
REVIEW OF SCIENTIFIC INSTRUMENTS 87, 015105 (2016)

Apparatus for the measurement of electrical resistivity, Seebeck coefficient,
and thermal conductivity of thermoelectric materials between 300 K
and 12 K
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We have developed a custom apparatus for the consecutive measurement of the electrical resistivity,
the Seebeck coefficient, and the thermal conductivity of materials between 300 K and 12 K.
These three transport properties provide for a basic understanding of the thermal and electrical
properties of materials. They are of fundamental importance in identifying and optimizing new
materials for thermoelectric applications. Thermoelectric applications include waste heat recovery
for automobile engines and industrial power generators, solid-state refrigeration, and remote power
generation for sensors and space probes. The electrical resistivity is measured using a four-probe
bipolar technique, the Seebeck coefficient is measured using the quasi-steady-state condition of
the differential method in a 2-probe arrangement, and the thermal conductivity is measured using
a longitudinal, multiple gradient steady-state technique. We describe the instrumentation and the
measurement uncertainty associated with each transport property, each of which is presented with
representative measurement comparisons using round robin samples and/or certified reference mate-
rials. Transport properties data from this apparatus have supported the identification, development,
and phenomenological understanding of novel thermoelectric materials. C 2016 AIP Publishing
LLC. [http://dx.doi.org/10.1063/1.4939555]

INTRODUCTION

Solid state refrigeration and direct thermal to electric
energy conversion technologies are a critical component
towards the sustainable utilization of global energy resources.
They comprise thermoelectrics, thermionics, and thermopho-
tovoltaics, for example. In particular, thermoelectric de-
vices that operate with higher efficiencies (>20%) are an
increasingly active research goal. Thermoelectric applications
include solid-state refrigeration, waste heat recovery for
automobile engines and industrial power generators, power
scavenging for sensors, and remote power generation for
space probes. The widespread commercialization of these
devices relies on identifying and optimizing new materials.1,2

To this end, researchers employ both commercially avail-
able and custom developed instrumentation to provide the
underpinning transport measurements needed to support the
development, production, and reliability of thermoelectric
materials and devices.1–7 In this paper, we describe our custom
instrumentation for the consecutive measurement of electrical
resistivity, the Seebeck coefficient, and thermal conductivity
of materials between 300 K and 12 K, three transport
properties that are essential to determine the suitability
of a material for thermoelectric applications. While many
applications of thermoelectric materials are at temperatures
above 300 K, reliable and accurate measurements below
300 K are required to understand the underlying physics of
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these critical energy conversion materials. In addition, this
apparatus measures all three of these properties sequentially
on the same sample to improve the reliability and confidence
in the materials data, published examples of which can be
found in Refs. 8 and 9. This paper includes representative
measurement comparisons using round robin samples and/or
certified reference materials, as well as thorough estimation
and discussion of the measurement uncertainty, which is
necessary for the reliable interlaboratory comparison of
materials data. This apparatus has been in continuous use at
the University of South Florida for nearly 10 years, providing
data for over 30 high quality publications on a variety of
different materials.

INSTRUMENTATION

Cooling of the sample holder between 300 K and
12 K is achieved using a Janis closed cycle refrigerator
(Janis CCS-200 Expander model DE-202, equipped with
an APD cryogenics, Inc. HC-2D-1 Helium Compressor).10

The sample chamber is evacuated to <10−3 Pa (<10−5 Torr)
using an oil diffusion pump roughed in line with a rotary
mechanical pump. 45 mm Bosch extruded aluminum profiles
provide a rigid stand for the expander. Leveling feet and
rubber isolation pads are assembled to the stand legs to
suppress expander vibrations. The expander is fitted with a
16 mm thick aluminum mount and additional rubber isolation
pads. This aluminum mount is bolted to the stand using
multi-angle connectors that enable rotation of the expander
unit and sample holder for ergonomic sample mounting.
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The sample holder assembles to the second stage cold
head. A 9.5 mm thick brass sample holder connector provides
thermal mass between the sample holder and the second stage
cold head to minimize temperature oscillations. A thin layer
of Apiezon N thermal grease enhances the thermal contact
between the cold head, the sample holder connector, and
the sample holder. The custom sample holder (Figure 1) is
comprised of three components machined from the same
102 mm diameter oxygen-free copper ingot: the sample
holder, sample mounting cubes (4 in total), and the primary
radiation shield. The sample holder is 33 mm in diameter
and 30 mm tall and notched along the back side for wiring. A
secondary heater is formed by manganin wire wrapped around
a 12.7 mm diameter, 3.8 mm tall cylindrical section on the
sample holder mast. Four 8 mm × 8 mm × 8 mm removable
sample mounts expedite sample mounting throughput. Each
sample mount also contains a single metalized alumina contact
pad for stack soldering (50% Pb/50% Sn solder between the
sample mount and the alumina contact pad and 42% Sn/58%
Bi solder between the sample and the alumina contact pad).
The alumina contact pad provides electrical insulation and
good thermal contact. The sample mount is screwed into and
flush with the top of the sample holder mast using 0.1 mm
thick indium foil to enhance the thermal contact. The primary

radiation shield is polished to a mirror finish on both the inner
and outer surfaces. This radiation shield is threaded to directly
attach to the base of the sample holder. A secondary radiation
shield mounts to the first stage of the cold head.

A Lakeshore 331 Temperature Controller monitors two
calibrated DT-670B-CO silicon diodes, A and B. Tempera-
ture diode A is located on the cyrostat stage 1 just above the
primary heater. Temperature diode B is screwed to the top of
the sample holder via a pressure mount. Voltage measuring
wires within the cryostat are comprised of 1 m finely twisted
Belden 8085 0.008 square mm Poly-Thermaleze coated cop-
per magnet wires. Current sourcing wires are comprised of
finely twisted Belden 8083 0.02 square mm poly-thermaleze
coated copper magnet wires. Diode A connections arrived
preassembled by Janis. The temperature controller provides
feedback through the primary heater located on the stage 2
cryostat head and the secondary heater on the sample holder.

Metalized alumina contact pads interface the sample con-
tacts with the instrumentation. A row of 6 pads are stack
soldered on each side of the sample holder mast. Metal con-
tact pins are soldered to each contact pad. The contact pads
thermally anchor the sample wires with the sample holder
and electrically isolate each contact. For the transport property
measurement wires within the cryostat, voltage measuring

FIG. 1. (a) Schematic side view of the sample holder; (b) schematic top view of the sample holder; (c) enlarged front view of the sample holder and sample
contacts (sample shown in shaded blue); and (d) a photograph of the sample holder mounted onto the cryostat without the radiation shields. Dashed lines show
hidden lines.
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wires are comprised of 1 m finely twisted Belden 8085 0.008
square mm copper magnet wires and current sourcing wires of
finely twisted Belden 8083 0.02 square mm wires, connected
to the electrical feedthrough. The small diameter wires mini-
mize thermal gradients. For thermal anchoring, all wires are
twice wrapped around the copper blocks on each of the two
cooling stages and secured in place via Teflon tape. A 5 m long
3M 3750 Series 13 twisted pair shielded round cable connects
the cryostat’s electrical feedthrough to the instrumentation.

All voltages are measured using a Keithley 2001 Mul-
timeter equipped with a 2001-SCAN card. The SCAN card
expands the measurement capacity to 10 channels without
increasing the measurement uncertainty. Two Keithley 2400
SourceMeters provide a constant current for (1) the electrical
resistivity measurement and (2) for the resistive sample
heater. These instruments interface the computer using
IEEE 488.2 GPIB communications bus. A custom National
Instruments LabVIEW program automates the measurement
procedure and collects the data.

Thermoelectric transport property measurements require
careful attention to the thermal and electrical contact interfaces
between the probes and the sample, as well as to the instrumen-
tation. Extreme care is given to parallel sample cutting (using
an abrasive wire saw) and polishing, in addition to characteriza-
tion of the geometric parameters. Typical sample dimensions
are 2 mm × 2 mm × 5 mm, although samples between 2 mm
and 14 mm in length have also been measured. A brief summary
of the sample mounting procedure follows. Using a Dremel
press, a # 80 drill bit bores two 0.4 mm diameter divots into
each specimen along a single longitudinal face. A polymer
film is placed over the sample before the drilling procedure
to create a mask for the voltage measurement contact loca-
tions. This mask is used during a nickel plating procedure to
ensure that the spacing between the two voltage probes and the
spacing between the two differential thermocouple beads are
the same. The voltage probe contacts are placed on the side of
the sample and in alignment with the thermocouple beads. All
voltage and current contacts are made using a Hunter Products
ElectroPlating System with a nickel plating pen, 42% Sn/58%
Bi solder, and 0.025 mm bare copper wire. A type E differen-
tial thermocouple for the temperature difference measurement
and a type E thermocouple for the average sample tempera-
ture measurement are formed by arc melting 0.025 mm bare
chromel and constantan wires in acetone to prevent oxidation.
The differential thermocouple beads are mounted into the two
divots using Stycast epoxy and the sample temperature ther-
mocouple is bonded to the middle of the sample in between
the differential thermocouple beads using the same epoxy. One
of the sample’s current contacts is then soldered directly to
the sample mount’s contact pad using a hotplate. For each
new sample, a 100Ω,1.0 mm × 0.5 mm × 0.35 mm thick film
metal glaze on ceramic resistor serves as the resistive sample
heater. Two 0.025 mm bare copper wires are soldered from
their midpoint each on one side of the sample heater to provide
both the current and the voltage contacts. The sample heater
is mounted to the free end of the sample using epoxy. When
mounted to the sample holder, the sample is in an upside down
position, such that heat from the sample heater flows up and
through the sample mount and sample holder, which serves as

the cold sink. A schematic of the sample contacts and locations
is shown in Figure 1(c).

The dominant uncertainties associated with the results
of each transport property measurement are categorized as
components that cannot be evaluated statistically (type B),
being systematic in origin and arising from instrumentation,
data acquisition, and/or calibration errors. All uncertainties are
expressed according to the recommendations contained in the
ISO (International Organization for Standardization) guide to
the expression of uncertainty in measurement.11 The uncer-
tainties for each measured transport property are derived at the
end of each section. There is an uncertainty common to each
transport property arising from the average sample temperature
measurement. The average sample temperature, T , is obtained
by the simple average of those values measured at the beginn-
ing and the end of each transport property measurement. The
thermocouple wires are soldered to the contact pads on the
sample holder, forming the thermocouple reference junction.
Therefore, the thermocouple reference junction temperature is
measured using silicon diode B on top of the sample holder,
with a manufacturer’s stated accuracy of 32 mK at 300 K and
12 mK at 12 K. As a calibration, four thermocouples were
placed on the contact pads to compare their temperatures with
the thermocouple reference junction temperature as measured
by the silicon diode. These differences are less than 0.2 K
at 300 K and less at lower temperatures. Further, there is an
uncertainty component associated with measuring the thermo-
couple voltage. At 300 K, the electric potential for a type E
thermocouple is ≈1.4 mV. The stated accuracy of the 2001
Keithley Multimeter is ±50 ppm of reading +6 ppm of range.
The reading component is negligible in comparison to all other
stated uncertainty components, while the range component for
the 200 mV range is 6/106 × 0.2 V or 1.2 µV. The range compo-
nent is then converted into a standard uncertainty component
of 0.69 µV, assuming a square distribution. Therefore, the
total standard uncertainty component derived from the average
sample temperature measurement at 300 K is 0.04%, negligibly
compared to all other uncertainty components.

Measurement of electrical resistivity

Electrical resistivity is measured using a four-probe
(potentiometric) bipolar technique,1,3–7 given by

ρ =
V
I

A
lo
, (1)

where V is the averaged bipolar voltage, I is the averaged
± current sourced through the sample, A is the average
cross-sectional area, and lo is the effective distance between
the centers of the two voltage contacts.12 A Keithley 2400
Sourcemeter provides a constant current of ≈10 mA. The
current value through the sample is obtained by measuring
the voltage across a high precision resistor of known value
in series with the sample. The effective distance is chosen
according to l − lo ≥ 2w (where l is the sample length and
w is the sample thickness) to ensure that the current is
homogeneous between the voltage contacts.

In materials with large Seebeck coefficients, thermal
gradients from joule heating or from a static temperature



015105-4 J. Martin and G. S. Nolas Rev. Sci. Instrum. 87, 015105 (2016)

difference can add a thermoelectric voltage onto the measured
resistive voltage. One common practice to eliminate the
Seebeck voltage is to reverse the current direction (I+ and
I−) and average the voltage measurements,13

V =
[V (I+) + S∆T] − [V (I−) + S∆T]

2
. (2)

In addition to joule heating, temperature differences can also
arise from the Peltier effect, in which current passing through
the metal contact/sample interfaces releases heat at one
contact and absorbs heat at the other. Bipolar measurements
reverse the direction of both the temperature gradient and
its corresponding Seebeck voltage, such that the averaged
bipolar voltage still contains this erroneous component.
The time for the Peltier heat to diffuse from one contact
to a distance x is proportional to x2/D, where D is the
thermal diffusivity,14 typically about 1.1 s–1.3 s for common
thermoelectric materials.15 Therefore, we reverse the current
direction quickly (0.5 s) so that the Peltier error is negligible.2

The uncertainty component for the series resistance
voltage measurement and the electrical resistivity voltage
measurement is determined using the voltmeter standard
uncertainty component of 0.69 µV. For example, for an
electrical resistivity of 2 mΩ-cm, both the series resistance
voltage measurement and the electrical resistivity voltage
measurement uncertainty components are <0.1%, negligible
in comparison to all other uncertainty components. There
are also uncertainty components arising from the error in
measuring the effective length and the cross-sectional area.
The average cross-sectional area is obtained by averaging
the sample depth and width measured at three positions
along the sample length using a calibrated micrometer. The
micrometer standard uncertainty component for a typical
2 mm dimension is 0.0127 mm/2 mm or 0.64%. The
effective length is measured using an optical stereoscope
with a built in reticle scale, calibrated using an US Air
Force (USAF) resolution test target (RES-2). The effective
length, defined as the center-to-center distance between each
voltage contact, is obtained by measuring the diameter of
each contact and the distance between the inner edges of
the two contacts. The uncertainty component for measuring
the effective length is dominated by measuring the smaller
contact diameter. At 30× optical magnification, the standard
uncertainty component for measuring a 0.4 mm diameter
contact is 0.0005/.0150 (reticle units) or 3.3%. The standard
uncertainty components are then combined using the Root
Sum of Square (RSS) method for a total standard uncertainty,
ur. The total expanded uncertainty for the electrical resistivity
measurement is given by Rm(T) = ±kur or ±6.7%, where
k = 2 for a 95% confidence interval, applied to the entire
temperature range.

A representative measurement of the National Institute
of Standards and Technology (NIST) austenitic stainless steel
SRM® 1460 between 12 K and 300 K is shown in Figure 2.
The measured data and the NIST certified data agree within
the stated ±6.7% uncertainty. We note that the values of
SRM® 1640 are lower than those typical of thermoelectric
materials, thus providing an excellent demonstration of the
capabilities of the instrumentation.

FIG. 2. The temperature dependent electrical resistivity of NIST austenitic
stainless steel SRM® 1460 (filled circles) shown in comparison with the
NIST certified data (unfilled circles). The error bars represent the ±6.7%
measurement uncertainty.

Measurement of the Seebeck coefficient

The Seebeck coefficient is measured using the quasi-
steady-state condition of the differential method, in a 2-
probe arrangement (see Ref. 16 for a comprehensive review
of Seebeck metrology and Ref. 17 for measurement proto-
cols). In this apparatus, the temperature difference across
the sample and the sample temperature is measured using
thermocouples, so that the measurement of the relative
Seebeck coefficient is essentially an exercise in low voltage
metrology: one for the thermoelectric voltage, V , one for
the temperature difference, ∆T , and a third for the average
sample temperature, T . In the differential method, the
Seebeck coefficient is defined as S = V/∆T . Small thermal
gradients are applied to the sample at each specified base
temperature using the resistive sample heater. The temper-
ature difference is increased at rate of ≈0.45 K/s between
a minimum of ≈0.002T and a maximum of ≈0.02T . The
voltage and temperature difference are recorded in 0.5 s
intervals. Since the experimental data are not assumed to
be collinear with the ordinate (V = 0,∆T = 0), the Seebeck
coefficient is calculated as the slope of the unconstrained
linear fit of twenty voltage/temperature difference data points
{(V,∆T)}, eliminating voltage offsets. The measured Seebeck
coefficient is subtracted from the Seebeck coefficient of the
second conductor (copper) to obtain the corrected Seebeck
coefficient of the sample.

The uncertainty component for the thermoelectric voltage
measurement is determined using the voltmeter standard
uncertainty component of 0.69 µV and the measured ther-
moelectric voltage. For example, for a Seebeck coefficient of
100 µV/K measured under a ∆T = 0.5 K (the smallest ∆T
measured), the thermoelectric voltage uncertainty component
is 1.4%. The uncertainty component for the temperature
difference measurement is calculated in a procedure similar
to the one used for the average temperature measurement.
The corresponding voltage for a differential type E ther-
mocouple under a ∆T = 0.5 K is ≈30 µV, yielding a
temperature difference standard uncertainty component of
0.69 µV/30 µV or 2.3%. Consequently, the least square
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estimate of the slope based on the data {(V , ∆T)}, where
the linear regressions approximate the thermoelectric voltage
and temperature difference data better than 3σ, has the same
2.7% RSS combined V and∆T uncertainty. Since a differential
thermocouple is used to measure the temperature difference,
separate contacts are used to measure the corresponding
thermoelectric voltage. Misalignment between the voltage and
temperature probe mounting locations introduces additional
error. The probe displacement is categorized as a positive or
negative translation where the probe spacing is constant with
no dilation or contraction of the probe spacing (a masking
technique is used to place the voltage contacts). These
errors have recently been quantified by simulating Seebeck
coefficient measurements using finite element analysis.18 The
propagated error in the absolute Seebeck coefficient for
small misalignment can be approximated by multiplying the
displacement percent (measured optically) and the measured
Seebeck coefficient. Accordingly, we estimate a characteristic
probe misalignment uncertainty component of 1.0%. Finally,
we estimate an uncertainty component of 0.5% due to the
staggered data acquisition of the differential thermocouple
voltage and the thermoelectric voltage, based upon the
aperture time of the voltmeter and the switching rate of the
scanner card.17 The type B standard uncertainty components
are then combined using the RSS method for a total standard
uncertainty, us. The total expanded uncertainty for the Seebeck
coefficient measurement is given by Sm(T) = ±kus or ±5.8%,
where k = 2 for a 95% confidence interval, applied to the
entire temperature range.

A representative Seebeck coefficient measurement be-
tween 12 K and 300 K is shown in Figure 3 for a
CoSb3 skutterudite sample. The sample was obtained from
General Motors (GM) for interlaboratory comparison. Our
measured data and the GM data agree within the stated
±5.8% uncertainty. Figure 4 shows data measured on a
Bi2Te3 material obtained as a recent international round
robin study.19 Our measured data and the consensus mean
of all round robin participants agree within the stated ±5.8%

FIG. 3. The temperature dependent Seebeck coefficient of CoSb3 skutteru-
dite (filled circles) shown in comparison with data measured by General
Motors (unfilled circles). The error bars represent the ±5.8% measurement
uncertainty.

FIG. 4. The temperature dependent Seebeck coefficient of a Bi2Te3 material
(filled circles) shown in comparison with the consensus mean of the NIST
round robin data (unfilled circles). The error bars represent the ±5.8% mea-
surement uncertainty.

uncertainty throughout the temperature range measured. We
note that the 1σ variance of the consensus mean is ≈4%.

Measurement of thermal conductivity

Thermal conductivity is measured using a longitudinal,
multiple gradient steady-state technique1,3–5,7,20 and is given by

κ =
P
∆T

lDTC

A
, (3)

where lDTC is the effective distance between the hot and
cold differential thermocouple contacts and P is the power
produced by the sample heater. The power is determined by
measuring the current sourced through the sample heater and
the sample heater’s resistive voltage. Three small temper-
ature differences are stabilized on the sample, where the
temperature difference at the differential thermocouple is
between a minimum of ≈0.0015T and a maximum of
≈0.015T . The temperature difference is stabilized to within
±8 mK at 300 K, increasing to ±15 mK at 12 K. Since
the experimental data are not assumed to be collinear
with the ordinate (P = 0, ∆T = 0), the thermal conductivity
is calculated using the slope of the unconstrained linear
fit of the three power/temperature difference data points
{(P, ∆T)}.

It is assumed that all the joule heat produced by the sam-
ple heater forms the temperature difference on the sample.
However, there are several possible sources of thermal loss
which must be minimized to reduce the error in the power
term. These sources include heat conduction and convection
through the surrounding atmosphere, heat conducted through
the sample contact wires, and radiation. Conduction and
convection losses are minimized by evacuating the sample
chamber to <10−3 Pa (<10−5 Torr) and conduction through
the sample wires is minimized by using small diameter
(0.025 mm) wires that are thermally anchored in multiple
positions between the sample holder and the cryostats
electrical feedthroughs. Thermal radiation is generally not
a concern below 100 K. But at higher temperatures and for
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low thermal conductivity materials, thermal radiation may
become a more significant source of error. The amount of
radiation loss can be estimated by the Stefan-Boltzmann law.
The use of dual radiation shields in our apparatus, one at
the cryostat first stage and the other directly mounted to
the sample holder, minimizes radiation losses below 300 K.
This is evident by the absence of a characteristic radiation
“tail” with increasing temperature and in comparisons of
our measured thermal conductivity values with the literature
values and round robin samples.

The temperature difference standard uncertainty compo-
nent is identical to the one derived for the Seebeck coefficient
measurement or 2.3%. We note that the uncertainty in the
actual P measurement (IV) is negligible in comparison to
all other uncertainty components (≪ 0.01%) and is therefore
ignored. Consequently, the least square estimate of the slope
based on the data {(P, ∆T)}, where the linear regressions
approximate the power and temperature difference data
better than 3σ, has the same 2.3% uncertainty. There is
also the 3.4% uncertainty component arising from the error
in measuring the effective length and the cross-sectional
area (similar to the uncertainty component derived in the
electrical resistivity section). The type B standard uncertainty
components are then combined using the RSS method for a
total standard uncertainty, ut. The total expanded uncertainty
for the thermal conductivity measurement is given by κm(T)
= ±kut or ±8.2%, where k = 2 for a 95% confidence interval,
applied to the entire temperature range.

A representative thermal conductivity measurement be-
tween 12 K and 300 K is shown in Figure 5 for a
CoSb3 skutterudite sample (the same as used for the above
Seebeck coefficient measurements shown in Figure 3). The
GM data were measured using a steady-state technique
in custom built instrumentation. Our measured data and
the GM data agree within the stated ±8.2% uncertainty,
with some minor deviation between 20 K and 12 K. We
note that the uncertainty (not shown) for the GM data is
comparable to our measurement uncertainty and provides
overlap of the two uncertainty bands even in the lowest

FIG. 5. The temperature dependent thermal conductivity of CoSb3 skutteru-
dite (filled circles) shown in comparison with data measured by General
Motors (unfilled circles). The error bars represent the ±8.2% measurement
uncertainty.

FIG. 6. The temperature dependent thermal conductivity of NIST austenitic
stainless steel SRM® 1460 (filled circles) shown in comparison with the
NIST certified data (unfilled circles). The error bars represent the ±8.2%
measurement uncertainty.

temperatures. Figure 6 shows a representative measurement
of NIST austenitic stainless steel SRM® 1460 (the same as
used in the above resistivity measurement shown in Figure 2)
between 12 K and 300 K. The measured data and the NIST
certified data show excellent agreement within the stated
±8.2% uncertainty.

We now consider an anomalous temperature dependent
error. As previously stated, the thermal conductivity is
measured by calculating the slope of the unconstrained linear
fit of multiple power/temperature difference data points {(P,
∆T)}. Figure 7 shows the applied power as a function
of the measured temperature difference for five different
base temperatures, each fitted with a linear function (data
measured on SRM® 1460). The data are generally not
collinear with the expected ordinate (P = 0,∆T = 0). As
shown in the inset in Figure 7, the extrapolated ∆T intercepts
increase in magnitude as the temperature decreases. There
are two possible sources of the error represented in the
∆T intercepts: (i) thermal contact errors resulting in a
misreading of the actual sample temperature (ii) and/or the

FIG. 7. Applied heater power as a function of the measured temperature dif-
ference at five different base temperatures, each fitted with a linear function.
The inset shows the extrapolated ∆T intercepts as a function of temperature.
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error in measuring the differential thermocouple voltage.
To determine the source of the error, we estimate the
expected temperature dependence of each error. According
to the thermal contact model presented in Ref. 17 and
references therein, the error in measuring surface temperature
will increase linearly as a function of the difference in
temperature between the sample and the environment, at
a rate determined by the constriction (cold finger) and
thermal contact resistances. In comparison, the temperature
dependence of the ∆T intercepts does not appear to include a
dominant linear component.

Next, we estimate the temperature dependence of the
differential thermocouple voltage measurement error. We
note that this temperature dependence is not considered in
the above thermal conductivity uncertainty calculation. The
thermocouple voltage, E, for a given T can be determined
using the ITS-90 reference function,

E =
n
i=0

ci(T)i, (4)

where ci are the coefficients for a type E thermocouple.21

The differential thermocouple voltage for a given ∆T is
then determined by multiplying the ∆T and the Seebeck
coefficient for the differential thermocouple, SDTC(T),

SDTC(T) = dE
dT
=

n
i=0

(i)(ci)(T)i−1. (5)

Figure 8 shows the differential thermocouple voltage as a
function of temperature calculated for ∆T = 0.625 K, similar
to the average experimental ∆T at all base temperatures.
Figure 8 also shows the uncertainty in the differential
thermocouple voltage as a function of temperature calculated
using the 0.69 µV voltmeter standard uncertainty. Using
these values, we can now compare the temperature depen-
dence of the differential thermocouple uncertainty with the
temperature dependence of the experimental ∆T intercepts to
identify any correlation. First, we calculate the expected error
in a given ∆T as a function of T, then fit both the calculated
∆T errors and the experimental ∆T intercepts from Figure 7

FIG. 8. The differential thermocouple voltage as a function of temperature
calculated for ∆T = 0.625 K (filled circles, left axis); the error in this differ-
ential thermocouple voltage as a function of temperature calculated using the
0.69 µV voltmeter standard uncertainty (unfilled circles, right axis).

FIG. 9. The calculated error in a given ∆T as a function of temperature (filled
circles) and the experimental ∆T intercepts from Figure 7 (unfilled squares).
The dashed pink line is the fit to the calculated ∆T intercepts and the solid
blue line is the fit to the experimental ∆T intercepts.

each with a power function (Figure 9). The log-log plots
(not shown) of each power function have a characteristic
linear signature and are thus scale invariant. For direct
comparison, we constrain the end points of the calculated
∆T errors to match the end points of the experimental ∆T
intercepts by scaling the argument of the calculated ∆T error
power function. The exponent for the calculated ∆T errors
curve fit and for the experimental ∆T intercepts curve fit
is comparable, −0.731 and −0.736, respectively, indicating
similar shape and behavior. Next, we calculate the coefficient
of determination for each fit, defined as

R2 ≡ 1 −


i
(yi − f i)2

i
(yi − ȳ)2 (6)

for a data set of n values, yi, that are associated with the
predicted values, f i, with a mean of observed data,

ȳ =
1
n

n
i=1

yi. (7)

We then cross compare the coefficient of determination of
each fit with each data set: calculated ∆T errors fit to
the calculated ∆T errors (R2 = 0.990) and experimental ∆T
intercepts fit to the calculated ∆T errors (R2 = 0.990); exper-
imental ∆T intercepts fit to the experimental ∆T intercepts
(R2 = 0.998) and calculated ∆T errors fit to the experimental
∆T intercepts (R2 = 0.998). The cross comparisons yield a
similar coefficient of determination for each corresponding
permutation. Therefore, we conclude that the temperature
dependence of the error represented in the ∆T intercepts is
dominated by the uncertainty in measuring the differential
thermocouple voltage. The ∆T intercepts are not scaled
by actual temperature offsets. The temperature dependent
growth of this error illustrates a possible limitation of using
differential thermocouples at cryogenic temperatures rather
than using diodes or resistance thermometers. However,
thermocouples also require less complex instrumentation,
reduce cold finger errors, and, due to very small contacts,
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enable the measurement of the small samples that are
characteristic of research materials. Since we calculate the
thermal conductivity using the slope of the unconstrained
linear fit of {(P, ∆V )}, the influence of the error represented
in the ∆T intercepts is in effect eliminated.

CONCLUSIONS

We have described our custom developed instrumenta-
tion for the consecutive measurement of electrical resistivity,
the Seebeck coefficient, and thermal conductivity of materials
between 300 K and 12 K. Electrical resistivity is measured
using a four-probe bipolar technique, the Seebeck coefficient
is measured using the quasi-steady-state condition of the
differential method in a 2-probe arrangement, and the thermal
conductivity is measured using a longitudinal, multiple
gradient steady-state technique. Measuring all three of these
properties sequentially on the same sample and in the same
apparatus greatly improves the reliability and confidence
in the materials data, especially when they are combined
to calculate other parameters. We have presented many
representative measurement comparisons with round robin
samples and certified reference materials, when available. In
addition, we have provided thorough uncertainty budgets that
are necessary for complete sample characterization and for
the interlaboratory comparison of data. Transport properties
data from this apparatus will continue to support the identi-
fication, development, and phenomenological understanding
of novel materials, including thermoelectric materials.
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