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Thermal and electrical conductivity of approximately 100-nm permalloy, Ni, Co, Al, and Cu films

and examination of the Wiedemann-Franz Law
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We present measurements of thermal and electrical conductivity of polycrystalline permalloy (Ni-Fe),
aluminum, copper, cobalt, and nickel thin films with thickness <200 nm. A micromachined silicon-nitride
membrane thermal-isolation platform allows measurements of both transport properties on a single film and an
accurate probe of the Wiedemann—Franz (WF) law expected to relate the two. Through careful elimination of
possible effects of surface scattering of phonons in the supporting membrane, we find excellent agreement with
WF in a thin Ni-Fe film over nearly the entire temperature range from 77 to 325 K. All other materials studied
here deviate somewhat from the WF prediction of electronic thermal conductivity with a Lorenz number, L,
suppressed from the free-electron value by 10% to 20%. For Al and Cu we compare the results to predictions
of the theoretical expression for the Lorenz number as a function of 7. This comparison indicates two different
types of deviation from expected behavior. In the Cu film, a higher than expected L at lower T indicates an
additional thermal conduction mechanism, while at higher 7' lower than expected values suggests an additional
inelastic scattering mechanism for electrons. We suggest the additional low-7 L indicates a phonon contribution
to thermal conductivity and consider increased electron-phonon scattering at grain boundaries or surfaces to

explain the high-7 reduction in L.
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I. INTRODUCTION

Recent studies of the interaction between heat, charge,
and spin degrees of freedom in nanoscale magnetic systems
have led to both interesting fundamental physics questions
and highlighted potential new applications. This field of
spincaloritronics [1-3] has also put a new emphasis on
understanding the thermal and thermoelectric properties of
magnetic thin films, particularly with thicknesses well into the
<100-nm regime. Although charge transport in such samples
is relatively straightforward to measure, measurements of heat
flow for thin-film samples are typically made very difficult by
the presence of the macroscopic heat sink of the bulk substrate
that supports the film. This challenge has been addressed in
recent years by several experimental advances and the study
of heat transport at the nanoscale is expanding rapidly [4,5].
However, measurements of thermal conductivity, k, in very
thin metal films remain difficult [6-8], and in light of this
difficulty many authors make use of the Wiedemann—Franz
(WF) law, k. /o = LT, to provide an estimate of the electronic
thermal conductivity k, by using measured values of electrical
conductivity o. This is used to estimate the total thermal
conductivity k£ under the usually reasonable assumption that
k. is the dominant contribution. Here L is the Lorenz number,
a material-dependent parameter usually assumed to have a
constant value taken from the existing literature on bulk ma-
terials [9], or simply given by the Sommerfeld theory for free
electrons, L, = m2k;/(3¢*). However convenient, this “law”
must be used with caution since even very pure bulk materials
seemingly “violate” it as a function of temperature [10], and
its validity for thin, polycrystalline metal films has never been
clearly established [11-13].

In reality, the scattering rates of electrons in metals are often
different for processes that affect charge transport and those
that affect heat transport. Thorough examinations of WF for
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some complex, nanostructured, or thin-film materials indicate
a more complicated picture of the WF law than often realized,
ranging from a thickness-dependent violation in very early
work on copper thin films [11], to agreement with WF in
aluminum thin films [12], to excellent agreement with WF in
granular bulk alloys [14], to deviations at high 7 for complex
metallic alloys [15], to combined lattice-dynamic modeling
and experimental probes that suggest decreased k, and larger
than expected phonon contributions, kp,, even in bulk met-
als [16]. Existing investigations of thermal conductivity in
single metallic nanowires suggest either excellent agreement
with WF [17], or violations indicating the presence of a
significant phonon thermal conductivity [18]. Measured values
of thermal conductivity, particularly for transition-metal thin
films, are essential for better understanding of a wide range
of spintronic and spincaloritronic effects, including magneto-
Seebeck effects in magnetic tunnel junctions [19-22], joule
heating in nanowires [23], thermal spin torques [24-27], the
longitudinal spin Seebeck effect [28—30], and spin-dependent
Seebeck and Peltier effects [31,32].

In this paper we present direct measurements of both
electrical and thermal conductivity on films of selected
ferromagnetic and nonmagnetic metals with thickness ¢ <
200 nm. We control the thermal gradient applied to the films by
using a suspended silicon-nitride (Si-N) membrane thermal-
isolation platform. As shown in Fig. 1, this platform provides
two large islands with lithographically patterned heaters and
thermometers and a narrow bridge connecting them. This
bridge is the sample growth platform, and in this study we
deposited films on prefabricated and premeasured bridges
through shadow masks. Further details of the fabrication and
use of these platforms are available elsewhere [7,33]. Because
the platform allows measurement of thermal conductance and
electrical resistance on exactly the same thin-film sample
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FIG. 1. (Color online) (a) Scanning electron micrograph shows
a tilted view of the thermal-isolation platform including the narrow
bridge used as a sample stage. (b) The thermal model used to analyze
the response to heating power and to determine thermal conductances.
(c) Total thermal conductance K vs average sample temperature T’
for single-component metal films compared to background Kgin. All
metal films dominate the thermal conductance, even at the lowest
T. The inset shows a scanning electron micrograph of one island
(here from the larger of the two platform sizes used in this work) that
shows the electrical leads used to contact the film on the left, with the
separate heater and thermometer metal strips visible at right along
with the four leads used to measure each resistor.

and with the current and heat flow unambiguously in the
same direction, many of the uncertainties in the transport
coefficients are eliminated and the WF law can be tested very
accurately. This is the main goal of the paper. An additional
goal is to expand and revisit our earlier observation, made
with similar thermal-isolation platforms, of a significantly
reduced L for permalloy films for temperatures below ~175 K
[34]. Such reductions in L are potentially very interesting in
thermoelectric applications and warrant close examination.
We present a new study of the regime of apparent reduction
in L for permalloys, which is very commonly used in
spincaloritronic devices [31,32,35-40], making understanding
of its thermal properties critical for the field. Here we take
special care to avoid the possible effects of surface scattering of
a surprisingly large population of long-wavelength phonons in
the Si-N membrane that we have recently demonstrated [33].
The new results presented below agree with WF extremely
well, and we demonstrate that the earlier reduction was most
likely caused by surface-scattering effects in the background
subtraction. For the higher-thermal-conductance films of Al,
Cu, Co, and Ni, such background effects are not an issue
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due to the large difference between the background and film
conductance values. All these films, including a Co film with a
very large static defect density, show L reduced by up to 20%
from typical literature values. Deviations in L at this level are
not uncommon, but highlight that, in critical applications or
where accurate tests of new theories of thermally driven spin
effects are desirable, measurements of thermal conductivity
are essential. In the case of Cu and Al we are able to further
analyze L(T) by comparisons to the theory for L based
on electron-phonon and defect scattering in a metal with
an essentially-free-electron-like Fermi surface [13,41]. This
comparison not only supports the simple view of a reduced
L, but actually suggests a low temperature enhancement in k
for the Cu film. We consider a possible origin for this in a
phonon thermal conductivity, an effect that has been seen in
materials and nanostructures with reduced electronic thermal
conductivities [16,18,42-46].

II. EXPERIMENT

Before continuing discussion of the experimental tech-
nique, we clarify our use of symbols. For thermal conductivity,
the nominally intensive property with units of W/(mK), we
use lower-case k. Without a subscript this indicates the total
measured thermal conductivity of a film. Subscripts of k are
used to indicate a contribution from a particular mechanism.
We use upper-case K for the extensive property thermal
conductance with units of W/K, with subscripts to indicate
contribution from either certain parts of the measurement
platform or the sample film.

We measured total thermal conductivity k, electrical resis-
tivity p = 1/0, and L by using suspended thermal-isolation
platforms micromachined from 500-nm-thick silicon nitride
(Si-N). The Si-N is amorphous and tuned away from the
stoichiometric compound to achieve a low-stress film that
survives removal of the bulk substrate. Two types of platforms
were used in this work, both with identical geometry of the
Si-N bridge and islands, but varying in fabrication technique
and number of contacts to the films. Each platform is composed
of either a 88x2050 um? (Al) or 35x806 pum? (all other
samples) bridge supported between two islands. Each island
holds separate resistive heater and thermometers (with four-
wire connections to each) as well as large triangular pads
that provide electrical contacts to a sample film deposited on
the bridge. All measurements are carried out in vacuum of
10> Torr or better, with the platform clamped to a radiation-
shielded gold-plated high-conductivity copper sample mount.
Thermometers are calibrated in each experimental run against
a silicon diode reference thermometer mounted in the cryostat
cold finger. The platforms used to measure Cu, Co, and Ni
films have only two triangular pads to contact the sample
film, though four wires are attached to these two contacts.
This removes any contribution from lead resistance, but opens
the possibility of a contact resistance between the sample
film and the triangle leads contributing to the measured
resistance. As discussed further below, we see little evidence
that such a contact resistance contributes meaningfully to the
measurement. The platform used to study the Al and the Ni-Fe
film with 56-nm total thickness as described below have two
additional leads to the sample region, allowing a true four-wire
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electrical conductivity measurement of the sample film and
removing this potential source of systematic error.

The thermal model that describes the platform is shown in
Fig. 1(b). Heat flow through the thermal-isolation platform is
confined to conduction only. The small area of the island on
which the heating power is dissipated eliminates the radiation
contribution typically problematic over 100 K in dc thermal
measurements and vacuum eliminates convection. Assuming
steady state and a small-signal limit, this model can be solved
to yield

(K. + Kp)
T, =T, + | —L=" "8 1\p, 1
n=tot [(2KB+KL>KL] )
T, =T, + [L}P 2)
e Kz + KK |’

where Kp is the thermal conductance of the bridge, K
the conductance of the supporting legs, P is the measured
power dissipated in the sample heater, and 7}, T;, and T,
are the temperature of the heated island, cooler island, and
platform frame (and cryostat), respectively. Linear fits of
measured T for a series of P values allow determination
of Kp and K. In heat-transport measurements we limit
the hot-island temperature to <20 K higher than 7, in this
temperature range, which typically results in a difference
across the sample of 5 K or less. When a film is deposited
on the Si-N the total conductance of the link between the
island has contributions from both the Si-N and the sample
filmsothat Ky = Ksin + Kgim. We determine the contribution
of a thin-film sample by first measuring K g for the bare Si-N
bridge, which gives KN (as shown by solid lines in Fig. 1), and
subtracting this background from K p measured again after the
film is deposited. These values of total conductance are much
larger than Ksin even for very thin metal films, as shown for
Al, Cu, Ni, and Co. Thermal conductivity k for the film is
determined from K¢, via k = Kgml/(wt), where the lateral
geometry is defined by the Si-N bridge, [ and w, and the
thickness of the sample, 7, is determined via profilometry on a
separate witness sample.

Resistance measurements of the sample deposited on the
platform are straightforward and allow us to determine the
Wiedemann—Franz ratio

I— ko KﬁlmRﬁlm‘ 3)
oT T

Here the common sample geometry cancels, leaving only
extensive transport properties. This removes the often dom-
inant source of error from determination of L. Using the
total thermal conductivity to determine L includes all thermal-
transport mechanisms, such as phonon or magnon transport.
These additional mechanisms cause increased values of L. As
noted above, surface-scattering-induced modification of the
Si-N background Ksin can introduce systematic errors where
Kgim is small and no measures are taken to saturate the surface
scattering [33]. We describe our methods to accomplish this
saturation for the Ni-Fe experiment in more detail below.

All samples other than the Al film were deposited via e-
beam evaporation through micromachined shadow masks onto
the sample bridge in an ultrahigh-vacuum (UHV) chamber.
Base pressures ranged between 4x107'° and 1x10~# Torr,
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with estimated growth pressure typically one order of magni-
tude higher, and a growth rate of ~0.1 nm/s. The Al film was
grown via thermal evaporation in high vacuum (~10~% Torr)
at a similar rate. Chamber pressure for the UHV system did
not correlate strongly to properties of the deposited films with
the exception of the two Co films. In this case the 167-nm film
was grown at 0.1 nm/s after reaching base pressure of only
1x 1078 Torr, with growth pressures near 2x10~7 Torr. The
thinner 75-nm film was grown after reaching 6x 10~!% Torr at
the same rate with growth pressures maintained at or below
2x 1078 Torr. This clearly affected the quality and transport
properties of these two films. Permalloy films were grown from
pre-alloyed material (nominal composition NiggFe;sMos)
from a single crucible. Al, Cu, Ni, and Co starting source
materials were of 99.999%, 99.999%, 99.995%, and 99.95%
nominal purity, respectively. Thickness was measured via
atomic force microscopy (AFM) profilometry on witness
substrates mounted on a rotating sample plate in the same
deposition as the thermal-isolation platforms.

III. RESULTS

Figures 2(a)-2(c) shows p, k, and L, respectively, measured
for Al, Cu, Ni, and two Co films. Note the break in the axis
in Fig. 2(a) and the very high p for the thicker Co film. As
noted in Sec. II, this film was grown in far-from-ideal UHV
conditions and contains a large number of static defects. p for
the other films shows expected behavior, with larger values
than reported for bulk, but following trends in bulk values
with Ni and Co nearly equal and Cu much lower. Figure 2(b)
shows k measured (as determined from the K data of Fig. 1
and measured film geometry) for the exact same films as in
Fig. 2(a). Although studies of k for thin metal films with
thickness near 100 nm are rare, an existing study of Cu films
showed values ranging from 80 to 300 W/(m K) over a similar
T range for films near 100 nm but with lower values of p [11].
This is quite consistent with our results. Figure 2(c) shows
our experimental Lorenz number L = K, Ram/7T. Again,
note that because the measurements are performed on the
exact same film, neither the in-plane width and length nor
the sample-film thickness affects this measurement. Therefore
uncertainty in this geometry, often the dominant source of
error in transport measurements, does not directly affect L.
Here the free-electron Sommerfeld value L, is also shown
(dashed line). All five films, including the higher p Co film,
show similar values and behavior with T', and all are depressed
from L,. We consider possible physical mechanisms for such
a suppression below. Note that presence of a contact resistance
in the R measurement (only a possibility for the Co, Cu, and Ni
films) would cause a higher L, via the higher apparent R. This
is clearly not the case here. Furthermore, since p values are in
line with expectations for films of this quality and thickness, a
large contact resistance is unlikely.

Figure 3 describes results of two in-depth experiments
aimed at eliminating surface-scattering-induced background
changes and determining a more accurate value of k for
permalloy thin films. In both we use a thin layer of Ni-Fe to
saturate the surface scattering in the Si-N membrane, then
continue to deposit and measure thicker Ni-Fe films and
calculate Ky, using this “saturated” background. This method
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FIG. 2. (Color online) Electrical and thermal transport as a func-
tion of T for single-component films. (a) p vs 7. The thicker Co
shows very high resistivity as a result of poor growth conditions. (b)
Thermal conductivity k vs T showing the same trends. (c) Lorenz ratio
kT /o shows very similar values across all films, with all suppressed
from the free-electron Sommerfeld value L, shown by the dashed
line. Estimated combined statistical and systematic error on L is
2x 1071 WQ/K? or better.

follows from similarly detailed studies of surface-scattering
induced by thin, discontinuous Au films and is described in
detail elsewhere [33]. Experiments shown in both Figs. 3(a)
and 3(b) start with a measurement of the bare Si-N. In each
experiment we then deposited 4 nm of Ni-Fe on the Si-N
bridge. In Fig. 3(a), and as shown schematically in cross
section in Figs. 3(c) and 3(e), this film and all subsequent
films were deposited with “shadow mask B” (SM B), which
protects the area outside the dotted line in the inset schematic,
and allows the film to contact the leads on each island that
provide electrical contact to the sample. Since the initial 4-nm
Py was uncapped in order to prevent confusing the results
by adding thin layers of other materials, this film oxidized
even in the short time (~30 to 60 min) required to remove it
from the deposition chamber and install it in the cryostat. The
effect of this oxide seems minimal for thermal conductivity
experiments, where the existence of parallel heat-conduction
paths is the most important criterion for the measurement.
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However, as depicted in Fig. 3(e), the oxide was thick enough
to prevent Ohmic contact with the subsequent film layers,
and we found R measurements of this sample impossibly
unreliable.

To prevent this oxidization but still allow saturation of the
phonon surface scattering in the Si-N bridge, we deposited the
4-nm layer for the experiment shown in Fig. 3(b) through a
smaller shadow mask, “shadow mask A” (SM A) as shown
in Fig. 3(d), that left the leads to the sample free of Py. With
existing equipment we cannot prevent the exposure of the
sample to air, but by preventing the contact of the first 4-nm
Py layer with the leads, the subsequent 52-nm film [deposited
again using SM B as shown in Fig. 3(f)] makes Ohmic
contact with the leads and gives reliable R measurements. The
resulting film resistivity is ~27 2 cm at room temperature, a
factor of two or more lower than our earlier Ni-Fe films [34],
and in line with typical values for good quality permalloy of
this thickness.

Figure 4(a) shows the k values determined from K, values
determined from data in Figs. 3(a) and 3(b). The k values for all
films are tightly grouped, with a roughly linear 7 dependence
expected from k. = 1/(Bcevple) = 1/(3y T vpl) for electronic
thermal conductivity in the limit of a temperature-independent
electron mean-free path, £.. y is the electronic heat capacity
coefficient and v is the Fermi velocity. Here we also compare
our k data for Ni-Fe films from an earlier paper [34]. Note that
these curves are less linear, and that the drop at lower T is the
feature that drives the drop in L we previously reported. This
is obvious in Fig. 4(b), where the L values drop starting at
~200 K. The curves in both panels labeled “estimated Kgin”
are described further below. Figure 4(b) also shows results for
the 56-nm film, where we have eliminated surface-scattering
effects, which are an issue for Ni-Fe since values of Kgim
for the alloy are much smaller than for the elemental metal
films. The experiment presented in Figs. 3 and 4 represents the
most careful examination we have performed of transport in
Ni-Fe. Here we see excellent agreement with L, for nearly the
entire T range of the experiment, as often seen in alloys due
to additional elastic electron scattering with disorder [14,47],
with only a small peak at lower temperatures, which is
discussed in more detail below (Sec. IV).

In Fig. 5 we estimate if the type of drop in Kgijn caused by
addition of a film to the Si-N bridge and so clearly visible
in Figs. 3(a) and 3(b) could explain the drop in L below
200 K reported in our earlier work. In this plot of thermal
conductance, we compare the measured background Kgin
for the 2010 data with the more recent measurement from
Fig. 3(a). These two platforms were fabricated by using the
same techniques and materials, and indeed show nearly exact
agreement of the background thermal conductance before
addition of any film. If we assume that addition of a film
reduced the Si-N background by the same amount as in the
recent measurement, we can make an estimate of the actual k
for this film by subtracting the saturated background (shown
as a solid line). The resulting values of K¢, and k are shown
in Figs. 4(a)—4(b) and labeled “using estimated Ksin.” This
curve both recovers the nearly linear k vs T shown in the other
Ni-Fe films and shows the same excellent agreement with WF.
The overall magnitude of k for these films remains low due
again to poorer growth conditions.
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FIG. 3. (Color online) Total thermal conductance K for two platforms used to study Ni-Fe. In panel (a), measurements of successive
depositions of Ni-Fe are shown, building eventually to a total thickness of ~100 nm (this platform failed near 120 K, preventing further data
for the thickest film). Note that deposition of a very thin, poor-conductance, 4-nm-thick layer actually reduces the total thermal conductance of
the bridge. We have previously shown this to be due to modification of surface scattering at the Si-N/film surface and that the effect “saturates”
after addition of even a few nm of metal film [33]. The solid line shows the saturated background conductance subtracted from the remaining
data to determine k shown in Fig. 4(a). In panel (b), a single 52-nm-thick layer was deposited after the addition of a 4-nm-thick “saturating”
film. The inset schematically shows that this saturating film was deposited through a smaller shadow mask, labeled “SM A” in order to avoid
coating the electrical leads to allow reliable R and L measurements for Ni-Fe. The shadow mask process for the two different experiments is
shown in schematic cross-sectional views in panels (c)—(f) as described in the text.

IV. DISCUSSION polycrystalline films common in devices and industrial appli-
cations) are not strongly affected by classical-size effects such
as described by the Fuchs—Sondheimer, Mayadas—Shatkes, or
similar models [5S0-52] and that our values of k and L should
provide more reliable estimates than use of the WF law with
the Sommerfeld value for such films.

For a more in-depth examination of the WF law we must
consider the well-known temperature dependence of L. The
theoretical expression for the Lorenz ratio, Lty(T)/Ly, as
a function of temperature that takes into account electron-
phonon and impurity scattering is given by [13,41]

Figure 6 shows the estimated conduction electron mean-
free path, f., determined from the measured k using
k = 1/(Bceivpl,) with ¢, = y T being the electronic specific
heat and vg being the Fermi velocity. Here we have used mea-
sured values of vp [48], and y [49]. These can deviate strongly
from the simple free-electron model for transition metals and
especially for the magnetic 3d atoms. In all cases £ < tg), and
in the thicker, highly resistive Co film approaches the average
interatomic distance. The short mean-free paths suggest that
films in this regime of impurities (typical for vapor-deposited

|
Lin(T) re + (5) I5(%)
Lo 2 012 n(2)7
@)1 e - &0

“

Here kg is the Fermi wave vector, 6 and gp are the Debye spherical Fermi surfaces, equilibrium phonon distributions,

temperature and wave vector, respectively, and and N-processes for electron-phonon scattering, it has been
o /T oy used to help understand potentially complicated metallic

J, (_D> = / ——dx. 3) nanostructures [17]. For the metals studied here its use is most

T 0 (ef —1) reasonable for Cu, which has the most nearly spherical Fermi

The ratio Ry/Re.pn quantifies the level of impurity scattering, surface. We also perform the calculation for Al, although we

where R, is the residual resistance and Re.p, is the contribution ~ use the result only qualitative'ly. The expression ShOl{ld not
from electron-phonon scattering. Although this expression be. expected to Pfed{Ct behavior for the more complicated,
involves a number of assumptions including considering only spin-dependent Fermi surfaces of Co and Ni.
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FIG. 4. (Color online) (a) k vs T determined from K shown in
Fig. 3. All values show rough agreement and approximately linear
k. (b) L values for Ni-Fe, comparing our best measurement with
previously published values. Again, estimated total statistical and
systematic error on L is 2x 1079 WQ/K? or better. By using an
estimate of the surface-scattering effect on the background Kg;n, we
show that the previous data are in line with higher L with no strong
temperature dependence.

In Fig. 7 we compare calculations using Eq. (4) to measured
L(T)/Ly for Cu and Al films. Here, bottom axes are T /6p
using the high T values 6p ¢, = 315K [53]and 6p o1 = 390K
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FIG. 5. (Color online) In-depth estimation of surface-scattering
effects in background Kgn for low-thermal-conductance Ni-Fe films.
Open symbols show the background measurements for previous and
current work. Both of these platforms were fabricated with the same
geometry from similar starting wafers and materials and had very
similar original values of Kgx.
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FIG. 6. (Color online) Estimated electron mean-free path, £, vs
T for Al, Cu, Co, and Ni films determined from the kinetic expression
for k using electronic heat capacity with bulk y. An estimate for Ni-Fe
is not shown due to lack of information on the electronic heat capacity,
but should also be on the order of nm or below. All values are short
compared to #gim.

[54]. gp = Opky/(hvy) is calculated by using a weighted
average of the transverse and longitudinal sound velocities for
each metal for vs. Heavy lines show the calculation using only
the ideal (e-ph scattering) electrical and thermal resistances,
and indicate the drop in L caused by the dominance of inelastic,
vertical scattering of electrons by phonons in the regime where
T < 6p. Broken lines show the calculation using values for
Ro/ Repn determined for our films. Calculation of Rep, from
first-principles requires knowledge of the electron-phonon
coupling constant and therefore detailed understanding of the
phonon spectrum that is not available for our films. An estimate
of Ro/Re-ph = po/Peph that is appropriate for the range of T
discussed here where p remains linear with 7' to a very good
approximation, which for metals often persists to lower T'
than suggested by typical Bloch—Gruneisen theory [17,55,56],
can be made by using the expression pepn = AT/(46p) so
thatdp/dT = A/(46p) [13,17]. Residual resistivity was taken
either from measurements of the film resistivity to 5 K [for
Cu, see inset to Fig. 7(a)] or estimates based on the deviation
of higher-T data from bulk values assuming Matthiesen’s rule
(for Al). Although these calculations do make simplifying
assumptions, they are the best possible representation of
Ltn(T) for these relatively simple metals. Note that, to
calculate Ro/Re.pn, we used dp/dT taken from bulk o data,
rather than that for the sample films. Both approaches lead to
very similar values of L1,(7") and use of the film values would
further lower the theory curve, leading to somewhat larger
positive deviations of the experimental data from the theory.
In both Figs. 7(a) and 7(b) we see somewhat lower values
of L(T)/Ly near room temperature, in agreement with the
very simple view of L shown in Fig. 2(c). However, at lower
temperatures the Al film matches theory predictions extremely
well, while the Cu film has a large positive deviation from
expected behavior. This could be driven by a breakdown
of the theory due, for example, to dominance of either the
electron states in the nonspherical “neck” portions of the Cu
Fermi surface, or of Umklapp scattering (U-processes) over the
normal scattering assumed in the theory. However, this positive
deviation from the expected L1y(T)/Lo could also be taken
as evidence of a phonon contribution to thermal conductivity,
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FIG. 7. (Color online) Closer examination of the temperature dependence of L for Cu and Al. The ratio L(T')/L, is plotted vs T /6p (with
T shown on the top axis). Data points represent measured L(7')/L, for (a) Cu and (b) Al films. Lines are theoretical predictions of Eq. (4),
with the solid line showing L(7")/L, for an ideally pure material and the broken line using a resistivity ratio matched to that measured for each
film. Inset to (a) shows the measured electrical resistivity of the Cu film down to 5 K and the value of the residual resistivity py.

kph. Phonon contributions have been observed in nanoscale
metal structures, typically when large defect density or other
static disorder reduce the electronic thermal conductivity,
k., strongly [18,43-46]. Such a phonon contribution leads
to a total film thermal conductivity k = k. + kp, so that the
measured Lorenz number in this regime becomes

K. + Kon) Reim K pn Riim
L= et lmilim _ )y g Bltom )
T T
and kypy, is given by
L(T)— Ltw(T)IT
kph:[ (T) — Ln(T)] ’ )

0

where Lty is taken from Eq. (4), L(T) is the measured
Lorenz number [Eq. (3)], and p is the measured film electrical
resistivity.

The resulting estimate for &y, for the Cu film below 225 K
is shown in Fig. 8(a). Also shown is the calculated Debye
(phonon) contribution to heat capacity, Cp, for 6p = 315 K.
This is used in the kinetic expression kpy, = 1/(3Cpv,€yn)
to estimate the phonon mean-free path, £y, as shown in
Fig. 8(b). As expected for a disordered material and in this
temperature range where a large population of both phonons
and electrons are available for scattering, £, remains very
short and is increasing as T drops. Although phonon thermal
conductivity has been studied in some detail for bulk copper at
helium temperatures [47,57-59], where impurity scattering
dominates transport and the WF clearly holds, allowing
confident determination of k., there are very few experimental
studies of kpy, for bulk Cu at higher 7', and none for Cu thin
films to our knowledge. However, the estimated size of kyp
for this thin polycrystalline film is about half that expected
from simple theory for pure bulk Cu at these temperatures

(~5to 15 W/(m K)) [47], and is also comparable to that seen
in bulk Cu alloys (=8 W/(m K) at 80 K which is the highest
T studied) [60]. We plan further study at lower temperatures

3 T T T T T
IGIN .
1
( )' 1 1 1 1 1 25
6_
<—
e
420
~~ 4_ @}
% -~
£ =
2 g
~. 2
va 5 =415 5
Op = 315 K
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T (K)

FIG. 8. (Color online) (a) The left axis shows estimated phonon
contribution to k in the 75-nm Cu film below 225 K, calculated from
the values of L(T)/Ly in excess of the theory curve over this range
of T as described in the main text. The right axis shows the Debye
(phonon) heat capacity calculated for Cu, which is used in estimation
of the phonon mean-free path, £p, that is shown in (b).
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and of a broader range of films to help clarify if this is truly a
phonon contribution.

At higher temperatures both Al and Cu films show an
effect opposite to an additional conduction pathway, with
L(T) < Ltn(T). This violation of WF suggests additional
scattering that relaxes the temperature distribution more
effectively than the potential distribution. We investigate the
length scale of this scattering event again by reference to the
theory of Eq. (4). Here we assume Matthiessen’s rule holds for
the scattering time for thermal relaxation so that

1 1 \!
Titot = | — + . ®)
Tk, Th Tk, vio

Here i, is the scattering time including e-ph and impurity
scattering underpinning Eq. (4) and 7 i, is the scattering
time for the additional inelastic scattering that drives the
WF violation. The typical derivation of the WF law uses
expressions for o and k. from the Drude model, kinetic theory,
and the nearly-free-electron assumption,

2

Ty
o=t ©)
and
1 1 T
ke = gcevgrk = gnnzkgE—Fvgrk, (10)

where we write distinct time constants for electrical and
thermal relaxation processes. The ratio of k. to o is then

k 2 2
e TS T (11)
o 3 e2 1, T,
so that
ke Tk
L(T) = == = [, (12)
oT Ty

When the two scattering times are equal, the familiar WF law
results. When these do not cancel, the ratio L(T)/L, with
L(T) taken from the measured transport, is also the ratio
of the total thermal and electrical scattering times, L(T)/
Lo = T.10t/T-. When deviations from L, are only from the
processes considered in the theory of Eq. (4), we then have
Ltw(T)/Lo = trh/ 5. Using this we write

Lo 1 B (13)
T = .
ot Ltn(T)ts Tk, vio

Here 7, = m*/(pne?) and 1 o = 3k/(y Tv]%) are calculated
for Cu by using measured p and electron density ncy, =
8.49%x 102 m3. The resulting calculation for 7 i, (right axis)
vs T above 225 K, with the mean-free path £, = T vioUr (left
axis) also shown, appears in Fig. 9. The result indicates a
fairly strong T dependence and quite long length scales (up
to 1 um) for the inelastic, small-angle scattering events that
cool electrons without strongly affecting their momentum. It
also intriguingly seems to saturate very near the length scale of
the film thickness (75 nm) at the highest 7. This suggests that
the additional inelastic scattering not only involves phonons
but is also associated either with the film surfaces or grain
boundaries, since grains in this evaporated film are expected
to have lateral dimensions on the order of the film thickness.

PHYSICAL REVIEW B 92, 214410 (2015)
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FIG. 9. (Color online) Estimated electron mean-free path (left
axis) and scattering time (right axis) for the inelastic, small-angle
scattering process present in the Cu film that violates the WF law
at high T. The apparent saturation of the average distance between
scattering events at a length comparable to the film thickness, and
therefore to the grain size, at the highest 7' implies an origin in
phonon-assisted inelastic grain-boundary scattering.

The overall picture of electron scattering in this film is that
most electrons experience elastic, large-angle scattering, pre-
sumably from impurities, that result in mean-free paths on
the short length scale shown in Fig. 6. However, some small
fraction of electrons travel longer distances on average while
experiencing inelastic scattering events involving phonons
at grain boundaries, where they lose energy, cooling the
electrons.

We have also considered an origin of this reduced k. near
room temperature related to an overall softening of the phonon
density of states, which has in some cases been observed for
thin films or nanoscale samples [61-65]. Such a shift could
reduce the probability of the large-angle phonon scattering
events required to return L(T) to the Sommerfeld value at
high T, thereby requiring higher temperatures to finally reenter
the WF regime. However, our calculations suggest that the
shifts in the phonon density of states (DOS) required to
explain the ~20% reduction in L seen here are so large that
they would drive deviations of the heat capacity away from
bulk-like values, in contrast to experimental data showing very
good agreement between bulk and even very thin Au and Cu
films [66]. We are currently beginning a more detailed study
of effects in Au and Cu films in order to clarify the physics of
this additional scattering.

Finally, we offer a brief comment on the low-temperature
upturn in the 56-nm Ni-Fe L data [Fig. 4(b)]. As discussed
above, values of L > L, indicate a larger k than expected
for a given o by the WF law and can occur via additional
mechanisms for thermal conduction such as phonons or
magnons that are normally small contributions compared to
electron thermal conductivity in metals. Note that the peak is
also clearly visible in k for this film [Fig. 4(a)] such that the
origin of the peak is entirely in additional thermal conductivity.
However, this feature is absent in earlier (less-well-controlled)
Py films. We found relatively little prior work on thermal
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conductivity of permalloys or other Ni-Fe alloys in this regime
of T. Existing studies do show peaks in thermal conductivity
for a range of alloys [67,68], and in one case an upturn
in L below ~200 K [68]. Moore et al., suggest that a
lattice (phonon) thermal conductivity is involved in their k
peak and is the source of the upturn in L. It is possible to
crudely explain the magnitude, if not the exact temperature
dependence, of the peak in the 56-nm Py k with either a phonon
or magnon contribution. Since the current data support little
meaningful physical insight on this possible contribution, we
leave attempts at quantitative analysis to future studies.

V. CONCLUSIONS

In summary, we presented measurements of k, p, and L
for a series of metal films with thickness <200 nm. Films of
Al, Cu, Ni, and Co all show somewhat reduced k from the
simple expectation of the WF law throughout our 77 to 325 K
temperature range, but approximate agreement with WF when
using a reduced value of L. A careful examination of k and
L in a permalloy film, using special techniques to eliminate
a reduction of the background thermal conductance caused
by surface scattering of phonons, shows that the permalloy
obeys the WF well with no drop at low 7. Estimates of the
electron mean-free path in these films based on measured

PHYSICAL REVIEW B 92, 214410 (2015)

k suggest that all measurements are in the regime where
film thickness fgm > €., which should make these values
of L applicable for many studies of spincaloritronic and
thermoelectric devices constructed of polycrystalline films
with similar preparation and quality. A detailed examination
of the temperature-dependence of L for Cu and Al films
using the known theory reveals “violations” of WF at both
low and high T and suggests the possibility of a phonon
contribution to thermal conductivity at low T in the Cu film,
and phonon-assisted grain-boundary or surface scattering at
higher 7. These results highlight the importance of both
continued experimental and theoretical work to understand the
temperature dependence of the Lorenz number and physics of
thermal conductivity in metal thin films.
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