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We present direct measurements of the Peltier effect as a function of temperature from 77 to 325 K in

Ni, Ni80Fe20, and Fe thin films made using a suspended Si-N membrane structure. Measurement of the

Seebeck effect in the same films allows us to directly test predictions of Onsager reciprocity between the

Peltier and Seebeck effects. The Peltier coefficient � is negative for both Ni and Ni80Fe20 films and

positive for the Fe film. The Fe film also exhibits a peak associated with the magnon drag Peltier effect.

The observation of magnon drag in the Fe film verifies that the coupling between the phonon, magnon, and

electron systems in the film is the same whether driven by heat current or charge current. The excellent

agreement between� values predicted using the experimentally determined Seebeck coefficient for these

films and measured values offers direct experimental confirmation of the Onsager reciprocity between

these thermoelectric effects in ferromagnetic thin films near room temperature.
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The Peltier effect and the Seebeck effect are the two
most fundamental thermoelectric phenomena and a pri-
mary focus in the emerging field of spin caloritronics
[1,2]. This field focuses on coupling of heat, charge, and
spin in magnetic materials and includes recent studies of
field-dependent Seebeck effects in magnetic multilayers,
nanostructures, and tunnel junctions [3–8], and the spin
analogs of Peltier and Seebeck effects in ferromagnetic
metal structures and tunneling devices and their use for the
thermal generation of spin injection and pure spin currents
[9–12]. In the Seebeck effect, a material develops a current
or voltage in response to a thermal gradient. Conversely,
the Peltier effect is a temperature difference developed
across a material in response to an applied current. The
importance of both effects stems from their role in appli-
cations ranging from thermoelectric energy generation
[13] to spot cooling of integrated circuits [14,15].

Onsager reciprocity [16], the main result in the thermo-
dynamics of nonequilibrium processes, assumes micro-
scopic reversibility applied to fluctuations and relates
generalized thermodynamic forces with generalized cur-
rents. The general mathematical expression linking forces
and currents is _qi ¼ �N

j¼1LijXj, where _q is a generalized

current, XJ is a generalized force, and Lij is the coefficient

relating the two. Onsager reciprocity applies to the off-
diagonal elements in the Lij matrix such that Lij ¼ Lji.

This relation is expected to hold in systems that maintain
time-reversal symmetry and has been demonstrated for a
wide variety of physical phenomena [17], including ther-
moelectric effects [18]. Applying these conditions to the
charge and heat flow through a material yields a system of
equations

~J

~Q

 !
¼ �

1 �

� k=�

 ! rV
�rT

 !
; (1)

where ~Q is the heat current density, ~J is the electrical
current density, � is the electrical conductivity, and k is
the thermal conductivity [19,20]. The off-diagonal coeffi-
cient elements are the Seebeck coefficient (�) and the
Peltier coefficient (�), and Onsager reciprocity predicts
� ¼ �T [20].
In the Seebeck effect, a temperature difference main-

tained across a sample excites phonons and electrons that
transport energy through the film. When no steady-state
current can flow through the sample, charge flows only
until the electric field balances the heat flow through the
film. The thermopower is the resulting voltage drop, and
the Seebeck coefficient � ¼ �V=�T. In magnetic thin
films spin waves, or magnons, can increase �V by trans-
porting additional energy from the phonons to the elec-
trons. The increase in � through magnons is known as
magnon drag [21] and is analogous to phonon drag that is
usually observed at low temperatures in bulk metals such
as copper [22]. Though rarely explored experimentally,
Costache et al. recently reported magnon drag effects in
narrow Ni-Fe wires [23] and we observed magnon drag in
Fe films [24]. The large magnon drag peak in Fe is nor-
mally explained by the presence of both spin-up and
spin-down 3d bands at the Fermi level in Fe. This allows
potentially larger electron-magnon interactions than in Ni
where the spin-down d band falls below the Fermi level
and the s band dominates transport [21].
Compared to the substantial body of work on the

Seebeck effect, few experiments have explored the
Peltier effect and fewer still have offered verification of
Onsager reciprocity by measuring � and � on the same
sample. Measurements of � are more straightforward and
do not require the highly sensitive thermometry usually
necessary to measure �, a situation made even more
challenging for thermal measurements in scaled-down ge-
ometries such as thin films [24–27]. Among the few
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measurements of� to be found in the literature are studies
of simple metals mostly made at a single temperature
reviewed by Miller [17], work mostly focused on semi-
conductors or assembled thermoelectric modules [28–31],
a study of a metallic thermopile [32], and investigation of
giant magnetoresistive multilayers with the current perpen-
dicular to plane [33]. There is also an experiment that
explored the magnon drag component in Ni-Cu and Ni-
Fe alloys below 4.2 K, observing a reduction in � after
quenching magnons using a large applied external mag-
netic field [34]. Of these previous studies, only the review
by Miller and the recent work by Garrido and Casanovas
present experimental tests of Onsager reciprocity between
� and � [31,35]. These show Onsager reciprocity to be
valid within considerable experimental error bars, though
there are some reports of possible violation of reciprocity
in underdoped cuprates [36]. To our knowledge there are
no previous experiments exploring the Peltier effect in Ni,
Ni-Fe, and Fe thin films. Furthermore we know of no
previous experiments on Onsager reciprocity in samples
that exhibit magnon drag, which would offer insight
into which couplings between excitations maintain time-
reversal symmetry, even in the presence of external
magnetic fields.

In this Letter, we present experimental measurements of
the Peltier effect. Comparing the results from the Peltier
measurements and predictions of� using previously mea-
sured � allows us to test the Onsager reciprocal relation
directly as well as probe the coupling between thermally
excited electrons, phonons, and magnons in ferromagnetic
thin films. We first describe the suspended Si-N thermal
isolation platforms which enable sensitive thermal and
electrical transport measurements. Next we present our
methodology for measuring �. One of the major advan-
tages of our technique is the flexibility to apply either a
charge current or heat current through a thin film and
monitor the resulting temperature or potential difference
generated as a consequence of the Seebeck and Peltier
effects on the same film. Finally, we present results for
20 nm thick Ni, permalloy (Ni-Fe), and Fe thin films
measured from 77 to 325 K and discuss the validity of
the Onsager reciprocity between � and �.

We measured � on 20 nm thick Ni and Ni-Fe films
supported by 500 nm thick suspended low-stress Si-N
membranes. These thermal isolation platforms are from
the same wafer as those previously used to measure the
planar Nernst effect, magnetic field dependent thermo-
power, and anisotropic magnetoresistance [26,27]. We
deposited the Ni and Ni-Fe films via rf sputtering. Each
thermal isolation platform has two islands patterned with a
thermometer and heater. The sample film and its support-
ing bridge provide the only thermal path between the two
islands. Eight legs connect the platform to the frame and
suspend the platform to eliminate contact with the large
thermal mass of the Si frame. Figure 1(b) is a scanning

electron microscope (SEM) image showing an example
thermal isolation platform and the surrounding Si frame.
Figure 1(a) is a close-up of the platform that highlights the
thermometry and illustrates the current path through the
film. There is an additional thermometer on the Si frame
for monitoring the bath temperature throughout the experi-
ment. We present detailed steps for platform fabrication in
a previous publication [26]. Our experimental setup using a
sample-in-vacuum liquid nitrogen cryostat limits our tem-
perature range to 77–325 K.
To develop expressions for the Joule power (PJ) and the

Peltier power (P�) dissipated in the film, we start with a
system of steady-state heat flow equations for the thermal
model illustrated in Fig. 2(a),

PJ þ P� ¼ KLðT1 � T0Þ þ KBðT1 � T2Þ; (2)

PJ � P� ¼ KLðT2 � T0Þ þ KBðT2 � T1Þ: (3)

T1

T2

(a)

Si Frame

suspended Si-N

(b)

FIG. 1 (color online). SEM micrograph with false color high-
lights (heaters, red and orange; thermometers, blue and green;
sample, pink) shows the platform used to measure the Peltier
effect. (a) The two suspended islands at temperatures T1 and T2

with heaters, thermometers, and electrical leads visible. The
dashed line indicates the current path through the film. (b) A
larger view shows the Si-N membrane platform (highlighted in
green) and the surrounding Si frame.
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In these equations, T1, T2, and T0 are the temperatures on
either end of the film and the Si frame, KL is thermal
conductance of the legs, andKB is the thermal conductance
of the sample film and its supporting Si-N bridge. Solving
for PJ and P� gives

PJ ¼ 1

2
KLð�T1 þ �T2Þ; (4)

P� ¼ ðKB þ 1

2
KLÞ�Tf: (5)

Here �T1 ¼ T1 � T0, �T2 ¼ T2 � T0, and �Tf ¼ T1 �
T2 ¼ �T1 � �T2. We see that PJ is a function of KL and
the temperature differences generated along the legs. P�

depends instead on KB and �Tf.

We begin a Peltier experiment by calibrating each of the
three experimental thermometers. At each T0, we regulate
the temperature of the bath and measure all three resistan-
ces with no external applied current in the sample. We
perform a separate calibration for each thermometer on
each thermal isolation platform during every experiment.
In this way, we ensure the most accurate determination of
T0, T1, and T2 using their respective TðRÞ functions. We
then apply a series of currents from negative to positive and
record T1 and T2. Next, we determine P�, the power
generated by the Peltier effect, using Eq. (5) and measured
values for KB, KL, T1, T2, and T0. Once P� is determined
for each I, P� ¼ �I allows determination of � via a
linear fit of P� vs I. We also monitor the frame thermome-
ter for temperature stability at each T0. Finally, we measure

the voltage drop across the film as a function of I to
determine the film resistance.
The total temperature difference at the hot end of the

film, �Thot ¼ �TJ þ �T�, is a sum of �T from the Joule
effect and the Peltier effect. Reversing the current causes
the Peltier effect to switch from liberating heat to absorb-
ing heat. However, the Joule effect still adds heat, and the
temperature difference becomes �Tcold ¼ �TJ � �T�.
We can take advantage of the symmetry of the Joule effect
to determine its contribution to the total �T. Thus, adding
�Tcold and�Thot developed at opposite ends of a film gives
2�TJ. Subtracting the �TJ contribution from �Thot gives
þ�T� and subtracting from �Tcold gives ��T�.
Figures 3(a) and 3(b) show �T1 and �T2, respectively,

for a Ni film as a function of applied I from �60 to
þ60 �A in 10 �A increments. With no analysis or inter-
pretation, evidence of the Peltier effect is clear from
the asymmetry of the total measured �T around I ¼ 0. If
only Joule heating occurs, �T should be strictly / I2. In
Fig. 3(a), 2�TJ¼�T1ðI¼60�AÞ��T1ðI¼�60�AÞ,
and in Fig. 3(b), 2�TJ ¼ �T2ðI ¼ 60 �AÞ ��T2ðI ¼
�60 �AÞ. Subtracting this symmetric component isolates
�T�, which is linear and symmetric about I ¼ 0 �A. For
positive (negative) I, T1 is cooler (warmer). Of course the
converse is true for T2. The increase in temperature gener-
ated through both the Joule and Peltier effects compared to
the reference temperature of the experiment is 3.5% at 77 K
and less than 1% at 300 K and is well within a linear regime.
To determine the power dissipated by the Joule effect

and the Peltier effect resulting in the observed �TJ and
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FIG. 3 (color online). (a) �T1 ¼ T1 � T0 and
(b) �T2 ¼ T2 � T0 as a function of applied I through a 20 nm
thick Ni film. Total �T is in green, symmetric in current
contribution from Joule heating �TJ is in blue, and �T� is
orange. Estimated error on each total �T � 70 mK.
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FIG. 2 (color online). (a) Thermal model for heat flow due to
the Peltier and Joule effects in the thermal platform. (b) KL and
KB vs T for 20 nm Ni, Ni-Fe, and Fe films supported by Si-N
membrane platforms. KL is thermal conductance for the legs
connected to the Si frame and KB is thermal conductance
through the film and the supporting Si-N bridge connecting the
islands. Estimated error on KL and KB is 1% or less.
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�T�, we substitute the experimentally determined T1, T2,
and T0 values from this experiment and KL and KB values
determined in earlier measurements of the Ni-Fe film and
similar Ni and Fe films from the same wafer into Eqs. (4)
and (5). For a detailed explanation of our technique for
measuring KL and KB, see Ref. [37]. Figure 2(b) shows
thermal conductance as a function of temperature for
20 nm thick Ni, Fe, and Ni-Fe films supported by Si-N
membrane structures. KL represents the conductance
through the suspension legs connecting the thermal isola-
tion platform to the Si frame and through the metallic wires
running along them. KB is the total thermal conductance
contributed by the Si-N bridge plus a 20 nm thick film
deposited on the bridge. The temperature dependence
and magnitude of the thermal conductance displayed in
Fig. 2(b) are comparable to previous measurements of K
conducted on similar films as expected [25,38].

Figure 4(a) presents � as a function of T for 20 nm
Ni-Fe, Ni, and Fe films. The temperature dependence of �
for all three films is similar to previous measurements of
ferromagnetic films performed on earlier versions of these

thermal isolation platforms [24]. Note that, for both
Seebeck and Peltier experiments, there is a small contri-
bution (either a thermovoltage or a temperature drop) from
the thin film molybdenum electrical leads that connect the
sample to the bond pads on the Si frame at T0. In other
words, thermoelectric values measured here are relative,
rather than absolute [39]. Figure 4(b) shows�measured as
a function of average sample T ¼ T0 þ ð�Tf=2Þ for the
exact same Ni-Fe film and for Ni and Fe films grown on the
same wafer in very close proximity to those used for �
measurements. Each data point is determined from the
slope of a linear fit to P� vs I, as shown in the inset of
Fig. 4 for a base temperature of 276 K. The similarities in
� between Ni and Ni-Fe as well as the differences between
these films and the Fe film are immediately apparent, with
a negative � in Ni and Ni-Fe and positive � for Fe, as
expected from the sign of the � ¼ �T prediction.
The � values predicted from Onsager reciprocity, cal-

culated using � ¼ �T using � from Fig. 4(a), are repre-
sented in Fig. 4(b) by solid lines.� for all three films is in
excellent agreement with predicted values. The additional
thermopower indicated by the peak in Fe � originates from
magnon drag. This peak appears in � as well. This con-
firms that Onsager reciprocity applies not only to the
electrons and phonons, but to the interaction between these
excitations and magnons as well.
Finally, we comment on magnetic field dependence of

the � and � measurements. We have previously observed
a small dependence of � on applied magnetic field in
these Ni and Ni-Fe films that arises from the same spin-
dependent scattering mechanism that drives the anisotropic
magnetoresistance effect in ferromagnetic metal films [26]
(no change in � was detected in the Fe film with H up to
�1700 Oe). Onsager reciprocity then suggests a similar
field dependence in �, though perhaps with opposite sign
due to the antisymmetry in magnetic field implicit in time-
reversal symmetry. Though we searched for a field depen-
dence in�, we did not observe any change in� with field
within our current measurement accuracy. Since detecting
the field dependence of � was already challenging, new
and more sensitive techniques will be required for a
rigorous test of the effect of field.
In summary, we have measured the Peltier coefficient in

Ni, Ni-Fe, and Fe thin films. Ni and Ni-Fe films displayed a
negative �ðTÞ while the Fe film �ðTÞ was positive as
expected from previously measured �ðTÞ values. In con-
trast to the Ni and Ni-Fe films, the Fe film exhibited a peak
associated with the Peltier effect magnon drag.�ðTÞ mea-
sured for all three films was in excellent agreement with
the prediction of Onsager reciprocity. This experimentally
confirms the microscopic time reversibility between the
Peltier and Seebeck effects. Finally, the observation of
magnon drag in the Fe film confirms the microscopic
time-reversal symmetry of magnon drag. This verifies
that the coupling between the phonon, magnon, and
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FIG. 4 (color online). (a) � as a function of temperature for a
Ni film (green), a Ni-Fe film (blue), and a Fe film (red), all 20 nm
thick. (b) � as a function of temperature for the Ni-Fe (blue)
film as well as a Ni film (green) and a 20 nm Fe film (red) from
the same wafer. Predicted � values from � ¼ �T are repre-
sented by solid lines. Inset plot displays the power generated by
the Peltier effect, P� versus current at 276 K. The slope of the
linear fit to the P� versus I plot at each reference temperature
gives the Peltier coefficient �.
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electron systems in the film is equal and reversible whether
driven by a heat current or with a charge current.
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