon in the substrate.
Due to the absence of this antidiffusion layer in the M1C
stack, M1C is doped by carbon at the bottom Fe/MgO inter-
face with an ordered c2 × 2 reconstruction after the annealing
of the bottom Fe layer at 450 ◦C (for 30 min) [28–30]. The Fe
top layer is annealed at 350 ◦C for 20 min.

Figure 1 shows RHEED intensity profiles of a Fe bottom
layer after annealing. The ordered carbon-doped Fe/MgO
interface exhibits the well-known 2 × 2 reconstruction. More-
over the diffraction lines (marked with black lines) char-
acterizing the surface lattice parameter are slightly distant,
indicating a contraction of the surface lattice. Thanks to a fit
with a Lorentzian law performed with several samples, the
shift can be evaluated to about 1%. As a matter of fact, the
presence of carbon enhances the lattice mismatch of 3.7%
between the bulk lattice parameters of Fe and MgO.

The third junction presented in this paper and referred to as
“T” is deposited on a (100) Si substrate coated with a 5-nm-
thick MgO film in a separate sputtering chamber. The mag-
netic tunnel junction composed of Fe 30 nm/MgO(11.5ML)/
Fe 10 nm/Co 20 nm/Au 20 nm is then grown by molecular
beam epitaxy as described in Ref. [22]. It has been shown
that subsequent annealing of the ferromagnetic Fe layers
(at 500 ◦C, 20 min and 350 ◦C, 10 min for bottom and top
respectively), checked by in situ RHEED, provides highly
(100) textured electrodes [22]. A “grain to grain” epitaxy is
then achieved resulting in a so-called “fiber textured” junc-
tion. Nevertheless, the in situ RHEED intensity oscillations
observed during the deposition of the MgO barrier exhibits a

TABLE I. Main characteristics of the junctions: the monocrystalline junctions grown on MgO substrate are called M1 and M2. M1C
designates a monocrystalline junction with carbon at the interface. T designates a fiber textured junction. The thickness of the MgO tunnel
barrier is indicated in monolayers (ML).

Samples Substrate Deposited stack TMR (10 K) 10 mV TMR (10 K) −1V

M1 MgO(100) MgO/Fe/MgO (12 ML)/Fe/Co 290% 48%
M1C MgO(100) Fe(FeC)/MgO (12 ML)/Fe/Co 288% −57%
T Si(100) MgO sputt. / Fe/MgO (11.5 ML)/Fe/Co 170%
M2 MgO(100) MgO/Fe/MgO (10 ML)/Fe/Co 165%
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faster damping than in the case of monocrystalline junctions
[22], indicating a less flat MgO surface. The average lateral
grain size estimated from the in-plane x-ray diffraction is
about 25 nm [22].

Finally, we also report the results of a monocrystalline
junction denoted as M2, grown by MBE on a MgO (100)
substrate, whose top electrode was not annealed after growth.
The whole deposited stack is: MgO(10 nm) /Fe(60 nm)/MgO
(10 ML)/Fe(13 nm)/Co(30 nm)/Au(10 nm). The bottom Fe
electrode was annealed at 500 ◦C (30 min) as for the other
junctions (M1, M1C, T). Details of the growth conditions can
be found in Ref. [31]. Table I gathers the main features of the
different junctions.

The magnetotransport measurements were performed with
a two-probe DC configuration. The negative bias corresponds
to the electron tunneling from the top electrode to the bottom
electrode.

III. RESULTS AND DISCUSSION

Figure 2 show the zero bias (10 mV) temperature depen-
dence of the tunneling magnetoresistance [Fig. 2(a)] and the
normalized TMR [Fig. 2(b)]. The carbon contaminated junc-
tion clearly exhibits a stronger decrease of TMR of about 60%
from 10 to 300 K, whereas the decrease of the other junctions
is about 40–45%. As already mentioned, this decrease of
TMR is mainly governed by the increase of the antiparallel
conductance with temperature, and the parallel conductance
varies little with temperature, as discussed below.

Figure 3 presents the relative temperature dependence of
the parallel and antiparallel conductances, presented per area
unit (G/A). M1, T, and M2 show qualitatively similar features,
with a nonmonotonic dependence of the parallel conductance,
whereas the antiparallel one presents a strong increase with

FIG. 2. Temperature dependence of the tunneling magnetore-
sistance measured (a) at 10 mV and (b) normalized to its low
temperature value.

FIG. 3. Temperature dependence of parallel (P) and antiparallel
(AP) conductances (per area unit) measured at 10 mV for junctions
(a) M1, (b) M1C, (c) T, and (d) M2.

temperature (note the different scales for parallel and antipar-
allel conductances). According to the simple model of elastic
tunneling derived by Shang et al. [12] from the Jullière model,
the parallel and antiparallel conductances would follow oppo-
site temperature dependences written as

GP (T ) = G0
CT

sin(CT )
[1 + P 2 (1 − α T 3/2)

2
], (1)

GAP (T ) = G0
CT

sin(CT )
[1 − P 2 (1 − α T 3/2)

2
], (2)

where G0 is a constant. The temperature dependence is due to
the smearing factor: CT/sin(CT ) (broadening of the Fermi
distribution), with C = 1.387 × 10−4 d/

√
ϕ where d is the
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FIG. 4. Temperature dependence of parallel and antiparallel con-
ductances (per area unit) measured at −1 V for (a) M1, and (b) M1C
junctions.

barrier width in Å, and ϕ is the barrier height in eV [32]. The
temperature dependence of the spin polarization is described
by a Bloch law, α is a material-dependent constant. “P” is
the spin-polarization of the junction at T = 0 K which can
be deduced from the TMR at 0 K as

TMR(T = 0 K) = 2P2/(1 − P2) (3)

This basic model provides a decrease of GP (T ) and an
increase of GAP (T ) with temperature. As shown in Fig. 3, it is
indeed observed at the low temperature range, below roughly
100 K, for all junctions, except M1C.

The carbon contaminated junction M1C has a peculiar
behavior, as illustrated also in Fig. 4(b) for −1V bias. Under
such a bias, as shown in our previous work [28,30], because
of the contribution of an interfacial resonance state (IRS) in
the minority channel dominated by the �1 symmetry, GAP

can exceed GP , and the TMR becomes negative. Interest-
ingly, in that configuration, the temperature dependence of the
conductances in the carbon contaminated junction recovers
a behavior similar to the carbon free junction under low
bias [presented in Fig. 4(a)]. The dominant conductance GAP

(M1C), enhanced by the IRS �1 symmetry channel, exhibits
a nonmonotonous behavior, as GP for undoped junctions,
whereas GP (M1C) increases with temperature as GAP for
other junctions. The low temperature behavior of the carbon-
doped junction at −1V can then be described by Eqs. (1) and
(2) with P2 < 0, because of GAP > GP . In contrast, the
behavior of the undoped junction at −1V bias [Fig. 4(a)] is
qualitatively similar to the case under low bias [Fig. 3(a)].

On the contrary, at temperatures above roughly 100 K, the
conductances increase with temperature, in both (P) and (AP)
states for all type of junctions. Then, it seems reasonable to
consider a third contribution to the temperature dependence,

FIG. 5. Difference between parallel and antiparallel conduc-
tances normalized to its value at 10K; (a) M1, T, and M2 at 10 mV.
(b) M1 and M1C at 10 mV and −1 V. The dashed line in (a) is a fit
for the M2 junction with Eq. (4). The straight lines in (a) and (b) are
fits according to Eq. (5).

related to a thermally activated conduction mechanism. This
additional channel is superimposed to the other conduction
channels, whatever is their polarization state. This third con-
tribution is then assumed to be spin independent. Therefore,
its contribution should be canceled out when considering the
difference GP (T ) − GAP (T ).

The difference GP − GAP normalized to its low
temperature value, (GP − GAP )N = (GP − GAP )(T )/
(GP − GAP )(10 K), is plotted in Figs. 5(a) and 5(b).
Interestingly, for all junctions and applied bias, despite
very different temperature behavior of the conductances,
this scaling procedure provides a common temperature
variation, (GP − GAP )N, which closely decreases from 12 to
20% with increasing temperature.

The qualitative behavior of (GP − GAP )N is then consis-
tent with its expression deduced from Eqs. (1) and (2):

(Gp − GAP )N (T ) = CT

sin(CT )
(1 − α T 3/2)2. (4)

The decrease with temperature can be then described
mainly by the Bloch law. The smearing factor C increases
with temperature but is only a few percent higher at 300 K
than at T = 0 K [5,12] for typical d and ϕ values. As a matter
of fact, in previous studies, the smearing factor was neglected
[16] or fixed [5,12,17]. In the following treatments, ϕ is fixed
to a value of 3.9 eV, corresponding to half of the experimental
gap (7.8 eV) of the MgO barrier [33,34] and “d” is given by
the known value of barrier thickness (deduced from RHEED
intensity oscillations during growth).
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SYMMETRY-STATE FEATURES IN A GLOBAL ANALYSIS … PHYSICAL REVIEW B 98, 144437 (2018)

TABLE II. Parameters fixed (C*) or deduced from the fit of
normalized (GP − GAP ) with Eq. (5). The uncertainty is the standard
error provided by the fitting software, it has then to be multiplied by
2 to get a 95% confidence level.

Samples C∗(10−3 K−1) α(10−5 K−3/2) AP−AP (×10−2) E (K)

M1 1.75 1.59 ± 0.05 8.6 ± 0.9 129 ± 7
M1C 1.75 1.60 ± 0.05 3 ± 1 163 ± 30
T 1.70 2.06 ± 0.09 8 ± 2 173 ± 18
M2 1.48 1.33 ± 0.05 13.3 ± 0.5 123 ± 5

Figure 5(a) shows an attempt of fitting with Eq. (4) for
junction M2 (pink dashed line), the deviation with the experi-
mental data is clear and an additional factor corresponding to a
thermally activated loss of conductance has to be considered.
A simple Arrhenius law, introduced in Eq. (5), is indeed
enough to get a satisfactory fit as shown by the straight lines
in Figs. 5(a) and 5(b).

(Gp − GAP )N (T ) = CT

sin(CT )
(1 − α T 3/2)2

×
(

1 − AP−AP exp

(
−E

T

))
. (5)

The parameters fixed or obtained from the fitting of
(GP − GAP )N at low bias are reported in Table II.

The physical meaning of the Arrhenius law will be dis-
cussed later. No physical meaning can be attributed at this
stage to AP−AP which can stand for a decrease of GP ,
an increase of GAP , or both. All the α values are larger
than that measured by temperature-dependent magnetization
(≈3 × 10−6 K−3/2). Such behavior has been already reported
and attributed to an interface contribution mainly probed in
the TMR study [12,14]. Interestingly, the same value of α is
provided by the fit for M1 and M1C, which have identical
magnetic electrodes but exhibit very different temperature
dependence of their conductances. This result further supports
the present analysis and the relevance of the Arrhenius law in
Eq. (5).

The spin dependent term of the conductances can then
be taken into account in the frame of the Jullière model by
introducing an Arrhenius law, with amplitude AP and AAP for
parallel and antiparallel conductances, associated to the Bloch
law as written in Eqs. (6) and (7).

The increase of the spin independent term with tempera-
ture, observed in both conductances, suggests a power law
dependence as found in the case of the hopping mechanism
assisted by defects. The exponent γ is then related to the
number N of localized states in the barrier through γ (N ) =
N − (2/(N + 1)), which provides γ (2) = 4/3 and γ (3) =
5/2 [27]. This power law, first used for the semiconducting
barrier, has also been used to describe a spin independent term
in case of insulating barrier as Al2O3 [12] or MgO [24,20] or
an extended spin dependent term [17]. We note that N = 1
corresponds to a flat temperature dependence which is readily
taken into account in the effective polarization P.

The normalized conductances with respect to their respec-
tive low temperature values, GP (AP )−N (T ) = GP (AP ) (T )

GP (AP ) (10 K) , can
be fitted with the following equations:

GP−N (T ) = 1

1 + P 2

[
1 + P 2(1 − αT 3/2)

2

×
(

1 − AP exp

(
−E

T

))]
CT

sin(CT )
+ SI, (6)

GAP−N (T ) = 1

1 − P 2

[
1 − P 2(1 − αT 3/2)

2

×
(

1 − AAP exp

(
−E

T

))]
CT

sin(CT )

+ 1 + P 2

1 − P 2
SI, (7)

SI = H2 T 4/3 + H3 T 5/2. (8)

AP and AAP are the amplitude of the Arrhenius law, H2

and H3 are, respectively, the weight of the N = 2 and N = 3
hopping terms in the normalized parallel conductance.

We point out that only one parameter differs between
GP−N (T ) and GAP−N (T ): the amplitude of the Arrhenius
law, AP and AAP . These parameters are related to AP−AP in
Eq. (5) by

AP−AP = AP + AAP

2
. (9)

The Arrhenius law of Eqs. (6) and (7) describes a ther-
mally activated decrease of polarization. In a classical Jullière
approach, AP should be equal to AAP . Here, because of
the specific features of transport properties in the Fe/MgO
system, due to symmetry filtering or electronic state density, a
decrease of the effective polarization in the parallel conduc-
tance is not necessarily balanced by the same effect in the
antiparallel conductance, as will be discussed below.

For each curve, there are five parameters to fit: α,
AP (AAP ), E, H2 and H3. In order to get reasonable values, α

has been fixed to its value reported in Table II. For junctions
M1, T, and M2 which exhibit a nonmonotonous temperature
dependence of GP−N (T ), it was possible to fit AP ,E, H2

and H3 with GP−N [Fig. 6(a)]. These values have then been
fixed to fit GAP−N (T ) by varying only one parameter AAP .
Surprisingly, it can provide satisfactory fits as illustrated in
Fig. 6(b).

For the carbon doped junction M1C, the fit of GP−N (T )
with variable AP , E, H2, and H3 provides E = 215 K , with
a standard deviation of 50 K. This value is in agreement with
Table II, but with a large uncertainty (100 K). The value of E

has then been fixed to the value obtained with (GP − GAP )N ,
and the other parameters have been fitted as for the other
junctions [Figs. 6(c) and 6(d)].

The fitted curves are represented by straight lines in
Figs. 6(a)–6(d). The values of the fixed or fitted parameters
are listed in Table III.

For the M1 and M2 junctions, the activation energies
“E” reported in Table III agree also with those of Table II;
taking into account the uncertainties. The AP and AAP values
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FIG. 6. (a) and (b) normalized parallel and antiparallel conductances measured at 10 mV for M1, T, and M2 junctions and fitted with
Eqs. (6) and (7), the straight lines corresponds to the fits; (c) and (d) Normalized parallel and antiparallel conductances measured at 10 mV for
M1C junction and fitted with Eqs. (6) and (7), the straight lines correspond to the fits.

reported in Table III are also in perfect agreement with AP−AP

of Table II according to Eq. (9) for M1, M1C, and M2
junctions. These results insure that the spin independent part
is then finely shaped by the power laws.

Concerning the “T” junction, the interval values of the
activation energy with a 95% confidence level are close in
the two tables: 245 K ± 16 K (Table III) and 173 K ± 36 K
(Table II). The values of (AP + AAP )/2 are also close:
0.08 ± 0.04 (Table II) with respect to 0.12 ± 0.01 (Table III).
As a matter of fact, in that case, the spin independent term
may deviate from the power law, and this could be related to
the specific textured structure. Anyway, we can consider that
the main contribution to the spin independent term has been
extracted from the experimental results.

AP and AAP are both positive or null for M1, M1C, and
M2, which agree with a decrease of the effective polarization
by a thermal activated process. The negative value of AAP for
the “T” junction which has a much smaller absolute value than
AP has no physical meaning. In fact, if we consider a MgO

thickness of 10.5 ML instead of 11.5 ML, we can get a positive
value close to zero for this sample. Therefore, the following
discussion only concerns the trends of the fitted parameters.

The main contribution of the thermally activated term
concerns the parallel conductance for M1, T, and M2 samples.
AP is responsible for the decrease of the order of 20% of
the effective polarization. However, the corresponding relative
decrease of polarization seen in the antiparallel conductance
is much smaller or negligible. Since the parallel conductance
is mainly dominated by the �1 symmetry, which is expected
to be almost absent in GAP , it is quite obvious to associate
this term with a scattering process to the �1 Bloch state. Any
inelastic diffusion process of the �1 symmetry state towards
other symmetries such as �1 or �5 states would indeed induce
a decrease of effective tunneling polarization because the lat-
ter symmetry channels have lower polarization. This tunneling
polarization is indeed not only the electrode polarization, but
it reflects also the tunneling transmission probability of the
spin-polarized state. The symmetry dependent transmission

TABLE III. Parameters fixed or deduced from the fit of the normalized parallel and antiparallel conductances at 10 mV by Eqs. (6) and
(7), respectively. The uncertainties are the standard error provided by the fit. The parameters which have been fixed during a fit are noted with
an asterisk (*).

α* AP AAP H2 H3 (AP + AAP )/2
Samples (10−5 K−3/2) P* E (K) (×10−2) (×10−2) (10−6 K−4/3) (10−8 K−5/2) (×10−2)

M1 1.59 0.769 145 ± 1.5 18.6 ± 0.5 0.3 ± 0.2 6.1 ± 1.2 3.1 ± 0.1 9.5 ± 0.3
M1C 1.60 0.768 163* 1.6 ± 0.5 5.1 ± 0.2 11.7 ± 0.8 10.3 ± 0.05 3.3 ± 0.3
T 2.06 0.677 245 ± 8 27 ± 1 −2.6 ± 0.7 3.5 ± 1.3 1.6 ± 0.1 12.2 ± 0.6
M2 1.33 0.672 120 ± 3 21 ± 2 5.1 ± 0.1 16 ± 3 2.5 ± 0.3 13.0 ± 1
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FIG. 7. Spin independent contribution to the normalized parallel
conductance deduced from the fitted parameters H2 and H3.

across the single crystal MgO, which is lower for the other
symmetry (�2 or�5), takes a part in the decrease of effective
polarization.

Interestingly, the M1C junction exhibits a completely dif-
ferent behavior: the weight of the Arrhenius term is much
lower (�5% of the polarization) and the major relative con-
tribution concerns the antiparallel conductance. This feature
is reminiscent of the negative bias effect: with applied nega-
tive voltage, the antiparallel conductance increases and even
exceeds the parallel conductance, resulting in a decrease of
polarization which even becomes negative. This feature has
been well understood with the contribution of the interfa-
cial resonance surface state [28–30]. The peculiar nature of
the carbon doped interface lies in the enhancement of the
interfacial resonance state with �1 dominant character in
the minority band, which opens a conduction channel in the
antiparallel configuration. As a matter of fact, a diffusion
process of the �1 symmetry state could also be responsi-
ble for the Arrhenius term behavior of the carbon doped
junction.

The activation energy “E”, in the range 10–20 meV, is of
the order of the phonon excitations. An electron-phonon scat-
tering could be responsible for the diffusion process described
by the Arrhenius term. Depending on the symmetry potential,
such inelastic scattering can indeed modify the symmetry of
the wave function. The fact that carbon doping tends to quench
this process could be related to the additional strain induced
by carbon in the MgO barrier, as observed with RHEED
patterns (Fig. 1). Carbon atoms could enhance the cohesion
between atoms at the interface, and then restrict the possibility
of phonons excitations. It could also be correlated to the strong
reduction of 1/f noise observed in carbon doped junctions
with a 12-ML MgO barrier [35].

Figure 7 shows the temperature dependence of the spin
independent term SI [Eq. (8)] of the four junctions. Inter-
estingly, it is the textured junction which has the lowest
temperature dependence, whereas the strongest temperature
dependence is observed with the carbon doped interface. This
behavior can be attributed to extended defects inside the
barrier (i.e., dislocations) [8]. As the surface lattice mismatch
between Fe and MgO is enhanced by the carbon interface
doping, a larger dislocation density is expected in the barrier
as well as a stronger contribution of hopping in the con-

ductance [8]. The textured junction that allows the strains
relaxing at grains boundaries may have a better crystalline
structure inside the grain, owing to the so-called “grain to
grain epitaxy” [22,36].

Finally, using the fitted parameters presented in Table III,
the weight of the three contributions (Bloch law, Arrhenius
law, and spin independent term) in the TMR decrease between
10 and 300 K can be evaluated. It is found that, for all samples,
the temperature dependence of TMR is essentially governed
by the interface magnetic disorder (Bloch law). The second
factor which weighs the decrease of TMR with increasing
temperature is the spin independent term associated with the
tunnel barrier defects such as dislocations. The strongest con-
tribution from this factor is found for the M1C junction where
it is responsible for almost 40% of the decrease of TMR.
Both of these contributions have been tuned with different
structural parameters through the M1, M2, and T junctions.
Nevertheless, the “M2” junction which has the lowest α value
has the strongest SI (T ) dependence, whereas the “T” junction
has the lowest SI (T ) dependence and the highest α value.
Because of this balance effect, the three junctions have very
similar TMR(T ) dependence (Fig. 2).

IV. CONCLUSION

A global phenomenological analysis of magnetization-
dependent conductances has been carried out using several
Fe/MgO epitaxial junctions with tuning chemical/structural
properties. The analysis of the spin dependent component of
the conductances is based on the Jullière model, assuming an
effective polarization at low temperature. Two mechanisms
are then responsible for the decrease of the effective polar-
ization with temperature: the decrease of magnetization of
the electrodes (Bloch law) and a thermally activated process
strongly dependent on the chemical properties of the junc-
tion interface, which is known to tune the electronic Bloch
state symmetry of the tunneling electrons. It is therefore
associated with a diffusion process towards a less polarized
Bloch state, which could be induced by phonons scattering.
The analysis of the spin independent term is based on a
power law, in the frame of hopping mechanisms. This model
consistently fits both monotonous or nonmonotonous (P ) and
(AP ) conductances versus temperature with only one differ-
ent parameter. The puzzling increase of parallel conductance
at high temperature is then attributed to the spin independent
term. Finally, the temperature dependence of the interfacial
magnetization of the ferromagnetic electrode is found to be
the main contribution to the TMR decrease with increasing
temperature.
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