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ABSTRACT
We introduce a new stress dilatometer with exactly the same size and mass as the world’s smallest miniature capacitance dilatometer (height
× width × depth = 15 × 14 × 15 mm3, mass: 12 g). To develop this new device, only a single part of the most recently developed mini-
dilatometer, the so-called “body,” needs to be replaced. Therefore, the new mini-dilatometer with an interchangeable body can be used for
high-resolution measurements of thermal expansion and magnetostriction with and without large stress. We also report two novel applica-
tions of both mini-dilatometer cell types. Our new setup was installed for the first time in a cryogen-free system (PPMS DynaCool). The first
new setup allows the rotation of both dilatometers in situ at any angle between −90○ ≥ μ ≥ +90○ in the temperature range from 320 to 1.8 K.
We also installed our mini-cells in a dilution refrigerator insert of a PPMS DynaCool, in which dilatometric measurements are now possible
in the temperature range from 4 to 0.06 K. Because of the limited sample space, such measurements could not be performed so far. For both
new applications, we can resolve the impressive length changes to 0.01 Å.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0141974

I. INTRODUCTION

Dilatometry, the measurement of the sample length as a func-
tion of temperature or magnetic field, is one of the most powerful
experimental techniques for the study of strongly correlated electron
systems. In particular, the ultrahigh resolution that can be achieved
in capacitive dilatometer measurements makes this technique so
suitable for studying phase transitions, very low-energy excitations,
and the coupling of multiple electronic, orbital, and spin degrees of
freedom to the lattice.

Compared with other thermodynamic probes such as specific
heat, dilatometry has the additional advantage of measuring com-
plementary directional properties such as thermal expansion along
different crystallographic directions.

For second-order phase transitions, the initial pressure depen-
dence of critical temperatures can be calculated from the ratio of the
discontinuities in the volume thermal expansion and specific heat
using the Ehrenfest relation Eq. (2). A similar relationship holds for
the linear thermal expansion and allows for the estimation of the
uniaxial pressure dependencies.1–3

In addition, dilatometric measurements are an excellent tool for
the study of quantum criticality,4–8 allowing one to determine the
nature of the quantum critical points via scaling analyses.9

Although measurements of the length change can be made
using a variety of methods, including X-ray diffraction,10 optical
interferometry,11 the use of strain gauges,12 and piezo-cantilever
technology,13 only measurements using the capacitive technique
allow for a remarkably high resolution of ΔL/L = 10−10, exceeding
the resolution of the other techniques by at least one order of magni-
tude. Since single crystals of novel materials typically do not exceed
1–3 mm in length, the absolute length change of the sample at low
temperatures tends to be extremely small, making the very high
resolution of the dilatometer extremely important.

Despite the fact that capacitive dilatometry has been in use
for decades,14–17 only recently have improvements been made in
the design that allow complex materials to be studied with high
resolution and accuracy in challenging environments such as high
magnetic fields and low temperatures.18–20 One of the key factors
for this progress has been miniaturization of the measurement cells,
allowing them to fit into limited sample spaces.
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In the Editor’s Pick in 2017,20 we introduced “The world’s
smallest capacitive dilatometer.” Although similar sized cells have
been reported in the literature,13,21–24 using our design, we have
been able to achieve an unprecedented resolution for a capacitive
dilatometer of such a small size allowing us to resolve the sample
length changes down to 0.01 Å.

In addition, the extreme miniaturization of our dilatometer
(height × width × depth = 15 × 14 × 15 mm3) enabled the use of our
technique in a number of new applications, such as the manual sam-
ple rotation in the Physical Property Measurement System (PPMS)
and performing measurements in the 37.5 T Bitter magnet in the
High Field Magnet Laboratory in Nijmegen down to a temperature
of 300 mK.20

Another development in the dilatometry technique was
our invention of the first uniaxial stress-capacitance dilatome-
ter for high-resolution thermal expansion and magnetostriction.19

Smart devices with piezoelectric actuators that allow in situ
strain tuning have recently been utilized for electrical resistivity
and magnetic ac-susceptibility measurements on unconventional
superconductors.25–27 However, thermal expansion and magne-
tostriction are the most sensitive thermodynamic probes of phase
transitions; hence, the technique we have developed should be of
great interest for these types of studies as well.

Back then, our dilatometers were already miniaturized but not
as small as they are today. Our first stress dilatometer had a much
larger cell size (height × width × depth = 36 × 26 × 20 mm3).19 The
operating mechanism and basic design were the same as those of
our new mini-stress dilatometer. However, using the larger stress
cell, a force of up to 75 N could be applied to the sample. This cor-
responds to a uniaxial stress of 3 kbar obtained by measuring the
cuboid samples with a 0.25 mm2 cross-section. This new technique
was successfully applied to the study of quantum criticality on the
geometrically frustrated material CeRhSn. Here, we used the uniax-
ial pressure (stress) as a control parameter for tuning a material from
a quantum critical into a magnetically ordered ground state.28 In
contrast to all previously studied quantum critical materials,4–8 the
expansion coefficient α/T diverges only within the ab plane, whereas
along the c-axis, it displays the Fermi-liquid behavior.29 This has
been explained by a quantum critical point (QCP) related to geomet-
rical frustration, which is sensitive only to in-plane stress but not to
c-axis stress.29 In addition, as can be seen in Fig. 1(b), increasing the

FIG. 1. Thermal expansion coefficient divided by temperature α/T measured
along the c- and a-axis as a function of temperature at different uniaxial stresses
applied parallel to the measurement direction. The data at 5 bar were taken from
Ref. 29.

stress within the Kagome plane leads to a suppression of the low-
temperature divergence in α/T, followed by a step-like change in the
expansion coefficient, indicating a second-order phase transition.

Our study on CeRhSn with stress dilatometry is one of the first
experiments of this type and opens a different way to investigate the
geometrically frustrated matter. It is expected that in several other
quantum spin liquid candidate materials, different hidden quantum
phases can be discovered by the release of frustration with uniaxial
stress.

In this work, we report on the further development of our mini-
dilatometer. The new design allows us to apply uniaxial pressure
retaining the small form factor of our smallest device. This is done by
replacing the so-called “body.” Therefore, the new mini-dilatometer
with an interchangeable body can be used for high-resolution mea-
surements of thermal expansion and magnetostriction with and
without large uniaxial stress.

In addition, we report two novel applications, in which both
mini-dilatometer cells can be used. In the first application, described
in Sec. III, we present a new probe that allows for in situ mechanical
rotation of the dilatometer in the Quantum Design PPMS cryostat at
any angle between −90○ ≥ μ ≥ +90○ without the necessity to remove
the probe to rotate the sample. The rotation can be performed at
temperatures between 1.8 and 320 K.

In the second application, presented in Sec. VI, we describe the
installation of our mini-cells in a Quantum Design dilution refrig-
erator insert, which enables access to a temperature range spanning
4 K all the way down to 60 mK. The space for user experiments in
such a dilution refrigerator is only 22 mm in diameter by 35 mm
long in cylindrical volume. Here, we mounted the cells parallel and
perpendicular to the applied magnetic field. This is the first time
dilatometry measurements have been performed in a PPMS dilution
refrigerator. The cooling of the dilatometer to 60 mK can be achieved
very quickly in less than 8 h.

A particularly timely aspect of our work is the application of our
dilatometry setup in a cryogen-free system. This Quantum Design
DynaCool cryostat uses a single two-stage pulse-tube cryocooler for
both the superconducting magnet and the temperature control sys-
tem. The number of cryogen-free systems in laboratories worldwide
is steadily increasing due to the limited supply of liquid helium.
Since dilatometer measurements are extremely sensitive to mechan-
ical or electrical disturbances, it was not a priori obvious that an
ultrahigh-resolution could be achieved in such systems.

In this work, we demonstrate that it is possible to resolve
the length changes down to 0.01 Å in a cryogenic-free system.
The resolved length changes are ten times smaller than reported
previously for dilatometry measurements in PPMS systems.20 This
corresponds to a relative resolution of ΔL/L = 10−10 obtained by
measuring a sample with a length slightly smaller than 1 mm.
Until recently, ultrahigh-resolution measurements of ΔL/L = 10−10

could only be performed using a dilatometer inside the inner vac-
uum chamber in the dilution refrigerator of an Oxford Instruments
cryostat18–20 equipped with sophisticated self-built damping sys-
tems. Thus, our results prove that commercial cryogen-free systems
such as the Dynacool are also well suited to achieve ultrahigh-
resolution thermal expansion and magnetostriction measurements.
Details of the installation of our setup in the Dynacool and the mea-
sures used to limit mechanical and electrical noises are described in
detail in Sec. IV.
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II. THE NEW MINI-STRESS DILATOMETER
A. The new mini-stress dilatometer

The mini-stress dilatometer is based on our patented mini-
dilatometer design,18–20 which is in line with the Pott–Schefzyk
principle16 of two flat parallel leaf springs. In contrast to this well-
known principle, our new stress cell uses four springs instead of
two. The new design is shown schematically in Fig. 2. Our stress
cell consists of an external frame (3) and a moving part (1). The
lower capacitor plate (6) is mounted on the lower part of the exter-
nal frame (3). The upper capacitor plate (5) is fixed at the bottom
of the moving part (1). The external frame and moving part are
connected by four flat leaf springs (2) with a thickness of 0.5 mm.
The sample is clamped using an adjusting screw (9), which presses
the sample against the force of the four parallel leaf springs. In
this construction, a change in the length of the sample causes an
equally large change in the length between the two capacitor plates.
Although the Pott–Schefzyk dilatometer consists of many indi-
vidual parts, our design consists of only four parts, as presented
in Fig. 3.

The sample-adjusting tool (d) was exclusively used for sample
mounting and was not used during measurement. The bottom part
(a) contains the lower capacitor plate (6). The main body (b) con-
tains flat leaf springs and an upper capacitor plate (5). This main
body (b) is responsible for cell function. In the Pott–Schefzyk cell,
the main body was made up of seven different parts, which were
screwed together. In our mini-dilatometer, the main body was man-
ufactured as a single part by wire erosion and milling. If the main
body of the new stress dilatometer was manufactured using the
Pott–Schefzyk design, 13 individual parts would have been required.
Compared with the original mini-dilatometer cell,20 two fundamen-
tal changes were made to this main body (b): (i) The thickness of
the leaf springs increased significantly from 0.25 to 0.5 mm. Our
theoretical calculations showed that the spring force F, and accord-
ingly, the applied uniaxial pressure (stress) to the sample p increases
with increasing spring thickness d as F ∝ p∝ d3. Consequently, the
spring force on the sample will increase eight times by doubling
the spring thickness. (ii) Two additional springs were included in the
parallel spring circuit. In the original circuit, the two springs are par-
allel because they are connected side-by-side to act as a single spring.
The strain of the ensemble is a common strain, and the stress of
the ensemble is the sum of their stresses. The same holds true when
more than two springs are parallel. We included two additional leaf
springs with the same 0.5 mm thickness to our dilatometer design.
Consequently, the ensemble stress should be doubled. Combining
both fundamental changes [(i) and (ii)], the substantially stronger
spring force acting on the sample should be 16 times larger than that
of the mini-dilatometer design. In Sec. II B, we describe the exper-
imental determination of the resulting spring force acting on the
sample. This shows that our calculations were considerably precise.
In fact, the spring force increases by 15 instead of 16.

The third main part of the dilatometer is the cover (c), which
is screwed onto the body. This cover includes a lock screw (12)
whose function is described below. Part number four is the sample-
adjusting tool (d), which is used to mount the sample and will
be removed afterward. This sample-adjusting tool included a fine-
threaded (0.35 mm pitch) M3 adjusting screw (9), which was used to
mount the sample (4, red). The sample is easily mounted as follows:

FIG. 2. Schematic drawing of our new mini-stress dilatometer. The top picture
shows a 3D view, the middle picture shows a side cut-away view, and the one at
the bottom shows a front cut-away view of the dilatometer. (1) Moving part, (2) four
Be–Cu flat leaf springs, (3) external frame, (4) sample, (5) upper capacitor plate,
(6) lower capacitor plate, (7) and (8) guard rings, (9) adjusting screw, (10) cubic
piston, (11) removable sample-adjusting tool, (12) locking screw, (13) sapphire
washer, (14) insulating piece of vespel, and (15) electrical connection soldered on
the screw.
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FIG. 3. A comparison of the new mini-stress dilatometer with the almost zero pres-
sure mini-dilatometer: Each dilatometer consists of four main parts: (a) bottom part,
(b) main body, (c) cover, and (d) sample-adjusting tool. To apply additional uniaxial
stress, just the main body (b) has to be exchanged. The stress cells in the main
body contain four springs with a thickness of 0.5 mm instead of two springs with a
thickness of 0.25 mm.

First, the sample-adjusting tool (d) and cover (c) are unscrewed and
removed. Next, the sample is inserted into the center of the body
from above. The cover (c) and adjustment tool (d) are then screwed
back on. The sample is initially free-standing and is clamped in the
next step by tightening the adjusting screw (9). In this method, the
screw does not press directly on the sample but is placed on a cubic
piston (10) that can only move horizontally in the lid. This ensures
that the intended orientation of the single crystals does not change
during clamping. Once the sample is clamped, a locking screw (12)
is used to fix the cubic piston (10). The sample-adjusting tool (d) is
then unscrewed and removed.

The mini-dilatometer and the mini-stress dilatometer are
almost identical in construction. Three of the four main parts [bot-
tom part (a), cover (c), and sample-adjusting tool (d)] can be
used for both dilatometers (see Fig. 3). Only the main body (b),
which contains the leaf springs, has to be exchanged for applying
“almost-zero” or significant uniaxial pressure to the sample. There-
fore, the mini-stress dilatometer has exactly the same tiny size and
mass as the world’s smallest miniature dilatometer (height × width
× depth = 15 × 14 × 15 mm3, mass: 12 g). Both dilatometers can
be used to measure samples smaller than 1 to 2.75 mm in size. In
the case of a mini-dilatometer, samples with any geometry can be
installed. By contrast, for the stress dilatometer, well-characterized
rectangular single crystals with the same cross-section at both ends
are required to ensure a uniform pressure distribution within the
sample. Compared with the recently developed piezoelectric strain
tuning devices,27 our stress dilatometer has the advantage that for
rectangular crystals, there is no strain gradient within the sample.
When applying a higher pressure by measuring samples with smaller
cross-sections, it is advisable to polish the sample surfaces well to
prevent cracks.

All dilatometer parts (except for the electrically insulating
washers) were produced from ultrapure Be–Cu to reduce the eddy
currents induced by the time variation of the magnetic field. A 1.84%
content of Be provides electrical conductivity, which is much lower
than that of pure copper or silver. To include the springs in the main
body, the block used for machining had to be annealed prior to pro-
cessing for 3 h at 600 K. This increases the hardness of the alloy
by a factor of three and, therefore, enables the physical stability and
elasticity of the springs.

A commercial capacitance measuring bridge can be used to
record the measured change in capacitance; the formula of the plate
capacitor can then be applied to calculate this change in capaci-
tance back to the length change caused by the sample. The distance
between the capacitor plates of the unloaded cell is 0.25 mm (C = 3
pF), whereas at the measuring position, it decreases to ∼0.05 mm
(C = 20 pF). All the mini-stress dilatometers manufactured cause a
short circuit at a capacitance exceeding 40–50 pF. This makes it pos-
sible to work with a very high measuring capacitance between 10 and
20 pF: the absolute value of the capacitance is measured by a com-
mercial capacitance measuring bridge (Andeen Hagerling 2550A)
with a resolution of 10−6 pF. At such a high capacitance, the abso-
lute length change of the sample can be measured with a sensitivity
of ΔL = 0.01 Å. Despite their small dimensions, the new mini-stress
dilatometers are extremely high-resolution dilatometers. Our new
design also allows measurements under substantial uniaxial stress.
In Sec. II B, we will explain a force-testing facility that we set up to
determine the spring force exerted on the sample.

B. Spring force and resulting stress exerted
on the sample

The new mode of operation of the mini-stress dilatometer is
based on the enormous force exerted on the sample by four parallel
leaf springs. We mentioned in Ref. 20 that in our mini-dilatometer
design with two 0.25 mm-thick leaf springs, a small spring force
between 3 and 4 N was applied to the sample. In most experi-
ments, such a weak force did not cause any changes in the material
properties. By contrast, in our new design with four thicker and
parallel springs, the spring force, and consequently the induced uni-
axial pressure (stress), increases significantly. In the following, the
applied spring force is experimentally determined for the mini-
dilatometer with two 0.25-mm-thick springs and two mini-stress
dilatometers with four 0.4-mm-thick and 0.5-mm-thick springs,
respectively.

The following formula allows the calculation of the change in
the distance between the plates of the corrected plate capacitor:

ΔL = ε0πr2 C − C0

CC0
(1 − CC0

C2
max

). (1)

We used Eq. (1) to test the functionality of the different mini-
dilatometers at room temperature and determine the spring force
exerted on the sample. Here, ΔL is the length change of the sam-
ple, i.e., the distance change between the capacitor plates. C is the
changing capacitance, and C0 is the initial capacitance. In contrast
to the ideal plate capacitor, the capacitor plates of the manufac-
tured dilatometer do not have an exact plane-parallel orientation.
This error owing to the tilting is considered in the formula used
by including the short-circuit capacitance Cmax.16,20 We obtained
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FIG. 4. Determination of the resulting spring force: (a) A force gauge is mounted on
a CNC machine. (b) The sensor tip of the force gauge is set perpendicular to the
upper surface of the moving part of the dilatometers. When the force is increased
up to 7000 g, the tip increases its pressure on the moving part and causes a
downward vertical movement of the moving part, including the upper capacitor
plate, toward the lower plate.

the short-circuit capacitance by carefully decreasing the plate dis-
tance with an adjustment screw until the capacitor was shorted.
The final and highest measured value was Cmax. Considering the
tilting of the plates, Pott and Schefzyk16 derived Eq. (1), which is
a corrected expression for the measured length change ΔL, where
ε0 = 8.8542 × 10−12 F/m is the permittivity in vacuum and r = 5 mm
is the radius of the circular smaller upper capacitor plate.

Figure 4 shows pictures of our experimental setup, which we
used to determine the spring force applied to the sample as a func-
tion of capacitance. A force gauge with a resolution of 0.01 N is used
to measure the applied force. The force gauge was mounted on a
CNC machine that allowed precise vertical movements in microm-
eter steps. The sensor tip of the force gauge acted centrally on the
moving part of the dilatometer (see Fig. 4). Using remote control of
the CNC machine, we slowly moved the force gauge together with
the sensor tip downward. Thus, we gradually increased the force
that led to stronger bending of the springs and reduced the distance
between the two capacitor plates. In this way, we determined a cali-
bration curve F (N) vs C (pF) by increasing the force step-wise by 2 N
for the stress mini-dilatometer and 0.2 N for the mini-dilatometer.
The change in capacitance was simultaneously measured using an
Andeen Hagerling (AH) 2550A capacitance bridge. The resulting
change in length ΔL (distance between the capacitor plates) was
calculated from the measured capacitance using Eq. (1).

Figure 5 shows the relationship between the measured capac-
itance and the spring force acting on the sample for all three
dilatometers. As the dilatometers are operated between 10 and 20 pF,
we obtained the expected force of 3 to 4 N for the mini-dilatometer
(2 springs of 0.25 mm thickness). Because the resolution of the
dilatometer improves in square form with increasing capacitance,
high-resolution measurements are not obtained when using a mea-
suring capacitance of less than 10 pF. For the two stress-dilatometer
with four springs of 0.4 and 0.5 mm thicknesses, the spring force sig-
nificantly increased by ∼9 and 15 times, respectively. For a stress cell
with four springs of 0.5 mm thickness, the spring force in the oper-
ating range is between 50 and 65 N. This corresponds to a maximal
uniaxial stress of 0.65 and 4 kbar obtained by measuring a cuboid
sample with 1 and 0.4 mm2 cross-sections, respectively. Since mod-
ulus of elasticity of copper alloys changes only slightly, by about

FIG. 5. Capacitor plate displacement and respective spring force as a function
of working capacitance. We typically operate the dilatometer between 10 and
20 pF corresponding to the forces between 55 and 65 N for the strongest stress
cell indicated by dotted lines.

FIG. 6. Experimentally determined relation between the applied spring force and
the displacement of the upper capacitor plate from its rest position, 250 μm above
the lower plate. The dotted lines display Hooke’s law F = k × x with a spring
constant k as quantified.

5%,30 from room temperature to below 1 K, this value applies almost
unchanged over the entire temperature range from 320 to 0.01 K.

Figure 6 shows the obtained linear relation between the mea-
sured length change ΔL [calculated using Eq. (1)] and the applied
force. The observation of a linear relationship F = k × ΔL, which is
valid here for all three dilatometers, proves that the springs do not
plastically deform. The bending of the springs is still in the elastic
range even at the highest applied force. This means that also the
mini-stress dilatometer with four springs of 0.5 mm thickness and
with the largest spring constant of k = −0.3 × 106 N/m can be used
over the entire working range.

III. NEW APPLICATION: IN SITU DILATOMETRY PROBE
FOR THE PPMS SYSTEM

All miniature capacitive dilatometers developed worldwide to
date have a size that would ideally fit into a PPMS system13,18,19,21–23

but exclude the rotation of the dilatometer. The only exceptions are
our mini-dilatometer and the dilatometer developed by Quantum
Design (QD). In this QD design,31 the dilatometer was located inside
a capsule. The capsule is configured to allow the dilatometer cell to
be rotated and locked in place via a set screw to accomplish measure-
ments at various angles. However, the dilatometer must be removed
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from the PPMS before each rotation, and the angle must be reset
manually. In situ rotation at low temperatures is not possible with
this method. In addition, in this application, it is preferable that the
sample to be measured is 2 mm in length, ±50 μm.

In the following, we present a newly developed dilatometer
probe that allows the dilatometer to be rotated in situ at any angle
between −90○ ≤ μ ≤ +90 in PPMS over a temperature range from
320 to 1.8 K. This allows for systematic anisotropy studies with short
measurement times. Both the mini- and mini-stress dilatometers can
be used in this application to measure samples less than 1 to 2.75 mm
in size.

Figure 7 shows the developed PPMS dilatometry probe. The
mini-dilatometer (1) or, alternatively, the mini-stress dilatometer is
mounted to a C-shaped dilatometer holder (2) placed on a mechan-
ical rotator that allows a horizontal manual in situ rotation of the
sample in the cell within the PPMS. The axis of rotation of the
dilatometer is perpendicular to the direction of the applied field.

A probe head made of anodized aluminum [see Fig. 7(a)]
was attached to the upper end of the probe stick. This head con-

FIG. 7. (a) Head of the probe and (b) in situ PPMS-dilatometry probe from two
different views. (1) Dilatometer, (2) C-shaped dilatometer holder, (3) cage, (4) spiral
spring, (5) leaf spring, (6) gold-plated contact springs, and (7) position of the coax
cables.

tained a rotary knob with which the dilatometer could be manually
rotated between −90○ and +90○. We included a locking mecha-
nism to prevent the rotation of more than 180○. This is to prevent
the ultra-thin coaxial cables used for wiring from over-twisting and
breaking. However, for special experiments and care, the pin of
the locking mechanism can be removed to allow rotations of up
to 360○.

The rotary knob, fixed on the probe head, is screwed to a
stainless-steel tube, which goes down to the cage (3) via a her-
metic feed-through. A cage (3) is screwed to the lower end of the
tube, which contains the mechanical rotator and dilatometer holder,
including the dilatometer. All parts of the mechanical rotator are
made with very high precision in our workshop from bronze, which
allows operations in very strong magnetic fields (current max. tested
field: 12 T). The lower end of the stainless-steel tube is screwed
on a bevel gear wheel, which transmits rotation to the C-shaped
dilatometer holder (2) via another bevel gear wheel and a set of
gear wheels. The lowest gear wheel is attached to a spiral spring
(4), which is under tension and thus prevents backward movements.
This enables precise positioning of the dilatometer. A leaf spring (5)
is mounted in the middle of the outer cage frame, which exerts a
slight pressure on the C-shaped dilatometer holder and center gear
wheel to optimize the thermal coupling of the dilatometer to the
cage.

The PPMS probe is thermally coupled to the annular region
at the bottom of the PPMS via contact springs, where the heaters
warm the helium gas to the correct temperature via a pin connec-
tor. Three rows of gold-plated contact springs (6) are attached to
the top of the cage. The thermal anchors (6) are mounted directly
above the dilatometer and touch the lower part of the inner cham-
ber of the PPMS cooling channel. Only the lower part of the inner
PPMS cooling channel is made of a highly heat-conductive material
(copper) and maintains the same temperature as the pin connector.
The reason the thermal anchors’ work platform with its extra-large
surface is mounted at this level is to effectively improve the ther-
mal coupling of the mini-dilatometer. Because the coaxial cables
also provide heat input, they are wrapped several times in the row
directly above the contact springs (7) to dissipate this additional
heat to the cooling channel. The sample chamber should also be
kept under a helium atmosphere with a typical helium pressure of
5–7 Torr, which further improves the thermal stability of the cell
and the sample inside. The probe also contains radiation shields to
prevent additional heating.

To check the thermal coupling of the dilatometer, we screwed
a Cernox-CX-SD thermometer onto the mini-dilatometer and
then measured the temperature during warm-up directly on the
dilatometer and on the PPMS (pin-connector). When the temper-
ature increased from 2 to 300 K at a sweep rate of 0.3 K/min, the
difference between the two thermometers was less than 0.2 K for
temperatures up to 50 K, which increased to 0.5 K up to 100 K
and then remained nearly constant until 300 K. When we started at
higher temperatures, the temperature difference at the thermome-
ters remained less than 0.2 K for a large temperature window.
When sweeping with 0.1 K/min, we did not observe a temperature
difference below 50 K between the thermometers.

The head of the probe also contained two hermetically sealed
LEMO connectors, which were connected to a capacitance bridge
with a pair of coaxial cables.
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As an example of the exceptional resolution of our in situ
PPMS dilatometry probe operating in a DynaCool system, we
show the quantum oscillation measurements in the magnetostric-
tion ΔL(B)/L of a Weyl semimetal NbP (see Fig. 8). A 1 mm single
crystal was mounted so that the change in the length ΔL(B) of the
sample is measured along the c-axis of the crystal, and by rotating
the dilatometer to θ = 90○, the magnetic field B is applied along the
a-axis. The field was swept at 2 K in the DynaCool system at 10 Oe/s.
Clear de Haas van Alphen (dHvA) oscillations become visible at
very low fields and reach very strong amplitudes at the highest fields
measured. The magnetostriction in NbP arises because the carrier
concentration is changed by the magnetic field. Magnetostriction
measurements are very useful to study semimetals with light carri-
ers and multiband contributions to the density of states (DOS).32 In
contrast to transport,33 the thermodynamic probe is directly cou-
pled to the DOS because magnetostriction simply measures the
linear function of the field-induced change in carrier density ΔL/L
= cΔN(B).32,34 The applied magnetic field quantizes the energies
of the quasiparticles into Landau levels, which occupy discrete
energy levels perpendicular to the magnetic field direction, depend-
ing on the cyclotron energy.35 As the cyclotron energy increases with
increasing field, higher Landau levels become depopulated. The rip-
ples and peaks observed in Fig. 8 are caused by sudden changes in
the carrier concentration when the Landau level is evacuated, and
they reflect asymmetric singularities in the DOS.

In NbP, the observed peaks were associated with two-electron
and two-hole Fermi surface pockets.36 As shown in the inset in Fig. 8,
low-frequency quantum oscillations can be resolved from as low as
0.3 T. This corresponds to a large magnetic length, which character-
izes the high quality of the sample and the ultrahigh sensitivity of
our instrument. Owing to the high sensitivity of our setup, displace-
ments as small as ΔL = 0.01 Å can be resolved. Our magnetostriction
measurements of NbP, among the first on Weyl semimetals, demon-
strate that magnetostriction is a highly interesting probe for this class
of materials and encourages further investigation.

This is the first time that we have achieved exceptionally good
resolution using a PPMS system. Now, we reach the resolution limit
of the best commercially available capacitance-measuring bridge
(Andeen Hagerling 2550A), that is, the absolute value of the capaci-

FIG. 8. The relative change in length ΔL/L of a 1 mm long NbP single crystal at
2 K is shown as a function of the applied magnetic field; quantum oscillations in
the length change due to the de Haas–van Alphen effect can clearly be seen. The
field was swept in a DynaCool system with 10 Oe/s.

tance can be measured at a resolution of 10−6 pF. This demonstrates
that the DynaCool system provides an extremely low-vibration envi-
ronment for dilatometry measurements. However, to achieve such
high-resolution measurements, it is necessary to set up the PPMS
system in such a way that mechanical and, above all, electronic
noises are avoided. The avoidance of ground loops is particularly
important. This is discussed in detail in Sec. IV.

IV. ELECTRONIC ISOLATION
OF THE MEASUREMENT SETUP

Capacitance measurement is one of the most challenging types
of electrical measurements. To perform high-resolution dilatometry
measurements on our setup, it is essential to provide a low-noise
environment. In such measurements, the main sources of noise are
stray capacitance between measurement wires and the surroundings,
electrical noise due to the presence of ground loops, and noise from
additional measurement electronics (measurement PC, magnet and
temperature controllers, pumps, etc...).

In our setup, the noise originating from the stray capacitance
is limited by the use of fully shielded coaxial cables between the
capacitor plates in the dilatometer and the AH 2500 capacitance
bridge. In addition, the outer shield of the coaxial cables was sol-
dered to dilatometer screws and connected to the metal surface of
the dilatometer cell. Because the contact springs of the dilatometry
probe touch the inner chamber of the PPMS cooling channel, this
arrangement ensures that the shielding of the measurement cable
and the PPMS sample chamber is in galvanic contact. This further
decreases the influence of the stray capacitance because the PPMS
itself acts as a part of the electric shielding. Although such a setup
limits stray capacitance, it can potentially lead to the appearance
of additional noise if the cryostat and capacitance bridge are con-
nected to separate sockets, creating a ground loop. Ground loops
are a major source of the noise. Similar problems occur if a gal-
vanic connection exists between the measurement PC, cryostat, and
capacitance bridge, that is, via universal serial bus (USB) or general
purpose interface bus (GPIB) cables [see Fig. 9(a)].

To achieve a maximum resolution of 10−6 pF in our setup, it
is necessary to address the problem of ground loops. Figure 9(b)
displays a schematic arrangement of instruments that reduces the
influence of ground loops, which can be used in most PPMS systems.
All measurement instruments, including the measurement com-
puter, were connected to the same PPMS power source. Although
such a design does not fully remove the issue of ground loops, it lim-
its their influence because all electronics are grounded to the same
point. Although this design is very convenient to set up, it has the
disadvantage that the measurement electronics are not galvanically
decoupled from other electronic devices. This can result in a sig-
nificant noise source if not properly designed (e.g., typical digital
PCs are often not optimized to provide a low-noise environment).
In addition, such a setup is not always feasible for cryostat systems
other than PPMS.

The setup best suited for optimum resolution, and thus the
highest measurement quality, which was used for our measurements
on the QD Dynacool, is shown in Fig. 9(c). Here, the capacitance
bridge is grounded in the cryostat sample chamber and is electrically
isolated from both the power grid and the measurement computer.
In such a setting, all ground loops are avoided, and grounding to
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FIG. 9. Three ways of electrical connections of the measuring system. (a) An incorrectly connected circuit exposed to the ground loops noise. (b) The entire system is
powered by a common PPMS power supply. (c) Physical separation of the AH Bridge (capacitance bridge), PPMS (physical property measurement system including its
controllers), and the PC (measuring computer).

the cryostat ensures that the sample chamber, wire shielding, and
the capacitance bridge have no potential differences. In this setup,
the galvanic isolation of the capacitance bridge from the power
line is achieved using an insulating Transformer (ETTK 2500 -
Isolating Transformer 230 VAC). A more challenging issue is the
galvanic isolation of the measurement instrument and the PC used
for data recording. In our setup, this was achieved using an opti-
cal USB repeater. Here, AH2500 was connected via a USB/GPIB
adapter to the Icron Ranger 2324 USB transmitter and transmitted
via multimode optical fiber to the receiver and then via a USB to
the measurement PC. This mode of connection has been proven to
provide a reliable connection that fully isolates the measurement rig
from computer electronics.

The measurement implementation is shown in Fig. 9(c).
Although it requires additional instrumentation, it provides a range
of additional benefits: (1) it can be utilized on cryostat systems
of any manufacturer, (2) the insulating transformer apart from
disconnecting the ground acts as a low-pass filter rejecting any high-
frequency components carried in the power lines, and (3) optically
decoupling the measurement instrument and computer ensures that
high-frequency digital noise and potential ill design of grounding in
USB and GPIB do not influence the measurement results.

V. TEST MEASUREMENTS WITH THE NEW
MINI-STRESS DILATOMETER

To demonstrate the functionality of the new mini-stress
dilatometer, we measured the thermal expansion of multiferroic

TbMnO3 under stress and almost zero pressure. The ferric character
of TbMnO3 results from the interplay between magnetic and elec-
tric degrees of freedom.37 The choice of the system was based on the
fact that its response to even minute structural distortions should
be strong as interactions in cases of orbital and magnetic degrees of
freedom are significantly sensitive to interionic distances.

We prepared a cuboid sample (l × w × d = 1.83 × 1.22 × 0.72
mm3) cut from a rod grown using the floating-zone technique. Ther-
mal expansion was measured along the longest achievable direction
coinciding with the (1,0,1) crystallographic direction.

At ambient pressure, TbMnO3 undergoes a series of transi-
tions between 42 and 7 K. Hallmarks of all those transitions can
be found in the T-dependence of the thermal expansion coeffi-
cient, measured with a mini-dilatometer (see the blue curve in
Fig. 10). At TN Mn = 42 K, the Mn magnetic moments are arranged
in an incommensurate sinusoidal antiferromagnetic structure with
a temperature-dependent ordering wavevector (0, kMn(T), 0). On
further cooling, a jump-like change in α occurs at T ≈ 34 K, which
has been observed in previous studies and speculatively assigned
to the alteration of the rate of change in the ordering wave vector
as a function of temperature.38 The most pronounced anomaly in
the thermal expansion coefficient appears just below 26 K and is a
manifestation of the onset of an incommensurate cycloidal order
of magnetic moments with the same non-zero components of the
ordering wave vector as the sinusoidal structure. The cycloidal order
breaks the inversion symmetry and allows for spontaneous electric
polarization. This transition coincides with the onset of the ferro-
electric phase with nonzero electric polarization P ∥ c.38 Owing to
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FIG. 10. The thermal expansion coefficient of multiferroic TbMnO3 was mea-
sured using mini-dilatometers equipped with two springs of 0.25 mm (unstrained)
and four springs of 0.5 mm. Dashed lines mark temperatures of the transitions
observed in other works.38 The inset shows the scaled and shifted regions of data
around the magnetic and para-ferroelectric transitions. The solid line is a guide to
the eye.

its prominence, our investigation using uniaxial pressure will focus
further on this feature. The last inflection in α observed above 5 K
results from the ordering of the magnetic moments residing at the
Tb ions.

The measurements under stress were performed using a new
mini-stress dilatometer. Here, the sample is clamped between the
movable and fixed plate by four springs of 0.5 mm thickness, which
exert a strong force of ∼65 N. We measured a capacitance of
24 pF at 50 K, which changed slightly up to 25 pF during cool-
ing to 2 K. By using the calibration curve of F (N) vs C (pF)
(see Fig. 5), we were able to determine a force of ∼65 N applied to
the sample. The applied stress was calculated by dividing the force by
the cross-section of the sample. Because we used a single rectangular
crystal with the same cross-section at both ends, uniform stress along
the sample was guaranteed, which is an important advantage com-
pared with piezoelectric devices. The cut sample had a cross-section
of w × d = 1.22 × 0.72 mm2. This results in a uniaxial pressure of
75 MPa. By contrast, a force of only 4 N was applied to the sam-
ple during the mini-dilatometer measurements (see Fig. 5), which
corresponds to 16 times lower stress. As can be seen in the orange
curve in Fig. 10, an identical signature of four-phase transitions at 7,
26, 34, and 42 K is also observed when measured under stress; only
the absolute values are slightly smaller. Looking more closely at the
most pronounced transition at 26 K, we note a shift in the transition
temperature under stress toward lower temperatures (see the inset
of Fig. 10). To accurately determine the transition temperature, we
measured very slowly at a rate of 0.01 K/min. At this low sweeping
rate, the measurements during heating and cooling overlapped very
well. This shift in the transition temperature under stress toward
lower temperatures is consistent with our calculations based on the
Ehrenfest relation. In the case of second-order phase transition, the
Ehrenfest relation is as follows:

(dTC/dp)p→0 = VmolTCΔβ/ΔC, (2)

It allows the calculation of the dependence of the phase transi-
tion temperature ΔTC on the discontinuities in the volume thermal

FIG. 11. Photograph of the mini-dilatometer mounted on an adopter of a dilution
refrigerator (a) perpendicular and (b) parallel to the applied magnetic field.

expansion and specific heat. A similar relationship holds for linear
thermal expansion and allows the estimation of uniaxial pressure
dependencies.1–3 Using the jump height at 26 K of our unstrained
thermal expansion measurement and the jump height of the specific
heat from Ref. 39, we calculated the value of ΔTC = −0.11 K for the
shift in the transition temperature, considering a uniaxial pressure
increase of 70 MPa. The value measured by our strain dilatometry
was ΔTC = −0.3 K (see the inset of Fig. 10) and agrees in magnitude
and sign but is slightly larger. This observation is in agreement with
similar studies of other systems.40 Calculations using the Ehrenfest
relation based on the determined step height of the linear thermal
expansion coefficient appear to be suitable for estimating the uni-
axial pressure dependence of TC, but experimental measurements
are required to determine the exact value. Errors can also occur in
this context. Owing to the small shift in the temperature, the biggest
challenge is to accurately determine the transition temperature. In
a similar future study, we will attempt to measure the thinner sam-
ples to increase the applied stress to achieve a greater shift in the
transition temperature.

VI. NEW APPLICATION: USE INSIDE A DILUTION
REFRIGERATOR INSERT FOR THE PPMS

The dilution refrigerator (DR) insert for the PPMS [DynaCool
(D850)/PPMS (P850)] enables access to a temperature range span-
ning 4 K down to 0.05 K for a number of measurement options
as well as for custom user experiments. Dilatometry measurements
require the use of coaxial cables to limit stray capacitance. The stan-
dard Quantum Design DR unit was equipped with only a set of
manganin DC lines. Thus, to perform dilatometric measurements,
DR must be modified by adding coaxial cables. In the Appendix, we
explain in detail how we accomplished this. The mini- and mini-
stress dilatometers can be screwed onto the DR insert experimental
platform using two adapters made of Cu–Be. They were designed
such that the change in the length of the sample could be measured
parallel and perpendicular to the magnetic field (see Fig. 11). With
this new setup, dilatometric measurements within the DR insert for
the PPMS were possible for the first time. Using this setup, we cooled
the dilatometers from room temperature to 65 mK within 8 h using
this setup. After reaching this lowest temperature, the dilatometers
were in thermodynamic equilibrium and ready for measurements
within a few minutes.

In the following section, we demonstrate the exceptional sen-
sitivity of our mini-dilatometers when used within a DR insert
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in a PPMS DynaCool system. For this purpose, we show both
low-temperature magnetostriction and thermal expansion measure-
ments of a YbAlO3 single crystal measured along the c-axis with
a length of l = 1.74 mm. Magnetostriction was measured using
the configuration shown in Fig. 11(a). Here, the change in the
length along c was measured while the magnetic field was applied
perpendicularly, i.e., along a.

YbAlO3 is described as a one-dimensional (1D) Heisen-
berg antiferromagnet spin S = 1

2 chain, which shows the
Tomonaga–Luttinger liquid behavior at low temperatures and
small magnetic fields.41 Below the Néel temperature TN = 0.88 K,
finite dipolar interchain coupling with an Ising-like anisotropy
causes a commensurate 3D-AFM order.42 The B–T-phase diagram
is shown in Fig. 12(a). The combination of isotropic intra- and
Ising-like interchain interactions gives rise to the consecutive for-
mation of a spin density wave (SDW) at B = 0.32 T, and a transverse
antiferromagnetic (TAF) phase as the magnetic field is increased.42

Moreover, the magnetization curve exhibits a weak plateau close to
m = 1

3 in the field range of B = 0.67 to B = 0.76 T. This feature is also
included in the phase diagram shown in Fig. 12(a).42

FIG. 12. (a) Phase diagram of YbAlO3 reconstructed from specific-heat and
magnetization measurements for B ∥ a, taken from Ref. 42. Blue-, orange-, and
green-colored areas show the three magnetically ordered phases. Blue squares
at low temperatures and B ≈ 0.7 T within the green area mark the position of the
m = 1

3
plateau. (b) Magnetostriction coefficient λ(B) was measured on a 1.74 mm

long single crystal along the c-axis at T = 0.065 K. The magnetic field was applied
along the a-axis.

FIG. 13. (a) The very sharp λ-type anomaly at TN = 0.88 K of the second-order
phase transition demonstrates the high sensitivity of our dilatometer and the very
good quality of the sample. The inset of (b) demonstrates the very high resolu-
tion of our dilatometers of ΔL = 0.01 Å when mounted on a DR-insert of a PPMS
DynaCool system.

Figure 12(b) shows the magnetostriction coefficient
λ = 1/L(dΔL(B)/dB) measured at T = 0.065 K. Owing to the
excellent measurement resolution, even with a very small selected
derivative interval of dB = 0.01 T, the curve of λ(B) is almost noise-
free and smooth. We can resolve all phase transitions identified
thus far with the highest precision. Moreover, we detected clear
double peaks at B = 0.67 and B = 0.76 T. These are the boundary
fields within which a weak plateau close to m = 1

3 is observed
in the magnetization curve. In addition, we found a small new
anomaly previously found exclusively in thermal conductivity
measurements.43 This clearly indicates the presence of another
field-induced transition at ∼0.5 T. This is discussed in more detail in
Ref. 43.

Figure 13(a) shows the low-temperature linear thermal expan-
sion coefficient α = L−1(dL/dT)p, and Fig. 13(b), the absolute length
change ΔL(T) of the YbAlO3 single crystal measured along the
c-axis in the zero field.

The sharp λ-type anomaly observed in α(T) at TN indicated a
second-order phase transition. In addition, because the noise level
was extremely low, we used a very narrow temperature window of
dT = 10 mK to determine the linear thermal expansion coefficient
α = L−1(dL/dT)p. The peak was very pronounced, and the transition
occurred within a very narrow temperature interval of 50 mK. This
shows that owing to the low mass of the dilatometer, thermal equi-
librium was reached very quickly both within the dilatometer and
within the sample. A complicated dilatometer setup often employed
at low temperatures, in which the sample is thermally isolated from
the cell, is no longer necessary with a tiny cell design. The inset
shows the extraordinary sensitivity of our dilatometer with a very
high resolution of 0.01 Å.
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Dębicki: Data curation (equal); Investigation (equal); Visualization
(equal). J. Gooth: Investigation (supporting); Supervision (sup-
porting). S. Galeski: Data curation (equal); Investigation (equal);
Visualization (equal); Writing – review & editing (equal).

DATA AVAILABILITY

The data that support the findings of this study are available
within the article.

APPENDIX: INSTALLATION OF THE MINI
DILATOMETER IN THE QUANTUM DESIGN DILUTION
REFRIGERATOR

Dilatometry measurements require the use of coaxial cables
to limit stray capacitance. The standard Quantum Design dilution
refrigerator (DR) unit was equipped with only a set of manganin
DC lines. Thus, to perform dilatometric measurements, DR must be
modified by adding coaxial cables.

To install the coaxial cables, we used spare signal conduits of
the DR. They consisted of two Cu–Ni tubes that ran from the top of
the unit down to the sample space. To be able to connect the coax-
ial cables from the outside, we replaced the aluminum blind flanges
with new milled aluminum flanges with built-in vacuum-tight

FIG. 14. Custom made connectors.

Fischer connectors (see Fig. 14). To limit the heat load from the addi-
tional cables, we used a very thin 9450 WH Alpha Wire micro-coax
cable with 150 μm cable outer diameter. In total, we used 1.5 m long
coaxial cables twice for wiring.

A crucial issue for the reliable operation of our setup at dilu-
tion temperatures was the proper thermalization of the signal cables
before feeding them to the sample stage. This was achieved by the
thermal anchoring of the wires to the probe stick by wrapping it
around the central rod at the point where the wires exit the space
cable conduits [see Figs. 15(a) and 15(b)]. To attach the wires, we
used thermal varnish. Subsequently, the wires were fed vertically
across the still, heat exchangers, and mixing chamber up to the sam-
ple stage. Here, an important point is that the wire must be firmly

FIG. 15. (a) Thermal anchoring of the coaxial wire to the still with GE-varnish.
(b) and (c) Attachment of the coaxial wires to the vertical section of the DR using
Teflon tapes.
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FIG. 16. Different views of the final assembly. The Teflon tape is used to handle
excess wiring.

FIG. 17. Top view of the final assembly with the installed condenser tube.

attached so that it does not touch the condenser tube [see Figs. 15(b)
and 15(c)]. To accomplish this, we used GE-varnish and Teflon
tapes.

The final dilatometer assembly of the DR unit is illustrated in
Fig. 16. In our setup, the wires were soldered directly to the dilatome-
ter for each installation. The spare wire was wrapped around the
sample stage using Teflon tapes to prevent contact with the con-
denser tube. In the next step, we will connect coaxial cables with
female and male connectors to make the installation more conve-
nient. A top view of the final assembly with the condenser tube is
shown in Fig. 17.
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