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Magnetic control of heat generation in a magnetic tunnel contact with spin accumulation
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It is described how the heat generation by an electrical current in a ferromagnetic tunnel contact to a
nonmagnetic material depends on the spin accumulation in the nonmagnetic electrode for both Joule and Peltier
heating. This enables the control of the heating in the tunnel contact by an external applied magnetic field that
induces spin precession of the spin accumulation. Thereby, a Hanle type of spin signal is imprinted in the heating
power. We derive expressions for the magnitude and sign of the magnetic-field-dependent heating power for
Joule and Peltier heating, and discuss the important parameters. For contacts with small resistance-area product,
the spin accumulation provides the dominant contribution to the Joule heating power, which can therefore be
modulated by more than a factor of 2 with a magnetic field. The described phenomenon can also produce genuine
spin signals in various devices, including nonlocal lateral spin valves.

DOLI: 10.1103/PhysRevB.106.184421

I. INTRODUCTION

Since the start of spintronics research, a wide variety
of electrical spin-transport phenomena have been discovered
in magnetic materials and their nanostructures which have
subsequently made their way into applications in magnetic
recording and magnetic random access memory [1—4]. During
the last decade, it has also become clear that in spintronic
devices and systems, heat currents, and temperature gra-
dients are ubiquitous and interact with spin currents and
magnetization. Consequently, the field of spin caloritronics
has flourished [5]. Following the exploration of the basic
interplay between spin and heat [6—11], the more recent re-
search activities can be divided into two main directions.
The first is the investigation of the role of heat transport
and temperature gradients in “conventional” spin-transport
devices whose operation is based on purely electrical spin-
transport principles. Since the electrical operation of those
devices is inevitably accompanied by the generation of heat,
the interactions between spin and heat may produce additional
electrical spin signals and alter the overall device response.
For instance, temperature gradients in nonlocal lateral spin
valves can produce offset voltages in the nonlocal detection
circuit [12—14], anisotropy of the nonlocal Hanle signals [15],
and superimposed Hanle signals [16]. As another example,
we mention spin pumping by ferromagnetic resonance in
ferromagnet/nonmagnet bilayers. While it is known that the
magnetization dynamics generates a spin current across the
interface [17,18], it was shown recently that the heat gen-
erated by the resonant magnetization precession creates a
temperature gradient that drives a separate and additional spin
current [19,20]. The latter thus needs to be included in the
analysis of spin-pumping experiments and can be used to
increase the efficiency of spin-current generation [20]. The
second recent direction in spin-caloritronics research involves
the active control and manipulation of heat flow via the
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interaction with the spin. Magnetic control of heat gener-
ation was observed in magnetoresistance devices, such as
in magnetic metal spin-valve pillars [11], magnetic tunnel
junctions [21], and magnetic multilayer nanowire networks
[22], in which the generated heat depends on the relative
magnetization alignment of the different ferromagnetic layers.
Other examples of magnetic heat control, as recently reviewed
by Uchida and Iguchi [23], include the modification of heat
generation in ferromagnetic materials by magnetization direc-
tion, the manipulation of heat flow and thermal conductivity
in magnetic nanostructures, and the active control of thermo-
electric conversion by strain or electric fields.

Here we investigate heat generation in a basic
ferromagnet/insulator/nonmagnet ~ (FM/I/NM)  tunnel
structure that serves as a building block in spintronic devices,
including nonlocal lateral spin valves, spin transistors,
and spin-orbit torque tunnel devices. We shall examine
theoretically how Joule and Peltier heating by an electrical
current across such a tunnel contact depends on the spin
accumulation in the nonmagnetic electrode. Since the spin
accumulation can be manipulated by an external magnetic
field that induces spin precession, the heat generation can be
controlled by a magnetic field. We shall derive expressions
for the magnitude and sign of the magnetic-field-dependent
heating power for Joule and Peltier heating, and discuss the
important parameters, notably, the resistance-area product of
the tunnel contact. In addition, based on this quantitative
analysis, we shall discuss recent experiments [16] on
Hanle spin precession in Si-based nonlocal spin-transport
devices, in which an additional contribution to the nonlocal
Hanle spin signal that does not depend on the relative
magnetization of injector and detector was observed,
and for which it was proposed that this originates from
the magnetic-field-dependent heat generation by the spin
accumulation in the injector magnetic tunnel contact.
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II. RESULTS

In this section we derive expressions for the heating power
in a FM/I/NM tunnel contact in which a spin accumula-
tion exists in the nonmagnetic material. We shall consider a
contact whose lateral dimensions are much larger than the
spin-diffusion length in the nonmagnetic material, so that
transport is essentially one dimensional. The magnitude of the
spin accumulation right at the interface between the tunnel
barrier and the nonmagnetic material is denoted by Au. In-
side the nonmagnetic electrode, the spin accumulation decays
exponentially away from the tunnel interface. In principle,
a spin accumulation is also induced in the ferromagnetic
electrode. This is neglected because in ferromagnetic metals,
spin relaxation is very fast so that the spin accumulation is
negligibly small.

A. Joule heating with a spin accumulation

In a linear transport description, the expressions [24] for
the tunnel currents for majority (1) and minority () spin
electrons are

=Gt <v _ i—’:) (1)
IV =G* <v+§—’:), )

with Gt and GY, respectively, the tunnel conductance for ma-
jority and minority spin electrons, e the electronic charge, and
V the bias voltage. Defining the total tunnel conductance as
G = G + GV, the spin polarization of the tunnel conductance
as P; = (G" — GY)/G, and the total current as [ = It + IV,
we readily obtain V =1/G + Pg Ap/(2e). Multiplying this
by the total current /, and defining the tunnel resistance Ry,
= 1/G, we obtain the Joule heating power Py, as

Ap
Proute = Run I* + P (E) 1. 3)

The Joule heating power in a magnetic tunnel contact thus
contains an extra term that depends directly on the magnitude
of the spin accumulation. The extra term appears because the
spin accumulation in the nonmagnetic electrode increases the
voltage across the tunnel contact by an amount P A /(2 e)
at constant current.

If the tunnel resistance is large (i.e., Ryy > ry, With ry the
spin resistance [24,25] of the nonmagnetic material), the spin
accumulation is small compared to the applied bias V and the
spin current / that is injected into the nonmagnetic material
is given by Pg 1. In this regime, the spin-dependent part of
the heating power is equal to the product of the spin current
P 1 and the spin accumulation voltage Ap/(2e). A simple
microscopic picture then applies. Consider electrons that, af-
ter tunneling, move from the tunnel interface into the bulk
of the nonmagnetic material, where the spin accumulation is
reduced to zero. In doing so, the energy of the majority spin
electrons, measured with respect to the majority spin elec-
trochemical potential, increases by A /2. Via scattering the
excess energy is released as heat, producing a heating power
of (I"/e)(Au/2). The minority spin electrons on average
loose an energy of Ap/2, corresponding to a negative heating

T T
with spin + 20
accumulation

20+ HF

with spin
accumulation

12} JL I

0.8} \ 1 \ 18

16

12

Joule heating power (10° W/n)
Joule heating power (10° W/n)

without spin without spin
accumulation accumulation
04+ dk 14
Rtun = rs Rtun = 01 rs
0 ! ! 1 1 1 1 1 1 1 1 0
-400-200 O 200 400 -400-200 O 200 400
Magnetic field (Oe)

FIG. 1. Joule heating power of a FM/I/NM junction vs applied
magnetic field perpendicular to the spin accumulation in the NM
electrode for two different values of the tunnel resistance Ry, relative
to the spin resistance r; of the nonmagnetic material, as indicated.
The spin-relaxation time was set to 1 ns. Other parameters are
ry = 100  um?, P; = 70%. The tunnel current density was adjusted
so as to obtain a tunnel bias voltage of 10 mV for both cases. A
simple Lorentzian line shape was assumed.

power of —(I*/e) (Au/2). The total heating power is then
(I" — 1Y) Ap/(2 e), which indeed is the product of the spin
current and the spin accumulation voltage. In Appendixes A
and B we provide a more detailed derivation of Eq. (3) con-
sidering the energy dissipation per spin channel and discuss
where the energy dissipation takes place.

The scaling of Pjoye with current is obtained by us-
ing the well-known expression for the spin accumulation,
Ap/(2e) = Pgril, in a one-dimensional transport descrip-
tion [24-26]. Here, r} is the spin resistance r; of the
nonmagnetic material multiplied [27] by a factor Ry /[Run +
(1— PCZ;) ry] that takes into account that the spin accumulation
has a back-effect on the injected spin current [24,25,28]. We
then obtain

Piosle = Run I? + PL 1} T2 )

The spin-dependent part of the Joule heating is thus quadratic
in the current, as expected. Since P(Z; r¥ cannot be negative, the
spin accumulation always enhances the Joule heating in the
magnetic tunnel contact. Alternatively, Pjoye can be expressed
in terms of A as

INONAG
Poute = Ruun 12 + l”_* (2—Z> . (5)

The notion that the Joule heating power has a contribution that
is proportional to the spin accumulation implies that the Joule
heating power is dependent on an external magnetic field. If it
is perpendicular to the spins, the field induces spin precession
and causes the spin accumulation to decay as a function of
the magnetic field, which is known as the Hanle effect [1].
Although the Hanle effect is usually detected electrically, our
analysis shows that a signature of the Hanle effect is also
present in the Joule heating power, as illustrated in Fig. 1. Al-
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FIG. 2. Ratio Bjoue, defined as the spin-dependent part of the
Joule heating power divided by the Joule heating power in the ab-
sence of spin accumulation, as a function of the tunnel resistance
Ry, for three different values of the tunnel spin polarization Pg, as
indicated.

though the precise dependence on the perpendicular magnetic
field B, is determined by the device geometry and parameters
such as the spin-diffusion length, in it simplest form the Hanle
line shape is Lorentzian with the spin accumulation decay-
ing as 1/(1 + a)zzvrsz), with 7, the spin-relaxation time in the
nonmagnetic material, and w, = y B, is the Larmor frequency
(y = gup/h is the electron gyromagnetic ratio, up the Bohr
magneton, g the electron g factor, and 7 the reduced Planck’s
constant).

It is instructive to examine the ratio Bjoue, defined as the
spin-dependent part of the Joule heating power divided by the
Joule heating power in the absence of a spin accumulation.
From Eq. (4) we obtain

Pé ry » Ty
~ 6l _p NG
Prout Run ¢ Run + (1 — P(z;) s ©

For large tunnel resistance (Ryy, >> ry), the spin accumulation
is small and yields a relatively small extra Joule heating power
(although it is detectable, just as the charge voltage produced
by the spin accumulation is detectable). As the tunnel resis-
tance is reduced such that Ry, < ry, the injected spin current
and the spin accumulation become large, so that the spin-
dependent part of the Joule heating becomes more important
(Fig. 2 ). It can reach half of the total Joule heating power
for P = 70% (Bjoule =~ 1). This implies that the presence of
the spin accumulation enhances the Joule heating power by a
factor of 2 compared to the heating power without spin ac-
cumulation. For half-metallic ferromagnets with P; ~ 100%
and low-resistance tunnel contacts, the Joule heating power
can be significantly enhanced and can even be dominated
(Bioule > 1) by the spin-dependent part.

B. Peltier heating with a spin accumulation

Next we examine how the spin accumulation contributes to
the Peltier heat current through the tunnel contact. The Peltier
heat currents /2" and 19} for each spin are given by [11,30]

A
et =ntt =Lty (v——2“>, )
e

19V ="' =-L'Ty (V + M), ®)
2e

with T1° = 8§° Ty the Peltier coefficient of the tunnel
contact for each spin (o =1,]) at a temperature T,
which is assumed to be independent of spin. The S¢
is the spin-dependent Seebeck coefficient, and L° =
—S8? G° is the thermoelectric conductance. The total
heat current ¢ =" + 2} through the tunnel region
is then

A
°=-T,(L"+L")V+T (L' - LY) (2—“) )
e
Because for a constant current the voltage V depends on the
spin accumulation, both terms in Eq. (9) depend on Au. We
eliminate V by inserting V. = 1/G + P A /(2 e), as obtained
from Eqgs. (1) and (2). After rewriting we then obtain

_ p2
IQ=1'[01—<1 PG)(HT—rN) (é—g) (10)

2 Rlun

Therefore the Peltier heat current has a contribution that is
directly proportional to the spin accumulation, provided that
the Peltier coefficient is spin dependent (IT' # ITV). The
Peltier coefficient Iy in the absence of a spin accumulation
is equal to Sy Ty, with Sy = —L/G the Seebeck coefficient in
the absence of spin accumulation and L = L' + L*. Note that
in the above description we have considered only the heat
current carried by the tunneling electrons. In a FM/I/NM
tunnel junction, the currents in the FM and NM leads are
also accompanied by heat currents that need to be included
[30]. Any difference in the heat currents between the FM
and the NM electrode will produce heating or cooling (Peltier
effect) at the tunnel interface; however, this does not affect the
spin-dependent part of the heat current that originates from the
spin accumulation.
By inserting Ap/(2e) = Pg r} I we obtain

1 - P2
2 Rtun

IQ:I'IOI—PG< )r;"(l'IT—l'N)I. (11)
The spin-dependent part of the Peltier heating is thus linear in
the current, and the sign depends on the sign of the spin po-
larization of the Peltier coefficient. Also, I1y and I1T — IT do
not necessarily have the same sign, so the spin accumulation
may enhance or reduce the Peltier heat current through the
tunnel contact. The ratio Sp,;s;.r, defined as the spin-dependent
part of the Peltier heat current divided by the Peltier heat
current in the absence of a spin accumulation, is

e =16 (5) () i =)
Peltier — I'G ) H() R[un+(1—Pé)rS .

12)

Just as for Joule heating, the spin-dependent part of the
Peltier heat current depends on the ratio Ry, /7 [Fig. 3(a)].
However, whereas Bjoue can reach values that are equal to or
larger than unity, Bpeser 1S generally much smaller than unity.
Hence the spin accumulation has a relatively small effect on
the Peltier heat current. Also note that the dependence on Pg
is different [Fig. 3(b)]. The spin-dependent part of the Peltier
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FIG. 3. (a) Ratio Bpeyier, defined as the spin-dependent part of the
Peltier heat current divided by the Peltier heat current in the absence
of spin accumulation, as a function of the tunnel resistance Ry, for
three different values of the tunnel spin polarization Pg. The value of
(It — TIY)/T1, was set to +50%. (b) Ratio Bpejier as a function of
P; for three different values of Ry,,, as indicated.

Ps (%)

heat current increases with increasing Pg, but for very large
values of Pg, Bperier goes down and for purely half-metallic
contacts with P; = +£100%, the spin-dependent part of the
Peltier heat current vanishes. This, however, is a consequence
of the linear dependence on the current and the assumption we
made here that the (Hanle) measurement is done at a constant
current. For instance, if P; = +100%, then /2 = 0 and /21
= II"I" = 1" I, which is constant and independent of the
spin accumulation if / is kept constant as the magnetic field
is swept. If, on the other hand, the measurement is done at
constant bias voltage V, the Peltier heat current would depend
on the spin accumulation.

C. Joule versus Peltier

We compare the heating produced by the spin accumu-
lation for Joule and Peltier heating. We introduce the ratio
Upettier/joute> defined as the spin part of the Peltier heat current
divided by the spin part of the Joule heating power, for a given
value of Au. We obtain

- _ (1-P2\ (0" —T
Peltier/Joule — ) PG Ru_m 7 .

Since the first term is of the order of unity for typical values
of Ps in the 30%-70% range, the relative contribution of
Joule and Peltier heating is determined by the ratio of the
spin-dependent Peltier coefficient and the bias voltage Ry, [
in the absence of a spin accumulation. The Seebeck coefficient
of a tunnel contact can be around 100 £ V/K, so that for Ty =
300 K, the Peltier coefficients are of the order of several tens
of millivolts. Since the tunnel bias is typically several hundred
millivolts, peitier/joule 18 typically smaller than unity. The heat
generated by the spin accumulation is thus dominated by the
Joule heating, except for very small bias voltages below 10
mV (Fig. 4). However, note that for small tunnel spin po-
larizations (10% or less), the first term in Eq. (13) becomes
large and the Peltier contribution dominates up to larger bias
voltage. The relative sign of the two contributions depends on
the sign of 1" — 1Y, and so the two contributions can have
equal or opposite signs.

13)

Peltier

! ! ! !

0 1 2 3 4 5
Current density (10°A/m?)

Spin-part of heating power (10° W/n’)

FIG. 4. Comparison of the spin-dependent part of the Joule heat-
ing power and the Peltier heat current as a function of the tunnel
current density. The sum of the two contributions is also displayed.
The parameters are Pg = 70%, Ry, = 1y = 100 Q um?, Tt = 430
mV, [TV = +10 mV.

D. Beyond linear response: Nonlinear spin detection

The equations for the heating power were derived assuming
linear transport. However, the largest heat currents are created
at larger tunnel bias, for which nonlinear effects need to be
taken into account. For the most part, this can be done by mak-
ing all the parameters (such as Pg, Ry, 17 etc.) dependent
on the bias voltage. However, we need to take into account
explicitly [31] the nonlinearity of the spin-detection efficiency
Pyer, which governs the conversion of the spin accumulation
into a detectable charge voltage across the tunnel contact. In
linear response Pyt = Pg, but at larger bias this is no longer
correct [31]. We therefore introduce a parameter £ (V) that is
defined as the ratio Py /Pg. In linear response £(V) = 1, but
at finite bias £(V) can be larger than unity, or much smaller,
depending on the voltage across the tunnel contact [31]. The
modified expressions for the charge currents are then

r-a[ren (3)
IV =GY [V + &) (%)}

which leadstoV =1/G + P £(V) Au/(2 e). The extra volt-
age produced by the spin accumulation is thus proportional to
P; £(V) = Py, instead of to Pg. The expression for the Joule
heating power is then modified to

(14)

(15)

A
Proule = Run I* + PG E(V) (2—’;) 1, (16)

and the Peltier heat current becomes

1 — P2 Ap
0 _ G 1 \ \%
I =TIyl (2 tun)(n I1 )%‘( )<26‘) 17

We thus find that the nonlinearity of spin detection not only
modifies the charge voltage produced by the spin accumu-
lation but also modifies the Joule and Peltier heating in the
magnetic tunnel contact. The spin-detection efficiency at high
bias can either be calculated (as previously done using a free-
electron description of tunneling [31]) or it can be measured
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[31] using a nonlocal device with a biased detector tunnel
contact.

III. DISCUSSION

The above analysis shows that the spin accumulation def-
initely contributes to the Joule and Peltier heating produced
by a tunnel contact. Whereas for Peltier heating the spin
accumulation plays a role only if the thermoelectric param-
eters (Peltier and Seebeck coefficient) are spin dependent
[Eqg. (10)], for Joule heating this is not required. We find that
the Joule heating power can be significantly enhanced and can
even be dominated by the contribution from the spin accumu-
lation, provided that the resistance-area product of the contact
is small (Ry, < 75) and the tunnel spin polarization is suffi-
ciently large. Under these conditions, the Joule heating power
can be modulated by more than a factor of 2 by a magnetic
field. In the case of a single tunnel contact [32,33] considered
here, the magnetic field needs to be applied perpendicular to
the spins so as to induce spin precession, producing a Hanle
type of response that typically has a Lorentzian line shape.
Alternatively, a two-terminal device geometry [16,31,34-37]
can be employed, with two ferromagnetic tunnel contacts on
a nonmagnetic channel. The spin accumulation then depends
on the relative magnetization alignment of the two contacts,
and a spin-valve type of response will appear in the heating
power.

For the detection of the modulation of the heating power
by the spin accumulation one can use the different methods
to detect spin-dependent thermoelectric effects described by
Uchida et al. [23]. One can measure changes in the temper-
ature in the relevant part of the device, for instance, using
thermography with infrared radiation or thermoreflectance
using the temperature dependence of optical reflection. Alter-
natively, one can convert the temperature gradients that result
from the heating into an electrical voltage using the Seebeck
effect, for instance, by attaching a thermocouple [23] or by
measuring the Seebeck voltage across a detector junction in
the device. Following the latter approach, we should expect
that the dependence of the heating power on the spin accumu-
lation can also produce genuine spin signals in spin-transport
devices. For example, consider a nonlocal lateral spin-valve
device. When a current is applied across the injector tunnel
contact, a heat current is generated that depends on a magnetic
field, as described above. The heat will spread through the
channel of the device and is converted back into an electrical
signal at the detector contact via the Seebeck effect. Because
the heat current depends on the spin accumulation under the
injector contact, a thermally mediated Hanle signal is pro-
duced in the nonlocal detection circuit. This signal will be
added to the regular Hanle signal due to conventional elec-
trical spin transport through the channel.

Let us discuss the expected sign and magnitude of such
a thermally induced Hanle signal in a nonlocal device and
compare it with recent experiments [16]. We start with
the expected sign. The heat generated by the injector con-
tact flows through the channel in both directions, producing
lateral temperature gradients along the channel. The tem-
perature at the position of the nonlocal magnetic detector
contact will be higher than that of the nonmagnetic reference
contact that is placed at the far end of the channel. Since

the Seebeck coefficient of an n-type Si channel is negative
and AV = —SAT, the potential of the ferromagnetic de-
tector is higher compared to that of the reference contact.
Hence, the heat current produces a negative voltage in the
nonlocal detector circuit for the wiring configuration used
(plus terminal of the voltmeter on the reference contact, minus
terminal on the FM detector contact [16]). As shown above,
Joule heating is enhanced by the spin accumulation, which
is largest at zero magnetic field. The expected signal thus
consists of a negative offset voltage and a superimposed neg-
ative Hanle signal. The expected negative sign of the Hanle
signal is consistent with what was observed in the recent
experiments [16].

Next we examine the expected magnitude. The tunnel spin
polarization of the contacts [16] is around 50% at 10 K,
whereas Ryn = 27.6 kQ um?. From the spin signal measured
across the injector contact, we also obtain r; = 0.8 k€2 Mmz,
so that Ry, /7y = 34.5. The expected ratio Bjoyie is then 0.007.
Thus only a very small fraction of the heat current is modu-
lated by the spin accumulation. If we assume that the heat cur-
rent creates a temperature difference in the nonlocal detector
circuit of less than 10 K and we use a Seebeck coefficient of
S = —40 'V /K for heavily doped n-type Si at low tempera-
tures [38], the offset voltage produced would be —0.4 mV at
best. The Hanle signal would then be a small fraction of this,
i.e.,, —0.4mV x 0.007 = —0.0028 mV at best. However, a su-
perimposed nonlocal Hanle signal with a magnitude of —0.36
mV was observed [16]. In order to reconcile the experimental
result with the theory developed here, one would either need
a much larger temperature difference, which seems unlikely,
or a larger Seebeck coefficient. If the Seebeck voltage arises
across the detector tunnel junction rather than along the Si
channel, then we should use the Seebeck coefficient of the
tunnel contact. Ab initio calculations for epitaxial MgO-based
magnetic metal tunnel junctions [39] yield values of S below
100 «©V/K. However, it has been shown that inelastic magnon
excitations can significantly enhance the Seebeck coefficient
of tunnel junctions [40,41]. Indeed, in some experiments
Seebeck coefficients larger than 1 mV /K were reported for
MgO-based magnetic metal tunnel contacts [42], while noting
that the reliability of the extracted values depends on the
reliability of the estimated temperature difference across the
tunnel contact. Although it would seem that the superimposed
nonlocal Hanle signals observed in Ref. [[16]] are larger than
what we expect based on the theory presented here, for a
definite answer one would need a precise determination of the
temperature differences in the nonlocal detector circuit and an
accurate value of the Seebeck coefficient of the detector tunnel
contact.

In any case, our analysis shows that the modulation of Joule
heating by the spin accumulation can produce Hanle signals
in nonlocal devices and that significant signals appear when
the Ry, is comparable to or smaller than 7;. In that case Bjoule
is close to unity and the thermally induced nonlocal Hanle
signal becomes comparable to the thermally induced nonlocal
offset voltage. And for the latter, it is well known that it can
be comparable to or even larger than the nonlocal spin signal
produced by electrical spin transport [12—14]. Note that it
is certainly possible to create magnetic tunnel contacts for
which Ry, is comparable to r,. For instance, in Ref. [[43]],
the Si channel of the nonlocal devices had a spin resistance
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ry of 2-3 k2 um?, whereas the Fe/MgO tunnel contacts had
a comparable resistance-area product at an MgO thickness
around 0.9 nm. Unfortunately, whereas values of the tunnel
spin polarization up to 90% are obtained at large MgO thick-
ness [43], Pg was reduced to around 15% at 0.9 nm of MgO,
and consequently, the value of Bjoue is only about 0.01 at
Run = rs. One would thus require a larger Pg at small MgO
thickness to enhance the effects described here. Interestingly,
under the conditions for obtaining large magnetoresistance
in a two-terminal device [25] (Rwn & 1y and large Pg), the
thermal effects described here will also be enhanced and come
into play.

IV. SUMMARY

We have theoretically examined how the heat generation
by an electrical current in a ferromagnetic tunnel contact to
a nonmagnetic material depends on the spin accumulation in
the nonmagnetic electrode. We derived expressions for the
magnitude and the sign of the contribution of the spin accu-
mulation to the heating power for Joule and Peltier heating,
and discussed the important parameters. For contacts with
small resistance-area product, the spin accumulation provides
a significant contribution to the Joule heating power, which
can therefore be modulated by more than a factor of 2 with
a magnetic field that induces spin precession of the spin
accumulation. Thereby, a Hanle spin signal is imprinted in
the heating power. The influence of the spin accumulation on
the Peltier heat current is generally smaller. The described
phenomenon enables magnetic control of heat generation,
but it can also produce genuine spin signals in various spin-
transport devices, including nonlocal lateral spin valves. Our
analysis, however, reveals that in general significant thermally
mediated Hanle spin signals are to be expected only when the
resistance-area product of the tunnel contact is small.

APPENDIX A

In this Appendix we discuss the effect of the spin accu-
mulation on the Joule heating power in more detail, paying
particular attention to where the energy dissipation occurs. We
compare the Joule heating power calculated by considering
the tunnel contact as a “black box resistor” with current / and
voltage V, with the result obtained by calculating the heating
power for each spin channel and then adding this up.

We consider a tunnel contact (Fig. 5 ) in which tunneling is
purely elastic. This implies that no energy dissipation occurs
within the tunnel barrier itself. Therefore when calculating the
Joule heating power of a (nonmagnetic) tunnel contact, one
normally considers that the tunneling electrons, which enter
the nonmagnetic electrode with excess energy eV, thermalize
within a very short distance from the tunnel interface. The
energy dissipation thus occurs on the length scale &, of the
thermalization. Energy relaxation in nonmagnetic materials is
much faster than spin relaxation, so & is very small com-
pared to the spin-diffusion length Lgp. Therefore, within a
length of &, from the tunnel interface, the spin-dependent
electrochemical potentials are considered to be constant and
equal to their values right at the tunnel interface where the
spin accumulation is maximal. Majority and minority spin
electrons then enter the nonmagnetic material with different

Tunnel ]\
barrier
Thermalization region
<E)th
. Lsp
! Spin-diffusion region \
0---44 | 5
oViH |
_________________ . eV
eVH' T

FM NM

FIG. 5. Schematic energy-band diagram of a tunnel contact be-
tween a ferromagnet (FM) and a nonmagnetic material (NM) with a
spin accumulation characterized by spin-dependent electrochemical
potentials 1! and u¥ that decay exponentially with distance from the
tunnel interface. The regions where thermalization and spin diffusion
of the injected electrons occur are indicated. Note that &, <« Lsp, and
that the horizontal and vertical axes are not to scale.

excess energy eV and eVV with VI =V = Ap/(2 e). Fol-
lowing this approach, the Joule heating power Pfé’ule associated
with the thermalization region is obtained by adding up the

dissipation for the two spin channels, which yields

Pt h

Joule

2e
(AD)
By inserting the expressions (1) and (2) for /° we obtain

Al Al
Pthule = RtunI2 +PGI<2_€> — I (2_€>

The first two terms on the right-hand side correspond to the
result given for the Joule heating power in the main text,
Eq. (3). It is what one would obtain if one considers the con-
tact as a “black box resistor.” The third term on the right-hand
side is proportional to the spin current I, = It — I't, which is
given by

=V Vi = (T )V - (1T = 1Y) <%>

(A2)

I,=Ps1—G(1-P}) <%> (A3)
2e

The spin current is equal to P; I minus a correction that be-
comes important for large A, i.e., when the tunnel resistance
becomes comparable to or smaller than r,. If the tunnel resis-
tance is large (Run > 1) and the spin current is equal to Pg I,
the last two terms on the right-hand side of Eq. (A2) cancel
out and P becomes equal to Ry, I?, which is independent
of the spin accumulation. Thus if we consider only the energy
dissipation within a thermalization length from the interface,
the spin accumulation has no (Ry, > ry) or very little effect

(Run < ry) on the Joule heating power.
However, it is essential to realize that there is an additional
source of Joule heating. Additional energy dissipation is pro-
duced on the scale of the spin-diffusion length, because the
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TABLE I. Spin-dependent and regular spin-independent contributions to the Joule heating power in a tunnel contact with spin accumulation.

Rtun >> rg Rtun < Ty
Regular Spin-dependent Regular Spin-dependent
Joule heating Joule heating Joule heating Joule heating

Thermalization
region Run I? Negligible Ry I? G(1 — P2)(5L)
(length scale &)
Spin-diffusion
region - PoI(5L) - PoI(5%) — G(1 — P2)(52)?
(length scale Lgp)

spin accumulation decays exponentially away from the tunnel
interface and thus the spin-dependent electrochemical poten-
tials are not constant up to a distance of the order of Lgp > &,
from the interface. As explained in the main text just below
Eq. (3), the associated Joule heating Pje. in the region in
which the spin accumulation exists is equal to the product of
the injected spin current /; and the spin accumulation voltage
A/ (2 e). Consider electrons that, after thermalization, move
into the bulk of the nonmagnetic material, where the spin
accumulation is reduced to zero. In doing so, the energy of
the majority spin electrons, measured with respect to the ma-
jority spin electrochemical potential, increases by A /2. Via
scattering the excess energy is released as heat, producing a
heating power of (I'/ e) (Aju/2). Similarly, the minority spin
electrons on average loose an energy of Au/2, correspond-
ing to a negative heating power of —(I*/e)(Au/2). The
heating power associated with the spin accumulation region

is then
A
— (' =1Y (—“)
2e

Adding this to P, Joule yields for the total Joule heating power

PdCL

Joule —

(A4)

2 Ap
Pioule = Run I” + PG I<_> s (AS)
2e

which is the result given in the main text, Eq. (3). We conclude
that the Joule heating power can be obtained by calculating the
heating power for each spin channel and adding these up, but
care has to be taken to include the energy dissipation in the
entire region in which the spin accumulation exists (length
scale Lgp). In fact, the latter dominates the spin-dependent
part of the Joule heating power, whereas the Joule heating
power associated with the thermalization (length scale &)
contributes very little to the spin dependence unless Ry, < 75.
This is summarized in Table .

APPENDIX B

In this Appendix we consider selected device struc-
tures and briefly discuss in what area of the device the
spin-dependent part of the Joule heating is generated. For
simplicity, we consider the regime with Ry, > ry, so that
the dissipation associated with the spin-dependent part of
the Joule heating occurs in the area of the device where the
spin accumulation decays (see Appendix A). The area of
dissipation is schematically illustrated in Fig. 6 . For a FM
contact having a width W >> Lgp and a thick NM channel with

a thickness t., > Lgp, the spin accumulation mainly decays
into the depth direction away from the interface, and the dis-
sipation associated with the spin-dependent part of the Joule
heating occurs up to a depth of the order of Lgp [Fig. 6(a)].
However, for a thin NM channel having f.;, < Lgp, the spin
accumulation is essentially constant into the depth direction
and the decay of the spin accumulation occurs laterally along
the channel. For a thin channel with a wide contact W > Lgp
[Fig. 6(b)], the spin accumulation is constant in the central
region under the contact [44], and the decay occurs near the
edges of the FM contact within a spin-diffusion length. The
dissipation associated with the spin-dependent part of the
Joule heating thus occurs near the edges of the contact. For

Wide FM contact, thick NM channel

FM

Energy
dissipation

%?

NM
Wide FM contact, thin NM channel
FM LSD
—_—
NM
Narrow FM contact, thin NM channel
NM
Non-local spin-transport device
Source current Non-| Iocal voltage
)
i
- injector detector -
NM

FIG. 6. Schematic illustration of selected device geometries for
a FM tunnel contact on a NM channel, with the red colored
areas indicating where the dissipation associated with the spin-
dependent part of the Joule heating occurs, for (a) a wide FM contact
(W > Lgp) on a thick NM channel (¢, > Lgp), (b) a wide FM
contact (W > Lgp) on a thin NM channel (¢, < Lsp), (c) a narrow
contact (W < Lgp) on a thin NM channel (f,, < Lsp), and (d) a
nonlocal device with a thin NM channel and FM injector and detector
contacts of width < Lgp. Note that we have used the color only to
indicate where the dissipation occurs, but we did not use a color scale
to indicate the amount of dissipation, even though the dissipation
depends on position in the NM channel and is different for each
device geometry.
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a thin channel with a narrow contact W < Lgp [Fig. 6(c)] the
decay of the spin accumulation is also in the lateral direction,
but it starts from the center of the contact [44], and so does
the associated dissipation. Finally, the decay is similar for a
nonlocal device [Fig. 6(d)] in which typically ¢., < Lgsp and

W < Lgp. Since the FM detector contact is placed within a
spin-diffusion length from the FM injector contact, the re-
gion of dissipation associated with the spin-dependent part of
the Joule heating extends to under the detector contact and
beyond.
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