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Anisotropic magnetothermopower: Contribution of interband relaxation
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Spin injection in metallic normal/ferromagnetic junctions is investigated taking into account interband re-
laxation and the consequences in terms of thermoelectric power. On the basis of a generalized two-channel
model, it is shown that there is an interface resistance and thermoelectric power contribution due to anisotropic
scattering, besides spin accumulation and giant magnetoresistance. The corresponding expression of the ther-
moelectric power is derived and compared with the expression accounting for the thermoelectric power pro-
duced by the giant magnetoresistance. Measurements of anisotropic magnetothermoelectric power are pre-
sented in electrodeposited Ni nanowires contacted with Ni, Au, and Cu. It is shown that a thermoelectric power
is generated at the interfaces of the nanowire and that the experimental results strongly support the model.
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I. INTRODUCTION

In order to explain the high resistance and high thermo-
electric power observed in transition metals, Mott introduced
the concept of spin-polarized current and suggested that s-d
interband scattering plays an essential role in the conduction
properties.! This approach, in terms of two conduction
bands, explained the existence of a spin-polarized current in
the 3d ferromagnetic materials and was used for the descrip-
tion of anisotropic magnetoresistance>* (AMR) and thermo-
electric power.*> With the discovery of giant magnetore-
sistance® (GMR) and related effects, a development of spin-
tronics focused a discussion of spin-flip scattering occurring
between spin-polarized conducting channels. The two-chan-
nel model, which describes the conduction electrons with
majority and minority spins, is applied with great efficiency
to GMR and spin injection effects,”!! including metal/
semiconductor'?> and metal/supraconductor interfaces.> In
this context, it is sufficient to describe the diffusion process
in terms of spin-flip scattering without the need to invoke
interband s-d scattering.

Magnetothermoelectric power (MTEP) experiments in
GMR structures,'*?° however, point out the need for a
deeper understanding of the dissipative mechanism respon-
sible for the giant magnetothermopower related to GMR.
The problem of s-d electronic relaxation at the interface was
also put forward in the context of current-induced magneti-
zation reversal mechanisms in various systems exhibiting
AMR 2125 However, the interface contribution to the resis-
tance in relation to AMR has so far not been investigated.
The aim of the present work is to study the nonequilibrium
contribution of a normal/ferromagnetic (N/F) interface to
both the resistance and thermoelectric power.

For our purpose, it is convenient to generalize the two-
spin-channel approach to any relevant transport channels—
i.e., to any distinguishable electron populations « and y.2°
The local out-of-equilibrium state near the junction is then
described by a nonvanishing chemical-potential difference
between these two populations: Agt,,=pm,—pm,# 0.!" Corol-
larilly, assuming that the presence of a junction induces a
deviation from the local equilibrium, the a and y populations
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can be defined by the a— vy relaxation mechanism itself,
which allows the local equilibrium to be recovered in the
bulk material [lim,_,,..Au(z)=0]. In this context,'">* the ba-
sic idea we develop here is that, beyond spin-flip relaxation,
interband s-d relaxation also plays a crucial role in the inter-
face magnetoresistance of magnetic nanostructures. Though
similar ideas have been suggested in previous spintronics
studies,'~>18:2728 the originality of this work is to deal with
interband relaxation on an equal footing with spin-flip
relaxation® in the framework of a thermokinetic approach.
For this purpose, the two-spin-channel model is generalized,
with the introduction of the corresponding transport coeffi-
cients: the conductivities o, and o, of each channel define
the total conductivity o,=0,+ 0, and the conductivity asym-
metry 8=(o,~0,)/o; the relaxation between both channels
is described by the parameter L (or, equivalently, the relevant
relaxation times 7,.,). It is shown that this two-channel
model can be applied straightforwardly to the description of
MTEP by introducing an extra transport parameter which is
nothing but the derivative of B with respect to the energy.
The predictions of the model are compared with experimen-
tal results of anisotropic MTEP measured in electrodeposited
nanowires.

The article is structured as follows: General expressions
of the interface contributions of resistance (Sec. II) and ther-
moelectric power (Sec. III) are derived and applied to the
case of AMR and GMR systems (Sec. IV) and to the corre-
sponding MTEP (Sec. V). It is shown that a contribution of
the interface resistance related to AMR and the correspond-
ing MTEP should be expected. The experimental study per-
formed on single-contacted Ni nanowires (Sec. VI) confirms
the presence of an anisotropic MTEP, which is produced by
the interfaces.

II. OUT-OF-EQUILIBRIUM RESISTANCE

In the framework of the two-conducting-channel model,
which includes relaxation from one channel to the other, it is
possible to show, on the basis of the entropy variation,'! that
the kinetics is described by the following Onsager equations:
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where ‘I'fay describes the relaxation from the channel « to the
other channel vy in terms of the velocity of the reaction «
— 7. The Onsager coefficient L is inversely proportional to
the relaxation times 7,.,,:

L0<< S8 ) )
Tasy Tyoa

where f and g account for the electric charge distribution and
are close to unity. The out-of-equilibrium configuration is
quantified by the chemical affinity Au=mp,—u,—ie., the
chemical potential difference of the reaction.

Furthermore, in the case of a stationary regime, the con-
servation laws lead to
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dt 0z
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where n,, n, are the densities of particles in each channel.
The total current J, is constant:
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The expression of Ohm’s law, J,=—a, d®/dz, is recovered
by introducing the measured electric potential d and the total
conductivity o,=0,+0, (Ref. 29):

€D = (i + rypty). (5)
T
Let us assume that the two channels collapse to a unique
conduction channel for a specific configuration, the refer-
ence, which is a local equilibrium situation: Ag,,=0. The
out-of-equilibrium contribution to the resistance, R", is cal-
culated through the relation

B o B
J,eR"e=f —[,ua—eCD(z)]dz=f —[uy—e®(2)]dz,

4 02 4 02

(6)

so that

1 (Bo,-0,0A

R =_ — M—Mdz, (7)
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where the measurement points A and B are located far
enough from the interface (inside the bulk) so that Au(A)
=Au(B)=0 (see Fig. 1). The integral in Egs. (6) is performed
over the regular part of the function only (¥ and o, are
discontinuous).?® Equation (7) allows the out-of-equilibrium
resistance at a simple junction between two layers (com-
posed by the layers I and II) to be easily calculated. If the
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FIG. 1. Chemical potential profile over the interval [A, B] in the
a and y channels. The A and B points verify u,(A)=pu,(A) and
to(B)=pu,(B). The two straight lines represent the @ variation in
each region (®;,d;). It can be directly seen that the out-of-
equilibrium resistance R" is determined by the & discontinuity at
the interface.

junction is set at z=0 and the conductivities are, respectively,
o) and 0! (i={a,v}), we have

Ol — ol oAl B ol — o oA u!!
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A 20, 0z 0o 20, a9z
(®)
The equilibrium is recovered in the bulk, so that
o —d ="\ Au
L A TVUR
a o 2J e

The chemical potential difference Au(z), which accounts
for the pumping force opposed to the relaxation a— v, is
obtained by solving the diffusion equation deduced from
Egs. (1) and (3) (Refs. 7-11):

PA A
,uz(z) _ /;(z) ’ (10)
oz Laigy
where
l;i_zf_-f = eL(o';1 + 0';1) (11)

is the diffusion length related to the a— v relaxation.
At the interface (z=0), the continuity of the currents for
each channel is written: J{l(O):JIaI(O), where

0,0, 0A o
LZ_M+—QJ,, (12)
eg, 0z o,

Ja(o) ==

which leads to the general relation
o Ta\[ oL, ooy
Au(0) = (j - j ojal + oj? I
A
Inserting Eq. (13) into Eq. (9), we obtain the general ex-

pression for the out-of-equilibrium resistance (per unit area)
produced by the a— vy relaxation mechanism at a junction:

-1
) e, (13)
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It is convenient to describe the conductivity asymmetry
by a parameter B such that o,=0,(1+8)/2 and o,=0(1
—B)/2. The out-of-equilibrium contribution to the resistance
then takes the following form:

1 (8- Bn)’
2\eLlo!(1 - B2) + el (1= B2)’

ne

(15)

where we have used the relation

/ L
l:,ilff=2 0'(;;—,32). (16)

t

III. GIANT MAGNETORESISTANCE VS ANISOTROPIC
MAGNETORESISTANCE

A. Giant magnetoresistance

The most famous example of interface out-of-equilibrium
resistance described in the preceding section is the giant
magnetoresistance® occurring near a junction composed of
two ferromagnetic layers F;/F, made out of the same metal.
The electronic populations are the spin-polarized carriers
quantized along the ferromagnetic order parameter a=7, y
=]. The diffusion length is the spin-diffusion length [
=ly;. The a— vy relaxation is the spin-flip relaxation and
tends to balance the deviation from the local equilibrium.
This process leads to a spin accumulation described by the
generalized force Ap=pu;—pu,. The local equilibrium (Au
=0) is recovered in the bulk ferromagnet at the voltage
probes or, equivalently, in the case of two parallel magnetic
configurations. When the magnetization of the two layers are
parallel, we have, indeed, o" o-” and o‘[ oﬂ and R"*=0. In
contrast, for an ant1para11e1 conﬁguratlon aJ 01 and 01
—o‘% In terms of conductivity asymmetry ,83, we have O'T
=01+ B,)/2 and o =0,(1-p,)/2 (the subscript s refers to
the s type—possibly sd-hybridized—conduction band). The
out-of-equi-
librium resistance is written

2 2
RE?LMR BS 5 l f = ] BS
s .
z(l - Bq) \”eLO-f(l - B%)
This expression is the well-known giant magnetoresis-

tance’ 3132 measured in various F;/N/F, devices. It is
usually presented as the normalized ratio

(17)

1l 2
Ry 1-BA

measured on a layer of thickness A, where Ry=R''=R!!
=A/a, is the overall resistance of the layers (also per surface
units).
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In the case of a single N/F junction, we have a" 0'[ in
the normal metal and 0'" * aﬂ in the ferromagnetlc metal
The out-of-equilibrium res1stance is written

1 B
2 e LNO'N+\ LFof(l—,B)

This is the out-of-equilibrium resistance arising in a single
magnetic layer. It is worth pointing out that, in spite of the
existence of spin accumulation and nonvanishing out-of-
equilibrium resistance, it is not possible to measure a devia-
tion of R}z from a reference state because the resistance
does not vary with the magnetic configurations or with any
well-controlled external parameters (except in the case of
domain wall scattering, discussed, e.g., in Ref. 33). In other
words, Rgyr 1S present but there is nevertheless no analyzer,
or probe, to detect it. Although the GMR results are well
known, the more general equation (14) allows one to push
the discussion about nonequilibrium resistances beyond
GMR effects.

RN = (19)

B. Interface magnetoresistance

From our generalized approach one should predict the ex-
istence of a nonequilibrium anisotropic magnetoresistance
(NEAMR) due to the interface. The anisotropic magnetore-
sistance (AMR) is characterized by a conductivity o(6)
which depends on the angle #=(I,M) between the direction
of the current and the magnetization. In single-domain struc-
tures, the angle 6 is tuned with the applied magnetic field
which modifies the magnetization direction. In contrast to
GMR (7 | relaxation), AMR is a bulk effect that necessarily
involves at least one anisotropic relaxation channel «
— ¥(6) which is controlled by the direction of the magneti-
zation (and is hence related to spin-orbit coupling).® Al-
though generated by spin-dependent electronic relaxations,
the a— () relaxation channel does not necessarily involve
spin-flip scattering. It is generally assumed that the relax-
ation from the isotropic s minority channel a=s| to the an-
isotropic d minority channels y=d| is the main contribution
to AMR in 3d ferromagnets.'>*-3* In the normal metal (here
normal means with no d-band effect), the conductivity of the
(minority) d channel is vanishing, so that 8Y,=1. The out-of-

equilibrium magnetoresistance is then a function of 0(1171)
defined by

» [1-Bu(0)]
20
Rasir(6) = 2 \'eLsd(a)O't(g)[l - vd(e)] ()

where fB,,(0) is the conductivity asymmetry corresponding to
the AMR relaxation channels; o,(60)=0,(0)[1+B,,(6)]/2 and
o,(0)=0,(0)[1-p,,(0)]/2 in the ferromagnet. In terms of
diffusion length and normalized to the bulk AMR R,(#6), the
NEAMR is written

Rliiz(6) B ( 1 - B,(6) ) Laig(6) (1)
Ry(6) 1+B46) A 7
where A is the layer thickness. However, the contribution of

R){¥+(6) is difficult to measure because Laifr is expected to be
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small (nanometric or below) and the direct bulk contribution
of the AMR dominates in usual configurations (see, however,
Refs. 31 and 32 for a possible contribution in F;/N/F, de-
vices).

IV. OUT-OF-EQUILIBRIUM MAGNETOTHERMOPOWER

Since, in metallic structures, the heat transfer is carried by
the conduction electrons, it is possible to study the electronic
transport coefficients by performing thermoelectric power
measurements while applying a temperature gradient to the
sample. TEP is usually characterized through the bulk See-
beck coefficients, while imposing a temperature gradient un-
der zero electric current (open circuit). In the same manner
as for GMR, TEP is composed of a bulk contribution and an
out-of-equilibrium contribution due to the interfaces (see
Sec. IV B). Previous investigations of the interface contribu-
tion to the magnetothermoelectric power have been per-
formed exclusively in GMR structures, with typical sizes of
the magnetic layers below the spin-diffusion length (spin-
valve structures).'#20 In this very case, the experimental re-
sults show that the spin-dependent thermopower is nearly
proportional to the GMR. As will be shown below, the situ-
ation is similar in the case of single ferromagnetic layers
exhibiting AMR.

In the following, the temperature gradient is assumed to
be uniform: VI'=AT/A, where A is the length of the wire
and AT is the temperature difference between the two termi-
nals. This simplifying assumption allows us to recover the
diffusion equation (10). The Onsager relations follow by
adding the heat flows ng of the two channels:

T,00, aT
- +S8,0,—,

e 0z 0z

a

_ Tyt o IT o T Tl
Y e 0z

, Jg= ,
Yoz ¢ %9z e dz

or m,du .
Jg=)\7&_Z__ez7zzv \Ira)/:L(lu'a_/'Ly)r (22)

where S; and \;, i={«, y}, are, respectively, the Seebeck and
Fourier coefficients of each channel and r;/g; is the Peltier
coefficient.

Hereafter, we will not study the channel-dependent heat
flow ng. The thermopower is deduced from Egs. (22) fol-
lowing step by step the method developed in the previous
section and incorporating the condition J,=0. In the bulk
metal, the local equilibrium condition leads to the relation

L) AT
J(0)=- O-Ir?_z(oc) + S,O'IT =0, (23)

which yields
—— () =8—, (24)

where
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So+
St= M (25)
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is the reference thermopower corresponding to the bulk, or
the equilibrium TEP. The effective current (analogous to the
total current in the GMR calculation) J,p==S,0,(AT/A) is
different in both sides of the junction (like the conductivity
o, the Seebeck coefficient S, is discontinuous at the inter-
face).

From Egs. (22) and (12), the continuity of the currents
JL(O):JZ(O) leads to the following chemical-potential split-
ting at the interface:

Ap(0) =[0%(S;, = 57) = 05(Sz = 1]

ooel!  [ollael\™" AT
X + 7 e—. (26)
7 s ) N
The chemical-potential splitting Au(0) is analogous to that
calculated in Sec. II, Eq. (13), for the GMR, after introducing
the effective current J,;=—S,0,(AT/A):

s - oo sg_s"oﬂaﬂ>

A,u.(O):e(J’ 2a”VyZaZy gl Pa”PyZaly

i —JL.
eff SI 0}[ 0{ eff S{l 0}” 0{1

t

ol olel! olotler\™!
X( \/ aZy + L . (27)
ol ai
Here again [see Eq. (7)], the out-of-equilibrium thermopower

3 can be defined from the reference corresponding to local
equilibrium condition, Au,,=0 and J,=J,=0:

AT 1 (%[ D 1(2(s aT
N (e
AN ely\ 0z 0z ely \ 0z 9z

(28)

where A (B) is located in the layer I (II), at the distance A’
(A™), far enough from the interface (inside the bulk). This is
the same expression as that calculated for the out-of-
equilibrium resistance in Eq. (9). We obtain

AT _ (0’a—0’y O{Y’—OJJ)AM(O)
A a - o 2¢

(29)

Making use of Eq. (26) we deduce the out-of-equilibrium
TEP:

[, B\ A o
2"4 7 ‘of)(d“f*‘if

1 111 ri\-1
)

This is the general expression of the out-of-equilibrium
MTEP. In the following, it will be expressed in terms of
transport-coefficient asymmetry . Let us define the param-
eters S,=(S,+S,)/2 and S_=(S,~S,)/2. We see that S,
=%[(1 +B)S,+(1-p)S,], so that the overall Seebeck coeffi-
cient is rewritten:
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S,=8,+BS_.
The out-of-equilibrium interface thermopower takes the form
a1 - (818! - o)1 - (B")]S”
VeLlo[1 - ()] + VeL"o/1 - (B"?]
31)

Ene —_ (ﬁl_ BII)

It is possible to investigate further this relation by using the
microscopic Mott’s relation' (assuming a local thermal equi-
librium)

90 ay
Sy="—" ( " ) , (32)
Oay\ € /¢
F

where a=7T2k123T/ 3e, € is the electron energy, and € is the
Fermi energy:

BB’ B
S+=S,—a1_B2, S_:al—ﬁz’ (33)
and
J
Slzi(ﬂ) (34)
o\ Je e

is the reference thermopower defined in Eq. (25), and B’
=(p/ de)., is the derivative of the asymmetry conductivity
coefficient B taken at the Fermi level. Equation (31) is re-
written

Ene:_ a(ﬂl—ﬂ”)((ffﬂ’[— 0{1,8’”)
\r/Eng{[l - (B + \/eLHO{I[l — (ﬁ”)z]'

(35)

A. Magnetothermopower corresponding to GMR and
NEAMR

In the case of spin-valve structures (i.e., junctions consist-
ing of layers with parallel or antiparallel magnetizations) and
considering identical ferromagnetic layers, we have B,= /4’
=—pB" and also B,=p'"=-p'""

!

=200 & Rl 36)

Note that according to Eq. (18), at fixed 8, 3, is propor-
tional to lsf. As discussed in Ref. 16, the MTEP associated
with GMR vanishes if the parameter B’ is zero—i.e., if the
conductivity asymmetry is not energy dependent. The pro-
portionality between RMR/R, and ZCMR/(AS,) was ob-
served experimentally,'+1%19-20 and the proportionality factor
Pomr=—(2alS,)(B'/B) was found to be of the order of 1-10
in the usual experimental conditions.

Besides, the out-of-equilibrium contribution due to the
AMR in a normal/ferromagnetic junction is deduced by tak-
ing into account the relevant s-d relaxation channels BY,=1
(Sec. Il B) and B.,;V=0:
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FIG. 2. (Color online) The structure consists of two metallic
layers of length AJ and JB with a typical temperature gradient
AT/AB. Tt is contacted through two reference wires connected to a
voltmeter at temperature 7.

(6
EXJR=2aof(e)<lﬁ_—;()0))R§jR(o). (37)
Note that according to Eq. (21), at fixed 3, 31,7 is propor-
tional to [, The expression 339,2/8,=Psyr[R""/Ry(6)]
[where Ry(0)=0,(6)/A] shows that a simple relation similar
to that of GMR relates the NEAMR and MTEP. The propor-
tionality factor Py r=2a/S,)(B'/1-B) (refer to AMR/
MTERP ratio in the next section) can be measured providing
that the NEAMR, described in Sec. III B, Eq. (20), is mea-
sured independently (e.g., with the configuration proposed in
Refs. 31 and 32). The relevance of the picture proposed
above, which is based on the differentiation between two
well-separated relaxation channels (spin-flip or s-d scatter-
ing), can now be compared to experimental facts.

B. Measuring MTEP

It is important to point out that the measurements of in-
terface TEP necessarily involve the measurement of the TEP
of the bulk materials contacted to the voltmeter through ref-
erence wires (see Fig. 2). In our experiments, a temperature
difference AT=Ty—T, is maintained between the extremities
A and B of the junction (located at the J point), whereas the
voltmeter with the terminals of the reference wires are main-
tained at temperature T\. Referring to the TEP of the refer-
ence contact as S,, the total voltage difference measured in
the open circuit consists of the bulk TEP and an interface
TEP:

1 Il
(AJ)S! + (JB)S! —Sr> . 2"6( a_T) 68
AB 0z 7

Note that the bulk term appears to be independent of the
magnetic configuration (i.e., independent of 6) under the fol-
lowing weakly restrictive condition: (e, 0)=g(6)o,(€) [see
Eq. (34)], where g(#6) is any function accounting for the con-
ductivity anisotropy. In contrast, the out-of-equilibrium term

VTEP = AT(
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is still 6 dependent through the parameter B(6) or /,,(6). In
consequence, we expect that a MTEP contribution can be
measured as a function of the external magnetic field and
that this MTEP is dominated by the out-of-equilibrium inter-
face effect. On the other hand, the amplitude of the nonequi-
librium interface effect depends on the amplitude of the tem-
perature gradient at the junction (JT/dz);. The effect is then
larger in the case of a nonhomogeneous temperature gradient
if the junction is placed in a region where there is a sharp
temperature variation—i.e., near the interface with the heat
source or cryostat. In contrast, if the junction is placed far
away from the interface with the heat source or cryostat, the
effect is expected to be smaller.

As for AMR, the 6 dependence of the TEP (the MTEP) is
defined as the ratio

AV max{V(6)} — min{V(6)}
v min{V(6)}

(39)

In the next section, the quantity V(6) is measured as a func-
tion of the amplitude and direction of the applied magnetic

field H.

V. EXPERIMENTS

As already mentioned, the nearly linear relation between
the GMR (AR/R) and the corresponding MTEP (AV/V) has
been observed in various spin-valve systems.'*2° The GMR/
MTERP ratio is of the order of 1-10 in GMR samples consist-
ing of about 150 electrodeposited Co/Cu bilayers where both
the GMR and MTEP are of the order of 10%.!° The present
study focuses on MTEP in single Ni nanowires by pointing
out the role of the contacts. The results presented hereafter
have been measured near room temperature. All nanowires
contain two contacts N/F and F/N, and a bulk ferromagnetic
(F) region. The results presented in Sec. IV predict that an
anisotropic out-of-equilibrium interface magnetoresistance,
and corresponding MTEP, should be present at the junctions.

This experimental section is composed as follows. The
samples are described in Sec. V A. The magnetic configura-
tions of the nanowire are discussed in Sec. V B on the basis
of AMR measurements and of previous studies. Section V C
reports on the anisotropic nature of the measured MTEP.
Section V D shows that the measured MTEP is an interface
effect. Section V E describes the magnetic configurations of
the Ni contact that allow the MTEP profiles to be understood.

A. Samples

The samples are prepared by electrodeposition in porous
polycarbonate track-etched membranes. This technique has
been used extensively in order to study the micromagnetic
configurations inside the wires.?>*! The pores are 6 wm
length and 40-25 nm diameter. A gold layer is sputtered on
the bottom and top of the membrane and fixed to the elec-
trode. By applying the potential in the electrolytic bath, the
Ni nucleates at the bottom of the pores, grows through the
membrane, and reaches the top Au layer. Then, a single
nanowire can be contacted inside the electrolytic bath by
controlling the potential between the two sides of the mem-
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Contact

Nanowire

Voltmeter

Au

FIG. 3. (Color online) Geometry and contacts of the two kinds
of single contacted nanowires. The heat resistance at the bottom is
driven by an ac voltage generator at frequency f. T and 7 are the
temperatures of the thermostats.

brane during the electrodeposition and stopping the process
when the potential drops to zero.” By changing the electro-
lytic bath, the final electric single contact (see Fig. 3) can be
performed either with the same material as that of the wire
(Ni) or with a different material (for instance, nonferromag-
netic like Cu or Au). In the first case the F/N junction coin-
cides with the interface with the top layer (i.e., the heat sink)
and in the second case, the F/N junction is located deep
inside the wire. The contact (Ni, Cu, or Au) has the shape of
a mushroom on top of the membrane.3’-3°

The electrodeposited Ni nanowire consists of nanometric
nanocrystallites with random orientations: the magnetocrys-
talline anisotropy is averaged out at the nanometer
scale.?33°-#1 Only a strong uniaxial shape anisotropy remains
present (anisotropy field H,=27M¢=0.3 T, where M, is the
magnetization at saturation). It has been shown that the Ni
nanowires are uniformly magnetized for all stable states.3*°
Furthermore, due to the high_aspect ratio, the spatial distri-
bution of the current density J is well defined along the wire
axis: the angle (J, M) between the current and magnetization
M coincides with the angle 6 of the magnetization with the
wire axis (see Fig. 3).

It is expected that a ferromagnetic contact localized on the
top of the membrane (the Ni mushroom) changes the inter-
face properties for two reasons: due to the nonuniform spin-
polarized current density*? and due to the presence of spe-
cific magnetic configurations that do not exist inside the
wire. Note that the problem related to the spin accumulation
and GMR generated by magnetic domain walls has been
studied in detail in such electrodeposited samples.** The con-
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ditions that are necessary to obtain a GMR-like contribution,
the presence of a highly constrained magnetic domain wall,
are not fulfilled in the present case.*> Here we report on a
comparative study between samples with different contacts
for a significant number of samples (a few tens). The
samples presented in the next subsections are labeled as fol-
lows. Sample A, Ni wire contacted with Ni (about 38 uV
TEP and 3% MTEP); sample B, Ni wire contacted with Cu
(=4.5 wV TEP and no MTEP); sample C, Ni contacted with
Ni (=7 wV about 10% MTEP); sample D, Ni contacted with
Au (-31.5 wV TEP and no MTEP); sample &, Ni contacted
with Ni (about —6.4 uV TEP and 3% MTEP). The values are
measured for a temperature difference AT of about 1 K.
Note, however, that the temperature difference is not strictly
preserved from one sample to the other because it depends
on the details of the heat dissipation at the nanoscopic scales.

B. Magnetic characterization through AMR

Due to the uniform magnetization and to the homoge-
neous current density, the magnetic field dependence of the
AMR is directly linked to the magnetic hysteresis loop of the
Ni nanowire. A quadratic dependence is observed:3

R(0)g=Ry+ AR zc0s*(6). (40)

The magnetoresistance (Fig. 4, sample A and sample B)
is measured with an external magnetic field applied at a
given angle W with respect to the wire axis. Except for some
few samples where domain walls can be observed (not
shown), the hysteresis loop corresponds to a uniform rotation
of the magnetization with a precision of two to three
percents.”*3*40 The magnetic configurations are described by
the well-known profile (see, e.g., the Stoner-Wohlfarth
model).* At large angles (W' =90°), the magnetization states
follow a reversible rotation from the wire axis #=0 to nearly
the angle of the external field W while increasing the mag-
netic field from zero to the saturation field (see Fig. 3): in-
termediate states (6 [0,90]) are stable and correspond to
the profile of the AMR curve (Fig. 4). In contrast, for small
angles (around W= 10°) the magnetoresistance profile as a
function of the applied field (Fig. 4) is flat because the mag-
netization is pinned along the wire axis: there are no stable
positions between 6= 10° and 6= 170°. There is no funda-
mental change in AMR if the Ni nanowires are contacted
with Cu or Au instead of Ni.?*

C. MTEP is anisotropic

The thermoelectric measurements are performed with a
compact resistive heater (5 (), placed at the bottom of the
membrane and contacted to a voltage generator of 5-7 V
(Fig. 3). A sine wave of frequency of the order of f
=0.05 Hz is injected in the heater. At this frequency, a sta-
tionary thermal regime is reached and the output ther-
mopower signal is detected at 2f=0.1 Hz. The amplitude of
the 2f signal gives the TEP 3"*AT/A. With our experimental
configuration, the amplitude of the TEP ranges between 5
and 50 pV, in agreement with the temperature difference of
the order of AT=1 K, measured at the macroscopic scale
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FIG. 4. (Color online) The AMR is plotted at different angles of
the external field: (a) Ni wire contacted with Ni (sample .A) and (b)
Ni wire contacted with Cu (sample B).

(the bulk values of the Seebeck coefficient are Sy ~-13
uV/K and S©~1.8 uV/K). The temperature gradient is
hence AT/A=~3X10° K/m. These values are close to those
measured in electrodeposited Co/Cu/Co multilayered spin
valves.!920

A MTEP signal is obtained by measuring the voltage at
zero current, as a function of the applied field. The MTEP
signal does not originate directly from the magnetic field,
because it is related to ferromagnetic configurations: the an-
isotropic nature of the MTEP is observed in Fig. 5 by mea-
suring the TEP voltage as a function of the angle of the
applied saturation field (at saturation field, the magnetization
aligns with the field: §=V). The anisotropic MTEP, with a
AV/V variation of about 13% (sample C), can be compared
to the corresponding AMR [1.3% amplitude, fitted with a
cos?(6+ €) law, where € accounts for the misalignment of the
wire inside the membrane®] in Fig. 5. The MTEP profile is
not very regular and varies slightly from one sample to the
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FIG. 5. (Color online) Comparison of magnetothermopower
(left) and AMR (right) for a single Ni nanowire with a Ni contact
measured as a function of the angle of the external field with a
saturating field (6=W) of 1.2 T (sample C).

other, as can be seen by comparing sample C (Fig. 5) and
sample A (Fig. 6 with the points at H=1 T for different
angles). This variability of the MTEP amplitude from one
sample to the other is not surprising since the values of the
temperature gradient at the junctions are not controlled at the
nanoscopic size in our experiments.

The typical MTEP signal of Ni nanowires contacted with
Ni, measured as a function of the external field, is shown in
Fig. 6 for sample .A characterized in Fig. 4(a). The points are
measured with decreasing and increasing external fields (i.e.,
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0,8 1,2

FIG. 6. (Color online) Thermoelectric power as a function of the
external field in Ni nanowires contacted with Ni for different direc-
tions of the external field. The magnetic configurations of the Ni
contact are represented with arrows for W=2° (sample A).
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the whole hysteresis loop is measured), but the hysteretic
part (observed in the AMR) is not observed. A variation
larger than that of the AMR signal is seen (depending on the
samples, the MTEP amplitude ranges from about AV/V
=3% up to 30%) and is of the same order as that of the
MTEP produced in GMR devices composed of 150
bilayers.'” The overall shape is surprising, since the profile as

a function of the external field H,,, at small angles V' shows
the maximum variation (while the magnetization is fixed
along the wire axis), and inversely, the profile at large angle
W is approximately flat (while the magnetization rotates
from zero to 90°), just the contrary to what is measured with
AMR. This typical profile will be analyzed in Sec. V E be-
low. Note that the MTEP minimum at small angles corre-
sponds to the zone of switching field (see Fig. 4) and that the
high-field profile shows an approach to saturation corre-
sponding to the anisotropy field of the wire (i.e., in the same
range of the applied field). Such curves are systematically
observed on all measured samples with small diameters
(about 15 samples of diameter about 40 nm).*’

D. MTEP is not a bulk effect

The MTEP profile is not a function of the angle € between
the magnetization of the Ni nanowire and the wire axis, and
the variations observed should be related to another param-
eter. The most likely hypothesis is that the variations are
produced by the magnetization states confined at the inter-
face close to the Ni contact. In contrast to the AMR which is
a bulk effect, the MTEP appears as an interface out-of-
equilibrium process.

This hypothesis can easily be checked by comparing the
Ni nanowires contacted with Ni to those contacted with Cu
or Au (see Fig. 3). In these last samples, the ferromagnetic/
normal interfaces are located inside the nanowire where elec-
tric current, temperature gradient, and magnetization are ho-
mogeneous. We observe that the MTEP signal vanishes with
Cu and Au contacts (the TEP measured as a function of the
angles W is constant). The two curves measured as a function
of the applied field are compared in Fig. 7 (concerning the
samples A and B, characterized in Fig. 4, and D), for ¥
=0° and ¥=90° for samples B and D. These measurements
first confirm that the effect is due to the interface and, sec-
ond, that the role played by the Ni contact is essential for the
observation of MTEP processes. Note that a similar role of
the Ni contact has been observed in experiments of spin-
injection-induced magnetization switching,?* where irrevers-
ible magnetization reversal provoked by the current was ob-
served with ferromagnetic contacts, but not with Cu contacts.

These observations corroborate the analysis performed in
Sec. IV B where the amplitude of the effect is shown to be
proportional to 3"*AT/AB. In our experimental configura-
tion, the bottom interface is suspected to play a minor role. It
can be suspected that the local temperature gradient at the
contact with the Au layer dominates the temperature gradient
in the rest of the structure. Near the Ni mushroom at the
Ni/Au interface, the ratio AT/AB is large. In contrast, in the
case of Cu or Au top contacts, the ferromagnetic/normal
junction is located inside the wire where the temperature
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FIG. 7. (Color online) Comparison between magnetother-

mopower of Ni nanowires contacted with Ni (measured with exter-
nal field ¥ =0°) and Au and Cu contacts (V' =0° and ¥ =90°) (a)
Ni with Ni contacts (sample A, left scale) compared with Au con-
tact (sample D, right scale) and (b) Ni with Ni contacts (sample &)
compared with Cu contacts (sample B).

gradient is expected to be small: the corresponding interface
MTEP signal is then small.

E. MTEDP is related to the magnetic configurations
of the Ni contact

In the previous section, we have shown that the MTEP is
an interface effect. The aim of the present section is to show
that the MTEP signal observed is generated by the magneti-
zation configurations of the Ni contact on the top of the
membrane.

It is indeed possible to relate the observed MTEP to the
magnetic configuration if we consider that the relevant angle

is the angle 6y,p= (f N/F,]&I wr) between the local current I and

the magnetization M at the nanoscopic scale near the N/F
interface. With Cu and Au contacts, both the current density
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and the magnetization direction are well defined, and the

angles coincide with that of the AMR: Oyr= (1 N/F,M i) = 0.
However, with the Ni contact, the interface is located near
the Ni mushroom. The magnetic configurations do not follow
that measured with AMR inside the wire (see Fig. 6). The
MTEP variations can then be reproduced assuming that the
magnetization of the mushroom rotates following the total

magnetic field ITIT_I} +H+H perp Where f] is the dipole field
due to the wire (Wthh is of the order of the shape anlsotropy

of the wire) and H is the applied field. The field H,,,, is the
shape anisotropy of the mushroom. It is produced by the
dipole field of the mushroom, probably interacting with the
other vicinity mushrooms in the plane of the membrane (it
plays the role of the anisotropy field of a thin layer). Thus the
cases of large and small angles have to be distinguished: (i)
The application of the external field at large angles fixes the
magnetization of all mushrooms in the plane perpendicular
to the wire axis so that the configuration with the magneti-
zation of the mushroom along the wire axis is expected only
near zero applied field where H, dominates. (ii) In the case
of an external magnetic field applied at small angles ¥
<10° (see schemes in Fig. 6), the magnetization of the
mushroom is along the wire axis for nearly zero field (H,
dominates) and for saturation fields (H dominates). At inter-
mediate fields, the magnetization of the wire switches to the
opposite direction: a domain wall should be present between

the wire and mushroom. The transverse field H perp dOM-
nates. The above scenario describes well the curves observed
at different angles: the minima correspond to the MTEP with
the magnetization of the mushroom perpendicular to the wire
axis. The maximal value of MTEP corresponds to the mag-

netization of the mushroom parallel to the wire axis.

VI. CONCLUSION

The well-known two-spin-channel model has been ex-
tended to the general case of an interface between two layers
in the relaxation time approximation. A general expression of
the thermoelectric power is derived. Like giant magnetore-
sistance, a nonequilibrium interface resistance contribution
due to the anisotropic magnetoresistance is predicted [Eq.
(38)] in a ferromagnetic/normal interface due to s-d inter-
band relaxation. The corresponding magnetothermopower is
derived and is found to be proportional to 1,;{dT/dz); [Eq.
(37)] where I, is the relevant diffusion length and (977/dz),
is the temperature gradient at the junction (see Fig. 2). The
MTEP associated with GMR is proportional to the magne-
toresistance with the proportionality coefficient Pgup
=—(2a/S,)(B'/B) and the MTEP associated with AMR is
proportional to the out-of-equilibrium AMR, with coefficient
Pamr=2alS)[B' /(1-p)]. In the case of GMR, the experi-
mental value of Pgyp is close to 1 (Ref. 19) (the MTEP is of
the same order as the GMR) for many junctions in series.

In complement to the experiments with multilayered sys-
tems (Co/Cu/Co)," measurements of MTEP in electrode-
posited Ni nanowires are presented. This signal shows three
striking features: (i) a large MTEP signal of several uV for
about 1 K temperature variation is measured (3—-30% of the
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TEP), (ii) this MTEP is anisotropic, and (iii) the measured
MTEP signal is produced by a local magnetic configuration
(at nanometric range) near the interface only. However, in
contrast to transport experiments in GMR systems where
both the magnetoresistance and magnetothermopower are
measured, the out-of-equilibrium AMR is not accessible in
our two-point measurements in Ni nanowires. Accordingly,
the interpretation of anisotropic MTEP due to GMR (where
MTEP [, ,AT/AB) produced by magnetic inhomogeneities
(i.e., domain wall scattering effects) cannot be directly ruled
out. But the interpretation of domain wall TEP is not realistic
because domain wall scattering is very weak (below 0.1% if
any, according to previous studies®®) so that an important
anisotropic MTEP could be measured only with a huge pro-
portionality coefficient (=100), which is in contradiction
with the known GMR coefficient (Pgyr=1 for 150 junc-
tions) measured in GMR structures.

PHYSICAL REVIEW B 73, 134422 (2006)

The results of this study hence show that, while GMR and
the associated thermopower indicates spin-flip diffusion at
the interface, the observed interface anisotropic MTEP
should indicate interband s-d relaxation associated with
ferromagnetism in Ni at the interface (where MTEP
[ ,AT/AB). The amplitude of the effect suggests that the
corresponding sd diffusion length is sizable (e.g., of the or-
der of the spin-flip length /;;). Within this framework, further
experiments allowing direct measurements of nonequilib-
rium AMR would probe and clarify the role played by the
two kinds of relaxation processes.
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