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Heat and charge transport perpendicular to Co/Cu multilayers are characterized by magnetoresistance and
magnetothermoelectrical power. Furthermore, a very large voltage response to temperature oscillations under a
dc current is observed, which depends strongly on the applied magnetic field. This effect is ascribed to a Peltier
effect and its field dependence to a spin dependence of the Peltier coefficient.

DOI: 10.1103/PhysRevB.73.052410 PACS number�s�: 75.47.�m, 72.15.Jf, 72.25.�b

I. INTRODUCTION: THE INTERFACE TRANSPORT

The study of giant magnetoresistance1,2 �GMR� with cur-
rents perpendicular to the planes3 �CPP� has offered key data
that established the pertinence of models involving spin-
dependent conductivities.4 It was shown earlier that the in-
teraction of a spin-polarized current with magnetization af-
fects also the thermoelectric properties of bulk magnets.5,6

The thermodynamics of spin and heat transport through in-
terfaces has been addressed more recently.7 However, experi-
mental data on the magnetic field dependence of the thermo-
electric power of magnetic multilayers remain extremely
scarce.8

In this paper, we investigate the spin-dependent heat and
charge transport in magnetic multilayered nanowires by
probing the thermoelectrical response to a flow of electrons
crossing interfaces. That is, we measured the voltage Vac
caused by an alternating temperature, at zero alternating
electric current, while a strong steady electric current Idc
forced the electrons through the multilayers. Vac shows a
linear and strong dependence on Idc. This novel property of
perpendicular transport is modeled with the standard formal-
ism of the thermodynamics of out-of-equilibrium processes
in the linear regime.9 This analysis reveals that the observed
slope �Vac /�Idc results from the difference of the Seebeck
coefficients of the two metals. Furthermore, we find that
�Vac /�Idc depends strongly on the magnetic field, that is, on
whether successive magnetic layers are parallel or anti-
parallel. For the sake of clarity, we call this effect the mag-
netothermogalvanic voltage �MTGV�. This observation
points to the necessity of introducing spin-dependent Peltier
coefficients, in a manner similar to the introduction of spin-
dependent conductivities for the description of GMR.

II. EXPERIMENT

The samples are single nanowires, 6 �m long, with a di-
ameter ranging from 30 to 60 nm, embedded in a polymer
matrix. Each nanowire is composed of a stack of 300 bilay-
ers of Co and Cu, 10 nm thick each, electrically connected at
both ends to the macroscopic wiring via gold contacts. The
synthesis process is detailed in Refs. 10–12.

The GMR is measured at a charge current of about 1 �A.
The temperature of the wires under currents of high density

was monitored by resistance measurements.13 The tempera-
ture rise is of no more than a few K for wires about 50 nm in
diameter.14

The magnetothermoelectrical power �MTEP� measure-
ment shows the dependence on the magnetic field of the
thermoelectric power, in other words, of the effective See-
beck coefficient of the multilayers. This measurement is per-
formed by a lock-in amplifier detection carried out using a
red laser light shining on one side of the membrane to pro-
duce a temperature gradient of a few K. The beam is
chopped at 22 Hz, a frequency low enough to insure proper
thermalization of the nanowire so that the results are fre-
quency independent.15 It induces an oscillation of the spatial
average of the temperature of the nanowire with an ampli-
tude Tac, also of about a few K.

The thermogalvanic voltage �TGV� measures the ac volt-
age Vac due to the temperature oscillation while a steady
current Idc runs through the nanowire. The dc current source
insures that no ac current runs through the nanowire.

External magnetic fields are applied perpendicular ��� or
parallel ��� to the wire axis. All the magnetic responses pre-
sented below are calculated with the relation �VH=0

−V�H�� /VH=0.

III. RESULTS

All the measurements presented in this study were per-
formed at 300 K. Similar results were obtained at 15 K.21

Figure 1 shows the data of sample A. The GMR ratio of
about 15% at 300 K attests to the quality of the samples �Fig.
1�a��. It can be accounted for with typical values of the
asymmetry of the spin-dependent conductivities.16 The
MTEP ratio is about −20% �Fig. 1�b��. This magnetic field
dependence is accounted for either with an adaptation of the
Mott formula8 or by invoking a spin-dependent thermopower
coefficient.17

The MTGV �Fig. 1�c�� adds a further challenge to the
analysis. We note that the amplitude Vac, linear with Idc,

21 is
orders of magnitude stronger than the thermopower voltage
when measured at −200 �A. One should keep in mind that
Vac is the response to the ac temperature oscillation. Hence,
the temperature dependence of the resistivity �R /�T contrib-
ute indirectly to the Vac signal �see Sec. IV�. However, as
determined from independent measurements,17,21 this contri-
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bution accounts for about −300 �V in Fig. 1�c� �and about
−80 �V in Fig. 2�c��. Therefore, most of the TGV signal has
another origin than ohmic effects.

Measurements performed with perpendicular magnetic
fields �in the plane of the layers� exhibit bell shaped curves,
attributed to the progressive transition from the antiparallel
�AP, at saturation field� to parallel �P, at zero field� configu-
rations of the successive magnetic layers.

Unlike GMR and MTEP, the MTGV curves present a
nonmonotonic field dependence when the magnetic field is
applied parallel to the wire axis. This anisotropy is well il-
lustrated in Fig. 2�c� for the sample D that exhibits a maxi-
mum MTGV response of about −85% in parallel fields.

Results for several samples are summarized in Table I.
GMR and MTEP ratios are almost identical. MTGV ratios in

perpendicular magnetic fields are always larger. The large
shifts of MTGV ratios observed between samples is attrib-
uted to the different contribution of the ohmic effects. It is
also seen that MTGV ratios in parallel fields present a greater
scatter.

These magnetic behaviors cannot be understood in terms
of GMR since it was found that �R /�T did not depend on the
magnetic field. Hence, explaining the origin of this large
voltage Vac is our first challenge; understanding its magnetic
field dependence is the second one.

IV. THE CPP-PELTIER EFFECT

The description of charge and heat currents by out-of-
equilibrium thermodynamics in the linear approximation is
well known. The constitutive relations can be inferred from a
pure thermodynamic standpoint9 or from a semiclassical de-
scription of conduction electrons in solids.18 Following Ref.
9, we can write for the electric current density je= I /A, where
I is the current and A is the cross section where it flows, and
for the heat current density jQ:

je = − � � V − �� � T , �1�

jQ = �Tje − � � T �2�

with � and � the electrical and thermal conductivities, re-
spectively, and � the Seebeck coefficient.

We consider now what these equations imply for a bilayer
system composed of one ferromagnetic layer F and one non-
magnetic layer N. We impose an electrical current I through
it. The Peltier effect arises at the junction of the two different
metals from the mismatch of the Seebeck coefficients.

Contrary to Peltier coolers, in which the heat difference is
normally compensated by external heat flux, we assume here
that no heat exchange occurs with outside, i.e., that the in-
terfaces are infinitely extended. Indeed, in a typical
multilayer structure, the layers are disks of more than 50 nm
in diameter and 10 nm in thickness. Furthermore, they are
embedded in a polymer matrix and the interfacial heat resis-
tance between metal and polymer is known to be quite large,
whereas a good heat flux is insured along the metallic wire.
Therefore we consider the heat fluxes to develop exclusively
along the wire axis, perpendicular to the layers �CPP geom-
etry� �Fig. 3�.

In consequence, in the case of no externally imposed tem-
perature gradient, we deduce from the continuity of the
charge and heat currents across the interfaces that tempera-
ture gradients �TF,N develop inside each layers as21

TABLE I. GMR, MTEP, and MTGV ratios at 300 K of various
samples.

Sample GMR MTEP MTGV ��� MTGV ���

A 15% −20% −36% −46%

B 14% −17% −25% −44%

C 14% −18% −21% −56%

D 14% −18% −18% −85%

FIG. 1. Sample A. �a� GMR, �b� MTEP, and �c� MTGV curves
at 300 K for magnetic field perpendicular �circles� and parallel �tri-
angles� to the wire axis. Open �full� symbols refer to field sweep up
�down�. Lines are guides to the eye. The MTGV data are measured
under a dc current of −200 �A.

FIG. 2. Sample D. �a� GMR, �b� MTEP, and �c� MTGV curves
at 300 K for magnetic field perpendicular �circles� and parallel �tri-
angles� to the wire axis. Open �full� symbols refer to field sweep up
�down�. Lines are guides to the eye. The MTGV data are measured
under a dc current of −100 �A.
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�TF =
�F − �N

�F + �N
T

I

A
= − �TN. �3�

Equation �3� expresses the combination of the Peltier effect
���F−�N�TI� and the heat conduction in each layer ��F

+�N�. It implies that local temperature gradients develop in
each layer, proportional to the charge current and opposite in
sign in adjacent layers. The alternance of F and N layers
gives the jigsaw temperature profile sketched in Fig. 3.

Likewise, the voltage drop across one bilayer can be cal-
culated. Summing over all the bilayers of the nanowire, the
overall voltage drop V along a nanowire of length L is

V =
L

2A
� 1

�N
+

1

�F
�I +

L

2A

��F − �N�2

�F + �N
TI . �4�

The first term is the overall resistance R. The second term is
the sum of all the thermoelectrical powers induced by the
local temperature gradients established in Eq. �3� that adds to
the overall voltage drop. We call it the Peltier term since it
derives directly from the Peltier effect.22 For clarity, we
chose to keep using the Seebeck coefficient � instead of the
Peltier coefficient �=�T.

This Peltier term is small and practically difficult to dis-
tinguish from the resistance. However, a lock-in detection
enhances it. Through the temperature oscillation Tac, the ac
component of the voltage Vac is derived from the relation
Vac=Tac�V /�T. In the approximation of linear temperature
dependence of the Seebeck coefficient �= ��� /�T�T, and un-
der the condition ��R /�T�Tac�R, verified in our samples, the
slope �Fig. 2� is found to be

�Vac

�Idc
= Tac� �R

�T
+

L

AL
��F − �N�2

�F + �N
	 . �5�

The thermal conductivity is written here in term of the elec-
trical conductivity, according to the Wiedemann-Franz law
�=�LT, with L the Lorentz number. This simple approxi-
mation helps us in estimating the magnetic field dependence
�Sec. V�, but is not essential in identifying the origin of Vac.

The first term in Eq. �5� takes into account the fact that
the oscillation of the temperature of the wire implies a
change of the resistance, thus a contribution to Vac propor-

tional to the derivative �R /�T. However, as mentioned in
Sec. III, this ohmic contribution is limited. Hence, the main
contribution to the TGV signal is the Peltier term, the second
in Eq. �5�.

V. THE SPIN-DEPENDENT CPP-PELTIER EFFECT

The observed MTGV is in essence the field dependence of
�Vdc/�Idc �Eq. �5��. Since �R /�T is small, even negligible at
low temperature,21 and in any case independent of the mag-
netic field,17,20 it does not contribute to the MTGV. Therefore
the magnetic field dependence of the MTGV in Figs. 1�c�
and 2�c� must be exclusively ascribed to the Peltier term.

In perpendicular magnetic fields, the only thing that
changes between P and AP configurations is the spin of the
conduction electrons relative to the magnetization of the lay-
ers. Thus, our MTGV measurements are detecting a spin-
dependent Peltier effect. The dependence of MTGV on mag-
netic configurations can be understood with the two-current
model, thereby assuming that the layers are thin compared to
the spin diffusion length.4,16 We define the spin asymmetry
for charge �	� and heat �
� transport parameters as

	 =
�↓ − �↑

�↑ + �↓
, 
 =

�↑ − �↓

�↑ + �↓
�6�

with �↑�↓�=�0�1±	� and �↑�↓�=�0�1±
�. The classical com-
binations of the conductivities and the Seebeck coefficients
for parallel and series currents19 yield

�F
P =

�↑ + �↓
2

, �F
AP =

2�↑�↓

�↑ + �↓
,

�F
P�AP� =

�↑�↑�↓� + �↓�↓�↑�

�↑ + �↓
. �7�

The effective conductivities give the well-known GMR ratio
of 	2. We derived from Eqs. �6� and �7� the MTEP and
MTGV ratios, in the limit �N��F and �F��N:

MTEP =
− 2	


1 − 	

, MTGV =

− 4	


�1 − 	
�2 . �8�

According to these relations, the GMR ratio of 15% yields a
	 of 0.44, which is reasonable.16 From the MTEP ratio of
−20% we deduce 
=−0.28. These parameters imply a natu-
rally higher MTGV ratio of −36%, which is consistent with
our measurements. Therefore, at the two extreme configura-
tions, P and AP, the amplitude of the MTGV is well under-
stood with our CPP-Peltier model �Eq. �5�� and the spin
asymmetries 	 and 
 deduced from separate measurements.

However, the evolution of the MTGV as the magnetiza-
tion goes from the AP to the P configuration depends
strongly on the orientation of the magnetic field �Fig. 1�c��.
This is in sharp contrast with the GMR and the MTEP that
are well known to be isotropic. This difference indicates that
MTGV detects a process that does not affect GMR and
MTEP. When the field is parallel to the wires, and forces the
magnetization out of the layers, one expects a more complex
magnetization reversal than when the field is in the plane of

FIG. 3. Left: Co/Cu multilayer nanowire. The actual aspect ra-
tio �stack height/diameter� of about 1000 insures charge �je� and
heat �jQ� currents perpendicular to the layers. Right: small tempera-
ture gradients induced by the Peltier effect �Eq. �3��.
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the layers. It appears that MTGV detects this difference. A
more elaborate model would be needed in order to account
for this effect.

In summary, we investigated the thermoelectric properties
of heat and charge transport in Co/Cu multilayer nanowires
by means of MTGV experiments. The latter was demon-
strated to be a local probe of the spin-dependent Peltier ef-

fects, in essence different from the GMR and MTEP. Con-
nections between GMR, MTEP, and MTGV shifts between P
and AP configurations are qualitatively described with the
two-current model. However, the large MTGV ratios mea-
sured for fields parallel to the wire axis bring out spin de-
pendent transport effects that are not observed in GMR and
MTEP.
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