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Uniaxial pressure or strain can introduce a symmetry-breaking distortion on the lattice and may alter the ground states
of a material. Compared to hydrostatic pressure, a unique feature of the uniaxial-pressure measurements is that a tensile
force can be applied and thus a “negative” pressure can be achieved. In doing so, both ends of the sample are usually glued
on the frame of the uniaxial-pressure device. The maximum force that can be applied onto the sample is sometimes limited
by the shear strength of the glue, the quality of the interface between the sample and the glue, etc. Here we use focused ion
beam to reduce the width of the middle part of the sample, which can significantly increase the effective pressure applied
on the sample. By applying this technique to a home-made piezobender-based uniaxial-pressure device, we can easily
increase the effective pressure by one or two orders of magnitude as shown by the change of the superconducting transition
temperature of an iron-based superconductor. Our method thus provides a possible way to increase the upper limit of the

pressure for the uniaxial-pressure devices.
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1. Introduction

The uniaxial-pressure or uniaxial-strain technique has
been rapidly developed due to its unique role played in study-
ing strongly correlated materials in condensed matter physics.
The change of strain along a particular lattice axis can be cou-
pled to a symmetry-breaking order parameter, such as the ne-
matic order, and thus act as a conjugate field to it.[!! This
idea has been widely used in studying nematic fluctuations in
iron-based superconductors and some other systems to obtain
nematic susceptibility,>! although one should be cautious
not to attribute any uniaxial dependence of physical proper-

[10-12] In these cases, the required uniax-

ties to nematicity.
ial pressure or strain is small since the susceptibility is only
well defined when the conjugated field is close to zero, '] just
as measuring magnetic susceptibility under a magnetic field.
When the pressure or strain is large, many properties of a
system can be significantly tuned and even the ground states
can be changed.!'*!8] This makes it a power tool in study-
ing strongly correlated electron systems since there are usually
various competing orders, which make the system more sen-
sitive to the change of lattice. In this sense, the uniaxial pres-
sure technique is similar to the hydrostatic pressure technique
except that the latter is not symmetry-breaking. However, a
unique feature of the uniaxial pressure is that a negative pres-

sure or positive strain can be achieved, which provides us more
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opportunities in tuning the ground states.

One of the designs for the uniaxial-pressure devices is
based on piezoelectric materials, which can provide in-situ
continuous control of the uniaxial pressure or strain at low
temperatures and high magnetic fields. These kinds of devices
include a commercial available one based on three piezoelec-

(191 which can provide large strain tuning. The two

tric stacks,
ends of a thin-plate sample need to be attached on the support-
ing plates by epoxy. The force that can be applied to the sam-
ple is thus limited by the interfaces between the sample and
the epoxy, since the maximum shear pressure that the epoxy
can be endured is relatively small. Moreover, since the force
is mostly transferred by such interfaces, asymmetry and inho-
mogeneity of the strain may happen. We have also developed
a similar uniaxial pressure device based on piezobender, >-0-20]
which provides an easier method to apply uniaxial pressure but
the maximum force is small due to the limit of the piezoben-
der.

In this work, we use the focused-ion-beam (FIB) tech-
nique to reduce the cross section of the sample on the
piezobender-based uniaxial-pressure device, which effectively
increases the uniaxial pressure for the same force. By mea-
suring the uniaxial pressure dependence of the superconduct-
ing transition temperature 7. of an iron-based superconduc-
tor BaFe g3Nip 17As2, we show that the maximum pressure

can be increased dramatically, changing from tens of MPa to
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about 2 GPa. This method not only can increase the maximum
pressure applied on the sample but also has a few advantages
that may help us study the uniaxial pressure dependence of the

physical properties of materials.

2. Experiments

Single crystals of BaFe; g3Nig 17Asy (Tz =~ 12 K) were
grown by the self-flux method reported previously.!?!! The as-
grown samples are thin plates with the c-axis vertical to the
plane. The samples were cleaved and then cut by a wire saw
into a rectangular with along the (100) direction in the tetrag-
onal notation. As shown previously,>?"! the resistivity along
this direction has minimal effects from nematic fluctuations.
The cut samples were glued by GE varnish on the tops of the
piezobender and BeCu frame of a home-made uniaxial pres-
sure device,’! as shown in Figs. 1(a) and 1(b). The force ap-
plied on the sample was supplied by the piezobender, whose
top would try to move under certain voltage. We define the
positive values of uniaxial pressure as compressing the sam-
ple. We note that the zero pressure is just a nominal value
as the voltage applied on the piezobender is zero. The width
of the sample was further reduced by an FIB system (Thermo
Scientific Helios G4 PFIB CXe DualBeam). The resistance
was measured by the four-points method in the physical prop-
erties measurement system (Quantum Design, 9 T).
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Fig. 1. (a) A schematic side view of the home-made uniaxial-pressure de-
vice. The bottom of the piezobender is fixed onto the BeCu frame by screws.
(b) A schematic top view for the resistance measurements. The dashed lines
indicate the edges of the samples before it was cut by the FIB. The force
is applied by the piezobender along the (100) direction of the sample. The
current electrodes are embedded in the ends of the samples, which are cov-
ered with GE varnish. The voltage electrodes are either on the thin bridge or
outside the bridge of the sample. (c) and (d) The top-view SEM images of
two BaFe| g3Nig 17As, samples, i.e. #1 and #2. The thickness of the sample
and width of the bridge in sample # 1 are 45 um and 30 um, respectively.
Those in sample #2 are 30 um and 21.4 pm, respectively.

3. Results and discussion

Figures 1(c) and 1(d) show the top-view SEM images of
two BaFe g3Nig 17As samples labeled as #1 and #2. The mid-
dle part of both samples is cut by the FIB technique, forming a
bridge-like structure. The most important difference between
these two samples is that for sample #1, the voltage electrodes
are attached on the bridge, while they are outside of the bridge
for sample #2, as shown in Fig. 1(b). Apparently, the first setup
is better since the voltage electrodes just pick up the voltage
drop along the bridge, whereas the voltage signal in the second
setup will contain the voltage drops along both the bridge and
part of the uncut sample. However, the second setup is easier
to success in practice since the bridge in the first setup can be
broken when attaching the voltage electrodes.

Figures 2(a) and 2(b) show the uniaxial pressure depen-
dence of the resistance at fixed temperatures for sample #1
above and across the T, respectively. In the normal state, the
resistance shows a linear uniaxial pressure dependence up to
about —0.8 GPa. With decreasing temperature, nonlinear be-
haviors appear due to the quick drop of the resistance when the
sample becomes superconducting. At low temperatures, the
resistance is nonzero at large negative pressure, which means
that 7¢ is lowered with tensile stress.

The uniaxial pressure dependence of the resistance for
sample #2 is shown in Figs. 2(c) and 2(d). The behaviors at
positive and negative pressures are very different. Above T¢,
the resistance changes significantly with increasing negative
pressure, but the slope becomes much smaller under positive
pressure, as shown in Fig. 2(c). The most possible reason of
the different slopes is that the directions of the forces from the
two ends of the sample are not straightly confined within the
sample. Therefore, when the sample is pressed, the sample,
especially the bridge, may be bent so that the effective pres-
sure is much smaller than the calculated value. On the other
hand, when the sample experiences a tensile strain, it cannot be
bent even when the forces are not collinear. During the super-
conducting transition, a sharp kink feature can be seen and the
resistance cannot drop to zero at the positive-pressure region,
as shown in Fig. 2(d). These behaviors come from not just the
bending of the sample at positive pressure but also the uneven
pressure on the bridge and the uncut parts of the sample due to
their different cross sections.

To quantitatively study the uniaxial pressure dependence
of T, we can pick the resistance values at the same uniaxial
pressure and plot them as the function of temperature,?’! as
shown in Figs. 3(a) and 3(b) for samples #1 and #2, respec-
tively. The drop of R-T during the superconducting transition
in sample #1 is smoothly shifted to lower temperature with in-
creasing negative pressure. For sample #2, there is just one su-
perconducting transition at large negative pressures but a long
“tail” exists at positive and small negative pressures. This is
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because the voltage electrodes in sample #2 are not directly
attached on the bridge so they measure the voltage drop on
both the bridge and the uncut parts of the sample. Since the
bridge has a much smaller cross section, the pressure applied
on it would be much larger than the uncut parts of the sam-
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ple. Therefore, when a large negative pressure is applied so
that the 7; of the bridge is much lower than that of the uncuts
parts, only the superconducting transition in the bridge can be
measured since the uncuts part are in the superconducting state
and thus its resistance is zero.
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Fig. 2. (a) and (c) Uniaxial pressure dependence of the resistance at temperatures just above 7 for sample #1 and sample #2, respectively.
(b) and (d) Uniaxial pressure dependence of the resistance during the superconducting transition for sample #1 and sample #2, respectively.
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Fig. 3. (a) and (b) The temperature dependence of the resistance converted from the uniaxial pressure dependence of the resistance for
samples #1 and #2, respectively. (c) and (d) The uniaxial pressure dependence of T;. for samples #1 and #2. The solid lines are fitted results

by a linear function.
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On the other hand, when the T;, of the bridge is higher than
that of the uncut parts under a positive pressure, the signal of
the voltage electrodes cannot drop to zero after the supercon-
ducting transition of the bridge since the uncut parts are still
non-superconducting. However, we note that we cannot see
two clear superconducting transitions. Rather, a long “tail”
exists expanding from about 16.8 K to 12 K, which is proba-
bly due to the inhomogeneous pressure around the connections
between the bridge and the uncut parts. We also note that the
resistance shows discontinuous behavior during the supercon-
ducting transition at large negative pressures, probably also
coming from the inhomogeneous pressure.

Figures 3(c) and 3(d) show the uniaxial pressure depen-
dence of T;, which is obtained by extrapolating the fast drop
of the resistance during the superconducting transition to zero
resistance. The T; of sample #1 shows a linear relationship
with the uniaxial pressure, which gives d7;/dp = 2.0 K/GPa.
For sample #2, such linear relationship still holds for negative
pressure and gives d7./dp = 1.9 K/GPa. At positive pressure,
significant deviation appears and the results are not reliable
probably due to the bend of the sample.

Our results show that the application of the FIB technique
can greatly enhance the uniaxial pressure for our uniaxial pres-
sure device. As shown previously, our device can change the
T. of BaFe;_,Ni, As, in the order of tens of mK since the
maximum force from the piezobender is just about 1 N.[>20]
By reducing the width of the sample by the FIB, the uniaxial
pressure can be increased by about two orders of magnitude.
For the uniaxial pressure device that can apply much larger
force,!!”) this method may also help to increase the maximum
strain. As the glue used in such device endures larger shear
force, fracture may happen at the interface between the glue
and the sample. By cutting the sample with the FIB technique,
the large pressure is present at the crossover from the ends of
the bridge to the uncut parts of the sample, while the pres-
sure at the interface between the glue and the sample is still
small. In our case, the GE varnish, which cannot provide large
shear force, can still be used as glue even when the uniaxial
pressure on the sample is 2 GPa. Besides the mechanical ad-
vantages, the resistance is also significantly increased due to
the narrowing of the cross section, which will be very useful
to enhance the measurement resolution if a sample’s resistivity
is very low.

One of the disadvantages of this method is that the suc-
cessful probability for the experiment is low since the sample
may be broken when the temperature is lowered. The most
possible reason for this to happen is because of the thermal
expansion from the frame and piezobender. While the actual
force applied on the sample may be small, the forces from two
ends of the sample may not be strictly along the bridge so that

a sample can be easily broken. In fact, sample #1 was bro-
ken when we tried to apply a small positive force. This issue
may be improved later by re-designing the frame to use ma-
terials with much smaller thermal expansion coefficients. A
more accurate way to adjust the alignment between the sam-
ple and the frame should also be helpful. Another limit of
our method is that only resistivity measurement can be carried
out on the bridge, so it cannot be applied for those measure-
ments required a larger volume of the sample, such as heat
capacity, elastocaloric effect and nuclear magnetic resonance

spectroscopy. 22261

4. Conclusion

We apply the FIB technique to reduce the cross section of
the samples in the uniaxial-pressure measurements. The max-
imum pressure and the resistance can be increased by one to
two orders of magnitude, which will enable us to better study
the uniaxial pressure dependence of the superconducting tran-
sition temperature. Therefore, this method will be useful for
further studies of the uniaxial pressure effects on some physi-

cal properties for some systems such as superconductors.
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