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Stress-Strain Relation as a Probe of Quantum Materials
Hilary M. L. Noad#, Clifford W. Hicks and Andrew P. Mackenzie

In recent years, uniaxial pressure supplied by piezoelectric-based cells has become a powerful tuning
parameter for studying quantum materials, but a key experimental challenge has been to combine it with
thermodynamic measurements. We have developed a method for measuring the stress-strain relation under
uniaxial pressure, allowing us to probe elastic moduli as a function of strain. Using this technique to study
Sr2RuO4, we found a strong lattice softening at a Lifshitz transition. The simplicity of the experimental setup
makes this new method compatible with a wide range of other probes, and the improved control over stress
and strain gradients that was necessary for quantitative stress-strain will be beneficial for uniaxial pressure
measurements more generally.

The piezoelectric-based uniaxial pressure cells pio-
neered by CWH in our department [1, 2] have made
it possible to reliably tune quantum materials far from
their ambient-pressure equilibrium crystal lattices. A
major effort in PQM in recent years has been to develop
methods for measuring thermodynamic quantities under
uniaxial pressures. Such capabilities are highly desir-
able for probing the phase diagrams revealed with this
tuning parameter but are challenging to achieve due to
the necessarily strong linkages between sample and sur-
rounding environment. In this report, I will describe one
thermodynamic technique that has come to fruition over
the past census period, involving measurements of the
stress-strain relation. The work that I will describe [3]
was the product of several years’ effort which I (HMLN)
undertook as a postdoc in the group led by CWH and am
now carrying forward in my new role as a group leader.

Stress-strain as a thermodynamic probe

By measuring both the stress and resulting strain in a
sample as we subject it to uniaxial pressure, we probe the
stiffness of the material. From a thermodynamic perspec-
tive, this measurement probes strain derivatives of the
free energy. Stress 𝜎𝑖 𝑗 is the first derivative of the free
energy 𝐹 with respect to strain 𝜀𝑖 𝑗 , while the elements
of the stiffness tensor 𝑐𝑖 𝑗𝑘𝑙 are the second derivative of
the free energy with respect to strain:

𝑐𝑖 𝑗𝑘𝑙 =
𝜕2𝐹

𝜕𝜀𝑖 𝑗𝜕𝜀𝑘𝑙
. (1)

In uniaxial pressure measurements, in which the mea-
sured strain is along the same axis as the stress,
a natural quantity to consider is Young’s modulus,
𝐸𝛼 = 𝑑𝜎𝛼𝛼 (𝜀𝑘𝑙)/𝑑𝜀𝛼𝛼. As the strain derivative of
stress, 𝐸𝛼 probes second derivatives of the free energy
with respect to strain; in our piezo-based cells, the sam-
ple is free to expand or contract in directions transverse
to the applied pressure, and so the measured 𝐸𝛼 will
consist of several 𝑐𝑖 𝑗𝑘𝑙 and the relevant Poisson ratios.

Stress-strain measurements at cryogenic tempera-
tures

While ultrasound techniques [4] are well-established
for probing 𝑐𝑖 𝑗𝑘𝑙 in the limit of zero applied stress, few
options exist for measuring elastic moduli at nonzero
stresses at cryogenic temperatures. One approach, used
with great success in [5] to demonstrate nonlinear elas-
ticity around a critical endpoint in an organic compound,
is to use a helium gas-based system to supply tunable
hydrostatic pressures along with capacitive dilatometry
for measuring strains. But at cryogenic temperatures,
gas-based systems are best suited to relatively soft mate-
rials, because the maximum pressures they can supply
are set by the solidification of the gas pressure medium.
Our approach was to build upon technological develop-
ment within PQM from earlier census periods, using
piezoelectric-driven uniaxial pressure cells that are de-
signed to handle stiff and brittle millimeter-scale samples
at cryogenic temperatures. In particular, we set out to use
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Fig. 1: Young’s modulus as a function of strain in
Sr2RuO4 under pressure applied along the 𝑥 = [100]
direction of the crystal at 4 K. Inset: SEM image of a
sample after shaping with a focused ion beam.
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a new variant with integrated capacitive force and dis-
placement sensors [2]. Having access to both quantities
simultaneously meant that we could check for undesired,
irreversible deformations during an experiment, but also
raised the possibility of finding intrinsically nonlinear
elastic effects in samples driven through pressure-tuned
phase transitions or regions of criticality.
For our first measurements, we turned to Sr2RuO4 be-
cause we were curious to see whether we might see any
sign of the uniaxial-pressure-tuned Lifshitz transition
[6, 7] in the stiffness of the lattice. More prosaically,
the large body of existing work on Sr2RuO4, as well as
the availability of centimeter-scale, high-purity single
crystals [8] in PQM, made the material a useful testbed
for developing and refining experimental methods and
data analysis procedures.
Towards the end of the previous census period, we had
made preliminary measurements of the stress-strain rela-
tion in Sr2RuO4 and could tell, at a qualitative level, that
there were strong nonlinearities in the signal as a func-
tion of strain. To take full, quantitative advantage of the
thermodynamic nature of the experiment, we worked out
how to extract the response of the sample from the total
measured signal. This involved developing procedures
for shaping samples using a focused ion beam, as shown
in Figure 1, to achieve well-defined regions of high and
low stress in the sample. Since about half of the total
measured displacement is taken up by the anchors, these
additional steps were crucial for determining accurate
values of stress and strain, and of the Young’s modulus
that we calculate from them.

Giant lattice softening at a uniaxial pressure-tuned
Lifshitz transition

Our measurements of the stress-strain relation in
Sr2RuO4 as a function of uniaxial pressure along
𝑥 = [100] revealed a large and strongly temperature-
dependent softening of Young’s modulus 𝐸x at the Lif-
shitz strain (Figure 2a). Remarkably, this softening is
driven by the conduction electron system. The tem-
perature dependence tells us that it must be due to the
entropy in the material, as opposed to the internal en-
ergy. At 4 K, the contribution of phonons to the en-
tropy of Sr2RuO4 is negligible [9], as is the that of va-
lence bands, which leaves only the conduction electron
states to contribute. Indeed, as shown in Figure 2 of the
Status Report section 1.2, the temperature-dependent
softening in 𝐸x is accompanied by a peak in the strain-
dependent entropy.
A two-dimensional tight-binding model developed by
our collaborators at the Karlsruhe Institute of Technol-
ogy reproduces the softening in 𝐸x (Figure 2b). All of

the parameters in the model are constrained by prior
experiments, and the strain dependence is included as a
logarithmic contribution from the band that undergoes
the pressure-tuned Lifshitz transition, reflecting the two-
dimensionality of the electron system in Sr2RuO4.
In a material with three-dimensional band structure sub-
jected to hydrostatic pressure, one would expect the rel-
ative softening of the lattice at a Lifshitz transition to be
∼ 10−4, three orders of magnitude smaller than the soft-
ening that we observe. In Sr2RuO4, we benefit from ex-
ceptionally clean crystals and a highly two-dimensional
band structure, but the most important factor at our mea-
surement temperatures is the sensitivity of the band struc-
ture to strain, parameterized by the deformation potential.
The latter includes a factor 𝛼, which enters the magni-
tude of the softening as 𝛼2. In our tight-binding model
it is completely determined from prior experiments and
has a value of 7.6, which, as it turns out, is close to the
theoretically expected value of 8 for processes involv-
ing 𝑑-𝑝-𝑑 orbital hopping, exactly as we have in the
conduction electron system of Sr2RuO4.
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Fig. 2: Young’s modulus of Sr2RuO4 as function of strain
and temperature, (a) determined from our stress-strain
experiments, (b) calculated in a tight-binding model.

2 HIGHLIGHTS 2024

https://www.cpfs.mpg.de/2024_SR


PHYSICS OF QUANTUM MATERIALS

Looking to the future

Our stress-strain measurements of Sr2RuO4 are just one
example of the exciting physics that can be uncovered
in thermodynamic measurements far from the ambient
pressure axis. The piezo-cell-based stress-strain method
is a highly adaptable tool; since it requires no wires
on the sample, it is compatible with virtually any other
probe that one might use in a uniaxial pressure measure-
ment. Moreover, the FIB-based sample shaping that we
developed for obtaining the Young’s modulus in absolute
units is more broadly useful, as it improves both the pre-
cision and accuracy of the strain in the experiment: the
precision, through improving the homogeneity of stress
and strain in the probed part of the sample, and the accu-
racy, by sharpening the definition of the strained length.
In Figure 3, we show an example of such improvements
in a measurement of the elastocaloric effect.

Furthermore, by reducing surface imperfections where
cracks can nucleate, shaping samples with the FIB also
helps us to achieve higher stresses in our experiments
than with samples prepared by hand. This opens up
new areas in phase space that we are excited to explore
with our thermodynamic probes in coming years. To
give just one example of what higher stresses can reveal,
we recently found that the magnetic phase in Sr2RuO4,
stabilized at compressions beyond the Lifshitz transition,
exists only over a limited range of strains (see Figure 4a),
and has a dome-shaped extent in temperature versus
strain (Figure 4b).
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Fig. 3: Shaping samples for stress-strain measurements
improves the strain resolution in other quantities mea-
sured at the same time. Features in the elasocaloric
effect of Sr2RuO4 as a function of strain measured on a
necked sample (black) are sharper than for a bar-shaped
sample (orange, from Ref. [10]).

While the current generation of two-capacitor cells that
we have used for the DC stress-strain technique are
rather large, with a 4.6 cm outer diameter, and cannot
be used for experiments requiring optical transmission
through the sample, an AC version of the technique re-
cently developed in PQM can be done in cells having
only a displacement capacitor (see PQM_03_Gati) and
Ref. [11] for more details). This opens the possibility
of performing stress-strain measurements using existing
variants of the uniaxial pressure cells that are smaller or
designed for a transmission geometry.

Finally, measuring the stress-strain relation in an applied
magnetic field requires no modification to the experi-
mental setup since the sensing elements are capacitors,
which are insensitive to magnetic field. We have begun
using this additional tuning axis and look forward to
having new results to share soon!
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Fig. 4: Extending thermodynamic measurements of
Sr2RuO4 to higher pressures along 𝑥 = [100] reveals
that a poorly understood magnetic phase is bounded
in strain and forms a symmetric dome in temperature.
(a) Young’s modulus as a function of strain at 4 K and
(b) preliminary temperature-strain map of the magnetic
phase boundary from measurements of the elastocaloric
effect on the same sample.
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External Cooperation Partners

Our work on the stress-strain relation in Sr2RuO4 bene-
fited greatly from collaborations with external partners
both in Germany and abroad: Jörg Schmalian (Karl-
sruher Institute of Technology, Germany); Markus Garst
(Karlsruher Institute of Technology, Germany); Igor
Mazin (George Mason University, USA); Bongjae Kim
(Kunsan National University, Korea); Naoki Kikugawa
(National Institute for Materials Science, Japan). We
would also like to acknowledge the broader collabora-
tive environment of CRC/TRR288 (Frankfurt-Mainz-
Karlsruhe) “Elastic Tuning and Response of Electronic
Quantum Phases of Matter”, funded by the German Sci-
ence Foundation, in which HMLN, CWH, and APM all
play an active role.
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zola, D. A. Sokolov, N. Kikugawa, C. Cacho, P. Dudin,
H. Rosner, C. W. Hicks, P. D. C. King, and A. P.
Mackenzie, npj Quantum Mater. 4 (2019) 46, https:
//dx.doi.org/10.1038/s41535-019-0185-9

[8] Single-Crystal Growth of Sr2RuO4 by the Floating-
Zone Method Using an Infrared Image Furnace with
Improved Halogen Lamps, N. Kikugawa, D. A. Sokolov,
T. Nagasawa, and A. P. Mackenzie, Crystals 11 (2021)
392, https://dx.doi.org/10.3390/cryst11040392

[9] The Fermi Surface Topography of Sr2RuO4, A. P.
Mackenzie, S.-i. Ikeda, Y. Maeno, T. Fujita, S. R. Ju-
lian, and G. G. Lonzarich, J. Phys. Soc. Jpn. 67 (1998)
385, https://dx.doi.org/10.1143/JPSJ.67.385

[10]* Elastocaloric determination of the phase diagram of
Sr2RuO4, Y.-S. Li, M. Garst, J. Schmalian, S. Ghosh,
N. Kikugawa, D. A. Sokolov, C. W. Hicks, F. Jerzem-
beck, M. S. Ikeda, Z. Hu, B. J. Ramshaw, A. W. Rost,
M. Nicklas, and A. P. Mackenzie, Nature 607 (2022)
276, https://dx.doi.org/10.1038/s41586-022-04820-z

[11]* Determination of the dynamic Young’s modulus of quan-
tum materials in piezoactuator-driven uniaxial pressure
cells using a low-frequency AC method , C. I. O’Neil,
Z. Hu, N. Kikugawa, D. A. Sokolov, A. P. Mackenzie,
H. M. L. Noad, and E. Gati, Rev. Sci. Instrum. 95 (2024)
073909, https://dx.doi.org/10.1063/5.0210777

#hilary.noad@cpfs.mpg.de

4 HIGHLIGHTS 2024

https://dx.doi.org/10.1063/1.4881611
https://dx.doi.org/10.1063/1.5075485
https://dx.doi.org/10.1063/1.5075485
https://dx.doi.org/10.1126/science.adf3348
https://dx.doi.org/10.1007/b138867
https://dx.doi.org/10.1126/sciadv.1601646
https://dx.doi.org/10.1126/sciadv.1601646
https://dx.doi.org/10.1103/PhysRevLett.120.076602
https://dx.doi.org/10.1103/PhysRevLett.120.076602
https://dx.doi.org/10.1038/s41535-019-0185-9
https://dx.doi.org/10.1038/s41535-019-0185-9
https://dx.doi.org/10.3390/cryst11040392
https://dx.doi.org/10.1143/JPSJ.67.385
https://dx.doi.org/10.1038/s41586-022-04820-z
https://dx.doi.org/10.1063/5.0210777

