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Magnetic tunnel junctions �MTJs� with crystalline MgO barriers are currently being used in a variety of
applications, namely forefront magnetic sensors and memories. In this work we probed the temperature �T�
dependence of the transport and magnetic properties of MgO-based MTJs with different CoFeB free layer
thicknesses �tfl=1.55, 1.65, 1.95, and 3.0 nm�. All samples have the same insulating MgO barrier with a
nominal thickness of 1.35 nm. Our results show that the tunnel magnetoresistance �TMR� temperature behavior
is mainly due to a strong variation of the conductance �G� of the antiparallel state. Also, we provide evidence
that direct elastic tunneling is the dominant mechanism determining the temperature dependence of the tun-
neling conductance and TMR in the studied MgO MTJs. Intrinsic to this mechanism is the thermal smearing of
the electron energies near the Fermi level which then plays a key role in G�T�, especially in the parallel state
where the overall change in G is very small. Furthermore, we show a clear change in the MTJ properties as the
free layer thickness is reduced. Besides the typical decrease of TMR related with the loss of spin polarization,
we were able to probe the thickness dependence of the spin wave � parameter. MTJ with the thinner free layer
show both absence of hysteresis in the room temperature TMR cycles and interesting freezing effects in the
zero and field cool magnetization curves at low temperatures, revealing the discontinuous nature of thin free
layers.

DOI: 10.1103/PhysRevB.81.134423 PACS number�s�: 85.30.Mn, 72.25.�b, 75.47.�m, 85.75.�d

I. INTRODUCTION

Magnetic tunnel junctions �MTJs� with crystalline MgO
barriers have been extensively investigated due to the theo-
retically predicted and then experimentally verified giant tun-
nel magnetoresistance �TMR� effect.1–4 In fact, huge room
temperature �RT� TMR effects �604% and 1056%� were very
recently reported in single5 and double6 MTJs. Beyond their
fundamental physical interest, these systems have many po-
tential applications, including magnetic random access
memories �MRAMs� and various types of high-sensitivity
field sensors, namely, forefront read heads.7–9

An important and still open research topic in MgO MTJs
is the dependence on temperature �T� of the corresponding
transport properties. The T dependence of the tunneling con-
ductance �G� in MTJs �both with crystalline MgO or amor-
phous Al2O3 barriers� is weaker for parallel �P� than anti-
parallel �AP� alignment of the ferromagnetic �FM�
electrodes.3,4,10–12 Additionally, in MgO tunnel barriers the T
variation of the parallel conductance �GP� is much smaller
than in Al2O3 barriers.11 Therefore �even in systems with
different FM electrodes�12 the decrease in TMR with increas-
ing temperature is mostly due to changes in the AP conduc-

tance �GAP�. Several mechanisms can be responsible for such
an effect, including the thermal excitation of magnons in the
FM electrodes, thermal excitation of magnetic impurities/
defects in the barrier or at its interfaces and the thermal
variation in the FM electronic structure. Different models
were then developed to explain the TMR�T� dependence for
the case of incoherent tunneling. One is the model of Shang
et al.,13 based on Julliere’s model,14 that takes into account
both a T-dependent FM spin polarization �P� and spin-
independent assisted tunneling. Another model, by Zhang
et al.,15 is based on two-dimensional spin waves excited by
tunneling electrons at the insulator/FM interface. Further ex-
planations include the excitation and absorption of phonons
at the FM electrodes by tunneling electrons.16 All these mod-
els were successfully applied to MTJs, not only with amor-
phous Al2O3 barriers,10,13,17–19 but also with sputtered poly-
crystalline and epitaxial MgO barriers,20–24 where coherent
tunneling occurs.

Here we analyze the temperature dependencies �20–300
K� of G and TMR in sputtered CoFeB/MgO/CoFeB MTJs
with varying CoFeB free layer thickness �tfl=1.55, 1.65,
1.95, and 3.0 nm� but the same reference layer structure. All
the samples have an insulating MgO barrier with a nominal
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thickness of 1.35 nm. The conductance in the P state is found
to be nearly T independent for all samples, while GAP exhib-
its a monotonous and significant decrease with decreasing
temperature in the MTJs with tfl=1.95 and 3.0 nm. The
samples with thinner CoFeB free layers �tfl=1.55 and 1.65
nm� show a minimum in the G�T� curve, leading to the ap-
pearance of a maximum in TMR�T�. This behavior can be
understood by the existence of discontinuous FM grains in
such thin free layers which, below the corresponding block-
ing temperature �TB�, are difficult to align along the applied
magnetic field, thus preventing full P/AP alignment between
free and pinned layers.

We further show that spin-polarized direct elastic tunnel-
ing accounts for the above T dependencies, emerging as the
dominant mechanism in our MgO-based MTJs. Intrinsic to
this tunnel mechanism is the thermal smearing of the elec-
tron energies near the Fermi level �EF�,25 usually disregarded
as negligible. However, this effect can be discarded only
when the changes in G are substantially higher due to other
extrinsic phenomena �e.g., magnon- or phonon-assisted tun-
neling or hopping�. This is not the case for MgO-based sys-
tems, particularly for the P state, where the overall conduc-
tance change is very small.

II. COHERENT TUNNELING AND TEMPERATURE
DEPENDENT MODELS

A. Coherent tunneling and giant TMR

Spin dependent tunneling in epitaxial MgO-based MTJs
has been well described by first-principles theory.1,2 A single-
crystal MgO barrier exhibits a spin filtering effect concerning
the electron wave-function symmetry. For thick barriers and
in the P state, tunneling is governed by the electronic Bloch
states with �1 symmetry �smaller spatial decay rate� and with
momentum vectors normal to the barrier. The tunneling
probability decreases very rapidly when the electron momen-
tum vectors deviate from the barrier normal direction. On the
other hand, the conductance in the AP configuration is very
low, being related with the propagation of �5,2 states �large
decay rates�, resulting in giant TMR ratios. However, in thin
barriers, electrons with momentum vectors deviating from
the barrier normal direction have a finite tunneling probabil-
ity and the contribution from �5,2 states becomes significant.
The conductance in the AP state increases and TMR there-
fore decreases.

B. Temperature dependence of tunnel conductance and TMR

So far, first-principles theory cannot take into account the
T dependence of the tunneling conductance and TMR ratio.
However, several models were developed to explain the
TMR�T� behavior for the case of amorphous barriers, includ-
ing spin-polarized direct elastic tunneling, magnon- and
phonon-assisted tunneling, hopping via localized states in the
barrier and spin scattering at magnetic impurities. These
models were also successfully applied to MgO MTJs.

In the model of Shang et al.13 two tunneling contributions
are considered. First, electron spin-polarized direct elastic
tunneling between the FM electrodes, with a polarization P

that decreases with T due to thermally excited spin waves
according to P�T�= P0�1−�T3/2�, i.e., as the surface
magnetization.26 The parameter � is material-dependent and
P0 is the spin polarization at 0 K. The second contribution is
related with spin-independent tunneling �GSI�, usually asso-
ciated with hopping through localized states within the bar-
rier. The total G is then written, following Julliere,14 as

G�T� = GT�1 + P1P2 cos �� + GSI, �1�

where � is the angle between the magnetizations of the two
electrodes, GT is the prefactor for direct elastic tunneling and
P1 and P2 the FM electrodes polarization. Considering only
the first term in Eq. �1�, GAP increases with T, which is the
usual behavior observed in MTJs when spin-dependent tun-
neling dominates. Such increase comes essentially from the
decrease of the spin polarization �P1 and P2�, but also from
the increase of GT due to the broadening of the Fermi distri-
butions in the electrodes. Theory gives GT=G�0�
�CT /sin�CT�,27 where G�0� is the zero temperature conduc-
tance and C=1.387�10−4t /��, with the barrier thickness �t�
in Å and the barrier height � in eV.

Another possible mechanism that could contribute to
G�T� is the scattering of electrons by transition metal oxide
interfacial impurities created at the FM/barrier interface.
Usually, such impurities are of paramagnetic nature close to
RT, where a stronger spin scattering should be expected, and
antiferromagnetic at lower temperatures, where spin scatter-
ing should be greatly reduced.28 Thus, a decrease in G is
expected with increasing temperature.

The decrease in �G�T� �=GP−GAP� and TMR�T� with
increasing temperature was predicted considering the excita-
tion of magnons at the FM/insulator interface.15 This behav-
ior is the result of the spin-flip nature of the process that
scatters the tunnel electron from majority to minority states,
and vice versa, in the case of P alignment. On the contrary,
for AP electrode alignment the electrons are scattered to
states of the same spin sub-band in the two MTJ electrodes.
An inelastic spin-conserving contribution to G�T� is also
sometimes needed to account for experimental results. A pos-
sible mechanism concerns the excitation and absorption of
phonons at the metallic electrodes by tunneling electrons.16

The theory predicts a GP,AP and �G increase with tempera-
ture. However, TMR�T� should decrease with T, since
GAP�T� increases faster than �G.

III. EXPERIMENTAL DETAILS

A set of magnetic tunnel junctions was deposited in a
Nordiko 2000 magnetron sputtering system with base pres-
sure of 7�10−9 Torr in dc and rf �CoFe and MgO� modes.
The complete structure of the deposited MTJs was Glass/Ta
5 nm/Ru 18 nm/Ta 3 nm/MnPt 16 nm/CoFe 2.2 nm/Ru 0.96
nm/CoFeB 3 nm/MgO 1.35 nm�/CoFeB �t� /Ru 5 nm/Ta 5
nm, where CoFe, CoFeB, and MnPt stand for Co82Fe18,
�Co52Fe48�75B25, and Mn54Pt46. The CoFeB free layer thick-
ness was varied, with tfl=1.55, 1.65, 1.95, and 3.0 nm. The
MgO layer was grown out of a single crystal MgO target at
20 mTorr, 3 W /cm2 and at a sample to target separation of 5
cm. For the other layers, typical deposition pressures were
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from 2 to 4 mTorr, and typical power densities were
13 W /cm2 at a sample to target separation of 10 cm. During
deposition an in-plane magnetic field �H� of 20 Oe was ap-
plied to define the magnetic anisotropy axes of the pinned
and free layers in the same direction. Before the patterning
process, the structure was covered with 15 nm of
Ti10W90�N2�, also deposited by magnetron sputtering. MTJs
were then microfabricated by optical lithography and ion
beam milling in a rectangular shape with areas ranging be-
tween 1�1 and 5�6 �m2. Patterned samples were an-
nealed in high vacuum at 613 K, for 1 h in a magnetic field
�H� of 5 kOe applied along the easy axis, and furnace cooled.
Thermal annealing was used to improve the crystallinity �and
reduce the number of defects and/or dislocations� of the
MTJ. Note that the CoFeB layers, which are amorphous in
the as-deposited state, become crystallized upon annealing.29

Transport properties were measured with a four-probe dc
method with current stable to 1:106 and using an automatic
control and data acquisition system. Temperature-dependent
measurements were performed in a closed cycle cryostat
down to 20 K. Magnetic measurements were carried out with
a superconducting quantum interference device �SQUID�
magnetometer in RSO �Reciprocating Sample Oscillation�
mode, between 20 and 340 K.

IV. EXPERIMENTAL RESULTS

A. Magnetic properties

Figure 1 illustrates the T dependence of the magnetic mo-
ment �m�T�� of unpatterned MTJs with tfl of 1.55, 1.65, and
1.95 nm in the zero-field-cooling �ZFC� and field-cooling

�FC� regimes. In the ZFC process the samples were cooled
from 340 K down to 20 K under H=0. A magnetic field of 50
Oe was then applied and the mZFC�T� curve was measured on
heating �20–340 K�. On the other hand, the mFC�T� curve
was measured under H=50 Oe while cooling the sample.
One notes that the probing H favored the P state. The thicker
samples �tfl=1.95 and 3.0 nm; the last not shown� display
FM ordering with mZFC�T� and mFC�T� overlapping in the
whole measured temperature range �Fig. 1�a��. On the other
hand, the MTJ with tfl=1.65 nm displays a splitting between
the mZFC�T� and mFC�T� curves below �320 K �Fig. 1�b��.
Finally, the mZFC�T� and mFC�T� curves of the MTJ with tfl
=1.55 nm overlap above �200 K �Fig. 1�c��, but a splitting
is visible below such temperature.

These irreversibilities are similar to those observed in
magnetically blocked nanoparticles.30–35 For a system of
nanoparticles, the superparamagnetic �SPM� behavior is well
established when: �i� the mZFC�T� curve displays a maximum
at a certain temperature, known as the blocking temperature,
TB; �ii� the mZFC�T� and mFC�T� curves overlap above TB;
�iii� for T�TB, M�H� cycles do not show coercivity nor
remanence and follow the Langevin function. The above
considerations are all fulfilled for the case of tfl=1.55 nm
�see also below�, demonstrating the discontinuous nature of
the thin CoFeB free layer. The broad maximum seen at
�200 K in the mZFC�T� curve evidences the existence of a
TB distribution, related with a distribution of CoFeB grain
sizes. A more exhaustive analysis of the mZFC�T� curve can
be performed using the Stoner-Wohlfarth expression36 for
mZFC�T� under low applied magnetic fields �for details see
Ref. 31�,

	ZFC = lim
H→0

MZFC

H

=
�0MS

2

3K
 �Ebm

kBT
�

0

T/TBm

yf�y�dy + �
T/TBm

�

f�y�dy	 , �2�

where the size distribution of the nanoparticles is described
by a log-normal distribution,

f�y�dy =
A

�2�y
exp
−

ln2y

22 �dy . �3�

The first term in Eq. �2� corresponds to the SPM contribution
of the nanoparticles and the second to the nanoparticles in
the blocked state. Figure 2 shows the successful fit of the
mZFC�T� curve with Eq. �2�. Using the values of CoFeB for
the anisotropy constant,37 K=19 900 erg cm−3, density37


=7.8 g cm−3 and saturation magnetization38 MS
=860 emu cm−3, we obtain an average diameter �D
�46 nm for the CoFeB grains. Such value is in good agree-
ment with recent results published by Shen et al.39 on MgO-
based MTJs with similar CoFeB free layers thicknesses. The
grain dimension obtained from the ZFC fit imply a pancake-
like shape for the CoFeB particles, since it is much higher
than the nominal thickness of the FM free layer �1.55 nm�.
Finally, the inset of Fig. 2 displays a normalized TMR�H�
curve at T=300 K, showing the virtual absence of hyster-
esis. The good fit of TMR�H� with a Langevin function39

FIG. 1. �Color online� Zero-field-cooling �ZFC� and field-
cooling �FC� magnetic moment �m� measurements, for the MTJs
with �a� tfl=1.95 nm; �b� 1.65 nm and �c� tfl=1.55 nm.
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confirms the discontinuous �granular� nature of the FM free
layer in this MTJ, with a TB below 300 K.

Although the MTJ with tfl=1.65 nm �Fig. 1�b�� also dis-
plays features characteristic of a system of blocked nanopar-
ticles, the mZFC�T� curve could not be fitted by the above
model. However, the observed higher overlapping tempera-
ture ��320 K� still suggests the presence of discontinuous
grains, but larger than those of the MTJ with tfl=1.55 nm.

B. Transport properties

The TMR�H� �=GP /G�H�−1� loops of the studied MTJs
�tfl from 1.55 to 3.0 nm�, measured at low bias voltage
��5 mV� and different temperatures �20–300 K�, are illus-
trated in Fig. 3. The loops were obtained by sweeping the
field within the limits �200 Oe and always along the easy
magnetic axis. For the MTJs with thicker CoFeB free layers
�tfl=3.0 and 1.95 nm; Figs. 3�a� and 3�b��, one sees an in-
crease of TMR from 165% to 223% and from 132% to
214%, between RT and 20 K; also, the TMR�H� loops ex-
hibit a significant squareness. Such squareness is rapidly lost
as one goes to tfl=1.65 and 1.55 nm �Figs. 3�c� and 3�d��. In
the later case, the TMR�H� results confirm the SPM behavior
observed in M�T�, with no coercive field �Hc� near RT, i.e.,
hysteresis-free switching. For T�225 K hysteresis starts to
appear, greatly increasing as T decreases. The particular case
of tfl=1.65 nm, for which hysteresis is seen over the 20–300
K range but the ZFC and FC curves overlap above RT, will
be discussed in more detail below. Finally, for tfl
�1.65 nm, long-range order percolation takes over: granule
coalescence spreads as tfl increases, toward a continuous
magnetic free layer.

Another interesting effect seen in TMR�H� for the tfl
=1.55 nm sample is the nonsaturation of the TMR curve for
the maximum applied magnetic field �200 Oe� and T
�200 K �Fig. 3�d��. This indicates a lack of full antiparal-
lelism between free and pinned layers, which increases as T
decreases. Also present, but less noticeable, is the nonsatura-
tion of the P state below 200 K �H=−200 Oe�. A similar

�although smaller� effect is visible in the low temperature
TMR�H� curves of the tfl=1.65 nm sample �Fig. 3�c��. Such
effect will be relevant for the physical explanation of the
G�T� behavior, as detailed below. We also see important
changes in the TMR magnitude as tfl decreases: for tfl
=1.65 nm we have TMR=99% at RT and 152% at 20 K; for
tfl=1.55 nm, TMR=69% at RT, with only a slight increase
to 79% at 20 K. This change in TMR with tfl �Refs. 10, 39,
and 40� indicates a significant weakening of FM order in the
free layer as tfl decreases to very thin values.

Figure 4 displays the Hc�T� behavior of the free layer for
all MTJs, showing that the variation in coercivity with tem-
perature is much larger in the thinner samples �tfl=1.55 and
1.65 nm�. Returning to the squareness of the TMR�H� loops,
we observe �inset of Fig. 4� that the S�T� values of the �two�
thicker free layer samples remain fairly constant over the
whole temperature range �S�0.90 and 0.70�; this behavior is
typical of MTJs with FM layers. Smaller values of S ��0.63
at 20 K and 0.33 at RT� and a smooth increase with decreas-
ing T are observed for the sample with tfl=1.65 nm. On the
other hand, the sample with tfl=1.55 nm exhibits S values
close to zero for T�225 K �TMR�H� hysteresis-free switch-
ing� and a significant increase below 100 K �with S=0.47 at
20 K�, accompanied by the rapid increase of Hc at low tem-
peratures. Our transport results clearly indicate the presence
of a state of magnetically blocked particles �discontinuous
grains� at low T and SPM-like behavior near RT for the MTJ
with tfl=1.55 nm. In this case the value of TB�200 K ex-
tracted from the magnetic measurements agrees well with the
appearance of coercivity in the TMR�H� loops.

Figure 5 shows the zero-bias G�T� dependence, in both
magnetic states, for the studied MTJs. Judging from the form
of the G�T� curves, where an overall increase of GP,AP with

FIG. 2. �Color online� ZFC magnetic moment measurements in
the 20–340 K range for the MTJ with tfl=1.55 nm. Inset: normal-
ized TMR�H� curve of the same MTJ at 300 K. Solid lines are fits
using Eq. �2� for mZFC�T� and the Langevin function for TMR�H�.

FIG. 3. �Color online� Representative TMR�H� curves between
20 and 300 K for MTJs with free layer thicknesses of �a� 3.0 nm,
�b� 1.95 nm, �c� 1.65 nm and �d� 1.55 nm. Note the evolution of the
TMR ratio with tfl. Inset in �d�: zoom of TMR�H� at T=200, 225
and 250 K, for tfl=1.55 nm; note the absence of hysteresis for T
�225 K.
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increasing T is observed �for the low T anomaly of the MTJ
with tfl=1.55 nm, see below�, we exclude the existence of
metallic pinholes across the barrier.41–43 Furthermore, GP in-
creases only slightly on our MgO-based MTJs, a character-
istic feature of high quality MgO tunneling barriers.20–23

V. DISCUSSION

Our experimental G�T� and TMR�T� data were fitted us-
ing the spin-polarized direct elastic tunneling model, de-
scribed by the first term of Eq. �1�. The solid lines in Figs. 5
and 6�a� correspond to such fittings. In total there are four

adjustable parameters: P0, �, G0, and C to fit the GP,AP�T�
and TMR�T� curves. The parameters P0 and � are deter-
mined by fitting the TMR�T� curves, while G0 and C are
obtained from the GP,AP�T� data. The P0 and � values of the
pinned layer are determined by the fit of the transport curves
of the MTJ with tfl=3.0 nm, and assumed the same for all
other samples. As illustrated in Figs. 5 and 6�a�, the fits re-
produce the experimental data quite well for the MTJs with
tfl=3.0 and 1.95 nm.

However, the GP,AP�T� and TMR�T� curves of the thinner
samples �tfl=1.55 and 1.65 nm� cannot be fitted over the
whole 20–300 K range, due to the imperfect alignment of the
free and pinned layer magnetizations observed at low T
�cos � term in Eq. �1��. Thus, the P and AP states are not
fully realized over the whole temperature range. Using the
parameters obtained from the fits and the experimental G�T�
curves, we calculate ��128° �157°� at H=+200 Oe, AP-
like state, and 20 K, for tfl=1.55 nm �1.65 nm�. As men-
tioned, the CoFeB free layers with thicknesses in the 1.55–
1.65 nm range exhibit SPM-like or very weak FM order near
RT, and blocked behavior at low T. Our transport results can
then be explained as follows: in the SPM-like state, the mag-
netic moments of the free layer can be aligned by the exter-
nal field, but at low T, with the onset of the blocked state, an
increasing number of magnetic grains will be frozen in di-
rections different from that of the induced uniaxial aniso-
tropy �and thus of the applied field�. This results in an im-
perfect alignment of the free and pinned layer
magnetizations due to insufficient magnetic field.

The MTJ with tfl=1.65 nm is characterized by a very
small hysteresis at RT �Hc�2 Oe; Fig. 3�. Since the free
layer is only slightly thicker than 1.55 nm, we also expect the
presence of magnetically inhomogeneous regions, likely con-
stituted by large but still discontinuous grains. This is con-

FIG. 4. �Color online� Coercive field of the free layer as a func-
tion of temperature for the studied MTJs. The inset graph shows the
T-dependence of the squareness �S� of the loops, here defined as
S= �GAP /GH coupl���Gm−GH coupl� / �Gm−GAP��, where Gm= �2GP

GAP� / �GP+GAP� and GH coupl is the conductance at the coupling
field between pinned and free layers.

FIG. 5. �Color online� Temperature dependence of G in AP �a�,
�b� and P �c�, �d� states for the studied MTJs, under an applied field
H= �200 Oe, respectively. The solid lines are fits to the experi-
mental databased on the spin-polarized direct elastic tunneling
model �first term of Eq. �1��.

FIG. 6. �Color online� Temperature dependence of �a� TMR and
�b� �G �=GP−GAP� for the studied MTJs. Solid lines are fits to the
experimental databased on spin-polarized direct elastic tunneling
model.
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firmed by the overlapping of the ZFC/FC curves above RT
��320 K; Fig. 1�b��, the large decrease of the coercivity
with increasing temperature, almost reaching zero at RT, and
by the behavior of the squareness of the TMR�H� loops �Fig.
3 and inset�. Again the cos � term in Eq. �1� can account for
the observed �G�T� and TMR�T� deviations from the fit at
low temperature.

Table I displays the fitting parameters obtained for the
studied samples. One sees that P0 decreases with tfl by
�20% from the thicker to the thinner sample, as illustrated
in Fig. 7. This decrease is related with the weakening of the
FM order from 3.0 to 1.55 nm, as evidenced by our magnetic
and transport results. Moreover, P0 is sensitive to disorder
and defects in the FM electrodes and at the FM/insulator
interface. In our case, the small thickness of the CoFeB lay-
ers results in a structure of discontinuous grains, having pan-
cakelike shape, as explained in Sec. IV A. On the other hand,
we see that � increases with decreasing free layer thickness
�Fig. 7�. The values found are of the same order of magni-
tude of those found for most metals and alloys in thin
films.10,13 It is known that the spin wave � parameter is
generally larger at the surface than in the bulk, due to surface
exchange softening.44 It has also been observed to be very
sensitive to chemical interfaces, roughness and magnetic
anisotropy.45,46 Even in dot arrays, � was found to be larger
than in the corresponding continuous film.47 Our results thus
indicate the sensitivity of � to magnetic inhomogeneous dis-
tribution of local spins, caused by material disorder or dis-
continuity at the interface between free and insulating layers.

The C parameter, related with the thickness and height of
the barrier, is, as expected, approximately constant since all

the MTJs have the same 1.35 nm MgO thickness. From the
obtained C values we estimate a barrier height � between
0.45–0.59 eV, which is consistent with theoretical
calculations1 and other experimental results.3,4,24,48 Since this
parameter appears in the broadening of the Fermi distribu-
tion of the electrodes, one defines the quantity
�= �C�300 K /sin�C�300 K�−1�, to indicate the conduc-
tance variation due to this effect over the 0–300 K range. We
find ��12%, so that this phenomenon cannot be ignored in
our MTJs, particularly for the P state where the overall G�T�
change is very small. Furthermore, for the P state, GT and the
polarization will contribute with opposite slopes to the T
dependence of the overall conductance, and the small GP�T�
dependence can be explained by a thermal competition be-
tween these two contrary effects. The importance of thermal
smearing in MgO-based MTJs was also recently reported.22

Evidence of the interesting competition between thermal
smearing and polarization can be observed in Ref. 24, in
which an unusually small GP�T� decrease with increasing T
is reported for epitaxial Fe/MgO/Fe MTJs with tMgO=2.1
and 1.5 nm, together with a T-independent GP for tMgO
=3.0 nm. They have estimated �=0.60 eV, for which one
finds � up to �61%, again showing the importance of ther-
mal smearing. One should now address why were good fits
obtained using only the spin-polarized direct elastic tunnel-
ing model.

�i� A hopping mechanism �GSI term in Eq. �1�� including
at least two localized states inside the barrier should be neg-
ligible for the crystalline MTJs under study. First because
multiple step hopping, although demonstrating itself in thick
barriers �t�1 nm�, is not operative in thin barriers, where
one-step tunneling is favored due to the exponential decrease
of the tunnel probability with the barrier thickness.49,50 The
MgO thickness �1.35 nm� of our MTJs is far from such thick
barrier regime. Also, a hopping mechanism cannot account
for the T dependence of �G in the studied MTJs �Fig. 7�a��.
Such dependence also excludes assisted tunneling by mag-
netic impurities in the barrier.51

�ii� Although magnon-assisted tunneling is qualitatively
consistent with the experimental trends in the MTJs with
tfl=1.95 and 3.0 nm, the fits to the corresponding theoretical
model give unphysical values. Besides, magnon-assisted tun-
neling is an inelastic, higher order process with a tunneling
matrix element much smaller than for spin-polarized direct
elastic tunneling.15,17

�iii� Finally, phonon-assisted tunneling from the FM elec-
trodes should lead to a systematic �G increase with T. Such
trend appears only at low T in the two thinner MTJs �Fig.

TABLE I. The fitting parameters for the tunnel GP,AP�T� and TMR�T� curves of the studied MTJs to the
model of spin-polarized direct elastic tunneling.

tfl �nm� 1.55 1.65 1.95 3.0

P0 �%� 58�1 65�0.1 71�0.1 73�0.04

� �10−5 K−3/2� 6.9�0.4 4.5�0.05 3.4�0.09 1.5�0.02

GP�0� �10−4�−1� 1.7�0.02 0.7�0.0006 26.1�0.02 3.8�0.005

GAP�0� �10−4�−1� 1.7�0.02 0.7�0.0006 26.2�0.09 3.8�0.007

CP �10−3 K−1� 2.8�0.1 2.8�0.01 2.8�0.02 2.5�0.03

CAP �10−3 K−1� 2.8�0.1 2.8�0.01 2.7�0.08 2.4�0.04

FIG. 7. �Color online� Spin polarization at 0 K and � parameter
as a function of free layer thickness.
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6�b��. The other �thicker� MTJs display a systematic �G in-
crease from 20 to 300 K. Since our samples only differ on
the FM free layer thickness, having the same MgO barrier,
such �G differences at low T cannot be due to an inelastic
spin-conserving contribution, and were convincingly ex-
plained by a lack of full parallelism/antiparallelism due to
frozen grains below TB. Therefore, spin-polarized direct elas-
tic tunneling is the most suitable mechanism to describe the
G�T� and TMR�T� dependencies in the studied MTJs, as con-
firmed by the successful fit of our experimental data.

VI. CONCLUSIONS

In summary, spin-polarized direct elastic tunneling in thin
MgO-based MTJs with different CoFeB free layer thick-
nesses was evidenced as the dominant tunneling mechanism.
Various contributions to the tunnel G were discussed using
different models, but the direct elastic tunneling plays the
crucial role in determining the T-dependent behavior of G
and TMR. This mechanism was successfully used to fit the
experimental data with a good quantitative explanation of the
experimental results. Our work has also shown that thermal
smearing of the tunnel electron energy plays a key role in the

G�T� behavior of MgO-based MTJs, especially in the P state
where the overall change in GP with T is very small. This
effect can be ignored only when changes in the tunnel G are
substantially higher due to other extrinsic effects. Our trans-
port and magnetic results also indicate the presence of dis-
continuous grains in the free layer for small enough thick-
nesses, leading to interesting freezing effects.
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