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Giant spin-dependent thermoelectric effect
in magnetic tunnel junctions
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Francois Montaigne'! & Stéphane Mangin'

Thermoelectric effects in magnetic nanostructures and the so-called spin caloritronics
are attracting much interest. Indeed it provides a new way to control and manipulate
spin currents, which are key elements of spin-based electronics. Here we report on a giant
magnetothermoelectric effect in a magnetic tunnel junction. The thermovoltage in this
geometry can reach TmV. Moreover a magnetothermovoltage effect could be measured with
ratio similar to the tunnel magnetoresistance ratio. The Seebeck coefficient can then be tuned
by changing the relative magnetization orientation of the two magnetic layers in the tunnel
junction. Therefore, our experiments extend the range of spintronic devices application to
thermoelectricity and provide a crucial piece of information for understanding the physics of
thermal spin transport.
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T.J. Seebeck in 1821. On one hand, the relation between

the thermal and the electrical transport is an essential topic
for both fundamental physics and for the future of energy-
saving technologies! ~®. On the other hand, the discovery of the giant
magnetoresistance effect and the tunnel magnetoresistance
effect (TMR) enhanced the interest of the community for spin-
dependent conductivity and gave rise to spintronics and multiple
applications’~°. Tts interplay with thermal conductivity was intro-
duced to describe the conventional Seebeck effect in ferromag-
netic metals!®-2%, The magnetothermoelectric effect has then be
studied in magnetic systems such as magnetic multilayers and
spin valves!%-14 Moreover, the thermoelectric effect has also
been observed in non-magnetic tunnelling devices such as super-
conductor-insulator-normal metal (or superconductor) tunnel
junctions?®?7. Recently, thermal spin tunnelling effect from ferro-
magnet to silicon has been reported®. In regard to magnetic tunnel
junction (MTYJ), there were theoretical works?*~3! showing magne-
tothermopower, and Walter et al.32 reported first the measurements
of Seebeck effect in MgO MT]Js. Their experiments show that the
magnitude and sign of the magneto-Seebeck ratio can be changed
by laser power modulation?

In this article, we present an experimental discovery of a giant
thermoelectric effect in Al,O3 MTJs. The observed mV thermovolt-
age has promising application for the novel magnetic thermoelectric
devices.

Thermoelectricity has been known since the discovery by

Results

Experiment set-up. The studied MT] consists of a bottom reference
layer Ta(5nm)/PtMn(25nm)/CoggFe;((2 nm)/Ru(0.8 nm)/CogoFeqq
(3nm) and a free layer CogoFe;o(2 nm)/NigyFe,(5nm)/Ru(4.8 nm)/
Au(10nm) separated by a 2-nm thick amorphous Al,O3 barrier,
as shown in Fig. 1a. To generate a temperature difference between
the reference layer and the free layer, one electrode lead was heated
using the laser beam from a laser diode with a wavelength of 780 nm
and a tunable power from 0 to 125 mW. The temperature difference
between both sides of the Al,O3 barrier is defined as AT, whereas
the voltage difference is AV. In the linear response approximation,
the total electric current I in the presence of AV and AT can be
written as!0-24

I=GyAV +GrAT (1)

where Gy is the electrical conductance, and Gr is the thermoelectric
coefficient related to the charge current response to the heat flux.
The thermovoltage AV can be measured in an open-circuit
geometry, where I=0, as shown in Fig. 1b. Considering equation
(1) it leads to AV=—(G1/Gy)AT= —SAT, where S=Gr1/Gy is the
thermopower (TP) or Seebeck coefficient. AV was measured with
a nanovoltmeter at room temperature (RT) with a magnetic field
H applied along the in-plane easy axis of the free layer. The thermo-
tunnel current was measured by a sourcemeter connecting the MTJ
without any applied voltage, that is, a closed circuit, as shown in
Fig. lc. In the closed-circuit geometry, AV=0 and thus from
equation (1), I=GpAT. With those two geometries, the influence
of magnetization orientations on both spin-dependent electrical
conductivity and thermoelectric effect could be studied.

Magnetothermovoltage measurement in MT]J. Figure 2a shows a
minor loop of the tunnel resistance R as a function of the in-plane
applied field H for an Al,0O3-based MT] with a diameter of 80 um.
The MTJ has a low resistance Rp=15.9kQ for the parallel (P) mag-
netizations alignment, and a high resistance Ryp=22.3kQ for the
antiparallel (AP) magnetizations alignment, showing a TMR ratio
(Rap—Rp)/Rp=40%.

NlmFe20 (5 nm)

Ru (0.8 nm)
CogoFeyq (2 nm)
PtMn (25 nm)

ALO;  SiAlLO,

Figure 1| Schematic of the experiment. (a) The studied MTJ consists

of a bottom reference layer Ta(5nm)/PtMn(25nm)/CoggFeio(2nm)/
Ru(0.8 nm)/CogpFe;p(3nm) and a free layer CoggFeg(2nm)/NiggFesq
(5nm)/Ru(4.8nm)/Au(10 nm) separated by an Al,O3 barrier. To generate
a temperature difference between both sides of the Al,O3 barrier, one
electrode lead was heated using the laser beam from a laser diode with
the wavelength of 780 nm at a maximum power of 125mW. The open-
circuit voltage was measured by the nanovoltmeter at room temperature
(RT) with an applied magnetic field uoH up to 0.3 T along the in-plane
easy axis. (b) In the presence of the temperature difference AT in the MTJ,
the generated thermovoltage AV depends on the relative magnetization
alignment of the two ferromagnetic layers. (¢) The thermotunnel current
was measured by the system sourcemeter connecting the MTJ in a closed
circuit without applied voltage.

Then, instead of injecting a current in the MTJ, as sketched in
Fig. 1b, the voltage across the MTJ is measured in an open-circuit
geometry. The top lead is heated by the laser to generate a tempera-
ture difference between the free layer and the reference layer spaced
by the Al,O5 barrier. With the top lead heated, the temperature dif-
ference is defined as positive AT>0. As shown in Fig. 2b, a nega-
tive thermovoltage AV is detected in this geometry. While sweeping
the in-plane applied field, a sudden AV increase is observed as the
free layer magnetization switches and the magnetization configura-
tion changes from P to AP. In fact, the AV versus H hysteresis loop
mimics the R versus H loop. Two thermovoltage levels are clearly
defined corresponding to the two magnetization alignments (P and
AP). The amplitude of the thermovoltage for the AP alignment,
AVyp is found to be larger than that for the P, AVp. In our case, the
AVyp can reach up to —1.07mV while heating the top lead with a
125-mW laser power. The AV,p is about 310 LV as heating the bot-
tom lead with the same laser power. This difference can be under-
stood as different material, thickness and size for the top and bot-
tom leads result in different heat conductivity and dissipation. In
the case where the laser heats the bottom lead, that is, AT'<0, then
a positive thermovoltage is measured, as shown in Fig. 2b, and an
inverse thermovoltage AV hysteresis loop is observed. Note that if
the laser is turned off or shines the substrate instead of the leads,
the thermovoltage decreases to zero and no influence of the applied
field is observed.

For both top and bottom heating, the tunnel magnetothermo-
voltage ratio defined as (AVyp— AVp)/AVp is ~40%, which is similar
to the TMR ratio. This behaviour suggests that the observed ther-
moelectric effect mainly results from the thermal spin-dependent
tunnelling between both sides of the Al,O3 barrier. Moreover, the
thermovoltage of the lead was measured while heating one end with
the maximum laser power, and a value <2V was obtained. Thus,
the thermovoltage of the lead can be neglected considering the
measured thermovoltage in the MT].

Figure 3 shows the thermovoltage AVp and AVyp as a function
of the laser power P in the cases of heating the top (Fig. 3a) and
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Figure 2 | Magnetic field dependence of the tunnel resistance and the
thermovoltage in a MTJ. (a) Minor loop of the tunnel resistance

R of an Al,03 MTJ with a diameter of 80 um as a function of H at room
temperature, measured with a 0.1-pA current. The arrows indicate the
sweeping direction of the magnetic field. The MTJ has a low resistance
Rp=15.9kQ for the parallel (P) magnetization alignment, and a high
resistance Rap=22.3kQ for the antiparallel (AP) alignment. The TMR ratio
is (Rap—Rp)/Rp=40%. (b) Thermovoltage versus applied field (V-H)
minor loops. The voltage across the MTJ is measured in an open-circuit
geometry with a laser heating the electrodes. As the laser heats the top
lead (solid circle), the temperature of the free layer is higher than that of
the reference one, that is, AT>0, yielding a negative thermovoltage AV,
whereas a positive AV is observed in the case of the laser heating the
bottom lead (open square), that is, AT<O. It is noted that the open-circuit
voltage is zero in the absence of laser heating (open circle). With sweeping
the applied field, AV shows a behaviour similar to R. The amplitude of the
thermovoltage for the AP alignment, AV ap, is larger than that for the P, AVp.
The AV pp can reach —=1.07mV as heating the top lead with a 125mW laser
power, while the AV ap is about 310 1V as heating the bottom lead with

the same laser power. The tunnel magnetothermovoltage ratio defined as
(Vap=Vp)/Vpis ~40%, which is similar with the TMR ratio of the MTJ.

the bottom leads (Fig. 3b). One can see that the amplitudes of both
AVp and AV, p increase with the laser power. The experimental data,
obtained for AVp and AV, p, are not linear but following a P'/2-like
behaviour for the top lead and bottom lead heating. In our under-
standing this P!/? behaviour is not the signature of a microscopic
process, but rather is due to the dependence of the temperature
difference and of the Seebeck coeflicient with P. Owing to power
dissipation, the temperature difference follows a P* law with o <1,
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Figure 3 | Laser power dependences of the magnetic thermovoltage

and magnetothermoelectric ratio in the MTJ. The thermovoltage AVp
(solid circles) and AV ap (open circles) as a function of the laser power P in
the cases of heating the top lead (a) and the bottom lead (b). It is found
that AVp and AVp behave like P2, (¢) The magnetothermovoltage ratio
(AVap—AVp)/AVp as a function of the laser power. It is ~40%, which is
very close to the TMR ratio, and is constant with the laser power.

and the Seebeck coefficient is itself a complicated function of the
temperature, and thus of P. The magnetothermovoltage ratio
(AVAp—AVp)/AVp is 40%, which is close to the TMR ratio, and
changes little with the laser power, as shown in Fig. 3c.

Thermotunnel current measurement in MT]. Figure 4a shows the
measured thermotunnel current I as a function of H in a closed-
circuit geometry, as described above. Without laser heating, the
closed-circuit current is around zero. As heating the top lead with a
125-mW laser power, I reaches 43nA, and I is about —12nA when
the bottom lead is heated by the same laser power. One can see that
the thermotunnel current I is independent on the magnetization
alignments. However, similarly with the thermovoltage, the laser
power dependence of the thermotunnel current also behaves like
PY2 for both top and bottom leads heating, as shown in Fig. 4b,c.
Considering the amplitude, the sign and the magnetic dependence
of the measured signal, the possibility of an artefact coming from
the known light-induced phenomenon could be ruled out.

Discussion
From the above experimental results obtained in Al,O3 MTJs, one
can see that the magnetothermovoltage is proportional to TMR,
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Figure 4 | Magnetic field and laser power dependence of the thermotunnel
current in the MTJ. (a) Thermotunnel current versus applied field (/-H) curves in
the cases of heating the top lead (solid circles), the bottom lead (open squares)
and without heating (open circles). I is independent on the magnetization
alignments. (b,c) The thermotunnel current Ip (solid circles) and Iap (open
circles) as a function of the laser power P for heating the top and the bottom
leads, respectively. It is found that fp and I p are following a P/ 2-like behaviour.

that is, AVp/AVjp=Rp/Rpp whereas the thermotunnel current is
independent on magnetizations relative orientations. As the ther-
movoltage is given by AV=—(Gy/Gy) AT=—SAT, whereas the
thermocurrent is given by I= GrAT, assuming that for a fixed laser
power AT is constant for the P and AP configuration, we could
define a tunnel TP S, which depends strongly on the magnetization
alignment of the two magnetic layers. It leads to the conclusion that
the coefficient Gy is independent on the magnetization alignments.
Consequently, the tunnel magnetothermopower is proportional to
TMR in Al,O3 MTTs, that is, Sp/Sap =Rp/Rap. It should be said that
this behaviour is not conventional, as usually the Seebeck coefficient
is not dominated only by the resistance. Indeed, the experiments
of other groups3>3? show that there is no direct relation between
magneto-Seebeck effect and TMR in MgO MT]s, which agree with
the ab-initio calculation?.

To obtain the value of S, the temperature difference between
both sides of the tunnel barrier is needed. Unfortunately, it is hard
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Figure 5 | Laser power dependence of the temperature difference of the
leads in the MTJ. (a) Temperatures of the bottom lead (solid squares)
and the top lead (open circles) as the bottom lead was heated for various
laser powers. (b) Laser power dependence of the temperature difference
between the bottom and the top leads. The error bars of the temperature
difference are given by repeating the measurements.

to directly measure a small temperature difference between a 2-nm
barrier. The temperature difference between the bottom and top
leads was obtained by measuring the temperature of each lead with
a k-type thermocouple connected to a nanovoltmeter. As shown in
Fig. 5, for instance with a laser power of 125mW heating the bot-
tom lead, the temperatures of the leads are about 319K, whereas
the temperature difference between the top and the bottom leads
is 300250 mK. We could conclude that the temperature difference
is smaller than 1K between the top and the bottom leads, which
could be much smaller between both sides of the tunnel barrier in
the MT]J. It should be noted that only part of the heat goes through
the MTJ, and because the size of MTJ is much smaller than that
of the leads and the 2-nm thickness of Al,O3 barrier is small com-
paring with the 60 nm thickness of the whole multilayers, the ver-
tical temperature difference across the 2-nm Al,O5 barrier should
be smaller than the one measured between the two leads. For a
125-mW laser power, an upper limit for the temperature difference
across the barrier can be estimated to be ~100 mK. Consequently,
from the measured 1-mV thermovoltage, we can estimate that
the Seebeck coefficients in Al;O3 MTJ should be on the order of
1mV K~ or larger, which is large compared with the conventional
metals and semiconductors’.

Walter et al.32 show the TP in MgO MTJ of 100 (1300) VK ~!
with a 5.3V measured thermovoltage and a simulated tempera-
ture difference across the barrier of 53 (4.4) mK. Theoretical study
by McCann and Falco®® using inelastic magnon model estimates
55V K ™1, and the ab-initio theory by Czerner et al.3! gives values
of up to 150V K~ 1. This means that giant TP can be obtained in
an A1203 MT]
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In the following, we provide a simple model within the linear
response theory that agrees with our experimental results. Note that
this explanation does not exclude that this behaviour could result
from a very peculiar inelastic scattering of the electrons with pho-
nons or magnons, but in the absence of detailed experimental evi-
dence of this type of process we will use a description based on
elastic scattering only and find the particularities needed to explain
the experimental data. In such a case, it is possible to express the
Onsager coefficient L; =Gy and L, =Gy as the moments of order
0 and 1 of the transport function o(¢),

_ _of -l _ _‘lf)
Ln—jdsa(s)( asj’ le_(—e)T deo(e)(e u)( oy 2)

f is the Fermi-Dirac distribution function, and (—e) the electron
charge. This approach is well used for bulk thermoelectricity!-27-34
and has recently been applied in the context of spin caloritronics
in the works by Czerner et al.3! and Walter et al.3> The function
o(€) has the physical meaning of an energy-dependent conductiv-
ity for the electrons. The quantities L;; and L;, measure, respec-
tively, the value and the slope of the function o(¢), kgT around the
Fermi level.
In the case of a P configuration, o(€) is given by

2
op(€) = ;62 {11 F ptof+ 11, F pfel} ®)

whereas for an AP configuration,

o
Oap(e)="=e? {10 P pref+110 F plpf] 4)

P%’R and pf’R are the spin-up and spin-down density of states
(DOS) in the left (L) and right (R) leads. | T, |2 are the tunnel-
ling functions. From S=G1/Gy=L;,/Lyy, it is clear that the TP will
be proportional to the resistivity 1/L;, if Ly, is independent of the
magnetization orientation, as found in our experiment. In view of
equation (2), this requires the slope of the transport function, aver-
aged kgT around the Fermi level, to be the same in the P and AP
configuration. Notice that this does not preclude for the values of op
and o p to be different and therefore allow observing a TMR.
Unlike for the MgO MT]s, the Julliere model” may be appro-
priate for the Al,O; MT]Js. Therefore, neglecting the energy
dependence of the tunnelling functions, the slopes of p%p%2 + pf plf
and p%pf + pJL'pIT2 should then approximately be the same. Our
experimental results would be consistent with DOSs written as
Py =P, +8p and P, =P, +0p where Por and p | are the DOS
for an alloy of cobalt with iron, and Jp a spin-independent contri-
bution that can be understood as a resonance. In such a case, with

Py =Py + g
Op > Py1P01 +PyLPoL +8P(pG +pp)+20p° )

Oap > Po1PoL + Py 1Pt +0P(PG + Py +28p° 6)

Because spin-up and spin-down DOS of bulk cobalt and iron
have small slope at the Fermi level on the scale of kgT, it is a good
approximation that it is also true for their alloys, if no special atomic
order is created, as in our compounds. The energy dependence
and the slopes of op and Oup are then dominated by the one
of the resonance 8p, and therefore is independent on the P or AP

configuration. Inserting equations (5) and (6) into equation (2),
we obtain the Seebeck coefficients

mky . 8p'lpt+8p’1pR
Sp = R L R L @)
3(—e) aa +(1-a’)(1l-a")
272 ’ L ’ R
n°k o'l p-+6p’/
Sap B o Ip o /p ®)

- 3(=e) (1—a®)al +al(1-al)

To obtain these expressions we have used the low temperature

expansion of the Fermi function, and the following definitions
pbR :pqli,R_i_pi,R, aLR = p%,R/pL,R.
The numerator of equations (7) and (8) describes why the
thermocurrent of Fig. 4a is independent of the magnetization
alignment, whereas in the denominator we recognize the Julliére
expression for the conductance in term of polarizations alR. This
explains the proportionality observed between the magneto-
Seebeck effect and TMR in Fig. 2. These formula are also consistent
with the large value observed for the thermovoltage, if dp is a very
narrow non-magnetic resonance giving rise to a large 8p’. This
could originate, for example, from non-magnetic impurity states, as
they are usually narrow.

In summary, large thermoelectric effect was observed in the MT]
arising from the temperature difference between both sides of a
2-nm Al,Oj3 tunnel barrier. The magnetothermovoltage ratio for the
P and AP magnetization configuration is similar to the TMR ratio
in the A,O3 MTJ. However, the thermotunnel current is independ-
ent on the magnetization alignments. The TP can be estimated to
be >1mVK~!in the Al,O3 MTJ, which is larger than that in the
metal and semiconductor, suggesting that MT] can be used as a good
thermospin device. The thermospin devices can work in an open-cir-
cuit without applying any current or voltage. On one hand, the large
change in thermovoltage can be obtained in the presence of a temper-
ature difference through controlling the relative magnetization align-
ment of the two ferromagnetic layers in the MTJ. On the other hand,
the magnetothermovoltage can be used to detect the magnetization
configuration even in the open-circuit geometry. The exact mecha-
nism may still be discussed, but we are proposing a description based
on elastic scattering to explain qualitatively the experimental results.

This work extends the understanding of the spin-dependent
thermal and electrical transport in nanostructures, and has
promising potential for the design and application of thermally
driven MT].

Methods

MTJ preparation. The MT] consists of a bottom reference layer Ta(5 nm)/
PtMn(25nm)/CoggFe; (2 nm)/Ru(0.8 nm)/CogyFe;((3nm) and a free layer
CoggFe;(2nm)/NiggFe,o(5 nm)/Ru(4.8 nm)/Au(10 nm) separated by a 2-nm thick
Al Oj barrier. The films were deposited on the 400 nm Al,O5 covered Si wafers in
a DC magnetron sputtering system at RT with a base pressure of 2x10~8 Torr and
a deposition pressures of 2-3 mTorr. The Al,O3 barrier was obtained by reactive rf
(radio frequency) oxidation of a 2-nm Al layer at a power of 50 W. The films were
annealed for 2 h at the temperature of 265 °C and a 1.3-T magnetic field in a N,
atmosphere oven, and then patterned to circular shape with the diameter varying
from 40 to 100 um using the photolithography and ion mill processes. The 200 nm
Cu and 10nm Ta were used as both the bottom and the top leads. The MTJs were
measured using a system sourcemeter. The TMR is around 40£3% and the resist-
ance-area product is about 22+6 MQum? at RT.

Magnetothermovoltage and thermotunnel current measurements. To generate
a temperature difference between the reference layer and the free layer, the top lead
or the bottom lead was heated using a laser beam from a laser diode with a wave-
length of 780 nm and a maximum power of 125 mW. The laser spot on the lead is
around 5 mm away from the junction. It should be noted that only part of heat pass
through the MTJ, because the power is dissipated and the size of the MTJ is much
smaller than that of the leads. The thermovoltage was measured by a nanovoltmeter
having an internal resistance larger than 10 G in an open-circuit at RT with an
applied magnetic field up to 0.3 T along the in-plane easy axis. The thermotunnel
current was measured by a sourcemeter having an internal resistance lower than
100 m€, connecting the 16kQ MTJ in a closed circuit without applied voltage.
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The thermovoltage of MT] was also checked by measuring the AC voltage using
alock-in with the same frequency of the AC laser power. The AC measurement
shows the similar behaviour with the DC measurement.

The temperature difference in between the bottom and top leads was obtained
by measuring the temperature of each lead with a k-type thermocouple connected
to a nanovoltmeter. To minimize the error, we tried to install the thermocouple as
close as possible to the junction. The temperatures of the leads were also checked
by measuring the resistance variation of the leads due to laser heating.

The Al,O; MT]Js with the diameters varying from 40 to 100 tm were measured
and showed similar behaviours.
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