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Abstract—We have designed and developed an experimental setup to measure the Seebeck coefficient of a
variety of samples at cryogenic temperatures and under magnetic fields up to 7 T employing the physical
property measurement system (PPMS). The measurement technique uses a low frequency ac thermal gradi-
ent generated by two thin film heaters in thermal contact with the sample. Heaters and temperature sensors
are all fitted on a standard PPMS sample puck. The validity of this method is tested by measuring the ther-
moelectric power of several superconductors and thermoelectric samples. We have used this technique to
measure the thermoelectric power of various topological insulator single crystals (Pb,¢Snj,Te, Bi,Tes,
Bi,Se, ;Te 9, and Sb,Tes). The developed hardware and software control is suitable for studying the thermo-
electric power of small samples (length 2 mm) in a commercial cryomagnetic system (PPMS) and it allows
for studying superconductor, semiconductor, thermoelectric, or topological insulator material in wide tem-

perature (2—300 K) and magnetic field (0—7 T) ranges.

DOI: 10.1134/5002044121902026X

1. INTRODUCTION

The Seebeck effect that describes the conversion of
thermal energy into electrical energy has become a
focus of study in many research areas, such as in ther-
moelectrics, superconductivity, and semiconductors
[1-5]. It is also known as thermoelectric power or
thermopower and is estimated by calculating the ratio
of the thermoelectric voltage (AV) to the temperature
gradient (A7) across the sample, i.e., S = AV/AT. This
effect is the opposite of the Peltier effect [6], in which
a temperature gradient arises across the sample if an
electrical voltage is applied to it. The power factor
(ZT), which is a dimensionless quantity, describes the
efficiency of a thermoelectric material and is defined
as ZT = S*cT/k, where S, o, and k represent the See-
beck coefficient, electrical conductivity, and thermal
conductivity, respectively. This implies that precise
electrical and thermal transport measurements are
crucial for estimating the power factor of thermoelec-
tric materials. For simple semiconductors or single-
band metals, the Seebeck coefficient is positive for the
p-type and negative for the n-type conduction. Thus,

! The article is published in the original.

the sign of the Seebeck coefficient could be taken as a
preliminary probe to identify the nature of the bulk
charge carriers, as a complement to Hall measure-
ments. Since the electrical voltage of the sample is
zero in the superconducting state, the Seebeck coeffi-
cient is zero and it can be used to identify the critical
temperature in superconductivity research [7, 8].
Compared to electrical conductivity, the Seebeck
coefficient is less sensitive to impurity or grain bound-
ary scattering processes of charge carriers and thus
provides a more accurate definition of the critical tem-
perature of the superconducting state.

Recently, thermoelectric power under magnetic
fields, magnetothermopower, has become a sensitive
tool with which to study topological insulator, Dirac,
and Weyl materials [9—14]. Thermoelectric power
under high field also shows the quantum oscillations.
By analyzing the oscillations, one can estimate the
various physical parameters that characterize the
Fermi surface and their topological nature. Thus, a
precise magnetothermopower measurement setup
would also be a useful tool for studying topological
insulators, Weyl, and Dirac systems. Motivated by
this, we have designed and adapted a Seebeck mea-
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surement setup based on the dual heaters technique
under magnetic fields to the physical properties mea-
surement systems (PPMS, Quantum Design).

There are several techniques that are used for deter-
mining the thermoelectric power of a material [15—
23]. However, ac thermoelectric power measurement
technique is among the more popular due to its nearly
perfect compensation of spurious dc voltages, fast
measurements, and small temperature gradient along
the sample [21—23]. Here, we present an experimental
setup, based on the ac technique developed by Choi
et al. [20], that can be used to measure precise ther-
moelectric power of a small sample in a broad tem-
perature range (2—400 K) and under magnetic fields
up to 7 T. Using this method, we have successfully
measured the thermoelectric power of small (millime-
ter sized) single and polycrystalline samples of super-
conductor, thermoelectric, and topological insulator
materials.

2. MEASUREMENT PRINCIPLE

The thermoelectric power measurement hardware
was built on a sample puck for the PPMS and
equipped with heaters, temperature sensors, and ther-
mal reference point to implement a high precision ac
technique as described by Choi et al. [20] The sample
was placed across two sapphire plates (as shown in Fig. 1).
A sinusoidal temperature gradient of chosen ampli-
tude and frequency is created across the sample using
two thin film heaters H, and H,. For most measure-
ments we choose a gradient of 0.25 K and a frequency
of 0.1 Hz. A sinusoidal current is applied separately to
the heaters H, and H, using two Keithley 220 pro-
grammable current sources with a 90° phase offset
between them. The heater currents are adjusted before
each measurement to maintain the same temperature
gradient. If /;, = [sinot and [, = [,coswr (with
I—amplitude and w—angular frequency) are the cur-
rent through H, and H,, respectively, then total power

P=IR=I'R+R=1IR (1)

is constant with time. Here, R represents the heater
resistance. This ensures that the average sample tem-
perature is kept constant during the ac measurement.

A sinusoidal temperature gradient of 0.25 K at a
frequency of 0.1 Hz is created and measured using the
two thermocouples attached to the sample over a time
of about 90 s simultaneously; the sinusoidal thermo-
voltage of the same frequency is measured across the
sample. The amplitudes of both waves are estimated
through a nonlinear curve fitting routine. The Seebeck
coefficient is then estimated by calculating the ratio of
the amplitude of thermovoltage (AV) to temperature
gradient (A7), i.e., S = AV/AT. Like the lock-in tech-
nique, this fitting method eliminates significantly the
noise in the measured data, allowing for a precise
determination of the Seebeck coefficient [20].
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The Seebeck measurements were performed in the
PPMS (Quantum Design) in the 2—300 K tempera-
ture range. Figure 1a shows the sample configuration
used in this study for the Seebeck measurements.
As shown in the figure, a sample is mounted across the
two wedge-shaped sapphire plates using GE varnish.
The minimum distance between these sapphire plates
is less than 1 mm, implying that any sample having a
length on the mm order can be measured using this
setup. Two thin film heaters (H, and H,) are installed
on the sapphire plates using GE varnish. The high
thermal conductivity values of the sapphire and GE
varnish ensure that the sample is in good thermal con-
tact with the heaters. Two Keithley 220 current sources
provide sinusoidal currents (/; and /,) to H, and H,
separately and create a sinusoidal temperature gradi-
ent of 0.25 K across the sample. The phase shift
between the currents, /; and /,, is 90°. Two constan-
tan-copper thermocouples (7C, and TC,) measure the
temperature gradient across the sample. The open
wires of both thermocouples are thermally anchored
at a reference point on the puck so that only the tem-
perature difference between this point and the spot on
the sample is measured by each thermocouple. The
TC reference consists of insulating thermal copper
grease; thermocouple wires are embedded inside and
held in place by pressing with a rectangular sapphire
plate to ensure a homogeneous thermal environment.
The temperature of the TC reference is measured by a
Cernox (CX) temperature sensor embedded in the
copper grease. The high thermal conductivity of cop-
per grease ensures good thermal contact between the
ends of the thermocouple wires and the CX tempera-
ture sensor. The temperature of each point on the
sample where the thermocouples are attached is then
measured by using the reference temperature from the
CX thermometer and the thermovoltage of each ther-
mocouple averaged over the 90 s measurement time.
The sinusoidally changing thermoelectric voltage of
the sample is collected during the 90 s measurement
time (typically 1000 data points) using the two copper
wires of the constantan-copper thermocouples and
the differential input of the voltmeter. The overall cir-
cuit diagram of our experimental setup is displayed in
Fig. 1b. Two programmable current sources (Keithley
220) provide the ac current to H; and H,. There are
two HP 34420A nanovoltmeters with two input chan-
nels each, one for measuring the voltage of thermo-
couples 7C, and TC, (in Chl and Ch2) and another
for measuring the sample’s thermovoltage (in Chl).
The whole setup is built on the PPMS resistivity puck
as sketched in Fig. 1c. Our modified PPMS puck is
shown in Fig. 1d. The instruments and the puck are
connected by the PPMS user bridge cable.

As shown in Fig. 1a, a HP 34420A nanovoltmeter
measures the voltage across the copper wires Cul (of
TC)) and Cu2 (of 7C,) and the sample

V= VCul + Vsample - VCu2' (2)
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Fig. 1. (a) A schematic diagram of sample configuration for the Seebeck measurement. A sample is mounted on the sapphire
plates. Two thermocouples 7C; and 7'C, measure the temperature gradient across the sample. (b) The instruments setup for the
thermoelectric power measurement. Two Keithley 220 current sources provide currents to the heaters (/; and H,) to create the
temperature gradient across the sample and a nanovoltmeter HP 34420A measures generated thermovoltage. (c) The sample
mounting setup in the PPMS puck. (d) A photo of the modified PPMS puck (diameter 24 mm) in our setup showing the sample
(YBCO), heaters (H; and H,), and thermocouple reference. Two white patches on the sample surface are the indium contacts for

holding two thermocouple wires (7C; and T'C,; see the text).

The measured thermoelectric voltage of the sample
has to be corrected for the contribution of the copper
wires used for measurement, Cul and Cu2. The ther-
moelectric voltage across the copper wires was cali-
brated by using an YBa,Cu;0, (YBCO) high tempera-
ture superconductor sample below its critical tempera-
ture; and at higher temperatures, high purity lead was
employed, using the known thermoelectric power of
lead.

INSTRUMENTS AND EXPERIMENTAL TECHNIQUES

For measurements in magnetic fields all thermom-
eters and wires have to be calibrated to take into
account any change of properties in magnetic fields.
The CX temperature sensor at the reference point has
a negligible field dependence up to the maximum field
of 7 T. This was tested in a careful measurement after
stabilizing the PPMS temperature and varying the
external field. However, the constantan-copper ther-
mocouples show a field dependence that cannot be
Vol. 62
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Fig. 2. (a) Temperature dependence of the Seebeck coefficient of K 4Ba, ¢Fe,As; polycrystal and Rb gFe,Se, single crystal
samples. The superconducting transition temperatures, 7 = 31 K and 38 K are shown by the arrows. (b) Temperature depen-
dence of the Seebeck coefficient for the Sb,Te,Se single crystal at 0 T (solid rectangle) and 7 T (solid circle). The open symbols
(star—0 T, triangle—9 T) represent previously reported data [24] obtained using the TTO option in PPMS (Quantum Design).

neglected. They have been calibrated by applying a
constant temperature gradient between the junction
and the reference point using one of the thin film
heaters. The response of the thermocouple was moni-
tored until the temperature gradient in zero magnetic
field became stationary and constant with time. The
value of the applied current was adjusted such a way
that it creates a constant temperature gradient of 0.5 K.
The field correction to the thermoelectric voltage of
the constantan-copper thermocouples was then mea-
sured at different magnetic field values and a numeri-
cal routine was developed to apply the correction in
any future measurement. Similarly, the magnetic field
dependence of thermovoltage across the copper wires
Cul and Cu2 was carried out using a manganin foil as
the reference sample. The thermoelectric power and
its field dependence of the manganin foil had been cal-
ibrated previously by employing the thermal transport
option (TTO) of the PPMS. The field correction of
the copper wires has been implemented in the software
controlling the measurement process and evaluating
the thermoelectric signal of the sample to be mea-
sured. A nonlinear curve fitting procedure was used to
determine the amplitude of both the thermal gradient
and the thermoelectric voltage across the sample from
the corresponding sinusoidal responses. The PPMS
temperature controller is used to control the sample
temperature. The instruments, including PPMS, are
interconnected by the GPIB interface and data are
collected in the computer using the Visual Basic pro-
gram. All the measurements were performed in high
vacuum, typically 10~ Torr.

INSTRUMENTS AND EXPERIMENTAL TECHNIQUES

3. MEASUREMENT RESULTS

The experimental setup and algorithm were tested
in zero magnetic field by measuring two known super-
conducting materials, Rb,¢Fe,Se, single crystal and
K, 4BaycFe,As, polycrystal [25, 26]. The data are
shown in Fig. 2a. Rb, ;Fe,Se, shows a positive Seebeck
coefficient at room temperature that turns negative
with decreasing temperature below 7= 210 K. How-
ever, K, 4Ba, 4Fe,As, shows a positive Seebeck coeffi-
cient over the whole temperature range. For both sam-
ples, the thermopower shows a sudden jump to zero at
the critical temperatures of 7. = 31 K and 38 K,
respectively. These transition temperatures are consis-
tent with the corresponding resistivity measurements
[25, 26].

The thermoelectric power and its field dependence
were measured for several topological systems. Sb,Te,Se
is a good thermoelectric compound and its topological
insulator nature has recently been proven by both exper-
imental and theoretical studies [27, 28]. Figure 2b pres-
ents the Seebeck measurements at different tempera-
tures in a semi-log plot for a Sb,Te,Se single crystal
that was used in our previous study [28]. The Seebeck
value at 7= 300 K is S = 35 V K~!; it decreases with
temperature and changes sign to negative at 7= 140 K.
However, it returns to the positive with further
decrease in temperature below 7= 10 K. The thermo-
power value in our measurements is consistent with
previous data [24] (see Fig. 2b). In order to investigate
the influence of magnetic fields, we have measured
the thermopower of Sb,Te,Se under 7 T of applied
field. The Sb,Te,Se sample shows a positive magneto-
thermopower and follows a similar temperature depen-
Vol. 62
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Fig. 3. (a) Temperature dependence of the Seebeck coefficient for a Pbj ¢Sn(, ,Te single crystal under magnetic fields of 0 and
7 T. (b) Magnetic field dependence of the Seebeck coefficient of a Pb ¢Sn, ,Te single crystal at different temperatures. The cur-

vature of the Seebeck curve changes while lowering the temperature below 7'= 200 K. Inset: Low temperature (15 and 25 K)
curves showing a signature of quantum oscillations at higher fields. (c) Temperature dependence of the Seebeck coefficient for

Bi,Te;, Bi,Se, ;Te( g (BST), and Sb,Te; single crystals under magnetic fields of 0 (symbols with lines) and 7 T (dashed lines).

dence as that previously measured at 9 T (the blue dashed
line in Fig. 2b). It is important to note that the magneto-
thermopower of our Sb,Te,Se sample at 7 T is higher
than that in the previous report [24] at 9 T. The magnetic
field response of a sample depends on its crystalline qual-
ity. Thus, the higher magnetothermopower of our sample
could be due to its better crystalline quality [residual
resistivity ratio (RRR) = 3.5] as compared to the sample
used in [24] (RRR =2.3).

From the thermopower measurements of the super-
conducting and topological samples, we have shown the
validity of our experimental approach. We thus pro-
ceeded to implement this technique for other topological
systems. Figure 3a shows the temperature dependence of
the Seebeck coefficient of a Pb, _ Sn,Te (x = 0.2) single
crystal. Theoretical and experimental studies have
confirmed that Pb, _ ,Sn,Te undergoes a topological
phase transition (topologically trivial to non-trivial) at
a critical doping level x, = 0.25 [29, 30]. Here, we have
measured the thermoelectric power of Pb, _ ,Sn/Te
(x = 0.2) just below the critical doping. At room tem-
perature, the value of the Seebeck coefficient is mea-
sured to be S = 50 V K~!. The § value decreases with
temperature and becomes negative below 7'= 180 K.
Its absolute value decreases with further decrease in
temperature and becomes nearly zero at 7= 10 K. The
Pb,_,Sn,Te (x = 0.2) sample shows a positive magne-
tothermopower under the magnetic field of 7 T.
We have also studied the magnetic field dependence of
the Seebeck coefficient. Figure 3b shows the normal-
ized Seebeck coefficient, .S (B)/S (0), of a Pb, _ ,Sn,Te
(x = 0.2) single crystal at different temperatures. The
Seebeck coefficient shows the parabolic (upward)
dependence on the magnetic field. The sign of curva-
ture changes (upward to downward) as the tempera-
ture is lowered below T'= 200 K. This is because of the

INSTRUMENTS AND EXPERIMENTAL TECHNIQUES

sign change of the thermopower value around that
temperature. It should be noted that at low tempera-
tures (15 25 K), there is a signature of quantum oscil-
lations at higher fields as shown in the inset to Fig. 3b.
Higher magnetic fields (beyond the current field range
up to 7 T) are needed to resolve these oscillations and
study their properties. Similarly, Fig. 3¢ shows the
thermopower of the single crystals Bi,Te;, Bi,Se, | Teg o
(BST), and Sb,Te; at zero and 7 T applied fields. The
topological nature of these compounds has already
been confirmed by our previous measurements [31—
35]. All of the above samples show the positive magne-
tothermopower. The data obtained on the topological
samples here can be used to estimate various physical
parameters characterizing the system using the Mott
relation [36] (see [12] and references therein).

4. SUMMARY

In this work, we have adapted the ac technique for
the precise measurement of the Seebeck coefficient of
small samples to the Physical Property Measurements
System for temperature and magnetic field control.
Using this experimental setup, we have successfully
measured the thermoelectric power of various topo-
logical insulator and superconducting compounds in
cryogenic temperatures and in strong magnetic fields.
The novelty of this experimental setup is that it is
applicable to a very small (2 mm in length) and very
thin (0.1 mm) sample of any shape, which might not
be possible in other experimental techniques, such as
the TTO option in PPMS (Quantum Design), in mag-
netic fields up to 7 T. Measurements of various sam-
ples, including iron pnictide superconductors and
topological insulator compounds, in a wide tempera-
ture range and in magnetic fields have been presented.
Vol. 62
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These results validate the developed hardware and
prove the high precision of the method.
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