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temperatures reaches a maximum, and ρðTÞ deviates
strongly from a quadratic temperature dependence, as
shown both in the main plot of Fig. 3(b) and in the inset.
With further compression, the resistivity rapidly decreases
and a quadratic temperature dependence is restored. By
εxx ¼ −0.92%, the resistivity is almost perfectly quadratic to
over 30 K, with the coefficient A reduced to ∼40% of its
value in the unstrained material [Fig. 3(c)].
We illustrate the strain-dependent evolution of the

resistivity in more detail in Fig. 4, and also show a more
precise comparison with the evolution of the superconduc-
tivity. In Fig. 4(a), we show a logarithmic derivative plot
that gives an indication of the strain-dependent power δ
associated with a postulated ρ ¼ ρres þ BTδ temperature
dependence. ρres was allowed to vary with strain; however,
it is so small that fixing it at a constant value instead barely
changes the resulting plot [20]. δ is found to drop from two
at low and high strains to∼1.5 at εxx ¼ −0.5%. In Fig. 4(b),
we show the quadratic coefficient A versus strain, for
strains at which a low-temperature quadratic dependence
was resolvable. A increases as εxx approaches −0.5%, then
decreases dramatically on the other side. In Fig. 4(c), we
plot the results of a measurement of the resistivity measured
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). This plot makes clear that at low
temperatures ρxx peaks at the same strain, εxx ≈ −0.5%,
where δ is a minimum. Finally, in Fig. 4(d), we plot Tc and
ρxxðT ¼ 4.5KÞ against εxx both 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.
As noted above, one mechanism by which the peak in Tc

might not correspond to the van Hove singularity is if
superconductivity is cut off by a different order promoted
by proximity to the VHS. This is the prediction of the
functional renormalization group calculations on uniaxially
pressurized Sr2RuO4 of Ref. [32], which predict formation
of spin density wave order. However, there is no indication
of any ordering transition in any of the ρxxðTÞ curves, either
before or after the peak in Tc. Also, ρxxðTÞ falls on the other
side of the peak, whereas, especially at low temperatures,
opening of a magnetic gap should generally cause resis-
tivity to increase.
Taken together, we believe that the data shown in Figs. 3

and 4 give strong evidence that we have successfully
traversed the VHS in Sr2RuO4. This VHS has previously
been reached in a biaxial way, with the γ sheet connecting
along both the kx and ky directions, through chemical
substitution of La3þ onto the Sr site [38,39], and epitaxial
growth of Sr2RuO4 and Ba2RuO4 thin films [19]. In both
cases, the resistivity exponent δ dropped to ≈1.4, similar to
our result. The novelty of our results is the much lower level
of disorder. In these studies, the residual resistivity at the

VHS was ∼50 and ∼500 times, respectively, as large as in
the present study. The inelastic component of the resistivity
exceeded the residual resistivity only above ∼35 and
125 K, respectively, raising concern about the effect of
disorder on power laws extracted at much lower temper-
atures. We believe that the much lower level of disorder
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FIG. 4. (a) Resistivity temperature exponent δ plotted against
temperature and strain. ρres was first extracted from fits of the type
ρ ¼ ρres þ BTδ, then δ was calculated as a function of temper-
ature by d lnðρ − ρresÞ=d lnT [20]. (b) A, of ρxx ¼ ρres þ AT2, at
strains where a T2 fit performs satisfactorily below 10 K.
(c) Elastoresistance at various temperatures. The data at 4.5 K
and up to εxx ≈ −0.7%were recorded in a continuous strain ramp,
while all other data are interpolations of the data in Fig. 3.
(d) Comparison of the strain dependence of Tc, measured by
magnetic susceptibility, and the resistivity enhancement under
continuous strain tuning at 4.5 K. For sample 1, the sample whose
data are shown in panels (a)–(c), ρres ¼ 80 nΩ cm and
ρxxðεxx ¼ 0; T ¼ 4.5 KÞ ¼ 190 nΩ cm. For sample 2, these val-
ues are 20 and 95 nΩ cm, respectively. For sample 2, Tc was
found to peak at a nominal strain of −0.59%, as compared with
−0.56% for sample 1. This difference is well within the error, and
so to facilitate comparison, we scale the strain scale of sample 2 to
match sample 1 at the peak in Tc.
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Resistivity	of	a	conventional	metal
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What is	a	strange	metal?
A metal that cannot be explained by the conventional 
paradigm (Fermi liquid)+Boltzmann theory
In the limit 𝑇 → 0. 

Common diagnostic: the resistivity 𝜌 𝑇 = 𝜌" + 𝐴𝑇#

With 𝛼 < 2 (often 𝛼 = 1)
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Linear temperature dependence of resistivity and
change in the Fermi surface at the pseudogap
critical point of a high-Tc superconductor
R. Daou1*, Nicolas Doiron-Leyraud1*, David LeBoeuf1, S. Y. Li1, Francis Laliberté1,
Olivier Cyr-Choinière1, Y. J. Jo2, L. Balicas2, J.-Q. Yan3, J.-S. Zhou3, J. B. Goodenough3 and
Louis Taillefer1,4†

A fundamental question for high-temperature superconductors
is the nature of the pseudogap phase, which lies between the
Mott insulator at zero doping and the Fermi liquid at high
doping p (refs 1,2). Here we report on the behaviour of charge
carriers near the zero-temperature onset of this phase, namely
at the critical doping p⇤, where the pseudogap temperature
T⇤ goes to zero, accessed by investigating a material in
which superconductivity can be fully suppressed by a steady
magnetic field. Just below p⇤, the normal-state resistivity
and Hall coefficient of La1.6�xNd0.4SrxCuO4 are found to rise
simultaneously as the temperature drops below T⇤, suggesting
a change in the Fermi surface with a large associated drop in
conductivity. At p⇤, the resistivity shows a linear temperature
dependence as the temperature approaches zero, a typical
signature of a quantum critical point3. These findings impose
new constraints on the mechanisms responsible for inelastic
scattering and Fermi-surface transformation in theories of the
pseudogap phase1,4–8.

At low hole doping p, high-transition-temperature (high-Tc)
superconductors are doped Mott insulators, strongly correlated
metals characterized by a low carrier density n equal to the
concentration of doped holes. Indeed, Hall-effect measurements
on La2�xSrxCuO4 (LSCO) at x = p < 0.05 yield a Hall number
nH ⌘ V /eRH equal to p at low temperature9, where RH is the Hall
coefficient, e is the electron charge and V is the volume per Cu
atom. At high doping, however, these materials are Fermi liquids,
metals characterized by a well-defined coherent three-dimensional
Fermi surface10 and a resistivity ⇢ that grows quadratically with
temperature11: ⇢ ⇠ T 2. In this regime, the Fermi surface is a large
cylinder containing 1+ p holes10, so the carrier density is high,
given by n= 1+p. At p⇡ 0.25, low-temperature measurements on
Tl2Ba2CuO6+y yield nH = 1+ p (ref. 12). These findings naturally
beg the following question: How do the electrons in copper oxide
superconductors go from one state to the other?

This is intimately tied to the question of the nature of the
‘pseudogap phase’, this enigmatic region of the doping phase
diagram present in all high-Tc superconductors below a crossover
temperature T ⇤ (ref. 2). Here we investigate the T = 0 onset of
this pseudogap phase by measuring the transport properties of
La1.6�xNd0.4SrxCuO4 (Nd-LSCO), a material whose relatively low
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Figure 1 |Normal-state resistivity. In-plane electrical resistivity ⇢(T) of
Nd-LSCO as a function of temperature, at p = 0.20 and 0.24, measured in a
magnetic field strong enough to fully suppress superconductivity (see
Supplementary Information). The black line is a linear fit to the p = 0.20
data between 80 and 300 K. Below a temperature T⇤ = 80 K, ⇢(T) deviates
from its linear-T behaviour at high temperature and develops a pronounced
upturn at low temperature, with a minimum at Tmin = 37 K. By contrast,
⇢(T) at p = 0.24 shows no upturn down to the lowest temperature.

maximalTc makes it possible to suppress superconductivity entirely
with a steady magnetic field.

In Fig. 1, we show the normal-state resistivity ⇢(T ) of Nd-LSCO
at a doping p= 0.20. Above a temperature T ⇤ = 80K, ⇢(T ) shows
the linear temperature dependence characteristic of all hole-doped
copper oxides. Below this temperature, it deviates upwards and
develops an upturn visible even in zero field (see Supplementary
Information, Fig. S1), with a minimum at Tmin = 37K>Tc = 20K,
in excellent agreement with early data in zero field13. By applying
a magnetic field of 35 T, we were able to track the upturn in
⇢(T ) down to 1K, thus revealing a pronounced rise at low
temperature (Fig. 1).
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temperatures reaches a maximum, and ρðTÞ deviates
strongly from a quadratic temperature dependence, as
shown both in the main plot of Fig. 3(b) and in the inset.
With further compression, the resistivity rapidly decreases
and a quadratic temperature dependence is restored. By
εxx ¼ −0.92%, the resistivity is almost perfectly quadratic to
over 30 K, with the coefficient A reduced to ∼40% of its
value in the unstrained material [Fig. 3(c)].
We illustrate the strain-dependent evolution of the

resistivity in more detail in Fig. 4, and also show a more
precise comparison with the evolution of the superconduc-
tivity. In Fig. 4(a), we show a logarithmic derivative plot
that gives an indication of the strain-dependent power δ
associated with a postulated ρ ¼ ρres þ BTδ temperature
dependence. ρres was allowed to vary with strain; however,
it is so small that fixing it at a constant value instead barely
changes the resulting plot [20]. δ is found to drop from two
at low and high strains to∼1.5 at εxx ¼ −0.5%. In Fig. 4(b),
we show the quadratic coefficient A versus strain, for
strains at which a low-temperature quadratic dependence
was resolvable. A increases as εxx approaches −0.5%, then
decreases dramatically on the other side. In Fig. 4(c), we
plot the results of a measurement of the resistivity measured
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). This plot makes clear that at low
temperatures ρxx peaks at the same strain, εxx ≈ −0.5%,
where δ is a minimum. Finally, in Fig. 4(d), we plot Tc and
ρxxðT ¼ 4.5KÞ against εxx both 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.
As noted above, one mechanism by which the peak in Tc

might not correspond to the van Hove singularity is if
superconductivity is cut off by a different order promoted
by proximity to the VHS. This is the prediction of the
functional renormalization group calculations on uniaxially
pressurized Sr2RuO4 of Ref. [32], which predict formation
of spin density wave order. However, there is no indication
of any ordering transition in any of the ρxxðTÞ curves, either
before or after the peak in Tc. Also, ρxxðTÞ falls on the other
side of the peak, whereas, especially at low temperatures,
opening of a magnetic gap should generally cause resis-
tivity to increase.
Taken together, we believe that the data shown in Figs. 3

and 4 give strong evidence that we have successfully
traversed the VHS in Sr2RuO4. This VHS has previously
been reached in a biaxial way, with the γ sheet connecting
along both the kx and ky directions, through chemical
substitution of La3þ onto the Sr site [38,39], and epitaxial
growth of Sr2RuO4 and Ba2RuO4 thin films [19]. In both
cases, the resistivity exponent δ dropped to ≈1.4, similar to
our result. The novelty of our results is the much lower level
of disorder. In these studies, the residual resistivity at the

VHS was ∼50 and ∼500 times, respectively, as large as in
the present study. The inelastic component of the resistivity
exceeded the residual resistivity only above ∼35 and
125 K, respectively, raising concern about the effect of
disorder on power laws extracted at much lower temper-
atures. We believe that the much lower level of disorder
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FIG. 4. (a) Resistivity temperature exponent δ plotted against
temperature and strain. ρres was first extracted from fits of the type
ρ ¼ ρres þ BTδ, then δ was calculated as a function of temper-
ature by d lnðρ − ρresÞ=d lnT [20]. (b) A, of ρxx ¼ ρres þ AT2, at
strains where a T2 fit performs satisfactorily below 10 K.
(c) Elastoresistance at various temperatures. The data at 4.5 K
and up to εxx ≈ −0.7%were recorded in a continuous strain ramp,
while all other data are interpolations of the data in Fig. 3.
(d) Comparison of the strain dependence of Tc, measured by
magnetic susceptibility, and the resistivity enhancement under
continuous strain tuning at 4.5 K. For sample 1, the sample whose
data are shown in panels (a)–(c), ρres ¼ 80 nΩ cm and
ρxxðεxx ¼ 0; T ¼ 4.5 KÞ ¼ 190 nΩ cm. For sample 2, these val-
ues are 20 and 95 nΩ cm, respectively. For sample 2, Tc was
found to peak at a nominal strain of −0.59%, as compared with
−0.56% for sample 1. This difference is well within the error, and
so to facilitate comparison, we scale the strain scale of sample 2 to
match sample 1 at the peak in Tc.
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here, the fact that the data 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 means that our
results can set an experimental benchmark for testing
theories of transport across Lifshitz transitions. 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

singularity has been studied in idealized single-band
models, taking into account the energy dependence of
the density of states, electron-electron umklapp processes,
and impurity scattering. Depending on the form postulated
for the density of states, variational calculations using
Boltzmann transport theory in the relaxation time approxi-
mation have discussed resistivities of the form ρðTÞ ¼
ρres þ bT2 lnðc=TÞ or ρðTÞ ¼ ρres þ bT3=2 [9]. Within
experimental uncertainties, these two possibilities cannot
be distinguished; see Fig. 5. The fits extrapolate very
differently below Tc, however, so it will be valuable to
attempt to extract the normal-state resistivity below Tc by
suppressing the superconductivity with a field. At the VHS,
a field of 1.5 T is required [30], and the strong magneto-
resistivity of Sr2RuO4 [37] makes this a nontrivial task.
Numerical calculations that go beyond the relaxation

time approximation have been performed [40,41], and
these also predict δ < 2 at Lifshitz transitions. The amount
by which δ is reduced depends on the degree of nesting of
the Fermi surface; δ ¼ 1 is predicted for perfect nesting.
The evolution of the quadratic coefficient A may allow

precision testing of theories of dissipation due to electron-
electron scattering. TheKadowaki-Woods ratioA=γ2, where
γ is the Sommerfeld coefficient, varies widely between

material classes, but is predicted to hold constant when the
strength of electronic correlations varies on a given bare (i.e.,
nonrenormalized) band structure [42–45]. Hydrostatic pres-
sure on Sr2RuO4 causes a decrease in both Tc and A,
suggesting a reduction in electronic correlation [46]. The
dependence of A on uniaxial pressure is surprisingly strong.
In our tight-binding model of Fig. 2, where band renorm-
alizations are held constant as strain is varied, the density of
states barely changes up to ∼80% of the way to the VHS.
Density functional theory (DFT) calculations indicate only a
∼5% increase in DOS over this range [30]. However, A
increases by ∼40%. Likewise, at εxx ∼ −0.9%, well beyond
the VHS, the tight-binding model and DFT calculations
indicate a drop in theDOSof∼20% and∼10%, respectively,
whileA falls by 60%. In otherwords, the dependence ofA on
the nonrenormalizedDOS is stronger than quadratic, andwe
see two possible explanations. (1) Electronic interactions
become stronger near the VHS, and the Kadowaki-Woods
ratio is expected to remain unchanged. (2) The changes in A
are driven mainly by the changes in Fermi surface shape of
the type probed in Refs. [40,41], and the Kadowaki-Woods
ratio is not expected to be constant.
Finally, we note that, although the model temperature

dependences fit the data well, they were derived for single-
band metals, and it is questionable whether they should
even apply to Sr2RuO4. As illustrated in Fig. 2(a), in
Sr2RuO4, the Lifshitz transition occurs on the γ Fermi
surface sheet alone. At zero strain, the average Fermi
velocities of each sheet are known, and so for a sheet-
independent scattering rate, it is straightforward to estimate
that the α and β sheets contribute over 60% of the
conductivity. 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 implied contribution of
the γ sheet to the resistivity at −0.49% strain is shown in the
inset to Fig. 5. It is qualitatively different from any single-
band prediction. The likely implication is that the scattering
rates on the α and β sheets are affected in a similar way to
that on the γ sheet. However, it seems far from obvious that
this should automatically be the case, and it would be
interesting to see full multiband 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 Letter represent an experimental bench-
mark for the effects on resistivity of undergoing a Lifshitz
transition against a background of very weak disorder. Our
results stimulate further theoretical work on this topic and
highlight the suitability of uniaxial stress for probing this
class of physics.

The raw data for this publication may be downloaded
at [47].

We thank J. Schmalian, E. Berg, and M. Sigrist for useful
discussions and H. Takatsu for sample growth. We

FIG. 5. A comparison of different fitting functions for the
temperature dependence of the resistivity at εxx ¼ −0.49%. The
data are plotted alone, and then together with the fits and offset by
0.5 μΩ cm. Both fits are made over the range 4–40 K. The inset
shows the same resistivity curve after subtracting 60% of the zero
strain conductivity, estimated to be the contribution 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.
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Resistivity	at	𝜀!"# consistent	with	
𝜌 ∼ 𝑇$log(1/T)

Barber,	Hicks	et	al.	(2018)

[25–29]. In first-principles calculations, Sr2RuO4 is pre-
dicted to undergo a Lifshitz transition when the lattice is
compressed by ∼0.75% along a h100i lattice direction [30].
A tight-binding model of this transition is shown in
Fig. 2(a): the topology of the γ Fermi surface sheets
changes, while the other two sheets are much less strongly
affected. In previous work, we have shown that Tc passes
through a pronounced peak at a uniaxial compressive strain
of ∼0.6%. It is tempting to associate this peak with the
Lifshitz transition; however, there are other possibilities.
For example, the peak could mark the onset of strain-
induced magnetic order [32]. Therefore, for more evidence,
here we closely investigate the electrical resistivity of the
normal state over this strain range.
A schematic of our experimental apparatus and a photo-

graph of a mounted crystal are shown in Fig. 2(b). The
resistivity ρxx is measured in the same direction as the
applied pressure. Simultaneous measurement of magnetic
susceptibility was performed using a detachable drive and
pickup coil placed directly above the sample. We rely
exclusively on susceptibility measurements to determine
Tc, to avoid being deceived by percolating higher-Tc
current paths. Measurements were done with standard
ac methods, at drive frequencies of 50–500 Hz and

0.1–10 kHz, respectively, for resistivity and susceptibility.
Uniaxial pressure was applied using the piezoelectric
actuators illustrated in Fig. 2(b), as described in more
detail in Refs. [23,24,30,33,34]. After some slipping of the
sample mounting epoxy during initial compression, all
resistivity data repeated through multiple strain cycles,
indicating that the sample remained within its elastic limit.
Two samples were studied to ensure reproducibility; further
details are given in [20].
In Fig. 3, we show ρxxðTÞ 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, correspond-
ing to an impuritymean free path in excess of 1 μm[35]. The
resistivity of the unstrained sample follows a quadratic form,
ρ¼ρresþAT2, up to ∼20 K [see Fig. 3(a)], as has been
firmly demonstrated in previous studies [36,37]. At lower
pressures, the resistivity increases across a broad temper-
ature range [Fig. 3(b)]. At εxx ∼ −0.5% the resistivity at low

(a)

(b)

FIG. 2. (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 pressure [31] and introduc-
ing the simplest strain dependence for the hopping terms. See
[20] for further simulation details. Fermi surfaces at three
representative compressions highlight the Lifshitz transition of
the γ surface. (b) A sample mounted for resistivity measurements
under uniaxial pressure and a schematic of the piezoelectric-
based device that generates the pressure.

(a)

(b)

(c)

FIG. 3. Temperature dependence of the resistivity ρxx at a
variety of [100] compressive strains: (a) low strains, (b) strains
close to the peak in Tc, and (c) strains well beyond the peak in Tc.
The insets show that at low temperatures ρxxðTÞ is quadratic at
low and high strains, but not near the peak in Tc.
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Outline

• What is a strange metal?

• A view from the large-N limit

• Strange metal from superconducting 
puddles

temperatures reaches a maximum, and ρðTÞ deviates
strongly from a quadratic temperature dependence, as
shown both in the main plot of Fig. 3(b) and in the inset.
With further compression, the resistivity rapidly decreases
and a quadratic temperature dependence is restored. By
εxx ¼ −0.92%, the resistivity is almost perfectly quadratic to
over 30 K, with the coefficient A reduced to ∼40% of its
value in the unstrained material [Fig. 3(c)].
We illustrate the strain-dependent evolution of the

resistivity in more detail in Fig. 4, and also show a more
precise comparison with the evolution of the superconduc-
tivity. In Fig. 4(a), we show a logarithmic derivative plot
that gives an indication of the strain-dependent power δ
associated with a postulated ρ ¼ ρres þ BTδ temperature
dependence. ρres was allowed to vary with strain; however,
it is so small that fixing it at a constant value instead barely
changes the resulting plot [20]. δ is found to drop from two
at low and high strains to∼1.5 at εxx ¼ −0.5%. In Fig. 4(b),
we show the quadratic coefficient A versus strain, for
strains at which a low-temperature quadratic dependence
was resolvable. A increases as εxx approaches −0.5%, then
decreases dramatically on the other side. In Fig. 4(c), we
plot the results of a measurement of the resistivity measured
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). This plot makes clear that at low
temperatures ρxx peaks at the same strain, εxx ≈ −0.5%,
where δ is a minimum. Finally, in Fig. 4(d), we plot Tc and
ρxxðT ¼ 4.5KÞ against εxx both 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.
As noted above, one mechanism by which the peak in Tc

might not correspond to the van Hove singularity is if
superconductivity is cut off by a different order promoted
by proximity to the VHS. This is the prediction of the
functional renormalization group calculations on uniaxially
pressurized Sr2RuO4 of Ref. [32], which predict formation
of spin density wave order. However, there is no indication
of any ordering transition in any of the ρxxðTÞ curves, either
before or after the peak in Tc. Also, ρxxðTÞ falls on the other
side of the peak, whereas, especially at low temperatures,
opening of a magnetic gap should generally cause resis-
tivity to increase.
Taken together, we believe that the data shown in Figs. 3

and 4 give strong evidence that we have successfully
traversed the VHS in Sr2RuO4. This VHS has previously
been reached in a biaxial way, with the γ sheet connecting
along both the kx and ky directions, through chemical
substitution of La3þ onto the Sr site [38,39], and epitaxial
growth of Sr2RuO4 and Ba2RuO4 thin films [19]. In both
cases, the resistivity exponent δ dropped to ≈1.4, similar to
our result. The novelty of our results is the much lower level
of disorder. In these studies, the residual resistivity at the

VHS was ∼50 and ∼500 times, respectively, as large as in
the present study. The inelastic component of the resistivity
exceeded the residual resistivity only above ∼35 and
125 K, respectively, raising concern about the effect of
disorder on power laws extracted at much lower temper-
atures. We believe that the much lower level of disorder

(a)

(b)

(c)

(d)

FIG. 4. (a) Resistivity temperature exponent δ plotted against
temperature and strain. ρres was first extracted from fits of the type
ρ ¼ ρres þ BTδ, then δ was calculated as a function of temper-
ature by d lnðρ − ρresÞ=d lnT [20]. (b) A, of ρxx ¼ ρres þ AT2, at
strains where a T2 fit performs satisfactorily below 10 K.
(c) Elastoresistance at various temperatures. The data at 4.5 K
and up to εxx ≈ −0.7%were recorded in a continuous strain ramp,
while all other data are interpolations of the data in Fig. 3.
(d) Comparison of the strain dependence of Tc, measured by
magnetic susceptibility, and the resistivity enhancement under
continuous strain tuning at 4.5 K. For sample 1, the sample whose
data are shown in panels (a)–(c), ρres ¼ 80 nΩ cm and
ρxxðεxx ¼ 0; T ¼ 4.5 KÞ ¼ 190 nΩ cm. For sample 2, these val-
ues are 20 and 95 nΩ cm, respectively. For sample 2, Tc was
found to peak at a nominal strain of −0.59%, as compared with
−0.56% for sample 1. This difference is well within the error, and
so to facilitate comparison, we scale the strain scale of sample 2 to
match sample 1 at the peak in Tc.

PHYSICAL REVIEW LETTERS 120, 076602 (2018)

076602-3

temperatures reaches a maximum, and ρðTÞ deviates
strongly from a quadratic temperature dependence, as
shown both in the main plot of Fig. 3(b) and in the inset.
With further compression, the resistivity rapidly decreases
and a quadratic temperature dependence is restored. By
εxx ¼ −0.92%, the resistivity is almost perfectly quadratic to
over 30 K, with the coefficient A reduced to ∼40% of its
value in the unstrained material [Fig. 3(c)].
We illustrate the strain-dependent evolution of the

resistivity in more detail in Fig. 4, and also show a more
precise comparison with the evolution of the superconduc-
tivity. In Fig. 4(a), we show a logarithmic derivative plot
that gives an indication of the strain-dependent power δ
associated with a postulated ρ ¼ ρres þ BTδ temperature
dependence. ρres was allowed to vary with strain; however,
it is so small that fixing it at a constant value instead barely
changes the resulting plot [20]. δ is found to drop from two
at low and high strains to∼1.5 at εxx ¼ −0.5%. In Fig. 4(b),
we show the quadratic coefficient A versus strain, for
strains at which a low-temperature quadratic dependence
was resolvable. A increases as εxx approaches −0.5%, then
decreases dramatically on the other side. In Fig. 4(c), we
plot the results of a measurement of the resistivity measured
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). This plot makes clear that at low
temperatures ρxx peaks at the same strain, εxx ≈ −0.5%,
where δ is a minimum. Finally, in Fig. 4(d), we plot Tc and
ρxxðT ¼ 4.5KÞ against εxx both 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.
As noted above, one mechanism by which the peak in Tc

might not correspond to the van Hove singularity is if
superconductivity is cut off by a different order promoted
by proximity to the VHS. This is the prediction of the
functional renormalization group calculations on uniaxially
pressurized Sr2RuO4 of Ref. [32], which predict formation
of spin density wave order. However, there is no indication
of any ordering transition in any of the ρxxðTÞ curves, either
before or after the peak in Tc. Also, ρxxðTÞ falls on the other
side of the peak, whereas, especially at low temperatures,
opening of a magnetic gap should generally cause resis-
tivity to increase.
Taken together, we believe that the data shown in Figs. 3

and 4 give strong evidence that we have successfully
traversed the VHS in Sr2RuO4. This VHS has previously
been reached in a biaxial way, with the γ sheet connecting
along both the kx and ky directions, through chemical
substitution of La3þ onto the Sr site [38,39], and epitaxial
growth of Sr2RuO4 and Ba2RuO4 thin films [19]. In both
cases, the resistivity exponent δ dropped to ≈1.4, similar to
our result. The novelty of our results is the much lower level
of disorder. In these studies, the residual resistivity at the

VHS was ∼50 and ∼500 times, respectively, as large as in
the present study. The inelastic component of the resistivity
exceeded the residual resistivity only above ∼35 and
125 K, respectively, raising concern about the effect of
disorder on power laws extracted at much lower temper-
atures. We believe that the much lower level of disorder

(a)

(b)

(c)

(d)

FIG. 4. (a) Resistivity temperature exponent δ plotted against
temperature and strain. ρres was first extracted from fits of the type
ρ ¼ ρres þ BTδ, then δ was calculated as a function of temper-
ature by d lnðρ − ρresÞ=d lnT [20]. (b) A, of ρxx ¼ ρres þ AT2, at
strains where a T2 fit performs satisfactorily below 10 K.
(c) Elastoresistance at various temperatures. The data at 4.5 K
and up to εxx ≈ −0.7%were recorded in a continuous strain ramp,
while all other data are interpolations of the data in Fig. 3.
(d) Comparison of the strain dependence of Tc, measured by
magnetic susceptibility, and the resistivity enhancement under
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data are shown in panels (a)–(c), ρres ¼ 80 nΩ cm and
ρxxðεxx ¼ 0; T ¼ 4.5 KÞ ¼ 190 nΩ cm. For sample 2, these val-
ues are 20 and 95 nΩ cm, respectively. For sample 2, Tc was
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“Standard	models”	
of	strongly	correlated	electrons

+ disorder (lattice defects)
+ phonons (lattice vibrations)
+⋯

𝑁-band Hubbard models:
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𝑖: lattice site
𝛼 = 1…𝑁: orbital index 



𝑁 → ∞ limit

• Introduce a symmetry (exact or statistical) between the orbitals

• Large number of degrees of freedom acts like a “bath”

But…

• Readily access non-perturbative, “non-quasiparticle” regimes!

“Standard	models”	
of	strongly	correlated	electrons



Higher	dimensional extension

Other lattice generalizations of SYK: Parcollet,	Georges;	Gu,	Qi,	
Stanford;	Song,	Jian,	Balents;	C.	Xu	et	al;	Patel,	Sachdev	et	al.;…	

𝐻 =5
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+01
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𝜀𝒌𝑐4+
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𝐽+-45𝑐𝒓+

3 𝑐𝒓-
3 𝑐𝒓4 𝑐𝒓5

Higher dimensional
Translationally Invariant extension

𝐻 = σ𝐤σ𝑖=1
𝑁 𝜀𝐤𝑐𝐤𝑖

† 𝑐𝐤𝑖 +

1
𝑁3/2 σ𝐫σ𝑖𝑗𝑘𝑙=1

𝑁 𝑈𝑖𝑗𝑘𝑙𝑐𝐫𝑖
† 𝑐𝐫𝑗

† 𝑐𝐫𝑘𝑐𝐫𝑙

Same 𝑼𝒊𝒋𝒌𝒍 on every site ഥ𝑈𝑖𝑗𝑘𝑙 = 0, 𝑈𝑖𝑗𝑘𝑙2 = 𝑈2

Disordered lattice of SYK  sites: 

Y. Gu et al., R. Davison et al., X. Song et al. (2017)

̅𝐽+-45 = 0,	 𝐽+-45# = 𝐽#



Electron self-energy

Σ(𝐤,𝜔) =

Σ(𝜔!) ∼ 𝑖
"
#
𝜔! (Σ ≪ 𝑊; 

“correlated FL”)
𝜔!, 𝑇 ≪

𝑊$

𝐽

D. Chowdhury, Y. Werman, EB, T. Senthil, PRX (2018)

Σ(𝜔!) ∼ 𝑖 𝐽 𝜔! sgn(𝜔!)
(Σ ≫ 𝑊; “Incoherent Metal”)

𝜔!, 𝑇 ≫
𝑊$

𝐽



Extended	strange	metallic	behavior	
from	SC	puddles
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Steve Kivelson Akshat Pandey

(Stanford)



La$'(Sr(CuO)
Cooper,…,	Hussey	(09’)

Strange	transport	in	
correlated	metals

Review:	Taillefer (10’)

𝜌 ∝ 𝑇 over extended doping range: 
Critical phase?

Linear in T  regime terminates 
approximately at the end of SC dome

𝜌 = 𝜌! + 𝐴□𝑇 + 𝐵𝑇#



Superconducting	“puddles”	
in	overdoped cuprates



Superfluid	density	
(overdoped LSCO)

Superconducting	“puddles”	
in	overdoped cuprates

I.	Bozovic,…,	A.	T.	Bollinger	(16’)

Further	evidence:	optical	conductivity,	specific	heat

Theory:	Z.-X.	Li,	S.	Kivelson,	D.-H.	Lee	(21’)

H.-H.	Wen	(04’);	J.	Wade	(94’);	F.	Mahmood,…,	P.	Armitage	(19’)

W.	Tromp,	…,	M.	Allan,	Nature	Mat.	(23’)

Gap	inhomogeneity	
revealed	in	STM

K.	Gomez	…,	A.	Yazdani,	Nature	(07’)



Superconducting	“puddles”

SC

Metal

e

h

𝑅 ∼ 𝜉

Inelastic	Andreev	scattering Extended	𝜌 ∝ 𝑇 regime?

Cooper,…,	Hussey	(09’)



Model

𝐻 = 𝐻BC +𝐻DEF +𝐻GHI

𝐻BC ='
4,J

𝜖4𝑐4,J
3 𝑐4,J
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𝑈
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#
, 1𝜃, ,𝑛 = 𝑖

𝐻GHI ='
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Model

N.	Bashan,	E.	Tulipman,	J.	Schmalian,	EB,	PRL	(24’)

At low energies, 𝐸 ≪ 𝑈R (renormalized charging energy):
Project to two low-lying levels

𝐻DEF → −
Δ
2 𝜎

Q,

𝐻GHI →'
4,4"

𝑔K 𝑘, 𝑘L 𝜎S𝑐4,↑𝑐4",↓ + ℎ. 𝑐.

+ '
4,4",J

𝑔Q 𝑘, 𝑘L

2 𝜎Q 𝑐4,J
3 𝑐4",J ,

𝐻DEF → −
Δ
2 𝜎

Q,

C.f.: electrons interacting with localized 
(charge-neutral) two-level systems:



Large-N	limit	and	saddle	
point	equations

Treat the matrices 𝑔K,Q(𝑘, 𝑘′) 
as random with a large 
dimension 𝑁

𝐻GHI ='
4,4"

𝑔K 𝑘, 𝑘L 𝜎S𝑐4,↑𝑐4",↓ + ℎ. 𝑐.

+ '
4,4",J

𝑔Q 𝑘, 𝑘L

2
𝜎Q 𝑐4,J

3 𝑐4",J ,

SC

Metal

e
h

𝑅 ∼ 𝜉Physically, 𝑁 ∼ 𝑘)𝑅



Large-N	limit	and	saddle	
point	equations

Spin coupled to harmonic bosonic bath with correlator Π(𝜏)

“Spin-boson” problem!

Expand the action 
in 𝑔(𝑘, 𝑘′)



Model

𝚫 uniformly distributed in [−𝑼𝒓, 𝑼𝒓]

𝜒LL Ω = 𝜏S𝜏T U ∼
𝑛D
𝑈R
max

Ω
T , 1 sgn(Ω)

𝜌 𝑇 ∼
ℎ
𝑒#
𝛼K𝑛D
𝑈R

𝑇

c 𝑇 ∼ 𝑇 ln 𝑈R/𝑇

Dimensionless coupling: 𝛼+ = ∑,,,-
.. /

/0/0-
𝑼𝒓 ∼ 𝑼𝒆0𝜶.

Marginal Fermi liquid:

𝑛D: concentration of SC puddles

RG equations:* 𝜕ℓ𝛼+ = −2𝛼+3
𝜕ℓΔ = 1 − 2𝛼+ Δ𝜶+ marginally 

irrelevant 

*Ignoring 𝜶𝒛



Why	linear	in	T?

1
𝜏
∝ max(𝜀, 𝑇)



Low-T breakdown	(finite-N	corrections)
At low T, the SC impurity is “Kondo screened”

SC

Metal

e
h

𝑅 ∼ 𝜉

𝛼 #

ℓ = ln(Λ$/Λ)

”Infinite-channel	Kondo	problem”	(random	gk,k’):	

Charge Kondo scale exponentially suppressed in droplet size

G.	Zarand,	G.	Zimanyi,	F.	Wilhelm	(00’)	

# of electronic channels: 
~𝒌𝑭𝑹

T

𝑼𝒓 ∼ 𝑼𝒆&𝜶!

𝝆 ∼ 𝑻𝟏/𝜶#

𝝆 ∼ 𝑻

𝝆 ∼ 𝑻𝟐
𝑻𝑲 ∼ 𝑼𝒓𝒆&𝒌𝑭𝑹



Summary

SC
Metal

e
h

T

𝑼𝒓 ∼ 𝑼𝒆&𝜶!

𝝆 ∼ 𝑻𝟏/𝜶#

𝝆 ∼ 𝑻

𝝆 ∼ 𝑻𝟐
𝑻𝑲 ∼ 𝑼𝒓𝒆&𝒌𝑭𝑹

Strange metal from 
coupling to SC puddles? 

Thank	you!

Route to solvability:
Make it random, make N large!
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𝑈,234 = 0,	 𝑈,234! = 𝑈!

Model	for	a	marginal	
Fermi	liquid

See	also:	A.	Patel,	J.	McGreevy,	D.	Arovas,	S.	Sachdev,	PRX	(2018)

D.	Chowdhury,	Y.	Werman,	EB,	T.	Senthil,	PRX	(2018)

Model: lattice of 
Sachdev-Ye-Kitaev (SYK) 
dots

“Kondo lattice”: Two bands 𝑐, 𝑓 with bandwidths 𝑊+ ≪ 𝑊,

Translationally invariant in every realization
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