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a b s t r a c t

We describe the development and use of micromachined thermal isolation structures to explore
thermoelectric effects in magnetic thin films and nanostructures. These unique measurement techniques
allow fundamental studies that will help enable a wide range of spin-caloritronic devices that take
advantage of the coupling between heat and magnetic degrees of freedom for useful effects. The thermal
platform is capable of measuring thermal conductivity, k, thermopower (Seebeck coefficient), α, and
electrical conductivity, σ , all on the same thin film sample. This also allows direct comparison of the
measured thermal conductivity of a magnetic thin film to the prediction of the Wiedemann–Franz law
based on measured electrical conductivity. In addition to describing the fabrication of the platforms and
the basic principles of their operation, we present example data on nickel and nickel–iron alloy thin films,
and briefly consider the range of samples that can be measured with both current techniques and future
thermal platforms optimized for nanoscale samples.

© 2009 Elsevier Ltd. All rights reserved.
1. Introduction

The large volume of research on voltage-driven spin transport
in magnetic materials and multilayers has led to a rich under-
standing of the process of polarization of conduction electrons by
magnetic thin films and their resulting transport properties. How-
ever, much less is currently known about thermal effects in mag-
netic thin films, multilayers and nanostructures. This is because
thermal measurements of very thin films and systems assembled
from them are typically significantlymore difficult thanmeasuring
electrical transport. The recent demonstration of the Spin Seebeck
effect [1], and theoretical predictions of interesting effects includ-
ing thermally-driven spin torques [2,3], has stimulated interest
in thermoelectric phenomena in magnetic thin films and nanos-
tructures that was previously most actively studied as a means to
further understand transport in spin-valve structures [4–9]. Ex-
ploration of the consequences of coupling between phonons and
spins in a wide range of materials and structures will help real-
ize the promise of useful spin-caloritronic devices. This paper de-
scribes our work on direct measurements of thermal transport and
thermopower in magnetic thin films made using micromachined
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silicon-nitride thermal isolation structures with sensitive inte-
grated thermometers. These devices allow the careful control and
measurement of in-plane thermal gradients required to make ac-
curate thermal measurements even on structures approaching the
nanoscale. These micromachined thermal platforms allow mea-
surements of thermal, electronic, and thermoelectric transport on
a single thin film sample, which also enables a direct examina-
tion of the Wiedemann–Franz law relating electrical and thermal
conductivities in a material. Our techniques yield an experimental
test of the validity of this relation of electrical and thermal con-
ductivities in magnetic nanostructures. In the following sections
we first describe the thermal isolation platforms and their use,
then present example thermal conductivity and thermopower data
for several ferromagnetic thin films. We then examine the Wiede-
mann–Franz predictions for these films, and finally consider the
range of possible samples that can be measured with the existing
thermal platform.

2. Measurement technique

Themicromachined thermal isolation platformwe use for these
measurements is shown in Fig. 1. The thermal isolation structure
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Fig. 1. Scanning electron micrographs of micromachined thermal platforms
that allow measurements of thermal conductivity, thermopower, and the Lorenz
number on thin film samples.

Fig. 2. A schematic showing the simple thermal model used to describe the
micromachined thermal platforms. Before deposition of a sample, the only
connection between the two islands is the background thermal conductance of
the Si–N bridge. Adding a sample adds the thermal link KS , modifying the thermal
model. The thermovoltage generated by the temperature gradient is measured
using the leads on either side of the bridge shown in Fig. 1.

is formed from a patterned 500 nm thick amorphous silicon-
nitride (Si–N) layer. Metal heaters, thermometers, and leads are
patterned on the top surface of this layer before the bulk Si is
removed from beneath it using an anisotropic Si etch. This process
releases the two islands and the narrow bridge between them,
leaving only 8narrow legs that connect the structure to the thermal
bath at temperature To. The resulting thermal circuit is shown
schematically in Fig. 2. Before a sample is deposited, the only
thermal path from one island to the next is through the Si–N.
This is the background thermal conductance of the platform and
is represented by KB. The conductance from the islands to the bath
via the legs, KL, is also shown.
Simple steady-state heat flow equations for this thermal circuit

when Joule-heating power, P , is dissipated in one island’s heater
give expressions for the temperature of the two islands:

TH = To +
(KL + KB)P
(2KB + KL)KL

(1)

TS = To +
(KB)P

(2KB + KL)KL
. (2)

To measure the background conductance, KB, we regulate the
temperature of the bath (the Si frame of the platform clamped to
the Cu cold finger of a sample-in-vacuum cryostat) and measure
the resistance of metal thermistors on the frame and each island
for a range of heating powers. Calibration of the thermistors allows
conversion of resistances to temperatures To, TH and TS , which are
linear when plotted vs measured P as shown in Fig. 3. Linear fits
to these plots allow determination of KB (as well as KL) according
to Eqs. (1) and (2). Deposition of a sample on the bridge adds
a contribution KS to the conductance between islands. This new
total conductance KS + KB is measured in the same way, and
the contribution of the sample determined by subtracting the
previously measured background. The thermal conductivity of the
Fig. 3. The bottom panel shows the temperature of the platform’s Si frame, To , the
directly heated island, TH , and the island heated by heat flow down KB , TS . Linear
fits of TH and TS vs P as shown are used to determine values of KB and KL . The top
panel shows the thermovoltage generated across the film as power is applied. The
slope of the line fit to this data gives the thermopower or Seebeck coefficient, α.

sample is determined from KS and sample geometry, k = KS l/wt ,
where l and w are the length and width of the bridge and t is the
thickness of the sample film. The addition of electrical leads that
contact the sample on either side of the bridge allowmeasurement
of the thermovoltage at each power as shown in Fig. 3, which
allows determination of the Seebeck coefficient by determining the
slope of1V vs.1T . Further details of the use and fabrication of the
thermal platforms is discussed elsewhere [10].
For thermoelectric power measurements, several 75 nm thick

permalloy (Ni–Fe) films (approximate composition 80% Ni, 15% Fe,
and 5% Mo) were deposited on the thermal platforms via e-beam
evaporation throughmicromachined shadowmasks. Growth rates
from 0.4–1.3 nm/s were used, after reaching base pressures in a
UHV deposition chamber of better than 1 × 10−8 Torr. Pressure
during growth increased less than a factor of 10 for all films. These
permalloy films are compared to an elemental nickel film that
was sputtered on the platform and patterned via photoresist liftoff
before platform release. In order to provide the most accurate
k measurements to test the Wiedemann–Franz Law, one Ni–Fe
film was deposited on the Si–N bridge after the background
thermal conductance was previously measured. This eliminates
any additional uncertainty in the background conductance, which
can vary by several percent even among platforms fabricated
on the same wafer [10]. This can be important for low thermal
conductivity samples such as the Ni–Fe alloy.

3. Results and discussion

Fig. 4 compares the total thermal conductance for two different
samples to that of the Si–N background. Sputtering a 50 nm
thick nickel film on the 500 nm Si–N bridge adds a very
significant thermal conductance, more than doubling the bridge
contribution, KB, near room temperature. This is expected since
highly conductive metallic films typically have very large thermal
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Fig. 4. Thermal Conductance of the Si–N bridge, KB , compared to the total
conductance after a 75 nm thick Ni–Fe film, and a 50 nm Ni film are deposited.
A thinner layer of Ni adds a much larger thermal conductance than the Ni–Fe.

conductivities compared to the disordered insulating Si–N. It
is obvious, however, that the 75 nm Ni–Fe film has a much
lower thermal conductivity since its contribution to the total
conductance is much lower. One also notes that the temperature
dependence of k for Si–N (obvious here in the shape of KB and
of course in kSi–N shown in Fig. 5(b)) departs somewhat from
the typical expectation for an amorphous insulator [11], which
is a gradual but increasing slope at these temperatures. We have
observed this behavior in dozens of separate thermal platforms
fabricated on several different wafers. One interpretation is that at
these temperatures the Si–N is still in the ‘‘plateau’’ regime seen in
many amorphous insulators. As discussed further elsewhere [10],
it is also possible that the Si–N is not purely amorphous. Though
this is an interesting phenomena that we continue to study, the
Si–N bridge serves its intended purpose for this experiment, in
providing a suitably low background conductance.
The low conductivity of the Ni–Fe alloy is expected and verified

by the electrical resistivity data shown in Fig. 5(a). This plot
compares results for the Ni–Fe film to that of the elemental Ni film.
The Ni film’s values are typical for reasonably pure metal films,
while the disorder in the alloy film drives ρ much higher, though
the values remain in the range typically observed for permalloy
films. This trend is also seen in the k data shown in Fig. 5(b), where
data for the films are compared to bulk Ni, two bulk alloys, and the
predominantly amorphous Si–N that forms the sample platform.
One distinct advantage to our technique for measuring

transport in thin films and nanostructures is the ability to
measure electrical and thermal transport on the same sample.
This allows examination of the Wiedemann–Franz law with no
additional uncertainty from sample geometry or compositional
variations between films. The Wiedemann–Franz law can be
derived from simple free-electron theory and, when obeyed, is a
strong indication of relatively simple Fermi liquid behavior and
that the same scattering mechanisms dominate both thermal and
electrical processes in a sample. This ratio of the electron thermal
conductivity to the electrical conductivity is a simple expression:

ke
σ
= LT , (3)

where L is the constant Lorenz number that formanymetals is near
the Sommerfeld value of Lo = 2.44×10−8W�/K2. When thermal
and electrical transport are measured on the same sample, deter-
mination of L requires only the temperature and the extensive, di-
rectly measured quantities KS and R:

L =
KSR
T
. (4)

The Lorenz number determined this way is plotted vs. T in Fig. 6
for Ni and Ni–Fe films compared to bulk Ni and a suspended Ni
a

b

Fig. 5. (a) Electrical resistivity, ρ vs. T measured for films on thermal platforms.
The inherently disordered Ni–Fe alloy film has much higher ρ than the elemental
Ni film. (b) Thermal conductivity, k vs. T for Ni and Ni–Fe films compared to bulk
Ni [13], bulk Ni3Fe [14], stainless steel [15], and a Ni nanowire [12]. Values for the
Si–N that forms the bridge are also shown.

nanowiremeasured via different techniques by another group [12].
Note that we use the total sample conductance in Eq. (4) (or
the total thermal conductivity in Eq. (3)) which can include non-
electronic contributions such as phonon thermal conductivity in
the numerator of L, and cause an apparently high value of L. A
phonon contribution that is comparable to the electron k is the ex-
planation offered by Ou, et al. for the constant positive offset in L
seen in their highly disordered Ni nanowire.
In bulk metals a dip in L as temperature drops below the

Debye temperature and a subsequent return to values near Lo in
the residual resistivity regime is commonly observed and well
understood. Thermal and electrical transport are governed by
the same scattering processes leading to values near Lo when
large-angle scattering of electrons from static disorder (low T )
or from energetic phonons (high T ) dominates. The dip occurs
where small-angle scattering of electrons from phonons of lower
energy affects thermal conduction more strongly, driving ke
down with respect to σ . The bulk Ni values shown follow this
trend, though with L somewhat lower than Lo and on the lower
range of values seen for typical metals. Values for the Ni film
match the bulk behavior reasonably well at high temperatures,
though the dip in L is not apparent at the lowest temperatures
currently available. In fact L for this 50 nm thick sputtered
nickel film seems remarkably temperature independent with a
value near 1.9 × 10−8 W�/K2. The origin of these behaviors is
not immediately apparent. Examination of Eq. (4) suggests the
possibility that either the thermal conductance KS or the resistance
R could be underestimated, which is difficult to explain with
systematic effects that could complicate our experiment such
as contact resistance between the film and the two electrical
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Fig. 6. Experimentally determined values for the Lorenz number, L vs. T for two
ferromagnetic thin films compared to bulk Ni [16], a Ni nanowire [12], and the
Sommerfeld value, Lo .

leads. It is possible that this result suggests that some additional
scattering mechanism exists in this film that affects thermal
transportmore strongly than electrical transport. Another possible
explanation is that either the phonon or the magnon spectrum
could be significantly modified in the thin film, which could
allow large wavevector excitations required for the large-angle
scattering that normally dominates at high T to remain active at
lower temperatures. This would effectively extend the range of
agreement with the Wiedemann–Franz law to lower T as seen in
the Ni film.
Between 300 and 150 K the measured values of L for the

permalloy film are in general agreement with the Ni film, with
a room temperature value of the Lorenz number of ∼1.9 ×
10−8 W�/K2. This is an important result since values of the
thermal conductivity of permalloy films required to model
thermal effects in various magnetic devices could be significantly
overestimated by using the Wiedemann–Franz law with the
typical value of Lo. Interestingly, the Ni–Fe alloy film does show
a reduction of L as temperature drops. If the Ni film’s magnon
and/or vibrational spectrum is indeed softened, the more typical
temperature dependence of L in the Ni–Fe film could suggest that
the alloy remains relatively stiffer, preventing thermal activation of
large wavevector excitations at these temperatures. In any case it
is clear that the issue of the temperature dependence of L requires
further study in a range of metals in thin film form.
The measured thermopower (or Seebeck coefficient) of several

ferromagnetic thin films is compared to bulk values from the
literature in Fig. 7. Two sputtered Ni films (of thickness 50 nm
and 100 nm) show similar thermopower from 80–300 K, with
a temperature dependence comparable to that seen in bulk
Ni at these temperatures, but with an apparent approximately
constant offset. This offset is similar to the behavior seen
in the thermopower of a Ni nanowire measured by another
technique [17], which again has a similar slope with temperature
but a constant offset. This suggests that the Ni films show a
similar diffusive thermopower modified by strong disorder as
seen in the nanowire. Three different 75 nm Ni–Fe alloy films all
show similar thermopower as a function of temperature. Here the
behavior is dramatically different than seen in bulk permalloy,
with much smaller negative values and a weaker temperature
dependence. The origin of this discrepancy is an area for future
study. Also note that one Ni–Fe film was measured both in zero
applied magnetic field and with a 100 Oe field applied along
the direction of the bridge. There is no measurable difference
between the unmagnetized and fully magnetized states that can
be determined from our current data. The same lack of field
Fig. 7. Thermopower of several Ni and Ni–Fe alloy thin films compared to bulk
Ni [16], bulk permalloy [19], and a Ni nanowire [17].

dependence occurred in thermal transport, and might seem odd
since the magnetic field dependence of the electrical transport is
well known in permalloy films. However, even when samples are
grown in field in order to align the easy axis of magnetization
optimally with respect to the current direction and thus maximize
the anisotropic magnetoresistance [18], the maximum change in
field is only a few percent. Magnetoresistance measurements on
our films in fact indicate even smaller changes with the field
oriented as applied, and our thermal measurements are currently
not sensitive enough to detect these tiny field dependent changes.
Magnetic nanostructures such as AF–F coupled multilayers show
much larger changes in transport with applied field and will be
interesting to study with our techniques.
Finally, we consider the question of what range of thin film or

nanostructured samples can be effectivelymeasured using our cur-
rent thermal isolation platforms. This is largely determined by the
error that arises from subtracting the background thermal conduc-
tance. In Fig. 8 we use the measured background conductance of
the Si–N bridge, KB to estimate the relative error in measured ther-
mal conductance of both the thin ferromagnetic films discussed
above, and of a parallel array of small wires that could be patterned
on the thermal platforms via e-beam lithography. The dashed lines
are estimated contributions toKS fromarrays of nanowires of resis-
tivity similar to theNi film, calculated by simple scaling of the ther-
mal conductivity of sputtered films in the bulk limit. Colored solid
lines indicate expected relative error on Ks measurements, assum-
ing 0.5% relative error on measurements of Kb both before and af-
ter the nanowire array is added. This estimate suggests that highly
accurate measurements of arrays of a modest number of wires of
width well below 100 nm are realistic. Measurements of this type
would be an important test of Wiedemann–Franz behavior in such
nanowire systems, and could also be used to test field dependence
of thermal effects in these tiny structures. Note also that these
predictions are all based on our existing micromachined thermal
platform; we are in the early stages of designing a nanomachined
bridge structure to be fabricated using e-beam lithography that
will be significantly more sensitive.

4. Conclusion and future outlook

In summary, we have overviewed our recently developed
techniques for measuring thermal transport and thermopower in
thin films and nanostructures and presented measurements of the
thermal conductivity, thermopower, andmeasured Lorenznumber
as a function of temperature. The results indicate that permalloy
thin films have a low thermal conductivity, and roughly follow the
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Fig. 8. Predicted measurement accuracy for thin films and arrays formed
from metal nanowires using the micromachined thermal platforms. A platform
optimized for nanolithographic structures will allow much more sensitive
measurements.

behavior predicted by theWiedemann–Franz law but with a value
near room temperature significantly less than the Sommerfeld
value and the values seen in bulk nickel. Our future workwill focus
on extending these techniques to lower temperatures and smaller
samples, as well as adding capability to measure spin currents that
will allow exploration of phenomena such as the Spin Seebeck
effect for a wide range of materials systems.
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