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Simultaneous measurement of thermal conductivity and specific heat in
quasi-two-dimensional membranes using the 3w method
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With a view to measuring the thermal properties of exfoliated atomically thin materials, we demon-
strate simultaneous measurements of the thermal conductivity and specific heat in suspended membranes.
We use the 3w technique applied to quasi-two-dimensional silicon nitride membranes having a metal
line heater patterned on the surface to both deliver heat and directly measure the thermal impedance of the
membrane at the heating frequency, Z(2w). We derive an expression for the complex thermal impedance as
a function of frequency, approximating the actual rectangular membranes with a one-dimensional model.
The derivation accounts for potential parasitic heat-loss mechanisms, including conduction along the
heater line and by the gas load in an imperfect vacuum. Qualitatively, the thermal impedance response
resembles a low-pass filter due to the combination of the total thermal resistance and total specific heat.
Fitting Z(2w) to measurements across a few decades in frequency, we extract values of the thermal conduc-
tivity and specific heat of silicon nitride in agreement with literature values. We also study the dependence
on the heating current and compare it to measurements of the thermal conductivity at zero frequency.

DOI: 10.1103/pk7p-jxdp

I. INTRODUCTION

The thermal conductivity and specific heat of materials
convey a wealth of information about material proper-
ties; however, such measurement approaches have played
a rather small role in the exploration of atomically thin
materials over the past two decades. Graphene, as the pro-
totypical two-dimensional (2D) material [1], has been the
focus of a variety of approaches to measuring thermal con-
ductivity [2—14], with only a handful of reports on other
materials [15-29]. The specific heat of atomically thin
materials is surprisingly underexplored [5,11,30-32].

There are practical difficulties in measuring the thermal
properties of atomically thin materials. Since ~10-pwm-
sized, nanometer-thick exfoliated flakes have the aspect
ratio of a typical sheet of kitchen plastic wrap, if heat
is injected into such a sample while it is supported
on a substrate, this heat will largely just flow down
into the support. Even for the most thermally insulat-
ing materials—aerogels [33], or turbostratically disordered

*Contact author: henriksen@wustl.edu

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license. Fur-
ther distribution of this work must maintain attribution to the
author(s) and the published article’s title, journal citation, and
DOL

2331-7019/26/25(3)/034002(9)

034002-1

transition-metal dichalcogenides [28]—the thermal con-
ductance from the membrane to the substrate will greatly
outweigh the heat flow through the vanishingly small cross
section of the sheet. An obvious alternative—suspending
atomically thin samples to eliminate parasitic loss to
the substrate—poses difficulties for device fabrication
and measurement, but it can in principle provide perfect
thermal isolation for the bulk of the membrane.

To address these opportunities and challenges, we are
adapting the versatile 3w thermal transport technique
[34-38] for use with suspended, exfoliated samples. Here,
we present the development of both the experimental and
analytical approaches. Since the measurement is intended
to apply to any suspended membrane, we initially substi-
tute suspended silicon nitride membranes for exfoliated
atomically thin materials, as these membranes are read-
ily available in sizes matching the relevant aspect ratio
for exfoliated atomically thin materials (approximately
10 x 10 pm? flakes with nanometer thickness, correspond-
ing to silicon nitride membranes 1 mm on a side and 100
nm thick), allowing the method to be developed apart from
the fabrication challenges of exfoliated materials.

With a view to developing a robust method for
directly accessing the thermal properties of atomi-
cally thin materials, we choose the 3w technique
over alternative approaches—optical [2—5,19-24], direct
measurement of thermal gradients [10], microbridges
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[6-9,16—18], high-frequency noise (accessing only the
electronic component) [11-14,30,31], or nanomechanical
resonators [32]—for two reasons. First, and most impor-
tantly, in contrast to these methods, the 3w technique
applied to suspended membranes can access both the ther-
mal conductivity and the specific heat simultaneously.
Second, the 3w technique has straightforward and conve-
nient requirements on device patterning and measurement.
Only a single metallic wire patterned on the material
of interest is required to directly measure the thermal
impedance at the heating frequency, Z(2w). This quan-
tity directly encodes the thermal properties of the material
that impact heat transport from the wire. The measure-
ment entails routine lock-in detection of the third harmonic
of the ac electrical current applied to the wire, a calibra-
tion of the wire resistance versus temperature, and control
over the sample environment. No differential thermometry
is required. Finally, this approach is applicable to almost
any material, whether electrically conducting, insulating,
or magnetic, and it is compatible with low-temperature
experiments, high magnetic fields, and arbitrary sample-
stage rotations, all of which make competing measurement
methods (particularly optical approaches) challenging.

We begin by reviewing the 3w measurement, working
in a one-dimensional (1D) approximation to the quasi-2D
samples. We describe the electronic and thermal transfer
functions, including how the thermal impedance, Z(2w),
depends on the thermal conductivity, «, and specific heat,
¢, of the material supporting the heating wire. We also
account for two potential parasitic heat-loss mechanisms:
conduction to the substrate along the heating wire, and via
the gas load in a nonideal vacuum. The formulae obtained
are then used to extract ¥ and ¢ for a silicon nitride mem-
brane. Although in this work we do not find any apprecia-
ble parasitic thermal losses, we anticipate that they may
become relevant in future measurements of microscopic
samples.

II. THEORY

The 3w measurement uses a single metallic wire pat-
terned on the material whose thermal properties are to be
measured. Crucially, the resistance of the wire must have
some dependence on temperature, R = R(T). An ac elec-
tric current, /(w), is passed through the wire, heating it
sufficiently out of equilibrium to induce 2w oscillations
of the wire resistance. Mixing of these frequencies yields
the desired voltage at the third harmonic, V3,. This volt-
age essentially captures how the wire cools via the material
onto which it is patterned.

A schematic of the device is shown in Fig. 1(a). This
consists of a quasi-2D membrane of thickness d suspended
over a rectangular hole of area / x w. Provided that d < A,
where A is the thermal wavelength defined below, there is

no thermal gradient normal to the plane and thermal trans-
port is in the 2D limit. The membrane has a heating wire
of width b,, and thickness d,, patterned on it, with multi-
ple electrical leads for a four-terminal measurement. The
thermal circuit is shown in Fig. 1(b), accounting for the
wire thermal conductivity «,, and specific heat ¢,,, and the
thermal conductances Gy, across the interface to the mem-
brane and Gy to the substrate at thermal ground. The
membrane has thermal conductivity x and specific heat
c—these are the quantities we desire to measure—and the
Gas captures heat lost to (or gained from) the background
in a nonideal vacuum.

The ideal device is shown in the left-hand panel of Fig.
1(c). This is a two-dimensional rectangular membrane with
edges held at thermal ground, heated by a current pass-
ing through the wire. For simplicity, we approximate this
system with a one-dimensional model shown in the right-
hand panel of Fig. 1(c), having a rod with conductivity «
and specific heat c that transports heat from a thermal mass
representing the wire on the left to thermal ground on the
right.

A. Electrical and thermal transfer functions

The substrate around the membrane is held at base tem-
perature Ty. An ac current /(w) = [y sin(w?) generates a
power P = IR in the wire, increasing its average temper-
ature to AT = Ty — To. These quantities are related by
the thermal impedance, Z:

AT=PxZ, (1)

which is a convolution of the responses at relevant heat-
ing frequencies. For small powers, the first-order change
in resistance is given by

R(T) = Ro(1 + BAT) = Ro(1 + BI* % Z)
BIGRo

=Ro + [Zow — ZawcoswD)],  (2)
where B = dR/dT and we explicitly show the Fourier com-
ponents of Z in response to the power at dc and 2w. The
voltage drop across the wire becomes

V=1IR
I’R? oo
_ [ 1oRo + P20 (701 20 L i)
2 2
I’R?
_ Pk Zowsin(3wt). 3)

The second term is the desired voltage at the third har-
monic, V3,. Note that the Ohmic response at @ gains a
contribution proportional to /° and both the dc and 2w ther-
mal impedances; thus, care must be taken when calibrating

034002-2



SIMULTANEOUS MEASUREMENT OF THERMAL...

PHYS. REV. APPLIED 25, 034002 (2026)

(b)

Membrane x, ¢

Gsub

Tsup—"

Toack—

(€)

1D model

2 0
2D model
(d) (e)
_‘ — Re[Z]
— Im(Z] 067, 2R
£ o044 <
— = Q
S < 024 %
N '§ ‘QQO R In phase
— S O
Oz N 0.0 e 5
. d)O Quadrature
-0.24 000?
e S : e
Frequency (Hz) 10° 10" 10® 10° 10
Frequency (Hz)

FIG. 1. (a) Schematic of device: suspended rectangular mem-
brane (orange, dimensions / x w) on a thermally conducting
substrate (blue) with electrical connections and a heating wire on
the membrane (gold). The inset shows the membrane thickness d
and heating-wire dimensions d,, and b,,. (b) Thermal impedance
model, including the thermal conductivity and specific heat of
the membrane and wire, and relevant thermal conductances: Giy
between the wire and membrane; Gy, to the cryostat thermal
background; and Gy, to the substrate. (¢) Left: 2D model of the
membrane, with a thermal boundary at the substrate temperature,
and heating from a wire. Right: 1D model of a rod heated at the
left by a thermal mass representing the wire and cooled to thermal
ground at the right. (d) Real and imaginary parts of the ther-
mal impedance at the heating frequency, Z(2w). (¢) In-phase and
quadrature data for Z(2w) of a suspended Si; N4 membrane mea-
sured at 7 = 200 K, with fits to the Z(2w) formula from which
the membrane « and ¢ can be extracted.

R(T) to use small currents that do not appreciably heat the
wire.

Standard low-frequency lock-in voltage measurements
typically record rms values. Correspondingly, the ther-
mal impedance can be calculated from measured quantities
using

2 V3w,rms

Zoy = ————2
O B RS

(4)

We derive the dependence of Z,,, on the material param-
eters and geometry in the Appendix; the response for
heating by a current at frequency w is found to be

1
ZQw) = o (dkk coth(kl/2) + G,,/w + iwbycwd,) ™" .
6)

Here, G,, is an effective thermal conductance due to heat
flowing out the ends of the wire. The wave number

k= @20+ y)/a, (6)

with
kd
= 7
T dtcpdy ™
2K
Y =—"""> ®)
cd + cgdy

where K| is the surface thermal conductivity. If the ther-
mal conductance of the wire and by any gas load is ignored,
these equations simplify somewhat with G,, = y = 0 and
k= iRwc/k.

The real and imaginary parts of Z,,, for this 1D model
are plotted in Fig. 1(d). These closely resemble the
response of a low-pass filter, reflecting how the system can
be described by a lumped-element model having total ther-
mal resistance R ~ 1/k and specific heat C ~ ¢, in close
analogy to an electronic RC filter [37].

Equation (5) accurately describes the measured thermal
impedance of our SiN device. In Fig. 1(e), we show an
example of the data for 7= 200 K. The behavior of the in
phase and quadrature (90° out of phase) parts of the mea-
sured impedance do indeed resemble a low-pass filter and
can be fitted using the real and imaginary parts of Z(2w) to
extract ¥ and ¢ of the membrane as parameters.

III. EXPERIMENTAL RESULTS

Figure 2(a) shows a typical device that closely realizes
the schematic of Fig. 1. This consists of a 100-nm-thick
silicon nitride sheet on a 200-pwm-thick silicon substrate,
where the central 1 x 1 mm? portion is a suspended mem-
brane on which we pattern a 1-pum-wide, 100-nm-thick
Au wire contacted by several electrodes. The measurement
proceeds by applying an ac signal from a current source,
with a lock-in amplifier used to detect the voltage at the
third harmonic, V(3w), in a four-terminal configuration.

In Fig. 2(b) we show the in-phase and quadrature parts
of this voltage at various temperatures, measured with a
200 A bias. With decreasing temperature, we observe a
consistent increase in the magnitude of both parts and an
upward shift in frequency of the peak in the quadrature.
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FIG. 2. (a) Micrograph of SiN membrane device (100-nm-

thick membrane appears orange). (b) In-phase and quadrature
V(3w) voltages vs frequency at various temperatures. (¢) Vari-
ation of V(3w) with current at different frequencies, showing the
expected o< I3 dependence. (d) Four-terminal resistance of the
patterned heating wire vs temperature.

In separate measurements, we confirm that the voltage at
the second harmonic is consistent with zero to within the
noise, as expected from Eq. (3).

The analysis of the preceding section predicts that V3,
is proportional to the cube of the current. In Fig. 2(c), we
plot the dependence of V(3w) on the bias current, which
indeed matches expectations except for data at the highest
frequency plotted, for which values of V(3w) lie close to
the noise floor.

The resistance R(7T) of the wire is needed to calculate
Z(2w). Figure 2(d) shows R(T) measured using a small
bias current [/(w) =1 WA] to avoid self-heating. As is
typical for an evaporated thin film of a nominally pure
metal, the resistance saturates at low temperatures and
otherwise increases linearly with temperature, with slope
B = 1.00(0.03) /K.

In Fig. 3(a), we plot the experimentally determined in-
phase and quadrature values of Z(2w), calculated from
the V3, data of Fig. 2(b) using Eq. (4). The error is
dominated by uncertainty in B, which can readily be
improved in future experiments. As anticipated, the data all
show a qualitative low-pass filter behavior, with the “RC”
time decreasing as the temperature is lowered, reflecting
a generic decrease in both the thermal conductivity and
specific heat.

In Fig. 3(b) we show the results of performing simul-
taneous fits of the real and imaginary parts of Eq. (5) to
the in-phase and quadrature data of Fig. 3(a) (except for
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FIG. 3. (a) Thermal impedance at the heating frequency,
Z(2w), vs frequency and temperature. (b) Same as (a), with data
fit to Eq. (5); 200 K is shown in Fig. 1. Traces are vertically
offset for clarity. Values of (c) « and (d) ¢ for the SiN membrane
extracted from the fits to 3w data (circles) and from separate mea-
surements at dc (triangles; « only.). Error bars are the size of the
symbols or smaller. Comparison data are plotted by digitizing
results from prior literature [40—42,44—46].

T = 200 K, which is already shown in Fig. 1). With x and
c as the only free parameters, we are able to find very good
agreement between the expected form of Z(2w) and the
experimental data, and the resulting ¥ and ¢ are plotted in
Figs. 3(c) and 3(d).

In performing these fits, we explored whether including
a parasitic thermal conductance via the Au wire [the G,,
term in Eq. (5)] or any background gas load [K | , ¢, and d
in Egs. (6)+7)] made a difference. Using literature values
for the thermal conductivity of Au thin films [39], we find
no difference in either the goodness of fit or the extracted «
and c¢ values of the membrane (unsurprisingly, as the heat-
ing wire is only one thousandth the width of the silicon
nitride membrane). Similarly, any nonzero value for K
due to the gas load (the vacuum is approximately 10~ Torr
in this measurement cryostat) only made the fits worse,
and we therefore assume that the background gas load
contributes negligibly to the thermal transport. Although
these effects are not relevant here, we anticipate that they
may play a role in future work on atomically thin mate-
rials and plan to study them in in greater detail in future
experiments.

In Figs. 3(c) and 3(d), we find that our « and ¢ values
fall close to—and show a similar temperature dependence
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as—the results of several prior works [40—46]. The com-
parison data were acquired in silicon nitride grown by a
variety of methods, which may contribute to the breadth of
the results [41] (for reference, we use SPI part no. 4126SN-
BA, grown in a low-pressure chemical-vapor-deposition
process [47]), as will the use of differing experimental
approaches. As can be seen in Fig. 3(c), Ref. [40] uses
a 3w measurement tailored for thin films supported on
a substrate. The temperature relaxation in a micro- or
nanocalorimeter is used in Refs. [41,42] to access both the
thermal conductivity and the specific heat shown in Fig.
3(d). Finally Refs. [43—46] use a 3w method similar to our
approach but access the thermal conductivity and specific
heat via a low-frequency expansion.

As one means of verifying this 3w approach, in Fig.
3(c) we include values of the membrane x measured by
applying a dc bias current and using the increase in resis-
tance of the heating wire as a measure of the temperature.
Larger currents lead to greater temperatures, from which
we extract k4. = (AP/AT)(I/2wd), which applies pro-
vided that AT < Tj. These values of k4. closely agree with
the 3w measurements.

In general, it is desirable to keep the change in tem-
perature small compared to 7y. In the 3w measurements,
since Z varies with frequency, the temperature oscillations
at 2w vary as well. In Fig. 4(a), we plot AT, /T for vari-
ous heating currents versus frequency for the 200 K data.
Large temperature swings of up to 10% at low frequency
are observed at the highest current (500 wA), decreasing
to just one part in 10* for smaller currents at high fre-
quencies. Throughout these variations, Fig. 4(b) shows
that the Z(2w) values acquired at different bias currents
largely agree, with deviations arising only in the peak of
the quadrature component at low frequencies for the largest
bias. Overall, this suggests that keeping AT/Ty < 1% is
sufficient.

Figure 4(c) shows that the change in temperature for
the dc-bias measurements, calibrated from R(7), increases
quadratically with current, as expected for Ohmic heating
of the wire. The thermal conductivity shows a weak depen-
dence on bias current for both ac and dc measurements, as
plotted in Fig. 4(d). The deviation at low dc bias arises
from a small offset voltage in the measurements, which is
less consequential at higher biases, while the decrease at
high ac bias results from heating beyond the regime of lin-
ear response. Consequently, the dc and ac values agree best
around 200 pA.

IV. DISCUSSION

The thermal impedance of a suspended membrane
shows a close similarity to a low-pass filter. We can
define a thermal “RC” time and a critical frequency
fe = 1/ RC), which should describe the usual —3 dB
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FIG. 4. (a)Relative change in temperature, AT/ T, of the heat-

ing wire for various bias currents. (b) In-phase and quadrature
thermal impedance measured at different temperatures. (c) Varia-
tion in AT/T induced by varying dc heating current. (d) Thermal
conductivity measured by dc method and ac method.

point of a filter (also the maximum of the quadrature sig-
nal). Letting R = 1/G = [/2kdw and C = cdwl/2, we then
have f, = 2k /(mcl?). For example, in Fig. 3, the critical
values range from f. = 4.6 to 14.6 Hz for the curves from
300 to 50 K, matching the peak location as anticipated.

This analogy to an electronic low-pass filter is intu-
itively useful but not exact. In particular, the high-
frequency behavior is Z,, ~ 1/4/@ (=3 dB/octave), in
contrast to H ~ 1/w (—6 dB/octave) for the electronic RC
filter.

A low-frequency or long-wavelength limit is often
applied in the analysis of 3w data, such that the thermal
wavelength or penetration depth is much larger than the
line-heater dimensions [36,43,44]. In this work, the ther-
mal wavelength, A = 27/|k| = /272 /w, is greater than
50 wm for all experimental values of & € {7 x 107%,2 x
10~°} m?/s that are found over the frequency range up to
10* Hz, justifying the use of the full form of the impedance
in Eq. (5).

This method works well provided that parasitic capac-
itances do not introduce spurious phase shifts. Here, the
impedance associated with the distributed cable capaci-
tance (at most 1 nF) remains above 15 k2, much greater
than the device resistance of 100 2; however, we antici-
pate that if higher frequencies are needed or if the device
resistance is higher, then the RC time tz¢ associated with
the distributed capacitance of the electronic cabling and the
device resistance will need to be accounted for. There are
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two clearly relevant cases. First, to proceed to lower tem-
peratures 7 < 30 K in future experiments, materials other
than pure metals will be needed to have a useful value of
B (such as AuGe [48]). These are typically alloys with
much larger resistivities, which yield smaller RC times
and may impede observation of the peak in the quadrature
of the thermal response; in turn, this will limit the accu-
racy of curve fitting, which is most strongly constrained
by matching to this peak. Second, in looking ahead to
measuring smaller membranes of exfoliated flakes of lay-
ered materials (typically tens of micrometers in size), the
1/ dependence may push the thermal cutoff frequency to
approach or exceed the electronic bandwidth and so require
alternative electronic measurement techniques.
Nonetheless, the key advantage of our approach
remains: that by performing simultaneous fits of the real
and imaginary parts of Eq. (5) [or, as needed, the sim-
pler Eq. (A6)] to the in-phase and quadrature 3w data, both
the thermal conductivity and specific heat can be extracted
simultaneously for samples in a suspended geometry.
Thus, the 3w technique acquires enormous utility for
exploring thermal properties in atomically thin materials.
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APPENDIX: DERIVATION OF THERMAL
IMPEDANCE

We consider thermal transport in a quasi-1D model
of the quasi-2D rectangular membrane, accounting for

2D model

FIG. 5.

¢121?/2

parasitic heat-loss mechanisms, including thermal conduc-
tance along the heating wire and heat lost to or gained from
the thermal background at temperature 7}, (e.g., the interior
of a cryostat or sample stage) due to the presence of gas in
an imperfect vacuum [49].

If gas is present, we model the membrane as having a
thin adsorbed layer with a specific heat ¢, and thickness
dg; the gas layer is presumed to be in equilibrium with
the surroundings such that the adsorption and desorption
rates are balanced at a given temperature. Heat may be
transported to or from the membrane via a surface thermal
conductivity K| .

In the 1D model, following Fig. 1, a long rod with ther-
mal conductivity « and specific heat ¢ has heat injected at
one end by a thermal mass representing the wire, and the
other end is held at the temperature of thermal ground, 7.

With reference to Fig. 5, the thermal balance in the ith
element of a long rod is given by

qi =qiy1 +gg + Ui + U, (A1)
with ¢; = —kAjdu/éx and Ay =déw; g, =2K A,
(u; — Tp) is the gas-mediated surface heat flux from both
sides of the membrane, where 4, = dwéx and u; is the
temperature of the ith volume element, and for now the
background temperature is assumed to be the same as the
substrate; and U; = cVdu;/8t and U, = coV,6u;/5t are the
internal energies for small volumes V' = déxéw of the wire
and Vg = dy6x8w of the adsorbed gas.

Combining terms and taking the continuum limit, the 1D
thermal diffusion equation is

auye = u+y W —Tp), (A2)
where, as above, o = «d/(cd + cqd,) is the thermal dif-
fusivity, y = 2K, /(cd + c,d,) is a thermal surface con-
ductance, and u; is the partial derivative with respect
toj.

The general solution of Eq. (A2) is

u(x, ) = 24sinh(kx)e™ + asinh(bx) +ug,  (A3)

To thermg,
groungq

1D approximation

Left: 2D model of Fig. 1, with the quasi-1D section highlighted. Right: quasi-1D model for calculating heat-flow balance in

a long uniform rod. Heat is injected by Ohmic heating of the metal wire at the left (by symmetry, only half the membrane and wire is
considered) and removed by thermal conductance G,, out the ends of the wire, thermal transport g, through any background gas, and

by flow through the rod to thermal ground.
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where w is the frequency of the applied heating cur-
rent. The wave numbers are k = /(i2w + y)/a and
b = /v /a. The constants 4, a, and u, are determined by
matching boundary conditions: at the cold end of the rod,
u(0,¢) = Ty, while at the warm end (at x = //2), the elec-
trical heating power deposited in (half of) the wire per unit
length is balanced against the heat capacity and the flows
of heat into the membrane and out both ends of the wire,
expressed as

by
p(t) == cwdwgut(l/za t) + Kdux(l/za t)

+ % (/2,0 —To) . (A4)

Here, p =1%p/2 = (I3p/4)(1 — cos(2wr)) = Re[po(1 —
¢>*")] with p = R/w, and other dimensions are defined in
Figs. 1 and 5.

Strictly speaking, in the 1D approximation of Fig. 5,
there is no heat flow to the ends of the heating wire; how-
ever, the real device is of finite width and the wire is pre-
sumed to thermalize to the substrate at 7y at the membrane
edges, so the thermal conductance of the wire will remove
some heat from the system. To account for this, we derive
an effective conductance G,, for an insulated self-heated
wire of finite length w. From the well-known parabolic
temperature distribution at zero frequency (which holds
even for wt > 1 [37]), it is straightforward to find
G, = 2k,d,b,,/w for the total effective conductance to
both ends of the wire, which ultimately reduces the power
available to heat the membrane.

The full solution is

—po sinh(kx) 2!
dkkcosh(kl/2) + (G,,/w + iwb,,d,,c,,)sinh(ki/2)
n posinh(bx)

dbkcosh(bl/2) + xsinh(bl/2)

u(x,t) =

+Tp.  (AS)

We seek to find the impedance at the heating frequency,
Z(2w), so that measurements of V3, in conjunction with
Eq. (4) can be used to obtain « and c. Per Eq. (1), Z,, =
AT,/ P>, where the total power deposited in the wire
at 2w is —powe>. Dividing by this power and simplify-
ing gives the final result shown in Eq. (5). A factor of %
accounts for thermal conduction through the two halves of
the membrane in parallel.

In cases where the wire contributes negligibly to the
thermal conductance and the background gas load can be
ignored, these formulae further simplify to

1
ZQw) = 5 (dki coth(kl/2) + iwbucydy) ™", (A6)

with k = +/i2wc/k and y = 0.
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