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Thermally driven spin injection from a
ferromagnet into a non-magnetic metal

A. Slachter*, F. L. Bakker, J-P. Adam and B. J. van Wees

Creation, manipulation and detection of spin-polarized carriers
are the key elements of spin-based electronics?. Most
practical devices®- use a perpendicular geometry in which the
spin currents are accompanied by charge currents. In recent
years, new sources of pure spin currents (that is, transport
of spin angular momentum without charge currents) have
been demonstrated®® and applied'®"2. Here we demonstrate
a conceptually new source of pure spin current driven by the
flow of heat across the interface between a ferromagnet and
a non-magnetic metal. This spin current is generated because,
in a ferromagnet, the Seebeck effect—which describes the
generation of a voltage as a result of a temperature gradient—is
spin dependent™', We studied this new source of spin currents
experimentally in a non-local lateral geometry and developed a
three-dimensional model that describes the heat, charge and
spin transport in this geometry, enabling us to quantify this
process's. We obtain a spin-dependent Seebeck coefficient for
Permalloy of —3.8 uVK~", suggesting that thermally driven
spin injection is a feasible alternative for electrical spin
injection in, for example, spin-transfer-torque experiments's.

The interplay of spin-dependent conductivity and thermoelec-
tricity has been known since half a century ago, when it was used to
describe the conventional Seebeck effect of ferromagnetic metals'”.
The discovery of the giant magnetoresistance effect’® sparked the
interest of the community in spin-dependent conductivity and new
spin electronics that still exists today*>*!®. Owing to experimental
difficulties in controlling heat flows it was only very recently that
thermoelectric spintronics was investigated'>?’, leading to the new
field of spin caloritronics". A relevant example is given in ref. 9,
which interprets its results in terms of the generation of a bulk spin
accumulation due to an applied temperature gradient in a ferro-
magnetic film. In contrast, the effect we describe in this paper arises
from a heat current flowing through a ferromagnetic/non-magnetic
metal (FM/NM) junction, which creates a spin accumulation at
the interface.

The concept of how we generate a heat current over an FM/NM
junction and subsequently measure the spin accumulation is shown
in Fig. 1. The scheme is essentially a lateral non-local spin-valve
structure® with the electrical injection replaced by thermal spin
injection. We use this non-local scheme to separate spin injection
from possible spurious effects*!"'? and because the observed
thermally generated non-spin-related voltage, to which we refer
as the baseline resistance, enables us to extract the temperature
distribution in the device by comparing this with modelling"®.

We first formulate an appropriate diffusive-transport theory for
thermally driven spin injection. The Seebeck coefficient indicates
that an applied temperature gradient across a conductor generates
an electric field”'. In a ferromagnet, the transport processes
for the majority and minority spins are different, leading to

Figure 1| Conceptual diagram. A charge current | is sent through
ferromagnet 1 (FM7) causing Joule heating owing to the large resistivity of
FM;. The NM contacts (yellow) are highly thermally conductive, thereby
providing heat sinks. The heat current Q through the centre FM;/NM
interface injects a spin current into the NM depending on the magnetization
direction M. The generated spins diffuse towards the FM, /NM interface,
where they generate a potential Au = Pus depending on the magnetization
direction M;. As a consequence of Joule heating, the signal expected to
arise from thermal spin injection scales with VT o I2. This potential is
measured using the indicated voltage scheme by selectively switching the
magnetization directions My and M; by a magnetic field H.

a spin-dependent conductivity o} | and Seebeck coefficient S; |
(refs 14,17). The former is used to describe magnetoelectronics?
in FM/NM systems, where the latter is usually disregarded. To
consider what happens when heat is sent through the system,
we write the spin-dependent currents in both the bulk FM and
NM regions:

1
]m=—0m<gvﬂm +SMVT> (1)

here w4, is the spin-dependent chemical potential and T is
the temperature. When a heat current Q is sent through the
bulk of a ferromagnet in the absence of a charge current, a
spin current J, = J; — J, = —op(1 — P?)S,VT/2 flows driven
by the spin-dependent Seebeck coefficient, which we define as
Ss =8 — S, (Supplementary A). Here P is the conductivity
polarization P = (64, —0,)/(0}y +0,) of the ferromagnet and o is
the conductivity of the ferromagnet. We note that our definition of
S, should be distinguished from the spin Seebeck coefficient defined
in ref. 9, where a so-called ‘entropy term’ was included®. We do not
include this term in our analysis.
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Figure 2 | Thermal spin injection by the spin-dependent Seebeck
coefficient across an FM/NM interface. Schematic figure showing the
resulting spin-dependent chemical potentials j24,; across an FM/NM
interface when a heat current Q = —kVT crosses it. The heat current is
taken to be continuous across the interface, leading to a discontinuity in
VT. No currents are allowed to leave the FM; nevertheless, a spin current
proportional to the spin-dependent Seebeck coefficient flows through the
bulk FM, which needs to become unpolarized in the bulk NM. This creates a
spin imbalance 114 — 1 at the boundary, which relaxes in the FM and NM
on the length scale of their respective spin-relaxation lengths A;. A
thermoelectric interface potential A = Pus also builds up. On the left side
no spin current is allowed to leave, leading to a spin accumulation of
opposite sign.

To quantify the thermal injection of spins we consider the
FM/NM interface and solve the Valet—Fert equation® in a fashion
similar as in ref. 25 (Supplementary A). The result is depicted
in Fig. 2. A spin accumulation ft, = 4 — 4, appears at the interface
driven by the abrupt change of spin current going from the bulk
FM to the bulk NM, thereby acting as an effective source of
spins at the interface. The resulting spin accumulation has the
following expression:

ks

=—ek SsRmis 2
VT eAr (2)

where Ry = Ry/(Rn + Re/(1 — P?)) is a conductivity mismatch?
factor in which Ry = Ap/or and Ry = An/on are the spin
resistances determined by the relaxation lengths Ar and Ay
and the conductivities o and oy. For the metallic interfaces
under consideration in this paper, this factor is very close to
unity. The resulting spin accumulation induced by the heat flow
Q= —kpmV Trm, where kpy, is the thermal conductivity of and V Tgy
the thermal gradient in the ferromagnet, is determined solely by the
spin-dependent Seebeck coefficient S; and the ferromagnetic spin
relaxation length Ap. Its direction is determined by the sign of the
spin-dependent Seebeck coefficient, which changes sign when the
magnetization of the ferromagnet reverses.

The signal due to thermally driven spin injection in the geometry
of Fig. 1 scales with Joule heating: VT o< I, where I is the charge
current sent through the device. Therefore, we use a lock-in
technique to determine the relevant parameters R; (WV mA™") and
R, (W mA™?) from the observed voltage'”:

V=RI+RI*+-- (3)

The baseline ‘resistance’, defined in terms of a parallel and an
antiparallel contribution as (R;” + R*")/2 =R, enables us to ex-
tract the magnitude of Joule and Peltier heating effects and possible
conventional Ohmic potential drops'®. Here R, is determined by
the Ohmic potential drop and Peltier heating/cooling measured by
the FM,-NM thermocouple, whereas the baseline resistance R,® is
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Figure 3 | Coloured SEM picture of the fabricated device. The device
consists of two 15-nm-thick Permalloy (NigoFe2o) ferromagnets, FM; and
FM3, of dimensions 1um x 300 nm and 150 x 40 nm?, separated from each
other by 100 nm. They are connected by a 60-nm-thick copper funnel with
small effective FM/NM contact areas of 40 x 40 nm? and 30 x 40 nmZ.
5/175-nm-thick Ti/Au Contacts 1and 2 are placed asymmetrically on FM;
to Joule heat it, whereas Contacts 3 and 4 are used to measure Joule
heating and thermal spin injection. An extra Contact 5 is present to
measure a regular non-local spin-valve signal.

determined by Joule heating measured by the same thermocouple.
The spin-dependent contribution R;" — R*F = R;* to R, is due to
a conventional spin-valve signal, whereas this contribution to R,
comes from thermal spin injection.

A dedicated device was fabricated to study this effect and is
shown in Fig. 3. The heating of FM, has been kept very localized to
an area of 150 x 150 nm? by using thick gold contacts. Moreover,
the contacts are placed asymmetrically to minimize the possible
current flowing in and out of the FM;/NM interface. An extra
Contact 5 is present to be able to send a current directly through
the FM, /NM interface. By comparing the obtained signal R,* with
a model (see Methods), we can extract the spin injection/detection
efficiency'®, which has been made as high as possible by keeping the
size of the FM/NM contacts small. All measurements are made at
room temperature.

Figure 4 shows our principal results on thermal spin injection.
Four distinct P-AP and AP-P switches are observed, up to 70 nV in
magnitude, scaling with I? on a large background originating from
the Py, /Cu thermocouple.

The interpretation of the obtained signals requires a detailed
knowledge of the heat, charge and spin currents in the device. For
this purpose a three-dimensional thermoelectric spin model was
constructed, which extends the spin-dependent current model* to
include thermoelectricity as well as thermal spin injection by the
spin-dependent Seebeck coefficient.

The calculated average contribution R," is 2.4 uV mA~2 lower
than the observed 7.69 uV mA~=2. A difference between the observed
and modelled values has been seen before in non-local spin-valve
samples™. It can be explained by a reduction in the Permalloy
thickness due to its oxidation, which effectively increases the Joule
heating. In the following, we scale the overall Joule heating in our
model to fit our measured result R,®. We then find that we are
able to heat FM; to a maximum of ~40 K, at which V Ty at the
FM, /NM interface is ~50 Kum™'. At this moment the current
density is ~8 x 10'"" Am™2, close to the point where the device will
fail owing to electromigration.
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Figure 4 | Thermal-spin-injection measurements. a, Measurement
scheme of the experiment. b, Second-harmonic measurement result RySI12
(nV) of the observed thermal spin signal as a function of /2. The error bars
represent the standard deviation in the average height of the four P-AP and
AP-P switches. ¢, Measured second-harmonic signal at a root mean
squared current of 1.5 mA, showing the four distinct switches resulting from
the magnetization alignment of FM; and FM illustrating thermal

spin injection.

Electrical spin injection was also measured by sending the
current directly through the Py;/Cu interface, and the result is
shown in Fig. 5c. From the measured resistance Ryisy (£2), we see
that a relatively large 9 mS2 spin-valve signal is present on top of a
1.05 €2 background, which is only slightly different to the 7.8 m2
and 640 mS2 calculated signals with the metallic spin parameters
Acy =350nm, Ap, = 5nm and Pp, = 0.25 obtained from previously
fabricated samples®'®. Here Py, is positive, as shown before?.

The observed thermal-spin-injection signal R,*=—15.6 nV mA™>
is determined from Fig. 4b. We obtain a spin-dependent Seebeck
coefficient for Permalloy of —3.8uVK™!, a fraction of the con-
ventional Seebeck coefficient Sp = —20uV K™™' (ref. 9). This gives
a polarization of the Seebeck coefficient of Ps = S;/S¢ = 0.19,
not too different from the spin polarization of the conductivity.
At the maximum currents used, we extract a net spin accu-
mulation of ~1peV at the FM;/NM interface. The magnitude
of the spin-dependent Seebeck coefficient is in good agreement
with theoretical predictions'*'®. The previously deduced spin
Seebeck coefficient S, = —2 nV K™! and the spin-dependent Seebeck
coefficient in this paper are similar by definition, but describe
different physical processes (Supplementary A). The discrepancy
between the two values arises from the modelling, which is
different. We also do not exclude that the relevant physics itself
in their experiment could be different, as alternative explanations
have been reported?®.

In addition to the thermal-spin-injection signal, a small regular
spin-valve signal R = —20u2 is also present and is shown in
Fig. 5a. The baseline resistance R, of 90uQ is in line with the
calculated 95 uS2. This is caused by Peltier heating and cooling of
the two current-injecting contacts'®.

The negative regular spin-valve signal R,* can be understood as
follows. Owing to the high conductivity of the copper, a fraction of
the current flows into and out of the Py; /Cu interface electrically
injecting spins. A small net spin accumulation at the detector
interface remains, caused by the asymmetric placement of FM,.
This is illustrated by the calculation of the spin accumulation
at the Py, /Cu interface shown in Fig. 5d, which shows the high
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Figure 5 | Rectification effects and electrical spin injection.

a, First-harmonic measurement Ry for the measurement set-up of Fig. 4.

b, Calculated temperature distribution at a height of 10 nm with a current of
2 mA sent through FMy. This illustrates the localized Joule heating, Peltier
cooling and heating of the two Au/Py current-injecting contacts and
subsequent thermal conduction towards the three connected metallic
contacts. ¢, Measured electrical spin-injection scheme and resulting spin
valve. d, Calculated spin accumulation at a height of 10 nm. A small part of
the current path is short-circuited by the Cu connection so that 4% still
flows in and out of the Py;/Cu contact because of its large conductivity.
This creates a large positive and negative spin accumulation. Owing to the
asymmetry in spin injection and the asymmetrical placement at FM;, a
small fraction of 3% is still predicted to give a small regular spin-valve
signal Ry®.

geometrical dependence of this effect. The observed R;* is somewhat
smaller than the calculated —45u2. We believe that the small
40 x 40 nm? size of the copper contact makes sure copper grain
size, lithographic precision and ballistic effects start dominating the
magnitude of this effect.

A previous device showed a thermal-spin-injection signal of
—5nVmA~? at an FM-FM distance of 400 nm, only visible at
the highest current (Supplementary B). A similar calculation gives
S = —5uV K™, in agreement with the analysis for the sample
presented. This measurement also rules out any influence of
nonlinear behaviour of the process seen in the R,°I signal on the
R,*I? signal (Supplementary C).

Now that the parameters governing equation (2) are known,
we may compare this to the electrical-spin-injection results
for the transparent Py/Cu interface. We can calculate that
us/VT ~2 x 107" eVmK™! for thermal spin injection versus
ts/] ~3x 107 eV m* A™! for electrical spin injection through a
transparent Cu/Py contact.

Owing to the lateral non-local geometry and Joule-heating
method used in this paper, we are limited to a maximum
temperature gradient of ~50Kum~!. However, in a typical
perpendicular geometry switching by spin-transfer torque’® this
does not have to be the case. To switch the magnetization
by electrical spin-transfer torque’ we need a typical charge
current density of ~5 x 10" Am™2. The same stack should be
able to switch by applying a temperature difference of only a
few tens of degrees as earlier theoretical'>'® and experimental®
studies have indicated. This simple example shows that,
despite the weak signals observed in this paper, thermal spin
injection can be a viable alternative, or even work alongside,
electrical spin injection.
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Methods

Fabrication. The sample in this paper was fabricated by a one-step optical and
five-step electron beam lithography process. In each step, metals are deposited
using e-beam deposition. For the e-beam lithography process a PMMA 950 K
resist is used of 70-400 nm thickness depending on the thickness of the deposited
material and resilience to Ar ion milling. The first e-beam lithography process
produces 5/30-nm-thick and 100-nm-wide Ti/Au markers, which using an
automatic alignment procedure can be aligned to in the next e-beam deposition
steps with high precision. In the next four steps, the 15 nm Py, 5/30 nm Ti/Au,
5/180 nm Ti/Au and 65 nm Cu layers are deposited. For the last three steps, Ar
ion milling was used before deposition to remove any polymer residue and the Py
oxide to obtain our highly ohmic contacts.

Measurements. The measurements were made using an a.c. current source

of a frequency <1kHz far below the characteristic thermoelectric timescale of
such sized systems of ~1-100 ns. The obtained signal is sent to three lock-in
systems measuring the first, second and third harmonic responses simultaneously.
Care was taken in deriving R, and R, by scanning the current from 500 pA to
1.5mA (root mean squared) to make sure that higher harmonics, as well as
cross-talk, were negligible.

Modelling. We constructed a three-dimensional model of the fabricated sample
using the finite-element program Comsol Multiphysics. The physics is defined
in terms of a thermoelectric spin model where the spin-up, down and heat
currents are given by:

T4 o 0 o048 Viy/e
Jo | =- 0 o, 0,5, Vi /e (4)
Q oIl o) I1,  k vT

where I1; | are the spin-dependent Peltier coefficients given by Sy | - T. Here

T, = 300K, which is the reference temperature of the device. We take these
currents to be continuous across boundaries. At the end of all contacts we set the
temperature to be Ty. At Contact 1 in Fig. 3 we set J; | =] /2 to inject a charge
current, which is sent through the system by setting 114 , = 0 at Contact 2 or 5.
At all other interfaces the currents are set to zero. We include Valet—Fert spin
relaxation by assuming VJ; | = F(1—P?)o;/4e);*(uy — ity) in the bulk. Joule
heating is included by assuming VQ = ¢ (J;? /o4 +J,%/0,), where a scaling factor
¢ = 3.2 is used to make the model correspond to the measured R,". The system
was meshed most accurately at the FM/NM interfaces where the mesh size was

1 nm to accurately calculate thermal spin injection. The dependencies R, up to
R, were determined by calculating the results at &1 and 2 mA for the parallel
and antiparallel configurations. The measured resistivities o4, = 2.2 x 10’ Sm™,
Ocy =4.26 x 107 Sm™" and op, =4.32 x 10° Sm™" were taken as inputs for the
model. In this model, the substrate was also taken into account'®. The Seebeck
coefficients Sy, = 1.7 VK™, S, = 1.6 uWV K and Spy = —20 uV K" and thermal
conductances kx, =300 Wm ™ K, k¢, =300 Wm™" K™', kp, =30 Wm ' K~ and
ksubsirae = 1 W m™! K~! were taken from various sources in the literature®3°.
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