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The temperature dependence of giant tunnel magnetoresistance (TMR) in epitaxial Fe/MgO/Fe magnetic
tunnel junctions has been investigated. The resistance in the parallel configuration between the bottom (free) Fe
layer and the top Fe layer, exchange biased by an IrMn antiferromagnetic layer, is nearly independent of the
temperature. In contrast, in the antiparallel configuration the resistance increases with decreasing temperature,
resulting in an increase in the TMR ratio from 170% at room temperature to 318% at 10 K. The dynamic
conductance (G'=dI/dV) in the parallel configuration shows flat bias voltage dependence in the range
*0.4 V, but in the antiparallel configuration it shows typical parabolic behavior as a function of bias voltage.
A model, based on the temperature dependence of magnetic disorder in the two electrodes and its effect on the
spin-dependent tunneling, is proposed to describe the temperature dependence of the TMR ratio and the
resistance, in good agreement with our experimental data.
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The magnetic tunnel junction (MTJ) is a key element of
next generation spintronic devices such as magnetic random
access memory and magnetic sensors. Following theoretical
predictions'? of huge tunnel magnetoresistance (TMR) in
epitaxial Fe/MgO/Fe junctions, measured TMR ratios about
200% at room temperature (RT) have been reported in MgO-
based MTJs*= using Fe or Fe-alloy electrodes. Although ep-
itaxial structures will probably not be used in devices, they
remain excellent model systems to compare theoretical cal-
culations and experimental results and to enhance our under-
standing of the spin-dependent tunneling.*~’

The TMR ratio (defined as R%_P&Ec'g—g’w, where Rp ap
and Gpap is the resistance R and static conductance G
=I/V in the parallel (P) and antiparallel (AP) configurations,
respectively) exhibits both bias voltage and temperature de-
pendences, which play critical roles in device applications.
For bias voltage dependence, the dramatic decrease in the
TMR ratio at relatively low bias has been attributed to mag-
non and phonon excitations in both AlO,-based and MgO-
based MTJs.3? In order to explain the temperature depen-
dence of the TMR ratio of AlO,-based MTJs, the Julliere
model'>—which relates the TMR ratio to the spin polariza-
tion of the electrodes—has been modified to include a spin-
independent tunneling term.''~'3 Importantly, the TMR ratio
as a function of temperature was well described in a simple
phenomenological model in which spin polarization was
taken to decay according to the Bloch law in the same way
as magnetization.'? A similar model was applied to sputtered
polycrystalline MgO-based MTJs.!* For epitaxial Fe/
MgO/Fe MTJs,' it was explained in principle by scattering-
driven interfacial contributions to the spin-polarized tunnel-
ing of the minority spin channel in the AP configuration
compared with the majority spin channel tunneling in the P
configuration, which has less temperature dependence. How-
ever, a characteristic feature of high-quality MgO barrier is
that Rp is almost independent of temperature and low bias
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voltage,>% while R,p decreases significantly with tempera-

ture, resulting in the observed decrease in the TMR ratio by
a factor of =2 between 10 and 300 K (this factor is lower for
Co and CoFe electrodes). It is concluded from theoretical
considerations'®!” that the direct application of the Julliere
expression for the TMR ratio is not appropriate to the case of
spin-dependent tunneling. The flat temperature and bias de-
pendences of Rp, which have been attributed to the high band
gap (8 eV) of MgO,’ are certainly not predicted by the Jul-
liere theory. Despite these reservations, the Julliere theory
has been utilized recently to evaluate the temperature depen-
dence of the TMR ratio in epitaxial Co/MgO/Co junctions.®
However, to date there has been no quantitative model pro-
posed for the detailed temperature dependences of the TMR
ratio in epitaxial MgO-based MTJs.

Here, we analyze the temperature dependences of TMR
ratio, Rp ap, and dynamic conductance, in fully epitaxial Fe/
MgO/Fe/lrMn MT1Is, where a single Fe layer and an Fe/IrMn
exchange-biased bilayer are used as the bottom (free) and top
electrode (pinned), respectively. Rp is indeed found to be
nearly temperature independent, while R,p increases signifi-
cantly with decreasing temperature, leading to an increase in
the TMR ratio from 170% at RT to 318% at 10 K. This is
among the highest TMR values measured in epitaxial Fe/
MgO/Fe MTJs.*> Based on the relationship between spin-
polarized tunneling across the barrier and the magnetic dis-
order of the electrodes as a function of temperature, a model
is proposed with a good quantitative explanation of experi-
mental results.

Fully epitaxial Fe/MgO/Fe/IrMn structures, together with
reference samples of single Fe layer and Fe/Ir,,Mn ¢ bilay-
ers (Fe/IrMn), were grown on MgO(001) substrates by mo-
lecular beam epitaxy. The epitaxial relationship Fe(001)
[100]/MgO(001)[110]//Fe(001)[100]//IrMn(001)[110] is
found with sharp interfaces; further details can be found
elsewhere.!®!° Junctions (6 X8 um? in size, 36 per sample)
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FIG. 1. (Color online) Resistance as a function of the magnetic
fields at temperatures of 300, 100, and 10 K in MTJs of structure
Fe(25)/MgO(3)/Fe(10)/IrMn(10) (thickness in nm). The field is par-
allel to the [100] easy axis of the Fe and Fe/IrMn bilayer.

were patterned by optical lithography combined with Ar-ion
beam milling. The magnetotransport properties were mea-
sured in a physical properties measurement system with a
magnetic field applied parallel to the Fe[100] easy axis.
Magnetic measurements of the single Fe layer and Fe/IrMn
bilayer were carried out using a superconducting quantum
interference device magnetometer (Quantum Design); the
diamagnetic contribution of MgO substrate was subtracted.
Dynamic conductance G'=dI/dV was obtained by a stan-
dard lock-in method at 23 Hz with a modulation voltage of 1
mV.?

Two junctions (labeled Junction-1 and Junction-2) from
one sample with structure of Fe(25)/MgO(3)/Fe(10)/
IrMn(10) (thicknesses in nm) are selected. Figure 1 shows
typical R-H loops at 300, 100, and 10 K for Junction-1. It
shows low and high resistance in the P and AP configura-
tions, respectively. A TMR ratio of 170% is found at RT and
increases to 318% at 10 K, and its temperature dependence
will be analyzed in detail below. It shows that the coercivity
and the exchange bias field in the Fe/IrMn bilayers both
increase markedly with decreasing temperature. This is a
much stronger temperature dependence than that reported by
other groups*® and is attributed to the full epitaxial nature of
the structures here, in contrast to the sputtered IrMn layers
employed elsewhere.

Figure 2(a) shows the resistances of Junction-1 in the P
and AP configurations as functions of temperature (solid dots
and open dots, respectively). Rp is seen to be nearly indepen-
dent of temperature, while R ,p increases monotonically with
decreasing temperature. The temperature dependence of the
TMR ratio is shown in Fig. 2(b) for Junction-1 and
Junction-2 by open diamonds and open dots, respectively.
With increasing temperature, the TMR ratio exhibits an ap-
proximately linear decrease, in agreement with results from
other groups.>!> However, we find a reproducible departure
from linearity of the TMR ratio vs T relationship, and the
solid lines in Fig. 2(b) are fits based on the model to be
described below. The dependence of the dynamic conduc-
tance Gp and G, on bias voltage in the junction with struc-
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FIG. 2. (Color online) (a) Resistance in the P (solid dots) and
AP (open dots) configurations as a function of temperature. (b)
Temperature dependence of TMR ratio for two junctions. Solid
lines are fits based on Eq. (4).

ture of Fe(50)/MgO(2)/Fe(10)/IrMn(10) (thickness in nm)
has been measured at low and room temperatures, and the
results are shown in Fig. 3. The parallel conductance exhibit
flat bias dependence in the range 0.4 V at both 10 and 300
K, again a characteristic of high-quality MgO barrier.’ In
contrast, G,p shows a typically parabolic shape with a zero-
bias anomaly, which has been attributed to magnon and/or
phonon excitations. Furthermore, at low bias voltages, Gl’,
decreases between 10 and 300 K, while G; increases.

The spin-dependent tunneling in epitaxial Fe/MgO/Fe
junctions has been described in detail by first-principles
theory.'®!” A single-crystal MgO barrier exhibits a spin fil-
tering effect due to the conservation of wave-function sym-
metry. The conductance in P configuration, dominated by
majority A, states, is high because A, states decay relatively
slowly through the barrier and can transfer into similar-
symmetry states in the second electrode. By contrast, the
conductance in AP configuration is symmetry blocked. Un-
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FIG. 3. (Color online) Dynamic conductance (G'=dl/dV) as a
function of bias voltage in P and AP configurations at 300 and 10 K,
where the MTJs have Fe(50)/MgO(2)/Fe(10)/IrMn(10) (thickness
in nm) structure.
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fortunately, the first-principles theory cannot take the tem-
perature dependence into account. Furthermore, the calcula-
tions assume that the electrode magnetizations are ideally
collinear. We propose that the symmetry blocking in the AP
configuration will become less effective if the magnetiza-
tions of two electrodes are noncollinear. The perturbation of
magnetization alignment of the electrodes is considered to be
the dominant effect on the temperature dependence of the
TMR ratio, and its effect on R p is much greater than that on
Rp. In order to develop a model for detailed temperature
dependence of the TMR ratio in epitaxial MgO-based MT]Js,
we use as a starting point an expression for the conductance
of a tunnel junction first introduced by Slonczewski:?! G
=Gy(1+ PP, cos ), where P, and P, are the effective spin
polarizations of the ferromagnetic (FM) electrodes and 6 is
the angle between their magnetizations. Our reasons for us-
ing a free-electron-type model are: (i) the observation!” that
Slonczewski’s description of the TMR ratio agrees fairly
well with full first-principles calculations for the case of
thicker barriers such as =2 nm used in our study, and (ii) the
fact that, as yet, first-principles theories have considered only
exactly collinear P and AP configurations.

In our empirical formulation, the definition of G given
above is now modified by replacing polarization with mag-
netization and introducing individual angular terms to define
the direction of electrode magnetizations with respect to the
applied magnetic field. This step of the introduction of indi-
vidual angular terms for the P and AP states is the main
difference from previous models for AlO, (Ref. 12) and sput-
tered MgO (Ref. 14) devices, and enables the TMR depen-
dence of epitaxial MgO devices to be described fully without
the introduction of a spin-independent tunneling component.
The close link between polarization and magnetization has
been mentioned by previous authors?>>* and references
therein. Our model assumes that polarization is directly pro-
portional to magnetization in the case of bcc Fe.?* Experi-
mentally, the saturation magnetization of an FM layer as a
function of temperature can be taken as a measure of the
magnetic disorder, and its temperature dependence is well
described by thermal excitation of spin waves at tempera-
tures far below the Curie temperature with Bloch’s law:>

M, (T) = M 5(1 - aT*?). (1)

Here, « is a material-dependent constant and M?,z denotes
the saturation magnetizations of two magnetic layers at T
=0 K. This law has been experimentally confirmed for
bulks, thin films, and surface magnetization; the latter is im-
portant for MTJs because tunneling is an extremely surface-
sensitive process.'> The M(T) curves for 25-nm-thick Fe
layer and the Fe/IrMn bilayer are shown in Fig. 4. The mea-
surements were carried out in an applied magnetic field of
1000 Oe between 10 and 370 K. Good agreement between
the data points and Bloch’s law is found with values of «
=7.0x107° and 9.2x10° (K3?) [together with M!,
=2.14X 107 and 9.29 X 10™* (emu), respectively] extracted
from the fits (solid lines in Fig. 4) for 25 nm Fe layer and
Fe(10 nm)/IrMn(10 nm) bilayer, respectively. These values
are typical for Fe layers and show the enhancement of spin-
wave excitations with decreasing thickness.?
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FIG. 4. (Color online) Saturation magnetization of an Fe layer
(25 nm thick) as a function of temperature. Inset: M(T) curve for an
Fe(10 nm)/IrMn(10 nm) bilayer. Solid lines are fits based on Eq.
(1).

For bee bulk Fe, there are A, As, and A, states for ma-
jority spins, and As, A,, and A,, without A, states due to
exchange splitting for the minority spins, respectively. Based
on above discussion, the temperature dependence of conduc-
tance is expressed in terms of the magnetizations of two
electrodes and their angles #; and 6, with respect to the
direction of applied magnetic field. For P configuration,
Gp(T, 0)=Go[ 1+ BpM M) cos(6, - 6,)], where the parameter
Bp is closely related to the majority of A, states, which domi-
nate the conductance in P configuration. For AP configura-
tion, we get Gup(T,0) =G p[1-BapMIM) cos(6,+6,)],
where B,p is only related to the other states except A;, such
as As and A,,,, because an injected A, states cannot find
equivalent symmetry in the opposite FM electrode with re-
versed magnetization in AP configuration. Furthermore,
Bp.ap includes the proportionality factor relating spin polar-
ization and magnetization and also takes account of the local
interface effect on the spin-polarized electron tunneling. In
the temperature range investigated here, the angle @, , with
respect to applied magnetic field is very small, confirmed by
Bloch’s law shown in Fig. 4. Therefore, Gp sp could be fur-
ther simplified as

Gp(T, 0) = Gp[ 1 + BpM' cos 6, M) cos 6]

. 2

Gapl(T,6) = Gp[1 = BapM? cos 6;M cos 6,] @
Finally we get

Gp(T) = Gy[1 + BpM, (T)M(T)] 3)

GAP(T) = GOAP[I - ,BAPMl(T)Mz(T)] '

The saturation magnetization described by Bloch law exhib-
its a little decrease with temperature shown in Fig. 4, leading
to a decrease in Gp (increase in Rp) and an increase in Gap
(decrease in R,p) with increasing temperature.

Now, the TMR ratio can be expressed as
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Goll + BeMIMY(1 - ay %) (1 - anT°?)]
Gl 1 = BapMIMS(1 — & T¥)(1 = ay )]
4)

The fits by Eq. (4) are shown by the solid lines in Fig. 2(b),
in good agreement with the experimental data. It should be
emphasized that the fitting was carried out using the values
of a;,, which were obtained from the fitting of the M(T)
curves of the Fe layer and Fe/IrMn bilayers. The parameter
Bp.ap is defined as above, its value SBp, APM?M(2)=O.190 and
0.907 for Junction-1, and Bp ApMIM9=0.195 and 0.911 for
Junction-2 from fitting, respectively. The small deviation is
coming from the local structures at the interfaces. The value
of Bp is much smaller than that of B,p, indicating the mis-
alignment due to thermal effect plays a much more effective
role on G,p than on Gp. Theoretical results also find the
primary effect of thermal disorder is to significantly increase
G ap While Gp is much less affected.!” The fitting of the TMR
ratio vs T has been repeated successfully for different junc-
tions with MgO barrier thicknesses of 2 and 3 nm and with
bottom Fe layer thickness of 25 and 50 nm. We conclude that
the temperature dependences of the TMR ratio in epitaxial
MgO-based junctions are well described by our model,
where the very different temperature dependences of Gp and
G 5p are explained by the effectively greater misalignment of

TMR =
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magnetizations in the AP configuration, when responding to
thermally driven magnetic disorder. The ferromagnetic cou-
pling of the two electrodes at barrier thicknesses =0.8 nm
tends to maintain collinearity of the magnetizations in the P
state.!> The sensitivity of the TMR ratio to changes in the
magnetic band structure of the electrodes as a function of
temperature was emphasized previously in calculations,
based on Slonczewski’s model, of ideal Co/I/Co junctions.23
The present model offers a physical interpretation of this
effect in terms of misalignments of the magnetizations in the
two electrodes. Small change in magnetization alignment
leads to large changes in the TMR ratio.

In summary, the temperature dependence of the TMR ra-
tio in epitaxial Fe/MgO/Fe MTIJs has been investigated. An
empirical model based on the misalignment of magnetiza-
tions in the electrodes due to thermal excitations and its ef-
fect on the spin-dependent tunneling across the barrier has
been proposed. The model provides a good fit to the experi-
mental data, well describing the nonlinear dependence of the
TMR ratio between 10 K (318%) and room temperature
(170%).
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