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3Department of Physics, Graduate School of Science, Kyoto University, Kyoto 606-8502, Japan

(Dated: September 20, 2017)

We report the results of a combined study of the normal state resistivity and superconducting
transition temperature Tc of the unconventional superconductor Sr2RuO4 under uniaxial pressure.
There is strong evidence that as well as driving Tc through a maximum at ∼3.5 K, compressive
strains ε of nearly 1 % along the crystallographic [100] axis drive the γ Fermi surface sheet through
a Van Hove singularity, changing the temperature dependence of the resistivity from T 2 above and
below the transition region to T 1.5 within it. This occurs in extremely pure single crystals in which
the impurity contribution to the resistivity is <100 nΩ cm, so our study also highlights the potential
of uniaxial pressure as a more general probe of this class of physics in clean systems.

When the shape or filling of a Fermi surface is changed
such that it changes either the way that it connects in
momentum (k) space or disappears altogether, its host
metal is said to have undergone a Lifshitz transition [1].
This zero temperature transition has no associated lo-
cal Landau order parameter, and is in fact one of the
first identified examples in condensed matter physics of
a topological transition. Lifshitz transitions usually in-
volve traversing Van Hove singularities (VHS). These are
points or, in the presence of interactions, regions of k-
space associated in two-dimensional systems with diver-
gences in the density of states [2]. Lifshitz transitions are
therefore often associated with formation or strengthen-
ing of ordered states, with superconductivity [3–6] and
magnetism [7, 8] among the most prominently studied
examples. They are also expected, even in the absence
of order, to affect the electrical transport [4, 9, 10].

Although of considerable interest theoretically, exper-
imentally tuning materials to Lifshitz transitions is chal-
lenging. In zero applied magnetic field it usually requires
non-stoichiometric doping to change the band filling. In
practice, this introduces disorder, which always compli-
cates the understanding of the observed behaviour. Mag-
netic field enables clean tuning by changing band ener-
gies for opposite spins through the Zeeman term, and has
been used to good effect in the study of a number of sys-
tems [11–16]. However, unless the intrinsic bandwidths
are already very small, large fields are required to reach
Lifshitz transitions, and magnetic fields also couple either
constructively or destructively to many forms of order.

Although high hydrostatic pressure is an option [19],
it needs to be strong enough either to change the relative
band filling in multi-band materials or to substantially
change the shape of a Fermi surface. As we illustrate in
Fig. 1, uniaxial pressure is in principle better suited to
changing the shape of Fermi surfaces without the need to
change the carrier number. For a single band Fermi sur-
face in two dimensions, the shape change introduced by
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FIG. 1. (color online). An illustrative single band tight-
binding model depicting the changes of a two-dimensional
Fermi surface under different forms of pressure. In general,
hydrostatic pressure increases the relative weight of the next-
nearest neighbour hopping term causing the Fermi surface
to become slightly more circular [17]. Under equal uniaxial
pressures much larger distortions occur changing the Fermi
surface from a closed to an open orbit by traversing the VHS.
Simulation parameters are given in [18].

applying hydrostatic pressure is negligible, while similar
levels of uniaxial pressure introduce a large distortion.
Uniaxial pressure is therefore particularly well suited to
tuning to the class of Lifshitz transition involving a topo-
logical change from a closed to an open Fermi surface by
traversing the VHS associated with saddle points along
one direction of k space. It was used a long time ago
in experiments tensioning single crystal whiskers of the
three-dimensional superconductors aluminium [20] and
cadmium [21] but traversing the transition had only a
weak effect; Tc, for example, changed by only ∼20 mK.

Recently, we have developed novel methods of applying
high levels of uniaxial pressure to single crystals that are
not restricted to whiskers and are well suited to study-
ing the more interesting case of materials with quasi-2D
electronic structure [22, 23]. In a multi-band metal, it
is possible for one of the Fermi surface sheets of a pres-
sured crystal to undergo a large shape change while oth-
ers are affected much less strongly. As shown by the mod-
elled Fermi surfaces in Fig. 2(a), this is the case for the
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FIG. 2. (color online). (a) Sr2RuO4 Fermi surface and density
of states at the Fermi level as a function of applied anisotropic
strain, calculated using a tight-binding model derived from
the experimentally determined Fermi surface at ambient pres-
sure [31] after introducing the simplest strain dependence for
the hopping terms. See [18] for further simulation details.
Fermi surfaces at three representative compressions highlight
the Lifshitz transition as the γ-band reaches the VHS. (b)
A sample mounted for resistivity measurements under uniax-
ial pressure and a schematic of the piezoelectric-based device
used for generating the pressure.

quasi-2D material studied in this paper, Sr2RuO4 [24–
28], which is predicted by first-principles calculations to
undergo a Lifshitz transition when the lattice is com-
pressed by ∼0.75 % along a 〈100〉 lattice direction [29].
In previous work on this material we have shown that the
superconducting transition temperature Tc rises from its
unstrained value of 1.5 K and peaks strongly at ∼3.5 K at
a compressive strain of ≈0.6 % [29]. While it is tempting
to associate this with the occurrence of a Lifshitz transi-
tion, measurements reported to date were based only on
the study of the diamagnetic susceptibility, and did not
in themselves constitute proof that such a transition had
occurred. For example, the peak could also correspond
to a transition into a magnetically ordered state induced
around the Lifshitz transition [30]. To further investigate
both the existence of a Lifshitz transition and its conse-
quences, we report here simultaneous magnetic suscep-
tibility and electrical resistivity measurements on single
crystals of Sr2RuO4 under 〈100〉 compressive strains of
up to 1%, and temperatures between 1.2 and 40 K.

A schematic of our experimental apparatus and a pho-

tograph of a crystal mounted for resistivity measurements
are shown in Fig. 2(b). The resistivity ρxx is measured
in the same direction as the applied pressure. Simulta-
neous measurements of magnetic susceptibility were per-
formed using a detachable drive and pickup coil on a
probe that could be moved into place directly above the
sample without disturbing the contacts for the resistivity
measurements. We rely exclusively on the susceptibility
measurements to determine Tc, to avoid being deceived
by percolating, higher-Tc current paths. Resistivity and
susceptibility were measured using standard a.c. meth-
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FIG. 3. (color online). Temperature dependence of the re-
sistivity ρxx at a variety of [100] compressive strains: (a) low
strains where quadratic temperature dependence is still ob-
served below ∼20 K, (b) strains close to the peak in Tc where
the strongest deviations from T 2 resistivity are observed, and
(c) the highest strains measured showing the larger extent of
the T 2 region of resistivity and the rapid strain dependence
of its weight.
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ods at drive frequencies between 50 – 500 Hz and 0.1 –
10 kHz respectively, in a 4He cryostat in which cooling
was achieved via coupling to a helium pot that could be
pumped to reach its base temperature of 1.2 K. Uniaxial
pressure was applied by appropriate high voltage actua-
tion of the piezo stacks shown in Fig. 2(b), using proce-
dures described in Refs. [22, 23, 29, 32, 33]. After some
slipping of the sample mounting epoxy during initial com-
pression, all resistivity data repeated though multiple
strain cycles, indicating that the sample remained within
its elastic limit. Two samples were studied to ensure re-
producibility; further details are given in [18].

In Fig. 3 we show ρxx(T ) at various applied compres-
sions. Consistent with the high Tc of 1.5 K at zero strain,
the residual resistivity ρres is less than 100 nΩ cm, cor-
responding to an impurity mean free path ` in excess
of 1 µm [34]. The well-established ρres + AT 2 depen-
dence [35, 36] is seen below ∼20 K in the unstrained
sample (Fig. 3(a) and inset). As the strain εxx increases
to 0.2 % the quadratic temperature dependence is re-
tained but A increases, qualitatively consistent with the
increase in density of states expected on the approach to
a Van Hove singularity. Further increase of the strain re-
sults in the resistivity reaching a maximum and deviating
significantly from a quadratic temperature dependence,
as shown both in the main plot of Fig. 3(b) and in the
inset. As the strain is increased further, the drop in Tc
is accompanied by a fall of the resistivity, simultaneous
with a recovery of the ρres +AT 2 form and a drop of the
A coefficient. By εxx = −0.92 % Tc has fallen to below
1.2 K, the resistivity remains almost perfectly quadratic
to over 30 K, and A has dropped to ∼40 % of its value
in the unstrained material (Fig. 3(c) and inset).

As noted above, one mechanism by which the peak in
Tc might not correspond to the Van Hove singularity is
if it is cut off by a different order promoted by proxim-
ity to the Van Hove singularity. This is the prediction
of the functional renormalization group calculations on
uniaxially pressurized Sr2RuO4 of Ref. [30], which pre-
dict formation of spin density wave order. However, the
data shown in Fig. 3 give no evidence for any instability
other than superconductivity across the range of pres-
sures studied. There is no indication of any transition
in any of the ρxx(T ) curves, before or after the peak in
Tc. Also, ρxx falls on the other side of the peak, whereas
especially at low temperature the opening of a magnetic
gap should generally cause resistivity to increase.

To correlate features of the resistivity with the evolu-
tion of the superconductivity more precisely, we plot, in
Fig. 4, two key quantities associated with the resistivity
and show how they compare with the strain dependence
of Tc. In Fig. 4(a) we show a logarithmic derivative plot
that gives an indication of the strain-dependent power
δ associated with a postulated ρres + BT δ temperature
dependence. Constructing such a plot involves assump-
tions [18] but it gives a first indication of the behaviour of

the resistivity and shows that δ drops from 2 at low and
high strains to ∼1.5 at εxx = −0.5 %. In Fig. 4(b) we
plot the results of a measurement of the resistivity mea-
sured under continuous strain tuning at 4.5 K (chosen to
be 1 K higher than the maximum Tc, to be free of any
influence of superconductivity). ρxx is also maximum at
εxx ≈ −0.5%. In Fig. 4(c) we plot Tc and ρxx(T = 4.5 K)
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FIG. 4. (color online). (a) Resistivity temperature expo-
nent δ plotted against temperature and strain. ρres was first
extracted from fits of the type ρ = ρres + BT δ and then
δ was calculated as a function of temperature by d ln(ρ −
ρres)/d lnT [18]. (b) Elastoresistance at various temperatures.
Values were calculated by interpolating between separate tem-
perature ramps at a series of constant strains (Fig. 3), except
for 4.5 K where the strain was swept continuously up to εxx ≈
0.7 %. (c) Comparison of the strain dependence of Tc mea-
sured by magnetic susceptibility and the resistivity enhance-
ment under continuous strain tuning at 4.5 K. Two samples
are shown with ρres of 80 and 20 nΩ cm in which ρxx rises to
190 and 95 nΩ cm respectively at 4.5 K. In panel (c) the strain
scales have been normalised to the peak in Tc. εxx at the peak
in Tc is −0.56 % and −0.59 % for samples 1 and 2, respec-
tively, and this difference is within our error for determining
sample strain.
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against εxx for this sample and for a second sample with a
slightly lower residual resistivity. The magnitude of the
resistivity increase is approximately the same for both
samples, and for both the resistivity peaks at a slightly
lower compression than Tc.

Taken together, we believe that the data shown in
Figs. 3 and 4 give strong evidence that we have success-
fully traversed the VHS in Sr2RuO4 by applying uniax-
ial pressure. This is not the first time that this VHS has
been reached by some form of tuning; in fact it has previ-
ously been traversed in the (Sr,Ba,La)2RuO4 system by
explicit chemical doping of La3+ onto the Sr site [37, 38]
and by using epitaxial thin film techniques to grow biax-
ially strained stoichiometric Sr2RuO4 and Ba2RuO4 thin
films [17]. In both cases, a drop of resistive exponent δ
to approximately 1.4 was reported [17, 37]. The novelty
of our results is that they are observed in crystals with
such low levels of disorder. In the previous experiments
on the ruthenates, the inelastic component of the resis-
tivity has been approximately the same magnitude by
30 K as the residual resistivity [17, 37], while here it is
a factor of forty larger. Combined with the facts that
the data shown in Figs. 3 and 4 cover a full decade of
temperature above the maximum Tc, and that the Fermi
surface of Sr2RuO4 is well known, we believe that this
means that our results can set an experimental bench-
mark for testing theoretical understanding of the evolu-
tion of transport properties around an externally tuned
Lifshitz transition. A full treatment of the problem will
require further theoretical work that is beyond the scope
of this paper, but we close with a discussion of what is
known so far and the extent to which it applies to our
results.

The effect on resistivity of traversing a Van Hove sin-
gularity has been studied in idealized single band mod-
els, taking into account the energy dependence of the
density of states, electron-electron Umklapp processes
and impurity scattering. Depending on the form pos-
tulated for the density of states, variational calculations
using Boltzmann transport theory in the relaxation time
approximation have discussed resistivities of the form
ρ(T ) = ρres + bT 2ln(c/T ) or ρ(T ) = ρres + bT 3/2 [9].
Within experimental uncertainties, these two possibili-
ties cannot be distinguished, see Fig. 5. Numerical cal-
culations going beyond the relaxation time approxima-
tion [39, 40] predict δ < 2. The amount by which δ is
reduced depends on the degree of nesting of the Fermi
surface; δ = 1 is predicted for perfect nesting.

It is interesting to note that tuning to a VHS is ev-
idently not sufficient to obtain the T -linear resistivity
that is often associated with quantum criticality. Al-
though the resistivity is enhanced in the vicinity of the
VHS, ρ(T ) does not increase at nearly the rate seen for
systems with T -linear resistivity [41].

Although the calculated temperature dependences fit
the data well, we caution that it is questionable whether

ρxx(T ):
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b = 230 K
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FIG. 5. (color online). A comparison of different fitting
functions for the temperature dependence of the resistivity
at εxx = −0.49 %. Both fits are made between 4 K and 40 K.
The inset shows the same resistivity curve after subtracting
60 % of the zero strain conductivity, estimated to be the con-
tribution of the γ band if the scattering rate of the α and
β sheet carriers is unaffected by the traversal of the Lifshitz
point on the γ sheet.

they are even applicable to Sr2RuO4. As illustrated in
Fig. 2(a), it is not a single-band, but a three-band metal,
and both the tight-binding calculation presented here and
full first-principles calculations [29] show that the Lifshitz
transition occurs on the γ Fermi surface sheet. In con-
trast, the α and β sheets show almost no distortion at
these strains. At zero strain the average Fermi veloci-
ties of each sheet are known, so for a sheet-independent
scattering rate it is straightforward to estimate that the
α and β sheets contribute over 60 % of the conductiv-
ity. Under the postulate that the scattering rate of the α
and β sheet carriers is unaffected by the traversal of the
Lifshitz point on the γ sheet, the contribution of the γ
sheet to the resistivity at −0.49 % strain is shown in the
inset to Fig. 5, and seen to be qualitatively very different
from any single-band prediction. The likely implication
of this analysis is that the scattering rate changes in-
duced by the change in shape of the γ sheet affect both
the α and β sheet carriers just as strongly as those on
the γ sheet. However, it seems far from obvious that this
should automatically be the case, and it would be very in-
teresting to see full multi-band calculations for Sr2RuO4

to assess the extent to which it can be understood using
conventional theories of metallic transport.

In conclusion, we believe that the results that we have
presented in this paper represent an experimental bench-
mark for the effects on resistivity of undergoing a Lif-
shitz transition against a background of very weak dis-
order. Our results stimulate further theoretical work on
this topic, and highlight the suitability of uniaxial stress
for probing this class of physics.
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I. DETAILS OF THE EXPERIMENTAL TECHNIQUE

The piezoelectric based uniaxial pressure device used in this work was first described in [22, 23] and the later
modifications in [29, 32, 33]. For this technique the samples are first prepared as long thin bars using a wire lapping
saw and mechanical polishing. The sample is secured into the device using epoxy, holding the sample only by its ends
and spanning across an adjustable gap in the device. When the two ends of the sample are pushed closer together or
further apart to compress or tension the sample respectively, the central portion of the sample, where we measure its
resistivity and susceptibility, is free to expand or contract as governed by the sample’s Poisson’s ratio. This means
the stress, or equivalently the pressure, in the region of the sample where we measure is uniaxial but not the strain.
However, we have better knowledge of the applied displacement and therefore the strain along the pressure axis. We
measure the displacement applied between the two ends of the sample using a parallel plate capacitor, in line with,
and beneath the sample. To calculate the strain we need to know the length of sample this displacement is applied to.
This is not trivial and leads to the largest uncertainty in calculating the strain in the sample. Because the sample is
held to the device using an epoxy which is relatively soft, the strained length of the sample is not the exposed length
of sample between the two mounts, rather some of the epoxy in the mounts deforms too and the strained length is
slightly longer. Exactly how much longer depends on the sample and epoxy geometry, and their elastic constants.
We estimate the strained length using finite element simulations, the results of which and the relevant dimensions of
the samples are presented in table S1. We used the elastic constants of Sr2RuO4 from [42] and estimate the shear
modulus of the epoxy, Stycast 2850FT, to be 6 GPa [22]. Because of the uncertainties in some of these values, all
strains quoted have an uncertainty of ∼20 % (a systematic error affecting all measured strains equally).

TABLE S1. Relevant sample and epoxy dimensions for calculating the strain transmission to the sample through the epoxy.
w and t are the width and thickness of the sample. Lgap is the gap between the sample plates, the exposed length of sample.
depoxy is the depth of epoxy above and below the sample joining to the sample plates. Leff is the calculated effective length of
the sample as described in the text. εxx, peak Tc is the strain at which the peak in Tc was observed for each sample.

sample number growth w (µm) t (µm) Lgap (µm) depoxy (µm) Leff (µm) εxx, peak Tc (%)

1 C362 320 90 1100 ≈25 1510 −0.56

2 A1 310 100 1000 ≈25 1430 −0.59

The samples used in this study come from two different batches. Each was prepared with six electrical contacts
using the standard recipe, DuPont 6838 silver paste baked at 450◦C for 5 minutes, before they were mounted into
the pressure device. After mounting, two concentric coils were lowered above the sample to measure the diamagnetic
signal of superconductivity by measuring the change in mutual inductance between the coils.

II. ADDITIONAL DATA

The resistivity data for sample 1 are shown in the main text. The data for sample 2 are shown in Fig. S1. Note
that the difference in strain scale is most probably not an intrinsic sample-to-sample variation, and rather comes from
the experimental uncertainty in measuring the applied strain.

Additionally in Fig. S1, the strain dependence of the fitted residual resistivity is shown explicitly for both samples.
To generate the temperature exponent colour maps in Figs. 4(a) and S1(d) the residual resistivity must be subtracted
from the data before differentiating. To extrapolate below Tc a fit of the form ρ = ρres +BT δ was used and the range
of the fit was chosen self consistently so that an approximately constant exponent is obtained over the temperature
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FIG. S1. Additional resistivity data. Panels (a), (b), and (c) show the resistivity temperature dependence of the second sample
in the same three regions across the phase diagram as described in Fig. 3. Panel (d) shows the logarithmic derivative plot for
the second sample, depicting the resistivity temperature exponent δ as calculated in Fig. 4, and the residual resistivity used
for extracting the exponent. Panel (e) shows the residual resistivity of sample 1 used to generate Fig. 4 in the main text.

range of the fit. Although the exact position of the crossover from T 2 to a lower power is slightly sensitive to the
details of this fitting the overall picture is unchanged. Similarly, although the fitted residual resistivity has a weak
strain dependence if left as a free parameter, it is so small for both these samples that fixing it to be strain-independent
makes no qualitative difference to the logarithmic derivative plots or the value of δ deduced for εxx ∼ −0.5 %.

Fig. 4 in the main text compares two curves of the strain dependence of Tc with the resistivity at 4.5 K. Tc was
obtained from temperature dependent a.c. magnetic susceptibility χ′(T ) measurements and taken to be the midpoint
of the transition. Fig. S2 shows the susceptibility measurements for both samples at a variety of strains.

III. DETAILS OF THE TIGHT BINDING SIMULATIONS

Fig. 1 in the main text presents an illustrative tight-binding simulation of the different effects of biaxial and uniaxial
pressure. We start from the simplest 2D nearest and next-nearest neighbour tight-binding model

∆E(k) = −2t[cos(kxa) + cos(kyb)]− 2t′[cos(kxa+ kyb) + cos(kxa− kyb)] , (S1)
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FIG. S2. A.c. magnetic susceptibility measurements of both samples at various strains εxx used for identifying Tc(εxx). (a)
and (c) show measurements below the peak in Tc for samples 1 and 2 respectively, (b) and (d) show measurements above the
peak in Tc. M is the mutual inductance between the two coils of the susceptibility sensor.

where a and b are the lattice constants in the x and y directions. We set the ratio t′/t = 0.3 and work at half filling.
Under biaxial pressure, changes in the Fermi surface shape can only occur if the ratio of t′/t changes. Generally

it is expected that t′ will increase faster than t under compression [17]. For our simulations we make the simplest
assumption that the hoppings depend linearly on lattice strain and make the next-nearest neighbour hopping increase
20 % faster with strain than the nearest neighbour hopping. Biaxial pressure causes the unit cell lattice vector a to
change as

a(ε) = b(ε) = a0(1 + ε), ε =
1− νxy
E

σ, (S2)

where σ is the applied stress and the resultant strain ε depends on the Young’s modulus E and Poisson’s ratio νxy.
We set the strain dependence of the hopping terms to

t(ε) = t0(1− αε) t′(ε) = t′0(1− 1.2αε). (S3)

were α is an adjustable parameter that scales the effect of strain.
Equal uniaxial pressures cause much larger changes to the Fermi surface due to the much larger distortion of the

unit cell as it is able to relax orthogonal to the pressure axis according to Poisson’s ratio. For the simulation we keep
the same starting parameters as the biaxial simulation but now allow the hoppings to change anisotropically. The
unit cell deforms as

a(ε) = a0(1 + εxx), b(ε) = a0(1− νxyεxx), εxx = σxx/E, (S4)

and the hoppings are now different along the x and y directions

tx(ε) = t0(1− αεxx), ty(ε) = t0(1 + ανxyεxx), t′(ε) = t′0(1− α(1− νxy)εxx/2). (S5)

In the case for Sr2RuO4, Fig. 2 in the main text, we start from the tight-binding parametrisation derived from fits
to experimental data [31] which sets the ratios of each of the hoppings, but rather than using DFT calculations to
set the magnitude we use the mass renormalisation from [38]. We use the measured Poisson’s ratio of 0.39 [42] and
scale the hopping strengths in the same manner as for the uniaxial case above while keeping the total electron count
constant.
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