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Abstract

®

CrossMark

Creating spin current under temperature gradient in magnetic devices has resulted in a

new emerging field of spin caloritronics, but extraction of material parameters i.e. Seebeck
coefficient and interpretation of thermal transport characteristics are still great challenges due
to the thermal contact effect, especially in a wide temperature range. Because the heat-driven
voltages do not depend on the change of magnetic states in spin valve, this could be used to
obtain the accurate temperature difference applied on sample and exclude the thermal contact
effect. Based on this calibration, the electrical and thermal spin transport behaviors in the
in-plane FeCo/Cu/FeNi spin valve were systematically studied with various temperature. We
observed that the Seebeck coefficients of spin valve was negative and spin-dependent Seebeck
coefficient was proportional to the asymmetry parameter in a wide temperature range from
100 to 300K, indicating that the spin-dependent thermal transports are closely related with

electrical transports in the in-plane spin valve.

Keywords: spin caloritronics, in-plane spin valve, temperature dependence of electrical

transport, temperature dependence of thermal transport
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Introduction

Spin caloritronics is a new emerging research field to exploit the
interactions among spin, charge, and heat currents in magnetic
structures and devices [1]. Owing to combining the spin degrees
of freedom associated to the electric charge and heat current,
the transports under charge and heat have received renewed
interest and been widely investigated in single ferromagnetic
layer [2-5], ferromagnetic metal (F)/nonmagnetic metal (N)
multilayers [6—13], spin valves [14—19] and magnetic tunnel
junctions (MTJs) [20-25]. Similar to the charge current-driven
magnetoresistance (MR) effect [26], the heat-driven thermo-
electrical power (TEP) also depends on the magnetic states,
indicating a spin-dependent Seebeck coefficient. For charge
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current-driven magnetic devices, the sign and amplitude of MR
are controlled by the spin-dependent asymmetry parameter
a = pl/p!, which reflects the spin-dependent scattering in fer-
romagnetic layer for spin-up () and spin-down (), where p is
the resistivity [27]. Similarly, in heat-driven magnetic devices,
the sign and amplitude of TEP are controlled by the difference
of the spin-dependent Seebeck coefficient Ss = ST — ', where
S is the Seebeck coefficient in ferromagnetic layer [28]. For
example, for NiggFe, the values of a and Sg at room temper-
ature are 0.40 and —4.5 V K, respectively. In case of Co,
the values are 0.35 and —1.8 'V K~!, respectively [18, 19].
However, the temperature dependent relationships between the
spin-dependent electrical and thermal transport for different
MR systems are still under debate.

Experiments and theories have shown that the different
relationships between the spin-dependent electrical and

© 2018 IOP Publishing Ltd  Printed in the UK
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Figure 1. (a) A schematic of a Iry;Mn;s/FeCo/Cu/NigoFe,o multilayer. (b) The magnetothermoelectrical power V is generated under the
temperature gradient V7. The sample was mounted between two copper blocks, which can provide a stable temperature difference. (c) A
schematic experimental device for measuring the magnetothermoelectrical power. The sample holder in figure (b) was rotated in order to
show the connection with the chiller in figure (c). The inset of figure (c) is the actual image of the measurement.

thermal transport for the different MR systems. Shi et a/ found
that the spin-dependent thermal transports are closely related
with electrical transports in current-in-plane (CIP) Co/Cu
magnetic multilayers [10]. The Seebeck coefficients obeyed
the linear relations with the conductance, when magnetization
state in neighboring ferromagnetic layer is gradually changed
by external magnetic field. The linear relationship was also
valid in Nig;Fe o/Cu, Co/CuNi and Fe/Cr multilayers, as well
as granular MR systems, which can be considered as a gen-
eral property [7—11]. The other interesting experiments are
based on the non-local thermal spin injection in spin valve
[14, 15]. A heat current through the ferromagnetic layer was
spin polarized, creating a spin heat accumulation at the inter-
face between F/N by the spin-heat coupling, thus affecting
the TEP for parallel (P) or antiparallel (AP) magnetic state
of spin valve. According to the modified Fert-Valet spin dif-
fusion equation [29], the spin-dependent Seebeck coefficient
was extracted by using a 3D finite-element model [18, 19].
Due to the existence of the spin accumulation at the interface,
the relationship of the spin-dependent electrical and thermal
transports is complicated. Moreover, experiments and theories
both show that TEP and MR effects in MTJs depends on dif-
ferent features of the density of state (DOS) of the ferromagnet
layer [22, 23]. The amplitudes of the TEP and MR effects are

not directly linked. However, when the device size is shrunk
to nanometer scale, it is still a challenge to determine temper-
ature difference AT across thin layers and their interfaces for
the extraction of Seebeck coefficient. If the interface temper-
ature difference is not properly taken into account, it could
lead to 20 times over-estimation of the Seebeck coefficient in
MTIs [24, 25]. Compared with GMR and MTJs with current
perpendicular plane (CPP) geometry, the CIP geometry has a
clear advantage due to the extended geometry and no inter-
faces are involved in the relevant direction.

In this work, we report the temperature dependent rela-
tionships between the spin-dependent electrical and thermal
transport in spin valve with CIP geometry. During the trans-
itions between P and AP magnetic states of spin valve, the
changes of TEP are independent of the contact effects. Thus,
this allows for an extraction of the temperature gradient to
avoid the contact effect. By using the Mott formula, we further
abstracted the temperature dependence of the electrical and
thermal spin transports coefficients in spin valves. In a wide
temperature range from 100 to 300K, the spin-dependent
Seebeck coefficient is proportional to the asymmetry param-
eter. This validates that the spin-dependent thermal and elec-
trical transports in in-plane spin valve are both dominated by
the interface scattering.
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Experiments

The spin-valves of glass/Ta (8 nm)/Ir,;Mn7g (12 nm)/FeCo
(3.5nm)/Cu (1.8 nm)/NigoFeyg (4nm)/Ta (3nm) were fabri-
cated by a magnetron sputtering system. The base pressure
was 2 x 1073 Pa and the argon pressure was 0.33 Pa during
deposition. During the sputtering a pair of permanent mag-
nets (~200 Oe) is applied to induce a uniaxial anisotropy
and exchange bias. The exchange bias field (H.x) at room
temperature is about 370 Oe, then gradually increases with
decreasing temperature. Figure 1(a) displays a schematic of
the sample layout. The width (w) of spin-valve sample is cut
into 3mm. The thermal and electrical transport characteris-
tics of spin valves were measured using standard four-point
probe method. Two contacts are fixed to measure the voltage
difference with a distance L = 4mm by silver paste. The
thermal (electrical) current and magnetic field are perpend-
icular to each other and both parallel to the film plane, as
shown in figure 1(b). To provide the appropriate temperature
difference AT, the sample was suspended between a pair of
Cu blocks. The two Cu blocks can be considered as the heat
reservoirs with different temperature, providing a uniform
temperature gradient. One Cu block was connected to chiller
with temperature 7, and the other Cu block was heated by
the inside heater to keep its temperature T + AT, as shown
in figure 1(c). The sample temperatures were monitored and
controlled by LakeShore cernox thermometers. We set the
temperature at the cold side as the measurement temperature
T, and varies the AT from 5 to 35 K. When the temperature
T and T + AT become stable due to the system PID control,
we measured the MTP of spin valve as a function of applied
magnetic field. The Seebeck coefficients were extracted by
the linear fitting the MTP values dependence of different AT.
The standard deviation of linear fit is considered as the error
values of the Seebeck coefficients. The whole measurements
were carried out in the vacuum environment with pressure
below 0.1 Pa.

Results and discussion

Spin valve has become a milestone in spintronics [30]. It
is consisted with free layer/spacer/pinned layer sandwich
structure. When the magnetizations of two ferromagnetic
layers are P (AP), the resistivity is high (low). Figure 2(a)
shows a typical curve of resistance versus magnetic field
in spin valve. Owing to the exchange bias effect, the wide
plateau with high resistance in the curves hints the antipar-
allel alignment of the magnetizations for NigoFe,o and FeCo
layers [30]. This wide antiparallel alignment of the magne-
tization is obtained by exchange bias effect in a wide magn-
etic field. Figure 2(b) shows the TEP of the spin valve as a
function of applied magnetic field for different temperature
gradient. The characteristic switching clearly shows that
Seebeck voltage generated by temperature gradient depends
on the relative orientation of the two magnetizations in the
spin valve. In comparison with the current-driven magne-
toresistance (MR) curve, the heat-driven magneto-thermo-
power (MTP) curve presents the opposite behavior: the value
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Figure 2. (a) Resistance at current / = 1 mA and (b) thermoelectric
powers at elevated temperature gradient as a function of magnetic
field at 200K for the Ir;;Mn7g/FeCo/Cu/NiggFe,( spin valve

device. The red color presents the forward magnetic field sweeping
from —350 (Oe) to 700 (Oe), and the black color presents the
backward magnetic field sweeping from 700 (Oe) to —350 (Oe).

of Seebeck is negative, and the absolute value of Seebeck
voltage for antiparallel configurations is smaller than the
parallel state. It is very important and necessary to com-
pare the S and AS = Sp — Syp for different GMR systems.
According to the Mott theory, S is a higher-order transport
quantity and can be expressed through the derivative of the
conductivity with respect to energy. This means that S and
AS are closely related with the electronic band structures
[13]. For example, for the Co/Cu multilayer the majority
density of state (DOS) does not change in the vicinity of the
Fermi level. The conductivity change is mainly determined
by the change in the electron velocity at the Fermi level.
Due to the affection of hybridization between sp and d elec-
trons, increasing the electron energy results in increasing the
electron velocity, thus yields both negative signs of S and
AS. Owing to the similar mechanism, both negative signs
of § and AS are also observed in other Co/Cu multilayers
[7-11], Co—-Ni/Cu multilayers [12], Nig;Fe o/Cu/Co spin-
valve [17-19], CoFe/Cu/CoFe spin valve [31] and FeNi/
Cu/FeNi spin valve [16]. However, contrary to the Co/Cu
system, the conductivity of Fe/Cr system is dominated by the
minority spins, where the DOS at the Fermi level exhibits
a pronounced valley. Increasing electron energy results in
moving away from the valley to the region with less-disper-
sive bands, thus yields both positive signs of § and AS [13].

The opposite behaviors for electrical and thermal trans-
ports in spin valve can also be simply understood by the two
parallel spin channels. For parallel and antiparallel state in
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Figure 3. (a) The dependences of voltage on current and (b) thermoelectric power on temperature difference in parallel and antiparallel

state at 200K. The I-V and V — AT curves are both linear.

(@)
31t U= R, .
—— RAP \/-
30+ /
c
291
x
28}
27+
100 150 200 250 300
T (K)
(©) | 3T
136}
3 134f
132}
130p . . . . -0.27
100 150 200 250 300
T (K)

SP
02} !:::&\\L-—'—-S;P
—~ A
g 03 §§§;\\
> .\.
S04 \\‘\\¥\\
o ~
0.5}
_0'6 1 L L L L
100 150 200 250 300
q T (K)
@ -0.09
0.12}
g oIst
> S 018}
EREY
— = 021t
o o
A 024)
027}
130 132 134 136 138
o

Figure 4. Temperature dependence of (a) the resistance R and (b) the Seebeck coefficient S for parallel and antiparallel magnetic states.
(c) The asymmetry parameter « and the difference of spin-dependent Seebeck coefficient Ss as a function of termperature. (d) The difference
of spin-dependent Seebeck coefficient Sg has a linear relationship with asymmetry parameter c.

spin valve, this leads to current-driven magnetoresistance and
heat-driven magneto-thermopower [7, 10]

_ TN\ 412
MR= PP (PP (G
PAP pt+p a+1
and
Sap — S ST —8sH(ph — p
Sap pTST + ptSt

where pap and pp (Sap and Sp) are the resistivity (Seebeck
coefficient) of spin valve on parallel and antiparallel magnetic

states, respectively. The opposite behavior of MTP indicates
that the Seebeck coefficient of spin-up electrons for NigoFe,q
and FeCo layer is more negative than that of the spin-down
electrons.

In figure 3(a), the current-driven voltages in P and AP
states both linearly increase with the applied charge current,
indicating a good ohmic contact. The intercepts for P and AP
states are both zero when 7 = 0. In figure 3(b), the heat-driven
voltages Vp(ap) in P(AP) state also linearly increases with the
applied AT, which is in agreement with typically measure-
ments of MTP performed on Ferromagnetic/non-magnetic
multilayer structures [6—19]. It should be noted that the curves
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of Vpap) as a function of AT are shifted to the origin point,
according to following two assertions. Because the change
of Seebeck voltage in spin valve is induced by switching
of magnetizations, independent with the contact effect, we
could assert that AT should be zero at the point Vp = Vap.
Moreover, V) = V%, # 0 indicates an additional TEP caused
by the temperature gradient within the circuitry of voltage
meter itself. So it is reasonable to assert that for AT =0,
V) =V{,=0. After this calibration, we could obtain
Sp=—0.54 uV K! and Spp=—0.51 pV K~ ! at 300K.
Analogue to the two-band model in parallel, the Seebeck
coefficient in in-plane direction of a multilayer can be also
estimated by weighting the Seebeck coefficient S by the corre-
sponding conductance of each layer. The estimated Seebeck
coefficient of our spin-valve is —3.9 uV K~!. Considering
the contact material we used is Al, that Sy = —1.7 VvV K,
the Seebeck coefficient of spin valve we obtained is about
—22 uvV K~ !, which is close to the estimated Seebeck coeffi-
cient of spin valve. We also noted that the Seebeck coefficient
of our spin valve is consistent with the values of CIP spin
valve for Ta/Ru/IrMn/FeCo/Cu/FeCo/Ru system [31].

We systematically studied the spin-dependent electrical and
thermal transport as a function of temperature in-plane spin
valve. With increasing temperature from 100 to 300K, R grad-
ually increases from 27.69 to 31.15 €2, as show in figure 4(a),
while S becomes more negative from —0.25 to —0.55 vV K~
in figure 4(b). The small differences between P and AP magn-
etic states indicate the spin-dependences transports. With
increasing temperature, AR gradually decreases, while the
absolute value of AS increases. In metals the diffusion TEP is
calculated through the Mott formula [1]

w2 k3T Olno(E)
3e ( OE )EF’ )

where e is the elementary charge, kg is the Boltzmann con-
stant, 7 is the temperature of sample, and o is the conductivity
of sample. When spin-dependent resistivity was considered,
the Seebeck coefficient at parallel and antiparallel magnetic
state can be express as

S=—

1/2

Wzklngg/(PAP — pP)

AS =Sp — Sap = —
3¢ «

“)
PAP

Here, o/ = da/OE. According to an appropriate assump-
tion in Shi et al work, in a simple Born-approximation pic-
ture of interfacial scattering, the asymmetry « is dominated
by the spin-split DOS in the ferromagnetic material, i.e.
o= g*(Eg)/g" (Eg), where g™ (Eg) is the final DOS for
scattering processes involving up and down spin electrons,
thus o’/ can be can be express as following [10]

o gV (Er) gV (Er)
g" (Er)’

= 5
a gt (Er) )
If we consider ST = (7243 T/3e)g™ /g™, thus we can fur-
ther obtain the following formula

1/2

AS=Sp—Sap = (ST - SH(ZE=P)y T ()
PAP

Therefore, substituting the value of R and S on P and AP
magnetic states at different temperatures into equations (1)
and (6), we can obtain the temperature dependent o and Ss,
respectively.

As shown in figure 4(c), with increasing temperature
from 100 to 300K, « linearly decreases from 1.37 to 1.30,
while the -Ss linearly increases from 0.10 to 0.24 puV K~'.
The asymmetry parameter « is consistent with previous
experimental results, where for Co/Cu granular systems «
are 3.25 and 2.84 for low temperature i.e. 100K and high
temperature i.e. 300K, respectively [10]. When we set («,
Ss) for different temperatures as points in figure 4(d), we
demonstrate that Sg is proportional to a even in the whole
temperature range. This result further confirms that the
spin-dependent thermal transports are closely related with
electrical transports in in-plane spin valve and the relation
between spin-dependent thermal transports and electrical
transports is independent of temperature. Unlike the spin
valves with current perpendicular plane CPP geometry, for
spin valves with CIP geometry the spin accumulation and
interface temperature difference becomes negligible, thus
the spin transport mainly depends on the spin dependence
scattering. Therefore, the spin-dependent thermal transports
are closely related with electrical transports in CIP-GMR,
which provides us a platform to systematically study the
relationship between thermal transport and electrical trans-
port, especially in a wide temperature range.

Conclusions

In summary, we have investigated the asymmetry param-
eter and the spin-dependent Seebeck coefficient in the CIP
geometry spin-valve as a function of temperature. For in-
plane FeCo/Cu/FeNi spin valve, the value of the Seebeck
coefficient and the difference of spin-dependent Seebeck
coefficient are both negative. The hybridization between sp
and d electrons dominates the resistivity as well as the ther-
moelectrical power and can be described by the Mott scat-
tering picture. With the varying temperature, the asymmetry
parameter and spin-dependent Seebeck coefficient obey a
simple liner relationship in the whole temperature range.
Our results may provide guidance for further improvements
of spin caloritronics.
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