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The temperature required to set the exchange bias of a ferro/antiferromagnetic �F/AF� storage
bilayer as a function of the heating pulse width was studied on magnetic tunnel junctions �MTJs� of
thermally assisted magnetic random access memories. Heating is produced by a pulse of electric
current flowing through the junction. For sufficiently long heating pulse ��20 ns�, a
quasiequilibrium temperature profile is reached in the MTJ. In this stationary regime, a relationship
between the temperature of the storage layer and the power of the pulse was established by using an
Arrhenius–Néel model of thermal relaxation. The introduction of thermal barriers between the
junction tunnel barrier and the electrodes allows a significant reduction of the power required to
achieve a given temperature rise of the storage layer. When the heating pulse duration is reduced
from 1 s to 2 ns, the heating power required for setting the F/AF storage bilayer increases by about
80%. This experimental observation is quantitatively interpreted by combining the Arrhenius–Néel
model with thermodynamic simulations of heat diffusion with source term given by the
experimentally known heating power dissipated in the tunnel barrier by Joule effect. © 2008
American Institute of Physics. �DOI: 10.1063/1.2951931�

I. INTRODUCTION

Exchange bias phenomenon,1,2 leading to the pinning of
the magnetization of a ferromagnetic �F� layer in contact
with an antiferromagnetic �AF� layer, has been extensively
used in spin valves, magnetic tunnel junctions �MTJs� and
other spintronic devices to create reference direction for the
spin of the electrons.3 The same principle is used in ther-
mally assisted magnetic random access memory �TAM-
RAM�, where each memory element consists of a MTJ com-
prising a storage layer exchange biased by an AF.4–7 In this
case, the magnetization direction of the F/AF storage layer is
set by heating the tunnel junction to a setting temperature Tset

with an electric current pulse flowing through the junction in
the direction perpendicular-to-plane, in the presence of a
magnetic field. The applied field stands during the natural
cooling of the MTJ layers back to room temperature �RT�
TRT=300 K, subsequent to the suppression of the heating
pulse. Cooling of the F/AF storage layer with the F layer
oriented in the applied field direction freezes the AF state
and creates an exchange bias along the applied field direc-
tion. The setting temperature for writing a TAMRAM must
be larger than the blocking temperature �TB� of the F/AF
storage layer for the corresponding duration of the heating
pulse �. The relationship between blocking temperature and
heating pulse duration can be established as follows. Let us
assume that the exchange bias acting on the storage layer
HEX is initially set in the positive direction �meaning a loop
shift in the positive direction� to HEX

set by cooling the F/AF
system from a temperature higher than the Néel temperature
TN down to TRT in the presence of a negative applied field

−Hset, high enough to orient the F layer along to its direction.
In attempt to reverse the direction of HEX, a second heating
is performed at a temperature TAF�TRT during the time in-
terval �, followed by cooling to TRT in the presence of a
positive applied field Hset. In these experiments, it is assumed
that the duration of the transient regimes of temperature
variation from TRT to TAF and from TAF to TRT �typically
�20 ns� are much shorter than � �longer than 100 ns� so that
the temperature can be considered as constant during �. This
quasiequilibrium temperature is determined by a balance be-
tween the heating power dissipated at the tunnel barrier and
the heat flow diffusing towards bottom and top electrodes
which constitute heat sinks. As a result of the heating pulse
of duration �, the exchange bias decreases to a value
HEX�TAF,��. The blocking temperature TB is the temperature
reached by the F/AF bilayer during � for which a decrease of
the exchange bias from HEX

set to HEX�TAF=TAF
W �TB ,��

=HEX
W =0 is observed. The goal of this study was to measure

and interpret the strong dependence of TB on the heating
pulse duration in a fairly large window of heating time rang-
ing from 2 ns up to 1 s. For this purpose, experiments on
TAMRAM devices were performed. In these systems, the
duration and amplitude of the temperature step can be easily
controlled by the width � and power PHP of the electric heat-
ing pulse flowing through the junction. The experimental
setup and the procedure for measuring the power of the elec-
tric pulse PHP

W leading to HEX=HEX
W , which is the TAMRAM

writing criterion, are described below. In the experiments, we
do not have direct access to the temperature of the F/AF
bilayer. Therefore, the temperature profile of the junction
subsequent to the application of an electric heating pulse and
in particular the temperature at the F/AF bilayer location wasa�Electronic mail: cristian.papusoi@cea.fr.
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calculated by solving the heat diffusion equation �HDE� for
the geometry and structure of the investigated device. The
heat source term in the HDE is the Joule dissipation in the
tunnel barrier given by the measured power of the electric
pulse PHP

W . The HDE approach involves a number of thermo-
dynamic parameters, including the specific heat capacities
and thermal conductivities of all layers comprised in the
MTJ and electrodes. Their values may be different for pat-
terned thin films than for bulk materials. For validating the
parameter values used in HDE simulations, a second method
to determine the temperature of the storage layer as a func-
tion of the electric pulse power, based on the temperature and
time dependence of HEX calculated by an Arrhenius–Néel
�A-N� model of thermal relaxation, was used as a reference.
This model involves a number of structural and magnetic
parameters �AF grain size, AF anisotropy, and interatomic
interfacial F/AF coupling� which were determined from qua-
sistatic measurements of exchange bias and coercivity versus
temperature and direct structural observations. Once the
magnetic parameters of the F/AF storage layer were deter-
mined, the A-N model was used to calculate the temperature
TB, i.e., the amplitude of a temperature pulse applied to the
F/AF storage layer leading to the same threshold of exchange
bias HEX

W =0 as the experimental electric pulse of power PHP
W .

In a first approach, considering the shortness of the tran-
sient regime of temperature variation ��20 ns� when the
heating current pulse is switched on or off, the AF tempera-
ture variation during the application of the electric pulse was
assumed to be rectangular, having the same width � as that of
the electric pulse. Agreement over a large interval of pulse
widths, extending from 20 ns to 1 s, was obtained between
the result of HDE simulations and the result of the A-N
model regarding the temperature of the AF layer TAF

W =TB at
t=�. In a second approach, we took into account the finite
heating/cooling times required by the junction to reach a
stationary temperature regime. These transient regimes play
a role for short heating pulse widths, typically below 20 ns.
To treat this case, the A-N model was adapted to calculate
HEX at the end of an arbitrarily shaped temperature pulse.
The time dependence of the AF temperature during and after
the application of an electric pulse of power PHP

W and width �
was calculated by HDE simulations and then introduced in
the A-N model to calculate HEX at the end of the pulse. This
approach improved the agreement between the combined
HDE/A-N models and the experimental results in the range
of short pulse widths 2–20 ns. The matching between the
combined HDE/A-N model and the experiments evidenced
an increase of TB by almost 80% when the electric pulse
duration decreases from 1 s down to 2 ns. The importance of
this conclusion is twofold. On one hand, it confirms that the
difference between TB and TN in thin F/AF bilayers is a con-
sequence of thermal activation. On the other hand, it sug-
gests that the power required to set the exchange bias by
heating with short electric pulses could be decreased by us-
ing materials with lower TN. The important values reached
by the temperature in the nanosecond pulse width regime
were enabled by the insertion in the junction stack of layers
having a low thermal conductivity, playing the role of ther-
mal barriers.

II. EXPERIMENTAL

The MRAM device subject to our investigation con-
tained a MTJ with a Co80Fe20 1.5 /Ni80Fe20 3 nm storage
layer, exchange biased by a 5 nm thin Ir20Mn80 AF layer. The
reference layer was pinned by a Pt36Mn64, high TN, AF layer
and the complete stack had the following structure: bottom
electrode/Ta 50 /Pt36Mn64 20 /Co80Fe20 2.5/Ru 0.8 /Co80Fe20

3.0 /AlOx 0.5 /Co80Fe20 1.5 /Ni80Fe20 3 / Ir20Mn80 5 nm/top
electrode. Top and bottom electrodes were made of Cu
250 nm and Ta 5/Al 20/Ta 90/Al 300 nm, respectively. The
junction was patterned in an elliptical shape of 450 nm long
and 250 nm short axes. The saturation magnetization of the
storage layer was MS=910 emu /cm3, leading to a theoretical
shape anisotropy KD=1.59�104 ergs /cm3. In order to set
the exchange bias of the reference and storage layers, a heat-
ing of the junction up to T=350 °C was performed, followed
by cooling in the presence of an applied field H=5 kOe.

Our experimental setup is presented in Fig. 1�a�. Setting
of the storage layer HEX was performed by connecting the
probe pin board �PPB� to the pulse generator �0–2 in Fig.
1�a��, applying a step of magnetic field Hset= �500 Oe de-
livered by an electromagnet and during field application,
sending a heating electric pulse of amplitude U and width �
provided by the pulse generator through the MTJ. The prop-
erties of the F/AF storage layer �coercivity HC and exchange
bias HEX� were measured at RT immediately after suppres-
sion of the field, by connecting PPB to magnetoresistance
�MR� tester �0–1 in Fig. 1�a��, from quasistatic MR hyster-
esis cycle using 40 mV bias voltage, as illustrated in Fig.
1�b�. At this bias voltage, the heating of the MTJ is negli-
gible. The measurement of an MR cycle with field varying
between �500 Oe takes tMEAS=50 ms. In order to minimize
any exchange bias training effects, 50 MR cycles were per-
formed before the actual measurement. The power of the
electric pulse was calculated as PHP= �2U-ZPGI-UOSC�I,
where I=UOSC /ZOSC is measured by an oscilloscope �OSC�
of impedance ZOSC=50 � and ZPG=50 � is the output im-
pedance of the pulse generator. The procedure for setting
HEX to a specific threshold, e.g., HEX

W =0 Oe as shown in Fig.
1�b�, consisted in the application of an electric pulse of

FIG. 1. �a� Experimental setup. �b� Writing test on a thermally assisted
MRAM by the simultaneous application of an electric pulse of power PHP

and a magnetic field pulse of amplitude Hset: saturation of the exchange bias
to HEX

set using PHP
set =2 mW, �set=1 ms, and Hset=−500 Oe ��� and exchange

bias reversal to HEX
W =0 Oe using PHP

W =1.1 mW, �=1 ms, and Hset=
+500 Oe ���.
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power PHP, duration �, triggered by a field pulse Hset=
+500 Oe, the value of PHP being progressively increased un-
til the condition HEX=HEX

W was fulfilled. The corresponding
power of the electric pulse was PHP

W . This procedure was
repeated for various pulse durations � in the range of
2 ns–1 s, the measured PHP

W ��� being plotted in Fig. 2�a�.
Before setting HEX, the previous magnetic state of the stor-
age layer was erased by saturating HEX to HEX

set . For this
purpose, an electric pulse of power PHP

set =2 mW, width �set

=1 ms, triggered by a magnetic field pulse of amplitude
Hset=−500 Oe, was applied to the junction. The value of PHP

set

was established by monitoring the dependence of HEX on
PHP for progressively increasing values of the latter and for
both orientations of the applied field Hset until HEX�Hset

=−500 Oe�=−HEX�Hset= +500 Oe�=HEX
set .

In order to quantify the magnetic parameters of the F/AF
storage layer, the following experiment was performed. After
setting of the exchange bias by cooling from 350 °C in the
presence of the applied field H=5 kOe, the junction was
heated from RT up to 190 °C by using a heating chuck and
the exchange bias HEX and coercivity HC of the storage layer
were measured from quasistatic MR loops at several inter-
mediate temperatures, the results being plotted in Fig. 3. As

explained below, these data were interpreted by an A-N
model from which magnetic and structural parameters such
as AF anisotropy, atomic interfacial F/AF coupling, and grain
size can be derived. The grain size was then verified by
direct electron microscopy observation.

III. THEORY

In order to calculate the temperature profile of the MTJ
during the application of a heating electric pulse of power
PHP and width �, a thermodynamic approach has been used,
based on the heat diffusion equation of general expression

C�
�T

�t
− �k � T = Q , �1�

where C is the specific heat capacity of the material sub-
jected to Joule heating, � is its mass density, k is its thermal
conductivity, Q is the heating power per unit volume applied
to the material, T is the temperature, and t is the time. This
equation was solved for each layer of the MTJ, using the
appropriate geometry and temperature boundary conditions,
by using the three-dimensional �3D� finite element solver of
the heat diffusion equation COMSOL. Conducting heat trans-
fer was assumed between adjacent layers, thermal insulation
condition on the noncontacted surfaces, and constant RT
temperature condition was used for the end surfaces of the
electrodes. The thermodynamic parameters of the model
were the thermal conductivities k and specific heat capacities
C of all the junction layers, including the electrodes and the
SiO2 insulator between the top and bottom electrodes. For
the layers made of pure elements, we have used the bulk
values for k and C.8 For the alloys, specific heat capacities
were estimated according to C=CM / ��VM�, where the molar
heat capacity takes similar values for all metals CM

�26 J / �K mol�, VM = �NAVU� /Z is the molar volume of the
alloy, VU is the volume of the crystalline lattice unit cell, Z is
the number of atoms per lattice unit cell, and �
=Z�i�niAi� / �NAVU� is the mass density, and ni and Ai being
the atomic concentration and atomic masses of the constitu-
ents, respectively. The values of k for the alloys were calcu-
lated based on the Widemann–Franz law of electronic ther-
mal conductivity k=LT /�e where L=2.510−8 W� /K2 is the
Lorentz number, �e is the electrical resistivity, and T is the
temperature. The values of �e measured at RT were used and,
in a first approximation, the temperature dependence of C
and k were neglected. Since the layer with the highest elec-
trical resistance is the AlOx tunnel barrier, the energy of the
electric pulse was assumed to be dissipated by Joule effect in
the tunnel barrier. Accordingly, Q in Eq. �1� is zero for all the
layers of the junction except for the tunnel barrier where Q
= PHP

W / �aAlOx
AAlOx

�, where aAlOx
, AAlOx

are the thickness and
surface of the tunnel barrier. In the simulation, the heating
pulse of duration � and corresponding power PHP

W ��� on the
writing curve in Fig. 2�a� was applied at t=0. A first simu-
lation was performed for 0� t��, corresponding to the heat-
ing stage. For illustration, the calculated temperature map
throughout a MTJ pillar submitted to a step of heating cur-
rent of power PHP

W ��=16 ns� at t=�=16 ns after onset of the
heating current is presented in Fig. 4�a�, together with a cross

FIG. 2. �a� Power of the electric pulse PHP
W required to reduce the exchange

bias, initially set to HEX
set , to the threshold value HEX

W =0 Oe, as a function of
the pulse width �. �b� Temperature TAF

W reached by the AF layer at the end
�t=�� of an electric pulse of power PHP

W ��� as a function of the pulse width
�, calculated by the HDE model �symbols� and by the A-N model using the
assumption of a rectangular temperature pulse �solid line� or the temperature
variation pattern calculated by the HDE model �dashed line�.

FIG. 3. Experimental �symbols, HEX ��� and HC ���� and calculated �solid
line� HEX�T� and HC�T� of the storage layer. �Inset� IrMn grain size distri-
bution �bars� from SEM image �background� and derived from the A-N
model.
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section TEM image of the real device in Fig. 4�b�. The tem-
perature TAF

W reached by the AF layer at the end of a heating
pulse of duration �, averaged over the thickness of the AF
layer, is plotted in Fig. 2�b� as a function of � and corre-
sponding power PHP

W . The simulation was continued for t
��, i.e., during the cooling stage, in order to obtain the
complete shape of the temperature pulse generated by the
electric pulse. The rise time of the pulse generator was taken
into account by assuming a time dependent shape of the
heating pulse power, of the form PHP

W min�1, t2 / tR
2� for the

heating stage and PHP
W max�0,1− �t−��2 / tR

2 � for the cooling
stage, where tR=0,8 ns is the rise time. For illustration, the
calculated AF temperature pulse resulting from the applica-
tion of an electric pulse of power PHP

W ��=16 ns� is presented
in Fig. 5�a�, together with the temperature profile of the
MRAM stack sandwiched between the two electrodes at t
=�=16 ns in Fig. 5�b�.

In order to confirm the dependence TAF
W ��� calculated by

thermodynamic simulations in Fig. 2�b� and check that our
choice of thermodynamic parameters �specific heat and ther-
mal conductivity� was correct, we used the temperature de-
pendent magnetic properties of the F/AF storage layer. The

exchange bias set by a temperature pulse of amplitude TAF

and duration � can be calculated by an A-N model.9–12 This
model was used to calculate the amplitude TAF

W of a tempera-
ture pulse, of equal duration to that of the experimental elec-
tric pulse �, that sets HEX to the writing threshold value
HEX=HEX

W =0 Oe. In order to determine the parameters used
in the A-N model, the temperature dependences of HEX and
HC plotted in Fig. 3 were fitted. The exchange coupling en-
ergy per unit F/AF contact surface was written JE

=JINT / �a0D�,12 where JINT is the exchange interaction energy
between a pair of F/AF atoms, a0=2.5 Å is the mean AF
atomic distance at the F/AF interface, and D is the AF grain
diameter. Following Ref. 12, the temperature dependences of
the AF anisotropy KAF and JINT are assumed to be given by
KAF�T�=KAF

0 �1−T /TN�0.99 and JINT�T�=JINT
0 �1−T /TN�0.33,

where TN=350 °C is the Néel temperature of the AF. Ac-
cording to the theory developed in Refs. 10 and 11,

HEX =
JINT

a0MSaF

1

I
	

max�D0,D*�

�

�P− − P+�DG�D�dD , �2�

HC =
2KF

MS
+

JINT

a0MSaF

1

I
	

D*

�

�P− + P+ − 1�DG�D�dD , �3�

where KF is the uniaxial anisotropy constant of the F layer,
aF is the F layer thickness, and I=
0

�D2G�D�dD where G�D�
is the AF grain size distribution. The diameter D0

=JINT / �KAFaAFa0�, where aAF is the AF layer thickness,
separates the AF grains that are switched �D�D0� from
those that are not switched �D�D0� during the rotation of
the F layer moment, assuming that the latter is an instanta-
neous event. In Eqs. �2� and �3�, P+, P− represent the occu-
pation probabilities of the AF grain energy minimum in the
direction �positive �	� or negative �
�� of the F layer just
before switching the F layer in the opposite direction, given
by Eqs. �20� and �22� of Ref. 10 which can be expressed in a
more compact form as

P+ = 1 − �1 − P��1 − e−t/��� �
i=0

2n−2

��− 1�ie−it/��

+ P0e−�2n−1�t/�, �4�

P− = 1 − �1 − P��1 − e−t/��� �
i=0

2n−1

��− 1�ie−it/�� − P0e−2nt/�,

�5�

where � is the AF grain relaxation time,

� = 1�� f0�
�

exp− �E�

kBT
�� , �6�

and

�E� = KAFaAFD2�1 
JINT

2DKAFaAFa0
�2

�7�

are the energy barriers to reversal of the AF grain uncompen-
sated moment from an antiparallel orientation to that of the F
layer to a parallel orientation �	� and vice versa �
�, f0

FIG. 4. �Color online� �a� Temperature profile of the MRAM device at the
end �t=�� of an electric pulse of power PHP

W ��=16 ns�, as calculated by the
HDE model. �b� Cross section TEM image of the MRAM device.

FIG. 5. �a� Temperature variation pattern of the AF layer TAF�t� �solid sym-
bols� during the application of an electric pulse of power PHP

W ��=16 ns�
�empty symbols�, as calculated by the HDE model. �b� Temperature profile
of the stack between the two electrodes at t=�, resulting from the applica-
tion of an electric pulse of power PHP

W ��=16 ns�, as calculated by the HDE
model.
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�109 s−1, t� tMEAS /2 is the time the F layer is oriented in
either direction during the measurement of the hysteresis
curve, n=50 is the number of hysteresis cycles performed at
the measurement temperature T prior to measuring HEX and
HC, P�=1 / �1+exp�−2JINTD / �a0kBT��� and P0= P+�t=0,n
=1� is the initial occupation probability before the hysteresis
measurement. In Eqs. �2� and �3� the diameter D* separates
the AF grains that are relaxing �D�D*� from those preserv-
ing their orientation �D�D*� during the rotation of the F
layer moment, by taking into account the experimental time
scale of the F layer switching. If one assumes, as in Refs. 10
and 11, that switching of the F layer is an instantaneous
event then D*=0, i.e., all the AF grains having a relaxation
time �� tMEAS /2, which switch during the F/AF hysteresis
cycles, contribute to the coercivity of the F/AF bilayer. This
assumption leads to reasonable values for HEX but it usually
overestimates HC. Experimentally, the switching of the F
layer occurs over a finite time interval, e.g., tSW= tC− tS

�0.5 ms as shown in Fig. 1�b�, allowing for a fraction of the
AF grains to relax during the switching of the F layer. This
effect can be corrected for in Eqs. �2� and �3� by introducing
the diameter D*, representing the upper AF grain diameter
that reaches thermal equilibrium during the switching of the
F layer. The value of D* can be estimated according to

tSW = �1/f0�exp�KAFaAFD*2

kBT
�1 − JINT/�2KAFaAFa0D*��2� ,

which is the expression of the AF relaxation time for a per-
pendicular orientation of the F layer to the easy axis. Let us
briefly describe the contribution of various ranges of AF
grain diameters to HEX and HC in the following:

• The AF grains of diameters D�D0 are switched dur-
ing the coherent switching of the F layer and contrib-
ute only to HC. One may estimate the maximum con-
tribution of this fraction of grains to HC by assuming
that their uncompensated moments remains parallel to
the F magnetization. This assumption leads to an in-
crease of HC by

2KAFaAF

MSaF

1

I
	

0

D0

D2F�D�dD . Ref.�11�

It can be shown that this contribution is negligible
with respect to the experimental values of HC.

• The AF grains of diameter in the range D0�D�D*

are also contributing only to HC. However, their con-
tribution could be neglected to a good approximation,
since the occupation probabilities of the two energy
minima of these AF grains approach very fast the
value 0.5 with increasing diameter, i.e., they could be
in either of the two minima with equal probability.

• Grains with diameters D*�D�D**, where D** is the
solution of equation �= tMEAS /2, are relaxing during
the time interval when the F layer is oriented in either
direction along the easy axis. They also contribute
only to HC and their contribution is accounted for in
Eq. �3�.

• Grains with diameters D�D** are only participating
to HEX, since they remain blocked during the entire
hysteresis measurement time, their contribution being
accounted by Eq. �2�.

The HEX�T� and HC�T� curves were calculated by using
Eqs. �2� and �3� with P� given by Eqs. �4� and �5� where
P0= P��TB

set�, TB
set being the solution of �=�set. The fits of the

experimental HEX�T� and HC�T� curves are shown by solid
lines in Fig. 3. The following values for the F/AF parameters
were obtained from the fit: tSW=0.5 ms, KF=1.3
�104 ergs /cm3, KAF

0 =1.3�106 ergs /cm3, JINT
0 =1.03

�10−14 erg leading to RT values KAF=7.3�105 ergs /cm3

and JINT=8.5�10−15 erg. The AF grain size distribution
G�D� derived from the fit follows a lognormal distribution
with Dm=21 nm and �=0.17, which is in good agreement
with that obtained from a scanning electron microscopy
�SEM� analysis �Fig. 3�.

Next, the A-N model with the parameters found above
was used to calculate TAF

W corresponding to HEX=HEX
W

=0 Oe. As a first approximation for heating pulse duration
longer than �20 ns, the AF temperature variation pattern
was assumed to be rectangular, having the same width � as
that of the electric pulse. The exchange bias HEX acting on
the storage layer HEX was calculated by using Eqs. �2�, �4�,
and �5�, where

P0 = 1 − P−�T = TAF,t = �,n = 1,P0 = P��TB
set�� , �8�

the temperature TAF being varied until HEX=HEX
W =0 Oe was

fulfilled, corresponding to TAF=TAF
W . The dependence TAF

W ���
calculated by this method is shown by the solid line in Fig.
2�b�. Agreement over a large interval of pulse widths, ex-
tending from 20 ns to 1 s, was obtained between the result
of HDE simulations using bulk values for the thermody-
namic parameters of the junction layers and the result of the
A-N regarding the temperature of the AF layer at t=�. As
one can notice in Fig. 2�b� the A-N model indicates lower
values for TAF

W than the HDE simulations for ��20 ns. This
discrepancy was ascribed to the failure of the rectangular
temperature pulse assumption for pulse widths having the
same order of magnitude as the intrinsic heating/cooling
times required by the junction to reach a stationary tempera-
ture regime. Therefore, in a second step, in order to correctly
account for the transient heating/cooling regimes, the A-N
model was modified to calculate HEX at the end of an arbi-
trarily shaped temperature pulse TAF�t�. The time depen-
dence of the AF temperature during and after the application
of an electric pulse of power PHP

W and width �, TAF�t�, was
calculated by HDE simulations �Fig. 5�a��, and then intro-
duced in the A-N model to calculate HEX at the end of the
pulse. In order to calculate P−�t�, required by Eq. �8�, we
have solved the Master equation9,10

dP−

dt
= − f0P− exp�− �E+� + �1 − P−�exp�− �E−� �9�

by taking into account the temperature profile TAF�t� and the
initial condition P−�t=0�=1− P��TB

set�. The solution of Eq.
�9� at the end of the temperature pulse TAF�t−��15 ns� was
used in Eq. �8� and then in Eqs. �4� and �5� for calculating
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HEX and HC from Eqs. �2� and �3�. The temperature pattern
TAF�t� was normalized to TAF�t=�� which was varied until
the writing condition HEX=HEX

W =0 Oe was fulfilled. The
corresponding normalization factor was TAF�t=��=TAF

W ���.
The dependence TAF

W ��� obtained using this approach is plot-
ted in Fig. 2�b� for �=2–100 ns. From Fig. 2�b� one can
notice that this approach considerably improves the agree-
ment between HDE, and A-N model results in the range of
short pulse widths of 2–20 ns, giving similar results with the
previous approach for pulse widths � larger than the intrinsic
heating/cooling times of the junction. The matching between
the HDE thermodynamic simulations and the A-N magnetic
calculations illustrated in Fig. 2�b� evidences an increase of
TB by almost 80% when the electric pulse duration decreases
from 1 s down to 2 ns. As a consequence of thermal relax-
ation in the AF layer, the shorter the heating pulse the closer
is the writing temperature to TN of the AF layer. This sug-
gests that the writing energy could be significantly reduced
by selecting an AF material with a low TN.

For the investigated device, the application of high tem-
perature pulses, as required for writing with short electric
pulses of width � in the nanosecond range �Fig. 2�a��, was
enabled by the presence in the MTJ stack of layers with low
thermal conductivity, playing the role of thermal barriers.
Figure 5�b� shows the MTJ temperature profile created by an
electric pulse of power PHP

W ��=16 ns�=2.71 mW, at t=�.
The most important contribution to the retention of heat in
the MTJ comes from the Ta layers placed at the bottom and
top of the junction. The low thermal conductivity of the Ta
layers, k=4.3 W /K /m, is characteristic of the �-Ta
phase,13–15 predominant in our Ta films as suggested by the
high electrical resistivity �e=170 �� cm and by the x-ray
diffraction �XRD� data �Fig. 6�. The introduction of thermal
barriers on both sides of the MTJ improves the heating effi-
ciency and reduces the energy necessary per write event.

CONCLUSIONS

In thermally assisted MRAM, the exchange bias acting
on the storage layer is set by heating the junction with an

electric pulse. The dependence of the electric pulse power
required to set the exchange bias to a specific threshold
HEX=HEX

W =0 Oe on its duration was experimentally estab-
lished. A method to determine the temperature TAF reached
by the AF layer during the application of a heating electric
pulse was proposed. The relationship TAF��� leading to the
same threshold of exchange bias was obtained over a large
window of heating times � ranging from 2 ns to 1 s. Two
approaches were proposed for this purpose and their results
were compared. The first approach is based on the resolution
of the heat diffusion equation for all the layers of the device.
This approach assumed that the experimental power of the
heating pulse was converted into heat in the tunnel barrier by
Joule effect, allowing a direct knowledge of the heat source
term in the heat diffusion equation. A second approach is
based on the interpretation of the experimental dependence
of the exchange bias HEX on the duration of the heating pulse
by an A-N model of exchange bias. These two approaches
suggest an increase of the AF temperature required for writ-
ing by almost 80% when the electric pulse duration de-
creases from 1 s down to 2 ns. As suggested by the A-N
model, this effect is a consequence of thermal relaxation in
the AF layer. This temperature increase is enabled by the use
of layers having low thermal conductivities, playing the role
of thermal barriers, placed on both sides of the tunnel junc-
tion.
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