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ABSTRACT
We present the design and construction of an apparatus that measures the Seebeck coefficient of single crystals under in situ tunable strain
at cryogenic temperatures. A home-built three piezostack apparatus applies uni-axial stress to a single crystalline sample and modulates
anisotropic strain up to 0.7%. An alternating heater system and cernox sensor thermometry measure the Seebeck coefficient along the uni-
axial stress direction. To demonstrate the efficacy of this apparatus, we applied uniaxial stress to detwin single crystals of BaFe2As2 in the
orthorhombic phase. The obtained Seebeck coefficient anisotropy is in good agreement with previous measurements using a mechanical
clamp.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5127530., s

I. INTRODUCTION

The Seebeck coefficient is the ratio of the voltage difference to
the temperature difference in a material,

S = −ΔV
ΔT

.

Measurements of the Seebeck coefficient provide a uniquely dif-
ferent and complementary probe compared to resistivity measure-
ments, in part because of its sensitivity to particle-hole asymmetry.1

For example, it is often used to determine if a semiconductor is
p-type or n-type simply by the sign of the coefficient. While this
direct correlation between the sign of the Seebeck coefficient and
carrier type does not hold for all metals (e.g., the noble metals), the
sign, magnitude, and anisotropy of the Seebeck coefficient provide
a strong constraint to the theory of strongly correlated materials.
Nernst and Seebeck measurements have been a useful tool in prob-
ing the broken symmetries of both copper and iron based super-
conductors, and in some cases, they are more sensitive compared

to resistivity measurements.2,3 Additionally, searching for materi-
als with a large Seebeck coefficient is an active area of research due
to applications in power generation, thermometry, and electronic
refrigeration.4–6

In the past few years, in situ tunable strain has proven to be
a powerful tool to probe and control exotic phases in both topo-
logical7,8 and strongly correlated materials.9–12 Most of the in situ
strain work to date relies on the measurement of electrical resis-
tivity as a probe of the electronic structures. In this paper, we
introduce an apparatus design that measures the Seebeck coef-
ficient as a function of in situ strain. The apparatus described
here offers in situ control of strain up to ±0.7% strain at 100 K
while simultaneously measuring the Seebeck coefficient with fine
resolution. As a demonstration, we performed measurements on
a single crystal of BaFe2As2. BeFe2As2 goes through a tetrago-
nal to orthorhombic structural transition near 135 K and forms
dense twin domains. We applied uniaxial stress to detwin the
crystal and determined the Seebeck coefficient anisotropy, which
is in agreement with previous measurements using a mechanical
clamp.13
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II. EXPERIMENTAL SETUP
We used a home-built three-piezostack strain apparatus to con-

trol strain, as shown in Fig. 1(a). This three-piezostack strain tech-
nique was first introduced by Hicks et al. 14 It has the advantage of
minimizing uncontrolled strain bias due to the mismatch in thermal
contraction. This apparatus also provides a large in situ uni-axial
strain tunability. As shown in Fig. 1, the apparatus induces tensile
and compressive stress by changing the width of the gap between
two pieces of titanium blocks, which are glued to the outer and inner
piezostacks. Titanium was chosen as the construction material due
to having a similar thermal contraction as the transverse direction
of the piezostacks, as noted in Ref. 14. Applying voltages of opposite
polarity to the outer and the inner piezostacks results in a displace-
ment of titanium blocks, which applies a uni-axial stress to a crystal
glued across the gap. For the thermopower measurement, a 0.031-in.
thick piece of G-10 was glued on either side of this gap to pro-
vide thermal insulation. Next, cernox sensors (CX-1050-SD, Lake

FIG. 1. Schematic diagrams and photograph of the three piezostack strain appa-
ratus for the Seebeck measurement. (a) Three piezostack strain apparatus:
Piezostacks are shown in blue, strain gauges in orange, titanium plates in gray,
and the twisted copper thermal bridges are shown in the inset. Arrows show the
displacement of the piezostacks when providing tensile strain. (b) Seebeck mea-
surement components. The strain gauges are shown in orange. The two smaller
strain gauges act as heaters, while the larger strain gauge measures ϵpiezo. The
cernox sensors are shown in yellow, the G-10 plates are shown in dark gray,
and the STYCAST used to adhere the crystal is shown in black. (c) The assem-
bled entire apparatus, combining both the strain mechanics shown in (a) and the
Seebeck components shown in (b). The Seebeck measurement components are
mounted across the gap that is displaced by the strain apparatus. (d) Photograph
of the apparatus.

Shore Cryotronics) were glued on top of this G-10 layer. Finally,
strain-gauge heaters (KFH-1.5-120-C1-11L1M2R, OMEGA) were
glued on each cernox sensor, and a crystal was glued across the gap
between the cernox sensors, as shown in Figs. 1(b) and 1(c). We
used STYCAST 2850FT Loctite epoxy for each layer of glue. A strain
gauge (MMF003096, Micro-measurements) was glued on the side
surface of one of the outer piezostacks to measure its strain, ϵpiezo.
The total strain induced by the gap displacement is estimated as
ϵdispxx = 2 × L

l × ϵpiezo, where L is the length of the piezostack (9 mm)
and l is the adjustable width of the apparatus gap. For the appara-
tus presented in this paper, l ∼ 0.75 mm, which translates to ϵdispxx
∼ 0.7% at T = 100 K for typical voltages applied to the piezostacks.

FIG. 2. Block diagram of the experimental circuitry for (a) Seebeck measure-
ment and (b) strain measurement. (a) The system temperature is controlled by
a Lakeshore 335 temperature controller. All instruments shown are controlled by
LabVIEW software via a GPIB interface. The strain gauges acting as heaters are
powered by a DC voltage supply (E3647A, Agilent). The resistances of the cer-
nox sensors are measured by two lock-in amplifiers (SR830, Stanford Research
Systems) and a voltage controlled current source (CS580, Stanford Research Sys-
tems). The voltage applied to the parallel piezostacks is controlled by an interactive
source meter (Model 2450, Keithley). The sample voltage is measured by a nano-
voltmeter (HP34420A). (b) Circuit diagram for the strain measurement of ϵpiezo.
The resistance of the strain gauge is measured using a 4-point measurement with
one of the lock-in amplifiers and the voltage controlled current source. Altogether,
the system uses 18 electrical pins, making it possible to do with a standard 19-pin
feedthrough.
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The actual strain experienced by the crystal is typically 70% of ϵdispxx
due to the strain relaxation in the G10, epoxy, and cernox. A detailed
finite element simulation of strain relaxation is presented in the
Appendix.

We used a Janis flow cryostat (ST-100, Janis Research) to pro-
vide the cryogenic environment. Since the Janis cryostat operates
under vacuum pressures of order ∼10−6 Torr, heat conduction from
the cold head to the sample must be bridged by the piezostacks if no
other conduction path is provided. The piezostacks are extremely
thermally insulating. In order to more efficiently cool the sample,
we used twisted bare copper wire pairs to provide an additional
heat conduction path. As shown in Fig. 1(a), the twisted wires were
adhered to the titanium blocks by STYCAST 2850FT epoxy and
the wires are flexible enough to allow the displacement of titanium
blocks.

The electrical schematic of the apparatus is shown in Fig. 2,
following the design introduced by Eundeok et al. 15 To minimize
unwanted emfs arising from thermal gradients in the cryostat, we
used phosphor bronze wiring for the sample voltage measurement.
A 32-gauge phosphor bronze wire (Lake Shore Cryotronics) was
used to connect the electrical feedthrough of the Janis to the top
of the cold head. This wire was briefly interrupted by a stainless-
steel dip socket connection for ease of assembly and eventually con-
nected to a 25-μm diameter phosphor bronze wire (Goodfellow,
346-032-19). This 25-μm diameter phosphor bronze wire was con-
nected to the crystal using DuPont 4929 silver paint. To further
eliminate an offset error resulting from thermal emfs, we employed
a “heater switching” method, similar to a method reported by Eun-
deok et al. 15 By alternately heating each end of the sample, erro-
neous thermal emfs in the circuitry can be eliminated by examin-
ing the difference of the sample voltage response to each heating
configuration.

A single crystalline sample of BaFe2As2 was prepared by cleav-
ing and cutting into a rectangular shape. The dimensions of the
sample are approximately 1 mm × 0.1 mm × 0.01 mm. The sam-
ple was sputtered with gold on two ends and a two point contact was
made using phosphor bronze wire and silver paste. Non-destructive
recovery of the crystal after themeasurement was performed was not
possible, as the glued crystal had to be scraped off of the apparatus
with a surgical blade.

III. MEASUREMENT PROCEDURE
Prior to the measurement, the cernox censors were calibrated

in order to obtain an accurate temperature profile on both sides of
the sample. The setup is the same as shown in Fig. 2(a), except the
sample voltage was not recorded and the heater voltage was set to
0 V. The resistance of both cernox sensors was measured at temper-
ature setpoints in 1.5 K intervals. To overcome any thermal lag, we
waited for 10 min for the apparatus to reach temperature stability
at each temperature setpoint. These data were linearly interpolated
to provide a temperature calibration over the relevant temperature
range.

The Seebeck coefficient was measured at fixed strain setpoints.
First, the cryostat was ramped to a temperature setpoint and then
given 30 min to establish temperature stability. Prior to perform-
ing the Seebeck measurement, a strain measurement of ϵpiezo was
performed to estimate the strain delivered to the crystal, using the

circuitry shown in Fig. 2(b). A voltage triangle wave was applied
to the piezostacks, as shown in Fig. 3(a). This triangle wave looped
three times to inspect the repeatability of the piezostack hystere-
sis curve. At the same time, the resistance of the foil strain gauge
glued to one of the piezostacks was measured to determine ϵpiezo,
shown in Fig. 3(b). The offset expansion feature of the SRS 830 lock-
in amplifier was used to enhance the sensitivity of the resistance
measurement. In general, after a new temperature is stabilized, we
always observe that the initial strain–voltage curve does not follow
the main hysteresis loop, but starting from the second voltage cycle,
the strain–voltage curve overlaps exactly on top of the main hystere-
sis loop. This might be due to the charge built up from the pyro-
electric effect of the ferroelectric materials of the piezostacks after a
temperature sweep.16 Another possibility is the creation of domain
walls due to the change of temperatures.17 Regardless of its origin, by
applying this three-loop voltage waveform to the piezostacks prior
to measuring the Seebeck coefficient, the piezostacks are trained to
operate on a consistent hysteresis curve, and the measured ϵpiezo of
either the second or third loop can be used to calibrate the See-
beck measurement later. Repeating this process after the Seebeck
coefficient measurement showed no evidence of strain drift over
time.

After training the piezostacks and measuring ϵpiezo, the voltage
of the piezostacks was ramped to a fixed setpoint and given 1 min
to stabilize. Next, one heater (Heater No. 1) attached to one of the
cernox sensors was turned on by applying a DC voltage across the
heater. After 2 min, Heater No. 1 was turned off and Heater No. 2
was turned on, which stayed on for 2 min and then was turned off
as well. Both heaters were kept off for 1 min to complete one heat-
ing cycle. During this heating cycle, the temperature of each cernox
sensor and the voltage output from the sample were recorded and
displayed live time by a LabVIEW program, similar to that is shown
in Figs. 4(a) and 4(b). Monitoring this output in real time allowed
the parameters (heating time and heating power) to be adjusted as
necessary to ensure that a stable temperature gradient is reached
within the heating cycle. We targeted ΔT = ∼1 K–2 K and found that
heating powers of 3 mW–15 mW generally accomplished this. After
completing one heating cycle, the voltage across the piezostacks was
then ramped to the next setpoint and another heating cycle began.

FIG. 3. Strain provided by piezostacks vs voltage supply to piezostacks at 120 K.
(a) Voltage across the inner and outer piezostacks with respect to time. (b) ϵpiezo
measured by the foil strain gauge vs voltage supply across one of the outer
piezostacks. Three voltage loops across the piezostacks were performed in order
to inspect the repeatability of the piezostack hysteresis.
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FIG. 4. Data taken on our home-built apparatus measuring the Seebeck coefficient response to strain for the test material BaFe2As2 at 125 K. (a) Temperature on each side
of the sample vs time. Each side of the sample was heated in an alternating fashion. (b) Voltage measurement across the sample for approximately 20 heat cycles in one
strain loop. (c) Voltage supplied to the piezostacks. Positive (negative) voltage across the piezostacks corresponds to tensile (compressive) stress applied to the sample.
The time scale of the x axis in (a)–(c) corresponds to one strain loop. [(d) and (e)] Zoomed-in views of (a) and (b), respectively. The time scale of the x axis in (d) and (e)
corresponds to one measurement at a fixed strain setpoint. The initial and final temperatures of the cernox sensors and the voltage of the sample are shown. (f) Calculated
Seebeck coefficient vs piezostack voltage. Several strain loops of data are shown to inspect the repeatability of the measurement. A hysteresis is seen, which is associated
with the hysteretic behavior of the piezostacks.

The strain loop was repeated at least three times to inspect the
repeatability of the result.

The Seebeck coefficient was determined by using the difference
in temperature and difference in sample voltage extracted from the

equilibrium portions of the dataset, after each heater had been on for
2 min. We follow the explanation given in Ref. 15 to extract the See-
beck coefficient. Letting the subscript i indicate the time just before
alternating power to the heaters and the subscript f indicate the time

FIG. 5. (a) The Seebeck coefficient vs strain of BaFe2As2 at 125 K. Increasing strain and decreasing strain are shown in two different colors (gray and black, respectively).
The hysteresis seen in Fig. 4(f) was removed by using ϵpiezo as measured by the strain gauge for increasing and decreasing strain. The strain reported in the x axis, ϵaa,
is given by ϵaa = 0.67 × 2 × L

l × ϵpiezo, as described in Sec. II, where 0.67 is a relaxation factor calculated by finite element analysis (see the Appendix). There is an
uncertainty δϵ associated with the zero strain point due to the difference between the thermal contraction of the titanium apparatus and the crystal (Δϵthermal ). This uncertainty
is estimated at |Δϵthermal | < 0.16%.19–21 (b) Comparison of the Seebeck coefficient of a freestanding BaFe2As2 sample from the batch used in this study and three previous
reports.22–24 (c) The Seebeck coefficient of detwinned BaFe2As2 (data taken from Ref. 13). Here, the crystal has been detwinned by mechanical clamping. The red (blue)
circles correspond to the Seebeck coefficient along the a (b) lattice direction, while the open and closed circles correspond to measurements on two different samples. The
black bar at 125 K indicates the range of tunability measured by our apparatus.
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just before turning off both the heaters, then

2ΔT = T2f − T1f + (T1i − T2i),

2ΔV = Vf −Vi,

Tavg = T1f + T1i + T2f + T2i

4
,

S = − 2ΔT
2ΔV

.

It is recognized that the factor of 2 in both 2ΔT and 2ΔV results from
the alternative heating scheme. The temperature corresponding to
the measured Seebeck coefficient corresponds most closely to Tavg .

From the data recorded during each heating cycle, the Seebeck
coefficient S was plotted against the piezostack voltage, as shown in
Fig. 4(f). The pronounced hysteresis is associated with the hysteretic
strain–voltage response of piezostacks. To remove this hysteresis
effect, the measured strain ϵpiezo from the foil strain gauge was used
to calibrate strain per voltage for increasing and decreasing volt-
age. By estimating ϵdispxx = 2 × L

l × ϵpiezo, as discussed in Sec. II, the
Seebeck coefficient can be plotted against the apparatus strain and
the hysteresis effect is removed. Our finite element analysis (FEA)
(see the Appendix) estimates a relaxation factor α ∼ 0.67, which
indicates that the strain delivered to the sample is ϵaa = αϵdispxx . In
Fig. 5, we plot the Seebeck coefficient vs ϵaa for the same dataset,
as shown in Fig. 4(f), as well as an additional dataset that includes
higher magnitude strains. A large Seebeck coefficient response to
strain is seen for low strains, with saturating behavior at large strains.
The saturated values are consistent with previously reported val-
ues measured by a mechanical clamping method,13,18 shown in
Fig. 5(c). We also measured the Seebeck coefficient of a freestand-
ing sample from the same batch of crystals used in this study using
a Quantum Design thermal transport option (TTO). As shown in
Fig. 5(b), the measured value is in good agreement with previous
reports.

IV. DISCUSSION AND CONCLUSION
Most of the strain dependent Seebeck coefficient measurements

reported to date have been done by mechanical clamping.13,18 While
this technique has the benefit of delivering large amounts of strain,
controllable in situ strain measurements are desirable to monitor
the exact Seebeck-strain dependence. A very recent report demon-
strated the measurements of elasto-Seebeck and elasto-Nernst mea-
surements of the 1111 iron-based superconductors by gluing the
crystals on the sidewall of piezostacks, yet the amount of strain that
can be delivered by this method is an order of magnitude smaller
than our setup.25 Although we only present measurements in zero
field, the setup could be easily extended to an environment with
magnetic fields because of the low field dependence of the cernox
thermometry used. Field-dependent thermoelectric measurements
have already provided useful information in strongly correlated elec-
tron systems and high-Tc superconductors. Adding another control
knob of strain can be a useful and exciting tool.
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APPENDIX: FINITE ELEMENT ANALYSIS
In order to estimate the strain transmission, defined as the ratio

of strain delivered to the crystal to the apparatus strain, we mod-
eled our setup with the ANSYS Academic Research Mechanical 19.1
finite element analysis package. The same analysis has been applied
to the 3-piezostack strain apparatus such as the one we used before
in the literature.7,8,14 In these simpler systems, the strain transmis-
sion is generally above 70%, depending on the crystal composition
and dimensions and mounting technique. However, in our more
complicated system, G-10, cernox sensors, and finally the crystal
are stacked together and adhered with STYCAST epoxy. This allows
for a stronger relaxation effect associated with the glue. Our finite
element model investigates if these effects are significant.

We modeled a 2 mm × 0.2 mm × 0.02 mm BaFe2As2 crys-
tal glued across our apparatus. The elastic coefficients of this crys-
tal were sourced from Ref. 26 at 250 K, with the missing C13
coefficient estimated as 34 GPa by comparison between Ref. 26
and the stiffness tensor calculated by the Materials Project.27 The
crystal was mounted such that strain was applied along the Fe–
Fe direction. The cernox sensors, stycast glue, and G-10 plastic
were all modeled as isotropic, and the values for Young’s mod-
ulus and Poisson’s ratio used in our model are given in Table I.
The stycast glue is modeled as 0.02 mm thick for most con-
nections and 0.01 mm thick between the cernox sensor and the
crystal.

In our model, we analyzed a 0.1% tensile strain applied to the
apparatus and calculated the average strain transmission in the crys-
tal in the strained region. This yielded a strain transmission of 67%,
as opposed to 88% with the same crystal similarly epoxied to a bare
3-piezostack device. Figure 6 shows a schematic of the simulation
results.

TABLE I. Physical properties used in the finite element analysis model. The cernox
sensors were modeled with 99.5% alumina. While the physical properties of alu-
mina depend on purity, Young’s modulus is always at least one order of magnitude
higher than any other material in our apparatus. The G-10 properties were modeled
according to the manufacturer datasheet.

Component Young’s modulus (GPa) Poisson’s ratio

Cernox sensor 400 0.245
G-10 18 0.13
STYCAST epoxy14 15 0.3
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FIG. 6. (a) Schematic (not to scale) of the Finite Element
Analysis (FEA) model for a crystal glued directly across
two titanium blocks in a simple strain apparatus. The gap
between the titanium blocks was displaced to induce a
strain of ϵdispxx = 0.1%. (b) Schematic of the FEA model for a
crystal glued to our strain and the Seebeck apparatus. Sev-
eral elements are stacked together and adhered with glue,
allowing for a stronger relaxation effect associated with the
glue. The glue thickness between the apparatus and G-10,
and between the G-10 and the cernox sensor was modeled
as 0.02 mm thick. The glue thickness between the cer-
nox sensor and crystal was modeled as 0.01 mm thick. (c)
Average strain transmission for models shown in (a) (blue
line) and (b) (red line). The volume fraction of the crystal
is plotted as a function of strain transmission, binned into
1% strain transmission intervals. The average strain deliv-
ered to the crystal is ϵaa = 0.88ϵdispxx for model (a) and
ϵaa = 0.67ϵdispxx for model (b). Model (b) has a wider vol-
ume fraction distribution of strain compared to direct gluing
on the titanium. In both models, the ends of the crystal are
submerged in the glue.
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