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Violation of the Wiedemann-Franz law through reduction of thermal conductivity in gold thin films
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We present measurements of in-plane thermal and electrical conductivity in thermally evaporated gold thin-
film samples ranging in thickness from ≈20 to >300 nm, performed using a micromachined silicon-nitride
membrane thermal isolation platform. In both ≈300-nm-thick films grown in a single Au deposition and a sample
built up to >300 nm by many sequential depositions of thinner layers, we observe strong “violations” of the
Wiedemann-Franz law that relates electrical and thermal conductivities. While electrical conductivity behaves
essentially as expected, thermal conductivity first rises with growing total film thickness, and then surprisingly
drops as the film becomes thicker. The sharp reduction of thermal conductivity decreases the Lorenz number
L for ≈300-nm-thick samples to less than half the Sommerfeld value over the entire 78–300-K temperature
range studied. Such violation near room temperature, in a metal film where electron transport should be well
described by Fermi-liquid theory, is previously unreported, even in the presence of disorder introduced by grain
boundaries and rough surfaces. This indicates an inelastic-scattering process that we argue, based on detailed
characterization of grain size in these films, is likely driven by a combination of modified phonon density of
states and structural anisotropy introduced from the strongly columnar grain structure in thicker films. This
highly unusual reduction of thermal conductivity while maintaining high electrical conductivity is potentially
promising for increasing thermoelectric performance of nanoscale systems.
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I. INTRODUCTION

The Wiedemann-Franz (WF) law, k/σ = LT , relating the
ratio of thermal and electrical conductivities, k and σ , of
charge carriers in a material to a constant Lorenz number L
times temperature, T , is frequently used and highly trusted,
as the underlying physics of electron transport in a Fermi
liquid is typically robust. However, there are well-known
“violations” of this relationship even in simple bulk metals
for T near and below the Debye temperature, θD.1 These
occur when inelastic scattering of an electron from a state
hotter than the average T into a colder than average state
but with the same direction of transport tends to reduce k
with little impact on σ [1]. Such events often occur be-
tween moderate-q phonons and conduction electrons, and are
quenched by disorder in the material. Electron scattering from
static disorder, such as occurs in the low T residual resistivity
regime, is elastic and drives a return to WF-like behavior,
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albeit with L showing some dependence on material [2] and
often deviating somewhat from the free-electron Sommerfeld
value of Lo = 2.44 × 10−8 W �/K2. Recently, more exotic
violations of WF have been discussed in non-Fermi-liquid
systems near quantum critical points at very low temperature
[3,4], in one-dimensional (1D) or quasi-1D conductors [5–8],
in unconventional superconductors and superconducting junc-
tions (where σ diverges, but a similar relation exists between
the Nernst and Hall coefficients) [9,10], or in correlated oxides
such as VO2 [11]. The WF law has also been validated for
certain metals even at the scale of atomic junctions, however
[12,13].

Current evidence therefore suggests that thin films of
metals such as gold should be expected to obey the WF
law, and indeed we have recently shown that a ≈100-nm-
thick gold film shows WF behavior from 77 to 325 K with
a value of L = 2.1 × 10−8 W �/K2 reduced only slightly
from bulk gold [14]. Earlier work showed that much thinner
18-nm films also matched expectations from the WF law [15].
We have also shown excellent agreement with the WF law
in a Ni-Fe film, where disorder scattering from the random
alloy dominates, and that only slight reductions in L occur
near room temperature for Cu, Co, Ni, Al, and Mo films
in the thickness range near 100–200 nm [16–18]. We also
identified positive deviations from the WF law as T drops,
which suggests a possible phonon contribution to k in Cu
[16]. Phonon contributions to thermal conductivity in met-
als and semiconductors are in fact being investigated with
new theoretical and computational tools [19–22], and can be
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important even in bulk. Nevertheless, the best current picture
seems to suggest that, in thin films of gold, phonons contribute
on the order of 10% or less of the total thermal conductivity
[19], though this estimate will depend on the thickness, grain
size, and other details. Note that in previous work we have
neither extensively studied the thickness dependence of L nor
investigated gold films thicker than ≈100 nm.

Reliable measurements of thermal conductivity on nanos-
tructures or metal films with thickness of tens to hundreds
of nanometers are typically difficult due to the presence of
a large background thermal conductance from the supporting
substrate. Nevertheless, several reports have examined k in
these metallic systems, including studies suggesting that gold
films of thickness <100 nm violate WF with values of L
exceeding the Sommerfeld value somewhat in the regime
near room temperature [23–25], with L growing even larger
as the temperature is reduced toward 3 K. Other studies of
nanoporous Au foils showed reasonable agreement with the
WF law with a somewhat enhanced value of L [26]. Free-
standing tungsten nanobridges have also been shown under
some conditions to exhibit larger k than predicted by the
WF law [27]. Kojda et al. showed that a single-crystal Ag
nanowire, proven via in situ TEM characterization to be highly
crystalline, showed a temperature-dependent Lorenz number
that very closely matched the expectation of the WF law, tak-
ing into account the simple model of electron-phonon (e-ph)
scattering developed for bulk systems [28]. This contrasts with
Cheng et al., who reported large values of L in polycrystalline
Ag nanowires [29]. All of these positive deviations could be
explained by additional thermal conductivity via phonons in
systems with strongly reduced electrical conductivity, through
disorder or boundary scattering.

Measurements of Au and Pt nanowires are among the
few reports of reduced L in nanostructures, though usually
these show that both σ and k (and dρ/dT ) are strongly
modified. These include measurements of free-standing Pt
nanowires [30,31] and, more recently, ultrathin Au nanowires
in experiments where the wires were supported by a bulk
substrate [32]. Lee et al. also reported that metallic vanadium
dioxide in the region near the metal-insulator transition has
strongly reduced k [11], which they related to VO2’s strongly
correlated nature and “bad metal” behavior, where normal
quasiparticle expectations do not apply. Other earlier studies
of k in metal thin films conducted via a range of techniques
(usually with the presence of a bulk substrate) report reduced
k compared to bulk values, as expected, but usually with some
reduction of σ , and approximate agreement with the WF law,
though the validity of the WF law for thin polycrystalline
metal films has never been clearly established [33–35].

Significantly, the balance between σ and the electronic
thermal conductivity ke is almost always an important limi-
tation on the thermoelectric efficiency of a material used to
convert waste heat to electricity via the Seebeck effect, or
to cool objects via the Peltier effect [36–42]. As a result,
a means to lower k while keeping σ high is of tremendous
interest to the thermoelectric materials community. Note that
the known violations of the WF law in thin metal films are all
toward the unhelpful direction of improved k and decreased σ.

Here, we present measurements of thin-film gold samples that
achieve the “desired” violation of the WF law, i.e., lowering k

while maintaining approximately constant σ . A similar reduc-
tion of k in a one-component metal film with larger intrinsic
Seebeck coefficient could produce simple thermoelectric ele-
ments with favorable power factor and double the thermody-
namic efficiency.

Specifically, in this paper we report large violations of
the Wiedemann-Franz law in evaporated gold films in the
temperature regime near room temperature. In contrast to
reports in most other metallic nanostructures, these deviations
correspond to reductions from Lo, driven by reduced thermal
conductivity. After introducing our measurement technique,
which, due to the geometry of the thermal isolation platform,
exclusively measures in-plane transport, we present detailed
structural characterization of the films before continuing to
results showing a dramatically reduced Lorenz ratio for a
range of different Au films. We conclude with comparisons
to simple theoretical predictions, and with a suggestion of a
potential mechanism for the thermal conductivity reduction
based on modification of the phonon density of states in these
nanograined polycrystalline Au thin films.

II. EXPERIMENT

Our approach to measurements of k in films with nanoscale
thickness focuses on removing macroscopic heat sinks by sup-
porting the sample, heaters, and thermometers, and all mea-
surement leads, on a free-standing silicon nitride membrane.
This allows realization of the simple thermal model shown in
Fig. 1(a), where two heat capacities are connected to the heat
sink of a bulk substrate through thermal conductances, KL,
formed only from Si-N supports and thin-film leads. Before
the addition of a sample, the two are linked by a Si-N bridge
with thermal conductance KB. Subsequent deposition of Au
thin films through a shadow mask adds additional thermal
conductance KAu. The use of this model assumes that any
cross-plane thermal interface resistance is small compared
to the in-plane thermal resistances. This is a very good as-
sumption, since the large interfacial areas [between at least
the Au film and the large platinum electrical contacts visible
in Fig. 1(b)] and typical Au/Pt interfacial conductance of
0.2 GW m−2 K−1 or greater [43] make any out-of-plane ther-
mal boundary conductance at least four orders of magnitude
larger than any in-plane thermal conductance in the suspended
structure.

An example thermal isolation platform is shown in a
scanning electron micrograph in Fig. 1(b), where the two Si-N
islands, each with separately patterned resistive thermometers
and heaters, are visible along with the supporting legs and
sample bridge. The area where thin-film samples are deposited
is shown schematically, and the pattern of heating in response
to constant power added to the left island heater is shown with
false color. Note that the sample area bridging the islands is
≈2 mm long, while the films studied are <400 nm thick.
This extreme aspect ratio ensures that our measurements
exclusively probe in-plane k and σ .

The gold films we study here are grown via thermal evapo-
ration in high vacuum at rates ≈0.1 nm/s from source material
with 99.999% purity after reaching base pressures of 10−6

Torr or better. In addition to the thermal isolation platforms,
we also grow films on Si-N coated bulk Si substrates (the same

065003-2



VIOLATION OF THE WIEDEMANN-FRANZ LAW THROUGH … PHYSICAL REVIEW MATERIALS 4, 065003 (2020)

100 150 200 250 300 350
0.00

0.25

0.50

0.75

1.00

1.25

K
(μ

W
/K

)

T(K)
T0

TH

TS

sample area

TH TS

T0 KL

KB KAu

(a)

(b)

(c)

KB

19

372 nm 
304

231

196

161

142

73

37

Au1-9

FIG. 1. (a) Thermal model of the suspended Si-N structure and sample films used to determine the sample thermal conductance, K . Dashed
lines indicate the sequential deposition of Au films used to produce samples Au1−9. The same thermal model with a single sample K represents
samples Au0 and Cr/Au. (b) False-color tilted scanning electron micrograph of the suspended Si-N thermal isolation platform. The two thermal
stages at TH and TS and the bridging sample platform are indicated. (c) K vs T for the thermal isolation platform used for nine sequential Au
depositions and measurements. The dashed line is the Si-N background, KB, and dark blue symbols indicate measurements after deposition of
Au films. The numbers at right give the total thickness of the Au film after each sequential deposition.

as used for nanofabrication of the thermal isolation platforms)
for complementary structural characterization and thickness
measurements via atomic force microscope profilometry. We
grew three types of Au film for this paper: a first deposited
on the same thermal isolation platform in nine sequential
steps, with measurements of the platform after each deposition
(labeled Au1−9 in the figures that follow, where single-number
subscripts indicate a single layer of this film); a second labeled
Au0, which we grew to a similar total thickness but in a single
deposition; and finally another ≈300-nm-thick single-shot
film grown after deposition of a 10-nm Cr adhesion layer as is
typical for growth of Au on oxidized or nitridized substrates,
which we label Cr/Au.

Au films were characterized structurally using x-ray
diffraction (XRD), atomic force microscopy (AFM), and
scanning electron microscopy (SEM). XRD scans were per-
formed using a Bruker D8 Discover x-ray diffractometer
equipped with a Co source, an incident beam graphite
monochromator, and a two-dimensional x-ray detector. For
each sample, three two-dimensional datasets were collected,
and then integrated and merged to a single one-dimensional
XRD pattern with scattering angles converted to an equivalent
Cu source x-ray wavelength for ease of analysis. AFM mea-
surements used two different instruments depending on the
characterization performed. Measurements that determined
film thickness used an Asylum MFP3D microscope in contact
mode, while lateral grain size and surface roughness measure-
ments were performed using a Nanosurf NaioAFM operating
in contact mode. Finally, secondary electron imaging (SEI)
and backscattered electron imaging (BEI) SEM measurements
were collected using a JEOL JSM-6010PLUS/LA operating
at 20 kV.

We measure the thermal conductance of the bridge (includ-
ing any additional sample) after mounting the thermal isola-
tion platform chip on a radiation shielded sample mount in a
sample-in-vacuum cryostat. We measure the temperatures TH

and TS in response to power P added to the island heater after
the very short wait required to establish thermal equilibrium
in the entirely thin film heater. The simple thermal model of
Fig. 1(a) relates KB and KL to P, such that

TH = To +
[

(KL + KB)

(2KB + KL )KL

]
P, (1)

TS = To +
[

KB

(2KB + KL )KL

]
P, (2)

where we have assumed the small �T limit. To increase
measurement accuracy we typically measure TH and TS for
a range of applied P and make linear fits to these values
plotted vs P. The slopes of these fits allow extraction of KB

and KL. We determine the contribution from the sample by
first measuring KB with no film added, then subtracting this
background value from the measured thermal conductance
after adding a sample film. Figure 1(c) shows measured KB

(dashed line) and total K = KB + KAu (blue symbols) for the
platform used to measure Au1−9. At right we indicate the total
thickness of the Au film after each sequential deposition. KB is
in line with our previous measurements for similar platforms,
with values <100 nW/K. Addition of thick Au films increases
the total K by more than a factor of 10. We described details
of the microfabrication and further details of use of these
platforms elsewhere [14,16,18].

One important advantage to this technique is that, in ad-
dition to measuring thermal conductance K , we also use four
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FIG. 2. (a) XRD area detector image taken for film Au4, centered at 2θ ∼ 34◦, with an angular width ≈30◦. The intensity in the two
rings is clearly not uniform, visually indicating texturing of the sample. (b) An example plot of XRD intensity I vs angle χ for Au4, showing
nonuniformity for the two bright rings. (c) Comparison of normalized peak height T(111) and T(200) for four films indicating highly (111)
textured films. (d) X-ray intensity I/s (logarithmic scale) vs 2θ for four Au films, Au1, Au4, Cr/Au, and Au0. (e) Expected relative intensity
for a random Au polycrystalline material, plotted as percentage of expected intensity. Note the measured (111) and (222) peaks are dramatically
stronger than the reflections from other planes, one indication of strong texturing in the (111) direction.

additional leads, two of which are visible in Fig. 1(b) as large
triangular pads at each end of the indicated sample area, to
measure the electrical resistance R for the exact same film
at each step of the measurement. Electrical resistivity ρ and
thermal conductivity k are then determined from the sample
geometry. To examine the Lorenz number and study violations
of the WF law, we have

L = k

σT
= KfilmRfilm

T
. (3)

This means that the geometry of the sample, often the domi-
nant source of systematic error in transport measurements on
thin-film samples, does not enter in the determination of L. As
discussed further in Sec. IV, for films with very low thermal
conductance, some uncertainty arises due to small changes
of the Si-N background thermal conductance due to surface
scattering effects [14]. But, as we show in Fig. 1(c), for the
Au1−9 film, the contributions to total K for all but the first film
are much larger than the ≈10-nW/K changes possible from
that effect. Even for films near 40-nm thickness, the thermal
conductance of the Au is more than double the contribution
from the 500-nm-thick Si-N bridge.

III. RESULTS

A. Structural characterization

Before detailing the quite dramatic in-plane heat and
charge transport properties of these films, we first present
structural characterization that shows that in all cases these are
fairly typical polycrystalline films with microstructure well
in line with expectations for evaporated films. Figure 2(a)
shows an example XRD area detector image, representative
of data taken for four of the Au layers, Au1 (the first in the
sequence of nine evaporations), Au4 (the fourth in that series),

Au0, and Cr/Au. This image shows diffraction from Au4

centered at 2θ ∼ 34◦ with a total angular range 19◦ < 2θ <

59◦. Reflections from two sets of planes are visible here, and
both show nonuniform intensity around each arc, indicating
texturing of the film. We quantify this variation in intensity
for the two rings in Fig. 2(b), which plots integrated intensity
I as a function of the angular position on the ring, χ . Here
the blue trace shows I for the (111) ring on the left y axis,
and the green trace shows I for the (200) ring on the right y
axis. The right axis has a ≈50× smaller range, meaning that
the intensity of the (111) peak is much more sharply peaked.
We compare the normalized peak height for all four Au layers
examined in Fig. 2(c), where

T(hkl) = (Imax − Imin)

Imin
, (4)

with Imax (Imin) the peak (baseline) intensity for each ring.
This shows more strongly peaked distributions for (111) than
for (200) across all films, with a trend toward even sharper
peaking with increasing thickness of the Au layer.

Figure 2(d) shows x-ray intensity I vs 2θ x-ray-diffraction
patterns, determined by integrating area images such as
Fig. 2(a) for three different ranges of 2θ for the four Au layers.
The measured thickness of each layer is given in the caption
of the top panel, and the expected Bragg diffraction peak po-
sitions and relative intensity for a random Au polycrystal are
indicated in the bottom panel. With the exception of a narrow
peak near 2θ = 34◦ that the area scan of Fig. 2(a) indicates
is a single diffraction spot that results from the substrate or
sample holder, all the measured peaks are indexed to expected
FCC Au diffraction. For the Cr/Au sample, the 10-nm-thick
Cr is most likely too thin to resolve, and the overlap of the
fcc Au and bcc Cr peaks would prevent separation of these.
Note also that the (111) and (222) peaks are very strong
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TABLE I. Thickness, grain size, and film roughness determined
from XRD and AFM. Thickness determined from AFM contact
mode profilometry of Au1 and Au4 has an uncertainty of 2 nm or less,
and the thicker Au0 film has a somewhat higher 8-nm uncertainty.
In-plane and out-of-plane grain sizes are estimated from XRD peak
widths as described in the text.

Sample tfilm (nm) dg,OP (nm) dg,IP (nm) dg,IP,AFM (nm) σAFM

Au1 19 23 11 40 ± 5 1.36
Au4 69 71 28 48 ± 5 1.36
Cr/Au 10/300 74 30 82 ± 7 3.43
Au0 305 >100 37 61 ± 6 3.14

relative to the other (hkl ) planes, indicating that all films
studied here are not simply random polycrystals but show
significant out-of-plane texturing in the (111) direction. The
width of the peaks shown here is also large compared to the
instrumental broadening, so that average crystallite size can
be estimated using Scherrer’s formula, with the assumption of
zero microstrain. Furthermore, the textured nature of the films
allows approximate estimation of the in-plane and out-of-
plane grain sizes, since the (111) and (222) peaks are typically
parallel to the substrate, while the (200) and (311) planes are
on average more tilted in the in-plane direction. The resulting
estimates for in-plane grain size, dg,IP, and out-of-plane grain
size, dg,OP, appear in Table I. Here we see in general that the
estimated in-plane grain size remains relatively constant with
thickness in the range 11–37 nm, while dg,OP ≈ t , indicating
the presence of columnar grains. Such a grain structure is
common for a fairly wide range of surface, grain, and bulk
free energies, and very reasonable for these films evaporated
at relatively low rates at low temperature onto amorphous
substrates [44]. Both thinner layers, Au1 and Au4, likely
consist of a single layer of these grains, while thicker films
could be several grains thick.

Figure 3 shows 1 × 1 μm atomic force micrographs of
the top surface of the same four Au films examined with
XRD in Fig. 2. These images confirm the picture from XRD,
with relatively small, roughly circular grain patterns. Both the
average grain size of this top surface, dg,IP,AFM, and the rms
roughness also appear in Table I. Here a trend toward slightly
larger in-plane grains for the thicker films is apparent, which
suggest a slight conical shape to the columnar grains, as is also
common for evaporated metallic films [44]. The AFM image
of film Au1 also shows several voids (the black areas) where
individual grains or small groups of grains are apparently
missing. We believe this is the result of damage to this very
thin film from handling after growth (including measurements
of residual resistivity at ≈4 K). We cannot confirm or exclude
that such voids formed in the sample used to measure k and σ ,
which can introduce systematic errors into the calculation of
these quantities from K and R. However, we emphasize that
our measurements made on exactly the same samples for K
and R yield correct values of L even if the sample geometry is
difficult to determine due to formation of pores or voids.

Finally, we confirm that the grains are fully coalesced using
scanning electron microscopy of the same samples with two
imaging techniques. We show the results for the Au1, Au4,
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FIG. 3. Contact mode atomic force micrographs of four of the
evaporated Au films show small, roughly circular grains that grow
and coalesce as the total film thickness grows. The black areas
visible in the scan of Au1 are voids most likely caused by damage
to this thin, relatively fragile Au film (with no adhesion layer)
that occurred during handling of this substrate. These areas were
excluded from numerical analysis for grain size and roughness. Note
also that the color scale begins at 19.3 nm for only that sample. The
height variations in the image are ≈20 nm, in line with the measured
thickness of this film.

and Cr/Au and samples in Fig. 4. Here the left micrographs
use the typical SEI mode, and the right micrographs use BEC.
Backscattered electrons are more strongly affected by the
total Z number of the sample atoms, and contrast in such
images indicates changes in atomic composition. Here the
SEI images show similar morphology to AFM for all three
films, including the dark regions in Au1. The BEC image
for this film shows strong contrast in these regions, caused
by the large difference in Z for the Au film and underlying
Si-N and Si substrate. This confirms the voids for Au1 (which
would not affect our L measurements even if present for the
Au1 film on the suspended platform at the time of its k and
σ measurements, as discussed above), and also shows that
such voids do not exist in the thicker films, where very little
contrast is visible in the BEC mode. These images confirm
the Au films studied here are continuous, highly textured
polycrystalline films, very much in line with expectations for
thermally evaporated films grown on an amorphous substrate.

B. Transport measurements and WF violation

Figure 5 reports the T dependence of k, ρ, and L/L0

for Au1−9, Au0, and Cr/Au films. We first show k vs T
in Fig. 5(a). As expected, k for these films ranging from
≈20 to ≈ 380 nm thick are well below accepted values for
bulk Au at all T . Bulk values are not shown, but lie near
300 W/mK through this entire T range [45]. Note that in
Fig. 1(c) for films Au1−9, though the total thermal conduc-
tance K always grows when material is added, the thermal
conductivity actually drops at higher T when total t grows
greater than 150 nm, indicating a very different scaling than
expected. This dependence on t is shown explicitly at two
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FIG. 4. Scanning electron micrographs of Au1, Au4, and Cr/Au
and films (Au0 was also analyzed, but not shown here), in the stan-
dard secondary electron imaging (SEI) and backscattered electron
collection (BEC) modes. The lack of contrast in the BEC scans,
which are more dependent on atomic composition of the sample,
indicate that all but the thinnest Au thin films are formed from fully
coalesced grains. The voids in Au1 clearly correlate with features in
both SEI and BEC images.

temperatures, 300 and 100 K, in Fig. 5(b), where the change
in the overall trend of k vs t at 150 nm is distinct. This
clearly shows the dependence on sample thickness is more
complicated than expected. Classical finite-size effects would
suggest that 1/k scales as 1/t , or that k ∝ t , where t is film
thickness. Note that even the thickest films, where t is large
compared to all relevant length scales for the electrons, are
still well below bulk values for Au. However, the 300-K values
for films Cr/Au and Au0 approximately align with t-linear
behavior extrapolated from the thinnest films in the Au1−9

series.
Similar plots for ρ vs T and t , measured for the same

Au films, appear in Figs. 5(c) and 5(d). Here we see much
more typical behavior for thin film Au, with the expected
high T approximate linear behavior for all films, with the
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Surprisingly, the Au films show a strong trend toward suppression of
L with increasing thickness. Note that especially for the single-layer
films ρ approaches bulk values (dashed line), and the drop in L to
<0.4L0 is driven almost entirely by reduction in ke. Also shown in
(f) are T = 300 K L values for other metal films of similar thickness
measured with the same techniques [16]. This includes two previous
measurements of 15- and 100-nm-thick Au films (pink circles) [14].

highest ρ observed for the thinnest films, and values for
very thick films that approach but do not achieve bulklike ρ,
with bulk ρ shown as the dashed line [46]. Behavior with
t is closer to expectations from classical finite-size effects,
though thicker films in the Au1−9 series do have somewhat
worse conductivity than expected. Again, a discontinuity in
the overall trend with t occurs at 150 nm. It is possible that this
change in transport, with ρ remaining higher than the classical
finite-size 1/t extrapolation would suggest and k remaining
lower, could be caused by the formation of a second layer of
columnar grains in the thicker films. The nearly bulklike ρ for
the thick single-layer films while their k stays more than 1/3
lower than bulk is a striking initial piece of evidence of the
violation of the WF law.

These violations are most clearly shown by plotting the
measured Lorenz number, which Eq. (3) shows is independent
of sample geometry. Figures 5(e) and 5(f) show this value,
scaled by the free-electron Sommerfeld value, vs T and t .
The thinnest film, Au1, is near expectations for the WF law
at the highest T , but rapidly drops, reflecting the reduction
of k, as T drops. Thicker layers have reduced L at all T ,
with the most dramatic reduction evident in the Cr/Au film,
which has L nearly independent of T and reduced to less than
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FIG. 6. Comparison of measured L(T ), scaled here using the Sommerfeld value L0, to the theoretical expression of Eq. (5). (a) L(T )/L0

vs T for all Au films compared to three theory values: a calculation including no impurity scattering R0/Re−ph = 0, one with R0/Re−ph = 0.14
calculated from measured ρ0 for Au0, and R0/Re−ph = 0.79 calculated from measured ρ0 for Au1. Thicker Au films show strong suppression
of L(T )/L0 at all T . (b) Plot of only Au1, with the gray circle and filled area indicating the maximum possible uncertainty due to changes in
surface scattering in the Si-N as described in the main text. We conclude that Au1 roughly agrees with L(T ) theory for no impurity scattering,
indicating possible increase of electron-phonon scattering in this film.

40% of the simple free-electron expectation. On the L/Lo vs
t plot shown in Fig. 5(f), we compare the Au films to other
measurements our group made on other metallic films, as
well as two previous measurements of thinner Au films. A
Ni-Fe alloy film showed the best agreement with the WF law,
as expected from the dominant elastic impurity scattering in
such an alloy, while other pure elemental evaporated films
show only slight reductions at room T [16]. Our previous
t = 15- and 100-nm Au films (pink circles) are very much
in line with the trend shown for this group of Au films, where
suppression of L grows largest at large t . Again we clarify that
these dramatic reductions in L/L0 are driven by k, and that
these values are all measured for the same samples for both
k and σ , so no error is introduced by uncertainty in sample
geometry.

IV. DISCUSSION

We conclude with a consideration of the possible physics
driving the reduced k in these Au films, though it is clear that
further study and theoretical consideration will be required
for a rigorous understanding of this effect. The main results
from our paper are clear from Figs. 5(e) and 5(f), which show
the dramatic reduction in L for a wide range of T and film
thickness. This sort of reduction of L suggests strong inelastic
small q phonon scattering of the electrons involved in thermal
conduction. We begin a consideration of possible physical
mechanisms for this reduction by comparison with the simple
theory for L(T ) developed for bulk metals. The theoretical
expression for the Lorenz ratio, LTh(T )/L0, as a function
of temperature that takes into account electron-phonon and

impurity scattering, is given by [35,47]

LTh(T )

L0

=
R0

Re−ph
+ (

T
θD

)5
J5

(
θD
T

)
R0

Re−ph
+ (

T
θD

)5
J5

(
θD
T

)[
1 + 3

π2

( kF
qD

)2( θD
T

)2 − 1
2π2

J7

(
θD
T

)

J5

(
θD
T

)
] .

(5)

Here kF is the Fermi wave vector; θD and qD are the Debye
temperature and wave vector, respectively; and

Jn

(
θD

T

)
=

∫ θD/T

0

xnex

(ex − 1)2 dx, (6)

with n = 5 or 7. The ratio R0/Re−ph quantifies the level of im-
purity scattering, where R0 is the residual resistance and Re−ph

is the contribution from electron-phonon scattering. Though
this expression involves a number of assumptions including
spherical Fermi surfaces, equilibrium phonon distributions,
and normal (N) scattering processes (discarding umklapp
processes), for electron-phonon scattering, it has been used to
analyze noble-metal nanostructures, which showed excellent
agreement with the theory for silver nanowires with confirmed
high degree of crystallinity via TEM, for example [28]. This
is due in part to the nearly spherical Fermi surface for Au
and Ag.

We compare our results for Au to this theory in Fig. 6.
Here we plot L(T )/L0 vs T , with T/θD also shown on the top
axis, where θD = 165 K is the high T value for gold’s Debye
temperature. Figure 6(a) shows the entire range of films,
compared to the theoretical value calculated for three different
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impurity scattering amounts: R0/Re−ph = 0, the case of zero
impurity scattering, and R0/Re−ph = 0.79 and 0.14. The latter
two are calculated using the measured residual resistivity
(taken from 5-K values of ρ) for Au1 and Au0, respectively. As
in earlier work [16,28], we determine R0/Re−ph = ρ0/ρe−ph

with the expression ρe−ph = (dρ/dT )T , which is a reasonable
assumption for the Au films at these T where dρ/dT is
predominantly linear and nearly equal to that for bulk values
[28,35]. Here we see that the thinnest film (the t = 19 nm first
layer in the sequential series labeled Au1 shown with blue
stars) has the strongest T dependence, and roughly matches
the prediction of the L(T ) theory when impurity scattering
is ignored. As the film grows thicker, the T dependence
becomes weaker, while the overall suppression of L grows.
This indicates that the balance of horizontal and vertical
electron-phonon scattering, as discussed further below and
shown schematically in Fig. 8(a), changes as the Au films
grow thicker.

The strong T dependence of the thinnest films is striking.
In our previous work using suspended Si-N platforms to study
thin-film thermal conductivity, we have observed changes in
the Si-N background thermal conductance driven by surface
scattering of long-wavelength phonons in the Si-N by the
addition of a sample film [14]. This change in the background
can cause apparent reduction in k for thin-film samples with
a small additional thermal conductance KAu [16]. Before
continuing discussion of the thinnest Au films we must rule
out Si-N phonon surface scattering as a cause of the drop in
k and L at lower T . The largest total drop in KB we have
observed is a shift of 10 nW/K. In Fig. 6(b), we plot only
L(T )/L0 for Au1. The labeled gray circle is the result if we
assume that KAu has the largest possible shift from this surface
scattering effect, assuming that the KB for this point is shifted
down by 10 nW/K by the addition of the film. This maximum
estimation, which likely overestimates the surface scattering
effects, does not bring the measured L back to L0, and indeed
still indicates a strong drop in L(T )/L0 with decreasing T .
The gray shaded region provides an estimate of the maxi-
mum uncertainty added by the surface scattering effects. This
clarifies that Au1 indeed shows a strongly T -dependent L(T )
that is in surprisingly good agreement with the theoretical
curve with no impurity scattering. This is essentially the same
observation made by Kojda et al. for highly crystalline, thin
Ag nanowires [28]. It is even more unexpected here, however,
considering the highly polycrystalline nature of our sample.
Also note that though L(T ) matches a bulklike theoretical
behavior, as shown in Figs. 5(a) and 5(c), both σ and k
are strongly reduced from bulk values. The charge transport
also shows very typical effects of impurity or grain-boundary
scattering of electrons. The agreement of L(T ) with the theory
here indicates that e-ph scattering remains important, such
that the balance of WF “obeying” horizontal scattering events
and WF violating vertical scattering events evolves with T as
expected in bulk systems. As films grow thicker, this balance
tips strongly toward the violating vertical e-ph scattering
events.

Figure 7 explores estimates of the relevant length and
characteristic time of these scattering events. We first examine
the estimated electron mean free path including all scattering
events affecting thermal processes, 	k,tot , determined from the

50 100 150 200 250 300 350

10

100

1000
 

0.01

0.1

τ
(ps)(n

m
)

(b)

Au1-9

Au0

Au0

Au1-4

Au1-9

Cu
th, τth

vio, τvio

Au1

0

5

10

15

20

25

30

35

0.00

0.01

0.02

T (K)

(a) k,tot = vFτk,tot

k
,t
o
t

(n
m

) τ
k
,to

t
(ps)

τk,tot =
3k

γTv2F

Au0

Au1-9

Au1

FIG. 7. (a) Estimated mean free path, 	k,tot (left axis), and re-
laxation rate, τk,tot (right axis), for all electrons involved in thermal
transport shown for three Au films. The gray band indicates the
in-plane grain size for Au1, centered at the estimated value 11 nm
with width ±1.5 nm that most likely underestimates the uncertainty
in dg,IP. This is near 	k,tot for all T for this film. Thicker films develop
stronger T dependence, but have 	k,tot < dg,IP at all T (dg,IP from
Table I, not shown here for Au0 and Au1−9). (b) Comparison of WF
obeying and WF violating scattering events via 	 (τ ). 	th (left axis)
and τ th (right axis) are shown for the same films as (a). 	vio and τvio

are shown for the same films though with Au1−4 shown rather than
Au1, which diverges due to much closer match with theory.

measured k using the kinetic expression k = 1/3celvF	k,tot

with cel = γT the electronic specific heat and vF the Fermi
velocity, using typical values [48]. The right-hand axis plots
the relaxation time τk,tot . We show calculations for three Au
films, the t = 19 nm Au1, the full sequential stack Au1−9 with
t = 372 nm, and the single-shot film Au0 with t = 305 nm.
The gray area indicates the estimated in-plane grain size, dg,IP,
for the t = 19 nm thick Au1 film, which is similar to the total
average grain size for this thinnest Au film. This estimate of
mean free path shows that scattering of electrons involved in
thermal transport in the Au1 film occurs on a length scale
commensurate with the in-plane grain size. 	k,tot for thicker
films remains < dg,IP.

Using the theory of Eq. (6), we can make separate estimates
of the length scale of scattering events that obey the WF
theory and those that violate it. With the assumption that

065003-8



VIOLATION OF THE WIEDEMANN-FRANZ LAW THROUGH … PHYSICAL REVIEW MATERIALS 4, 065003 (2020)

k̂z

k̂x

A B

C

Data 1

e−

∇T
5

4

3

2

1

0

  V
D

O
S 

(a
.u

.)

6543210
 Frequency  (THz)

LA

TA

νF,L
νF,T νD

Bulk

Nanoscale

(a) (b) (c)

FIG. 8. (a) Schematic view of the Fermi sphere with a thermal gradient applied in the x̂ direction. A, B, and C indicate three relevant
electron-phonon scattering processes. As described in the main text, process A maintains the WF law, while both B and C lead to reductions
of k without strongly affecting σ . (b) Schematic comparison of the VDOS for bulk (blue line) [49] and nanoscale Au (red line, adapted from
Ref. [50]). The modification of VDOS, coupled with the anisotropy in grain size in the in-plane and out-of-plane directions, is a possible route
to reduced k and violation of the WF law. The frequency scales of TA phonons and LA phonons corresponding to the Fermi momentum νF,T

and νF,L, respectively, as well as the frequency scale indicating the Debye temperature νD, are indicated. (c) A schematic view of a grain in one
of our thicker Au films that shows the direction of the applied thermal gradient, and clarifies that larger q phonons allowed in the out-of-plane
ẑ direction cause scattering events that are preferentially of the C type, reducing in-plane k without strong effects on in-plane ρ.

Matthiessen’s rule holds for the scattering time for thermal
relaxation we write

τk,tot =
(

1

τth
+ 1

τvio

)−1

. (7)

Here τth is the scattering time including e-ph and impurity
scattering underpinning Eq. (5) and τvio is the scattering
time for the additional inelastic scattering that drives the WF
violation. Using the typical derivation of the WF law, but
replacing the simple ratio of scattering times for electrons
in electrical transport, τσ , and those in thermal transport,
τk,tot , gives L(T )/L0 = τk,tot/τσ , as we described elsewhere
[16]. When deviations from L0 are only from the processes
considered in the theory of Eq. (6), then LTh(T )/L0 = τth/τσ ,
such that

τk,tot =
(

L0

LTh(T )τσ

+ 1

τvio

)−1

. (8)

Here τσ = m∗/ρne2 is calculated for Au using measured ρ

and accepted electron density. Solving Eq. (8) allows calcu-
lation of τvio and comparison to the WF obeying scattering
time τth.

Figure 7(b) shows the resulting calculation for τth and τvio

(right axis) vs T for three films, with the mean free paths
	th = τthvF and 	vio = τviovF (left axis) also shown. Note that
we calculate τvio and 	vio for Au1−4 instead of Au1, since the
latter largely obeys the L(T ) theory as shown in Fig. 6, such
that 	vio diverges. Here τth for each film takes into account
the level of impurity scattering appropriate for that film, and
this causes these WF obeying events to be dominated by the
elastic, horizontal impurity scattering. These WF following
scattering events occur at shorter 	 and shorter τ than the WF
violating scattering events. This indicates that electrons on
average experience many WF obeying scattering events before
a violating scattering event occurs. Note that long 	vio and
τvio indicate infrequent violating events, as is not uncommon

for metals and as we previously reported for Cu (shown) and
Al thin films [16]. The thicker Au films experience much
more frequent WF violating scattering events, with Au0 show-
ing 	th ≈ 	vio near 300 K, indicating that the violating and
traditional scatterings occur with roughly equal probability.
However, separate examination of these violating scattering
events does not indicate any particularly strong correlation
with grain size.

A physical picture of the reduced in-plane k and WF viola-
tions in these Au films with nanoscale, columnar grains must
explain the dominance of e-ph scattering for thin films, and the
increasingly frequent WF violating scattering when t grows.
We overview one possible explanation in Fig. 8. In panel (a),
we clarify the nature of the e-ph scattering events relevant
to the WF violation in these films. Following Ref. [1], we
represent the Fermi sphere when a thermal gradient is applied
in the in-plane (x̂) direction. Both edges of the sphere are
smeared, with empty and filled electron states that have higher
than average thermal energy and lower than average thermal
energy. Here hotter (cooler) states are shown with red (blue)
circles, and filled (open) states are shown as filled (open) cir-
cles. We highlight three relevant scattering processes. Process
A represents a “horizontal” scattering, where a hotter than
average electron in a state with positive �kx is scattered by a
phonon transferring sufficient momentum to place the electron
in a state with nearly equal and opposite momentum. This
reversal of direction can therefore affect both charge and heat
transport, maintaining the assumption of equal scattering rates
that yields the WF law. This normal scattering process (and its
umklapp counterpart) requires a phonon with momentum q ∼
kF, and the reduction in population of these phonons drives
the drop in L(T ) common in bulk materials and accounted
for in the theory of Eq. (5). Process B represents a typical
“vertical” scattering event, where a hot electron again in a
state with positive �kx is scattered by a smaller q phonon into a
cooler state but with nearly equal �kx, affecting heat transport
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with minimal effect on σ and thus violating the WF law.
Process C represents scattering of a hot electron into a cold
empty state by a larger q phonon but with momentum transfer
predominantly in the out-of-plane ẑ direction. This is again a
WF violating vertical event.

We suggest that the change in the balance of these scat-
tering events is driven by the evolution of the anisotropic
nanoscale grains in these evaporated films, and ultimately by
modification of the phonon, or vibrational density of states
(VDOS) in nanoscale systems. VDOS for bulk systems is well
understood theoretically and can be measured accurately for
large, highly pure samples using inelastic neutron scattering
(INS) [49]. The nature of this distribution of phonons with
various energy has been explored more recently for either
nanoparticle or nanostructured systems with particle or grain
size ranging from 5 nm or less to as large as 120 nm. Such
work started with theoretical predictions [51] that have been
followed by molecular dynamics simulations [52] and a range
of quite challenging experimental probes including Raman
spectroscopy of Au nanoparticles [50,53] and INS of vari-
ous nanocrystalline or nanostructured systems [54–57]. We
represent the resulting picture from most of these studies
schematically in Fig. 8(b). The bulk VDOS for Au measured
by INS is shown for reference (blue line), and the peak
at high frequency dominated by longitudinal acoustic (LA)
modes is labeled. Transverse acoustic (TA) modes dominate
the VDOS outside of this peak, though both types of modes
can be found up to the maximum cutoff near 4.8 THz [49].
A nanoscaled system introduces undercoordinated and more
loosely bound atoms at the boundaries of a grain or particle,
which drives a somewhat counterintuitive redistribution of
vibrational energies. We show this change schematically (in
red, minimally smoothed data from a measurement for Au
nanoparticles [50]). Here some TA phonon modes shift to
lower energy while the typical longitudinal acoustic modes
are broadened, with the effect of shifting many such modes
to much higher energies. To clarify the effect of such shifts
on e-ph scattering and the WF law we show the frequency
of TA and LA phonons that carry momentum equal to the
Fermi wave vector, νF,T and νF,L, respectively (purple lines).
We also show the scale of the average phonon vibrations
represented by the Debye temperature for gold with νD =
kBθD/h (orange line). Since a phonon of q ∼ kF is needed for
a horizontal scattering event such as process A, we see that
reduction of the TA phonon peak near 2 THz will most like
reduce horizontal scattering and potentially increase vertical
scattering. However, the broadening of the LA phonon peak,
with modes that are � kF in bulk such that they can only cause
vertical scattering, most likely reduces the number of these
events, while the LA modes that now approach νF,L could
cause increased scattering of type A. Though the details will
depend on the nature and size of the nanoscale grains, and
recent work on Au nanowires has invoked modified VDOS
as an explanation for reduced L [32], it is possible that the
balance of type-A and type-B scattering events is not strongly
altered by the nanoscale VDOS shifts alone, as we have
observed for the Au1 film. Furthermore, It is possible that
the overall lowering of TA mode frequency could increase

the e-ph coupling and cause more scattering events, such that
these e-ph scattering events dominate impurity scattering as
discussed above for Au1.

However, if VDOS changes alone do not suppress L(T ),
some other mechanism must be responsible for the strong
reductions seen in the thicker films. Here we suggest that the
growth of the grains in the out-of-plane direction introduces
anisotropy in the phonon spectrum, such that phonons with
momentum in the ẑ direction recover a VDOS approaching
bulk. This adds TA phonons with sufficient q to scatter
across the Fermi sphere, allowing the type-C processes shown
in Fig. 8(a), which relax the in-plane heat transport while
not affecting charge transport, as shown schematically in
Fig. 8(c). This matches the trends seen across this series of
Au films. The nonequiaxed nature of the grains also suggests
why thermal conductivity measurements such as time domain
thermoreflectance [43,58,59], which typically measure k in
the out-of-plane direction, might not observe the strong re-
duction of k in Au thin films that we have demonstrated.

Though this suggested mechanism matches our observa-
tions, there are certainly other possibilities that could be
explored in a more detailed model or theory of this system.
For example, the strong texturing of the nanoscale grains in
our films could play a role, as the bulk VDOS of Au shows
that the TA phonons are much lower energy (and momentum)
for the (111) direction than for the (100) direction. Hence
the small grain size in the in-plane (100) direction could
preferentially cut off the higher-frequency phonons needed
for horizontal scattering. However, an explanation for the
overall thickness dependence of L(T ) is not clear in this
picture.

Finally, we point out that this reduction of in-plane k
could be general for materials with this pattern of grains
and modification of VDOS. A broader exploration of such
systems, focusing on semiconductors with large thermopower
and potentially useful thermoelectric effects, could suggest
a route to increasing the thermoelectric figure of merit in
thin-film thermoelectric systems.

V. CONCLUSION

In summary, we presented measurements of in-plane
charge and heat transport in well characterized, thermally
evaporated Au thin-film samples. These measurements were
made using a micromachined Si-N thermal isolation plat-
form that isolates the in-plane transport properties and also
allows examination of the Lorenz number and violation of
the Wiedemann-Franz law with no uncertainty from sample
geometry, since charge and heat transport are measured on
exactly the same sample. These polycrystalline films, with
in-plane grain size ranging between 10 and ≈50 nm and
out-of-plane grain size roughly equal to film thickness, show
dramatically reduced L compared to the free-electron value
and values for other evaporated metal films. We suggest that
this reduction results from anisotropic modification of the
vibrational density of states of the system. Such a mechanism
deserves further study and, if found to be more general, could
suggest a route to increased performance of thermoelectric
materials in thin-film form.
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