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ABSTRACT

We present an in situ uniaxial pressure device optimized for small angle x-ray and neutron scattering experiments at low-temperatures
and high magnetic fields. A stepper motor generates force, which is transmitted to the sample via a rod with an integrated transducer that
continuously monitors the force. The device has been designed to generate forces up to 200 N in both compressive and tensile configu-
rations, and a feedback control allows operating the system in a continuous-pressure mode as the temperature is changed. The uniaxial
pressure device can be used for various instruments and multiple cryostats through simple and exchangeable adapters. It is compatible
with multiple sample holders, which can be easily changed depending on the sample properties and the desired experiment and allow rapid

sample changes.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0114892

I. INTRODUCTION

In modern condensed matter physics, the understanding and
control of collective quantum behavior is at the forefront of fun-
damental research. At the same time, it is the driver for future
technologies with potential applications of quantum matter ranging
from quantum computation and cryptography to energy harvesting
and dissipationless electricity transfer in superconductors.' ™

Much of the interest in quantum matter arises from the ability
to efficiently tune and switch its properties using external per-
turbations. This “tunability” is a result of quantum phases typi-
cally emerging due to the delicate interplay of several atomic-scale
interactions.”® Unconventional superconductivity is perhaps the

best-known example of a macroscopic quantum phase. Notably,
extensive experimental studies carried out over the last few decades
have highlighted that many quantum materials may be tuned toward
a zero-temperature magnetic instability using external control para-
meters such as chemical substitution, hydrostatic pressure, or mag-
netic field, where the associated quantum fluctuations are generally
believed to mediate superconductivity.”

Over the last decade, and in addition to these well-established
tuning parameters, the uniaxial pressure (or strain) has been estab-
lished as a crucial tool, which aided in revealing and under-
standing a series of remarkable new quantum states. In many
correlated-electron systems with multiple interacting degrees of
freedom (charge, spin, and lattice), quantum states are energetically
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nearly degenerate and even minuscule external changes, espe-
cially in the form of uniaxial pressure, can modify the emer-
gent properties substantially.” '° For example, the uniaxial pres-
sure was exploited to unveil the complex superconducting pairing
symmetry of SraRuQO,.'”""” Most recently, the uniaxial pressure
has enabled studying the nature of the charge and spin density
waves as well as their interplay with superconductivity in cuprates.
In YBa;Cu3O7_,, the uniaxial pressure was found to induce the
zero-magnetic-field three-dimensional charge ordering,”””*' while
in La,—SryCuQy, it enables repopulation of the stripe order
domains.”” ** In Lay_,Ba,CuQ4, an extremely low uniaxial stress
induces a threefold increase in the onset of three dimensional super-
conductivity. The 3D superconducting coherence was shown to be
anti-correlated with the large-volume-fraction spin-stripe order, and
the relative prominence of the two phases can be regulated by using
the uniaxial pressure.'””” In a broader view of quantum materials,
the strain has also been suggested to stabilize exotic phases rang-
ing from the enigmatic “hidden order””® to quantum spin liquids”’
to skyrmion lattices,'** which are thought to be relevant for novel
spintronics and memory applications.”’

Recently, there has been tremendous progress in lab-based uni-
axial devices based on piezoelectric stacks. In particular, devices
based on the developments described in Ref. 30 have been commer-
cialized and used in laboratories worldwide. Nevertheless, to further
access the subtle details of the relevant quantum phases and to dis-
entangle the complex interplay of spin, charge, and lattice degrees
of freedom, experiments at x-ray synchrotron, muon, and neutron
sources are often required. Various uniaxial pressure cells were opti-
mized for different scattering geometries and successfully used, with
designs ranging from differential thermal expansion’’ to one-screw
compression’” to an adaptation of anvil-type cells’> without any
transmission medium. A major drawback of these cells is that they
only allow applying pressure ex situ, which is time consuming and
inefficient.

Therefore, given the strong demand for measurement time
optimization at large scale facilities, complex sample environments
such as uniaxial pressure devices must be highly efficient and, hence,
in situ tuning is the necessary approach. An additional, but rele-
vant, advantage of the in situ system is that it allows the isothermal
tuning of the uniaxial pressure. Moreover, the samples are often
larger than those in lab-based measurements, which can further
push the complexity of the design. So far, two approaches have
been employed. To adapt the piezoelectric system to allow bigger
displacements, a piezoelectric stack device with multiple elements
was built™ and successfully used in muon spin rotation/relaxation
experiments.” Alternatively, copper bellows can be filled with
pressurized helium gas to generate the force needed for manipu-
lating the materials.” *" Although very successful, both of these
approaches are of extensive complexity and require a nontrivial
operation.

The device presented here is a new solution, based on simple
operating principles, yet providing accurate application of pressure
and the ability to apply force in situ at temperatures ranging from
room temperature down to cryogenic temperatures. The device is
also sufficiently compact to even fit into a cryomagnet, allowing for
simultaneous tuning of temperature, magnetic field, and uniaxial
pressure. The device is targeting the tuning of quantum materials
introduced above, with relatively low requirements in applied strain,
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but in turn, requires a very precise control of the strain to resolve
changes at even subtle pressures inherent to this class of materials.
For the same reasons, to accurately study subtle effects, the design of
the device enables application of both tensile and compressive pres-
sure, with the ability to easily access zero-pressure measurements
for reference. Furthermore, the option to quickly exchange the pre-
mounted samples and the availability of multiple modular sample
holders optimize the precious measurement time at large scale facil-
ities. Sections II-III outline the operating principle and the details
of the device, followed by test measurements in Sec. IV showing the
first results of the operational system.

Il. TECHNICAL IMPLEMENTATION OF THE DEVICE
A. Force generation and transmission

A general overview of the apparatus is shown in Fig. 1. In order
to achieve a precise control, the force in our device is generated using
a motor linear actuator (MLA) with microstepping from Trinamic
company (PD57-2-1161). The MLA allows for the smallest available
rotational step size of 0.007 03°, corresponding to a traveling dis-
tance of 0.0195 ym. While this is already a fine step, for our purposes
of a maximal strain of about 1% of a typical sample of ~2 mm, the
full movement of 0.02 mm corresponds to only ~1000 steps.

To increase the resolution, additional spring disk packages are
installed in series. They start deforming at low forces and, con-
sequently, increase the effective linear movement. Moreover, this
ensures that the force is applied gently after the engagement and
preserves potentially fragile samples.

In our implementation, we use four standard EN 16983
disk springs in series, each of which plastically deforms by
0.176 mm upon application of 200 N force, which is the maxi-
mum anticipated value in the experiments. This, combined with
extra deformation of the load cell (~0.07 mm/200 N), increases

(a)

Motor
unit Hanger
Spring
ackages 5
P & Height and angle
adjustment
Load cell
. Connection to a
Tripod __—~ -
support | cryostat/magnet
‘ Outer and
‘ ~—— inner rods
Sample ‘
stage \

e Incoming beam

FIG. 1. The new uniaxial pressure device. (a) Main parts of the force generation
and transmission elements of the pressure cell. (b) Pressure device positioned in
a CRYOGENIC horizontal-10T cryomagnet on the P21.1 beamline in PETRA-III
synchrotron at DESY.
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FIG. 2. Sample stage of the apparatus (a) showing the force transmission
parts, thermometer, and sample positioned in the multi-directional holder. (b) A
La,_Ba,CuO, sample installed for measurements at the P21.1 beamline, using
a push-only sample holder.

the effective traveling distance up to ~0.8 mm corresponding to
~40000 microsteps, hence vastly improving the control of the
precise load on the samples.

The 1.5 m long stainless steel (type 1.4404) push rod is con-
nected to the sample stage (Fig. 2), where the force is transferred to
the sample holders. In order to ensure a straight and efficient trans-
mission of force through the sample stage, it is guided by a set of
pulleys. The rod and the sample stage can be mechanically decou-
pled; there is a free movement of the rod of 3 mm, with respect to the
sample stage. This decoupling mechanism protects from any buildup
of strain upon temperature variation and enables true zero pressure
reference measurements. In order to apply the tensile (compres-
sive) strain, the rod has to be retracted (extended) until engagement.
The moment of engagement can be traced via the load cell (see also
below).

The sample stage terminates with the slots for sample holders
as shown in Fig. 2. The square outside shape of the sample holders
ensures the proper alignment for pushing and pulling operations,
while transmitting the applied force efficiently. Apart from the con-
straint of the square fixation shape, the sample stage can accept a
variety of sample holders, some of which are presented in Sec. II C
and are readily adaptable for future implementations.

B. Feedback and control

The applied force is measured using a load cell (see Fig. 1)
by transducer techniques (MLP 50), which allows measuring loads
of up to +220 N. In addition to the force measurement, the appa-
ratus is measuring the temperature in the vicinity of the sample
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(see Fig. 2) using a Cernox thin film resistance cryogenic tempera-
ture sensor (CX-SD-PACKAGE), which is read via a LakeShore-340
controller.

The software control is realized by employing the Frappy pack-
age’ with a SECoP interface® on an embedded server board (PC
Engines APU4D4). It enables processing the measured force and
temperature values as well as sending commands to the motor to
initiate or stop movement. For situations, when a constant-force
measurement is required, a feedback loop can be enabled to compare
the read force with the desired value and apply the corrective action
using the motor. This mode is essential when a large temperature
variation takes place during the measurement.

C. Sample holders

The present apparatus is able to apply a compressive and ten-
sile pressure, and consequently, the sample holders were designed
to support both push and pull measurements. Moreover, the hold-
ers can be replaced quickly so that previously prepared and glued
samples can be efficiently exchanged during the beamtime when
measurement time is precious. The device is compatible with differ-
ent types of sample holders. For example, in pull-only experiments,
when sufficiently strong and easy-to-handle samples are available,
they can be shaped into dogbones. We expect, however, that most
of the samples would be glued into the holders, as has been suc-
cessfully done in other cases.”’" The different types of holders
can also be quickly changed by removing the bottom part of the
sample stage.

Two sample holders, which were already successfully tested and
deployed in experiments, are presented in Fig. 3. For the holder com-
patible with both pushing and pulling [Fig. 3(a)], the sample is glued
to the inside tubes of the holders using epoxy. The cross section of
the sample holder is displayed in the inset of the figure. After align-
ing the crystal within the sample holder, the gaps between the holder
and the sample are filled with epoxy in a manner similar to the one
reported in Ref. 30. To facilitate the transport and distribution of the

Press/Pull

@ I
| o
‘,

=

FIG. 3. Different sample holders that have been used with the uniaxial pressure
device. (a) Sample holder with both push and pull capacity, with the inset showing
the cross section of the holder and the sample. The gaps between the holder and
the sample are filled with epoxy to transfer the force between the holder and the
sample. The sample holder pictured in (b) is optimized for samples, where pushing
only is needed. The empty space between the sample and the holder is filled with
epoxy for stability.

Press only
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epoxy and to increase the holding power, channels are added at the
corners of the cavity. Then, the top and bottom sample holders are
simultaneously slid into the square slots, which maintain the whole
system straight.

For samples, where only pushing action is needed, a different
holder shown in Fig. 3(b) can be used. The top part of the holder is
replaced by a pusher, which is stabilized by screwing it into the sam-
ple stage. The bottom part has a versatile base, upon which various
heads can be positioned, depending on the size of the sample and
its properties. In the presented case, the sample (orange) is glued
using epoxy to the bottom part of the sample. The bottom part of
the sample can be rotated in order to access different parts of the
reciprocal space, in case of a limited scattering angle of the sample
environment.

l1l. COMPATIBILITY WITH INSTRUMENTATION

The uniaxial device presented in this paper can be used in
various scenarios but is particularly suited for experiments in a
quasi-transmission geometry featuring small scattering angles, such
as high energy (around 100 keV) x-ray diffraction and small angle
neutron scattering (SANS) measurements. It is attached to the cryo-
stat or magnet using a standard KF25 flange or using additional
adapters when needed. While for small tilting angles, this provides
enough support, upon further tilting, or for situations with long
adapters, an additional tripod was designed to prevent the torque
on the device (Fig. 1).

In order to make sure that the sample position could be mod-
ified inside the cryostat for centering and signal optimization pur-
poses, a displacement unit is installed that can translate the device
along the vertical direction with a range of 18 mm.

Moreover, there is an additional radial adjustment system to
align the oriented sample with the available windows in the magnets
and cryostats.

Control-wise, the instrument has been designed to work using
the Sample Environment Autmation (SEA) client-server software
for controlling and monitoring sample environment devices at
the Swiss Spallation Neutron Source SINQ. It has been further
incorporated into the beamline control elements at the PETRA-III
synchrotron using the PyTango device control framework.

IV. EXPERIMENTAL TESTS

In order to test the operation of the device and to check the
efficiency of the force transfer through the long distance of the appa-
ratus, we have first measured the stress—strain curves of a steel mini
dogbone (t = 0.5 mm; d = 1.7 mm) using the setup described here
and comparing it with the measurement of exactly the same dog-
bone using a micro-tensile machine,”’ where the load cell is right
next to the sample, which, in turn, is right next to the stepper motor.
This allowed us to compare the readings of the load cells of the two
systems at identical strain values. Because the experiment was per-
formed in the pulling setup, it also allowed us to test the less common
tensile pressure option. As shown in Fig. 4, the agreement is very
good, verifying the efficient force transfer across the device.

Then, we tested the control system to ensure that correct forces
are reached and that the feedback loop maintains a constant force.

ARTICLE scitation.org/journal/rsi
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FIG. 4. Measurement of the efficiency of the force transmission. The abscissa
shows the force values as read from the transducer, whereas the ordinate cor-
responds to the extracted force from the optical measurement of the length of a
previously calibrated steel dogbone. Runs 1 and 3 are upon loading, and Runs 2
and 4 are upon releasing the force.

Figure 5 shows the loading curve for a force application during a
real experiment at PETRA-IIL. As shown in the figure, the motor
responds in an efficient manner both during the initial application
and to compensate for the fluctuation in the force.

Having satisfied the requirement of an efficient force trans-
fer and precise control, we then checked whether the crystals are
continuously deformed up to high forces while on the P21.1 beam-
line at PETRA-III. We have investigated a pertinent case of the
La,_xBa,CuOy system with x = 0.115 under uniaxial compression.

T : - 1480
110 — Requested
100 —— Measured
— | 11460 &
—~ 90- —— Motor rotation Q
\Z_/ Padl 2
o 801 — 11440 &
8 N 150 200 ©
70 n 101 ~
L [
60- o 4011420 D
99
50 ./ S <
98/
404 o 1440 ] 1400
0 100 200 300 400
Time (s)

FIG. 5. Loading and control of the force application. Here, we show how the force
is increased up to 100 N in three steps. The measured force (red line) traces
the requested force value (black line) with a small time delay to ensure a gentle
application of force. The motor (purple line) not only ensures the application of
the force but also runs on a feedback loop to maintain a constant force value, the
effect best seen in the inset, where we show a small time window indicated by the
green box.
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The full study of the properties under strain will be reported else-
where;"! here, we present the demonstration of the uniaxial pressure
effects in the orthorhombic phase at 64 K. The crystal was posi-
tioned with tetragonal [0, 0, 1] and [1, 1, 0] directions spanning the
scattering plane, and the pressure was applied perpendicular to the
plane. The sample surface upon which the force was applied was
rectangular with dimensions of 0.65 x 1.60 mm?. Therefore, the
maximum pressure we could reach with our device was 0.2 GPa,
which covers the full region of interest identified in the muSR
study.'” Figure 6 shows how the structural peaks arising from the
(1, 1, 0) tetragonal peak respond to the application of the uniaxial
pressure.

Since the material is orthorhombic at these temperatures, two
domains [corresponding to (2, 0, 0) and (0, 2, 0) peaks in the
orthorhombic notation] can be expected as shown in Fig. 6(a) with
no applied force. The uniaxial pressure has long been used to struc-
turally detwin orthorhombic crystals, and it is also observed in our
case with one of the peaks losing the intensity very quickly, also
plotted in Fig. 6(b). In addition, we track the scattering angle of
the surviving peak as we increase the applied force [the inset of
Fig. 6(b)]. As expected, when measuring the peak perpendicular to
the applied force (i.e., in the expanding direction), we observe a
reduction in the scattering angle.

Our measurements demonstrate that the force can be continu-
ously applied with a high precision and the structure of the crystals
is efficiently modified, enabling the tuning of the properties of the
material under investigation, in this case, the La,_,Ba,CuOy system
with x = 0.115.

V. SUMMARY

In summary, we have designed and commissioned a new in
situ uniaxial pressure device for x-ray and neutron scattering exper-
iments, specifically tailored for the investigation of quantum matter
at low temperatures and high magnetic fields. In particular, the
design of the sample holder is highly flexible and can be adapted to
support various sample requirements. The control system designed
for the system can be easily integrated into the control stack of

large-scale research facilities. Taken together, the device can be easily
used in a wide range of experimental situations.
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