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• Experimental survey: resistivity in good, bad, and 
strange metals

• Evidence for universal “Planckian” bound on 
relaxation time?

• Theoretical models 

- Bad metals and resistivity crossover from a large-N limit

- Strange metal in Sr!Ru"O# and Planckian bound
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Resistivity saturation (2)

Fisk and Webb, Sol state comm. (1973)
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FIG. l. In-plane (a) and out-of-plane (b) resistivlties mea-
sured in 2:2:0:1crystals: a nonsuperconductor (a} grown with
Sr/Bi 1.22 and Poz 20%, and a superconductor (O}, with
Sr/Bi 1.0 and Po, 4%. Curve in (a} is a fit assuming BG;
curves in (b} are power-law fits. Inset (a} shows v d[ln(p, b—po}]/d [lnT] vs T for the superconducting sample (0}as com-
pared with BG fits with eD 10 K (dashed}, 35 K (solid}, and
80 K (dotted). Inset (b) illustrates p, is non-Arrhenlus.

resistivity is one of the characteristic features of normal-
state transport in high-T, superconductors. Novel models
of the mechanism of high-T, superconductivity predicting
p,s &T include the resonating-valence-bond (RVB) mod-
el by Anderson and Zhou, ' the quantum percolation
model by Phillips, 's and the marginal Fermi-liquid model
by Varma et al. ' Until recently, measurements of the
normal-state properties in high-T, materials have not pro-
vided especially strong support for novel types of charge
transport. It was possible to argue that classical electron-
phonon scattering as described by the BG model is valid if
T, =90 K. 's The BG model predicts in 3D an initial T
increase of the resistivity for T (8D and a linear temper-
ature dependence for T& 8D, where the transport Debye
temperature 8D can be typically a factor of 2-4 smaller
than the thermodynamic Debye temperature 8D for ma-
terials with a small kF. For 1:2:3eD was found to be as
low as =200 K. ' Thus down to T, =90 K the deviation
would not be substantial enough to be apparent.
The low temperature behavior of p,s shown in Fig. 1(a)

for the nonsuperconducting sample is found to be caused
by weak localization effects in 2D which are studied in de-
tail elsewhere. ' For the superconducting sample a 86 Gt
with eD 35 K is shown as the nearly linear solid line.
In the inset of Fig. 1(a) the logarithmic derivative v
d [In(p,s —po)]/d(lnT) is plotted versus T. The sensi-

tivity of v to the choice of 8D is analyzed in detail by plot-

ting the data (denoted by o) and, for comparison, BG fits
with 8D 10 K (dashed curve), 35 K (solid curve), and
80 K (dotted curve). The data show a smooth decrease
from v 1.05 at 700 K to 0.97 at 120 K followed by a pro-
nounced increase at lower temperatures. Within a devia-
tion of + 5% the linearity of p,b with T can be asserted
over a range of T 50-700 K. A characteristic test of BG
behavior is the onset of the nonlinearity v & 1 at low tern-
peratures. The BG fit for 8D 35 K describes the data
best, e.g., v 1.1 is attained at T 40 K in both the data
and the fit. In contrast, neither 8D 10 K nor 8D 80 K
adequately fit at the onset of nonlinearity. Although it is
in best agreement with data, there is no clear understand-
ing for such a small value of 8a 35 in terms of electron-
phonon scattering. The thermodynamic Debye tempera-
ture is expected to be 8D=350 K, as found in the related
high-T, compound Bi2SrzCaCuOs (2:2:1:2).' A reason-
able lower limit would therefore be 8D =80 K, which de-
viates from the data significantly. Interestingly, in the
nonsuperconducting La-Sr and La-Ba cuprates the resis-
tivities reported for polycrystalline materials resemble
classical metals, deviating from linearity near 175-300
K is
The lack of any saturation of p,s(T) up to 700 K is

another similarity between 2:2:0:1 and the high-T, ma-
terials. It implies a weak scattering mechanism and im-
poses an upper limit of A. &0.1 for the electron-phonon
coupling constant. ' If we assume only phonon scattering,
then the resistivity slope provides the following quantita-
tive estimate

X~ (0.246 eV tt ft ' cm '/K) (&pab/~T)Et
where

E (I.gx10 eVA)(1+1,)' /A, (0)
is the plasma energy and XL(0) the London penetration
depth. Taking AL(0) 3100 A (Ref. 20) and an average
slope of 0.9 p 0 cm/K, we obtain X 0.08, suggesting par-
ticularly weak electron-phonon coupling.
Figure 1(b) shows the temperature dependence of the

resistivity perpendicular to the Cu-0 planes measured in
the same 2:2:0:1crystals. We find that p, is nonmetallic
and typically several orders of magnitude larger than p,b,
as in other layered cuprates. 3 The nonmetallic behavior
and the explicit form of the temperature dependence of p,
is an important issue for understanding the normal-state
transport mechanism. In high-T, materials the accessible
low-temperature range is limited, thus obscuring the dis-
tinction between thermal activation and power-law behav-
ior. In 2:2:0:1,however, measurements down to 4-8 K
clearly indicate inconsistency with an Arrhenius law, as
shown by the inset of Fig. 1(b), for both superconducting
(denoted by o) and nonsuperconducting (denoted by &)
samples. Rather, better fits are obtained for a power law,
p, ~T ' with a~0.61 for the nonsuperconductor and
0.52 for the superconductor, as sho~n by the solid curves
in Fig. 1(b). For comparison, we have previously found
that a= 1 adequately describes the temperature depen-
dence of p, in 2:2:I:2. ' In the RVB model of high-T, su-
perconductivity proposed by Anderson and Zhou, ' the
temperature dependence of p, is expected to be inverse to

S. Martin et al. (PRB 1990)
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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

1Département de physique and RQMP, Université de Sherbrooke, Sherbrooke, Québec J1K 2R1, Canada, 2National High Magnetic Field Laboratory,
Florida State University, Tallahassee, Florida 32310-3706, USA, 3Texas Materials Institute, University of Texas at Austin, Austin, Texas 78712, USA,
4Canadian Institute for Advanced Research, Toronto, Ontario M5G 1Z8, Canada. *These authors contributed equally to this work.
†e-mail: louis.taillefer@physique.usherbrooke.ca.
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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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Daou et al. (Nature 2009)
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Sr3Ru2O7

dynamically, therefore, Sr3Ru2O7 can be thought
of as two metallic fluids, one which participates
directly in the quantum criticality and another, con-
taining a higher density of quasiparticles, which
does not.

Given the extensive knowledge of the thermo-
dynamic and quasiparticle properties of Sr3Ru2O7,
it is natural to investigate its electrical transport
properties both below and above T* (11). In Fig. 1,
we show the temperature evolution of the data
at representative magnetic fields from across the
range studied, for T > Tc. In zero field, r varies
approximately quadratically with temperature for
1.2 K < T < 10 K, which is in qualitative agree-

ment with previous reports (2, 12). As the field is
increased toward Hc, the temperature range over
which the approximately quadratic temperature
dependence occurs shrinks, until at the critical
field of 7.9 T, the resistivity varies linearly with
temperature over the whole range shown, with
a gradient of 1.1 microhm·cm/K. For H > Hc

(Fig. 1B) there is a small negative magnetoresist-
ance, but the gradient of the resistivity once it has
become linear is almost independent of field.

That T-linear resistivity is seen in Sr3Ru2O7 is
surprising. As discussed above, the majority of
the quasiparticles do not participate in the mass
divergence at Hc. If they were simply an inde-
pendent Fermi liquid contributing to the conduc-
tivity in parallel with the quantum critical fluid,
they would be expected to short out the contribu-
tion of the small number of carriers that are be-
coming heavy on the approach to Hc, giving a
dominantT2 contribution to the resistivity. The data
of Fig. 1 strongly suggest that as well as inducing
a mass divergence in a subset of the carriers, the
quantum criticality in Sr3Ru2O7 is associated with
the onset of efficient scattering, with strength pro-
portional to T, which affects all the quasiparticles.

Qualitative support for this basic picture comes
from the data presented in Fig. 1C, in which we
show the resistivity of Sr3Ru2O7 for the same
set of fields as in Fig. 1A, but for temperatures
extending to 400 K. Above 100 K, r is again
T-linear, in this case at all applied fields, but with
a gradient ~30% lower than that seen at Hc for

T < 20 K. There is an interesting correlation be-
tween this observation and previous studies of the
specific heat. Measurements to elevated temper-
atures show that forT>T*, g is field-independent
and ~65%of the low temperature valuemeasured
in zero applied field (8). This implies a similar fall
in the average effective mass, or equivalently, a
35% rise in the average Fermi velocity. The data
in Fig. 1C therefore suggest that there is a similar
scattering rate per kelvin below T* atHc and well
above T* at all applied fields.

Although attention is typically focused on the
power law dependence of the resistivity, the ab-
solute magnitude of the scattering rate is also an
important quantity. A phenomenological argument
for a T-linear scattering rate has been discussed
by a number of authors in the context of the
cuprates and quantum critical metals and fluids
(13–15). Because quantum criticality is associ-
ated with the depression of energy scales toward
T = 0, temperature becomes the only relevant en-
ergy scale. Equipartition of energy then applies,
and the characteristic energy of any quantum crit-
ical degree of freedom is just kBT, where kB is
Boltzmann’s constant. This in turn implies the ex-
istence of a characteristic time, sometimes referred
to as the Planck time tP ~ ħ/kBT, where ħ is Planck’s
constant divided by 2p. Although the simplic-
ity of this expression is appealing, it is far from
obvious that (TtP)

−1 ~ kB/ħ defines a scattering
rate relevant to a measurement of electrical re-
sistivity. Resistive scattering processesmust relax

Fig. 1. (A) Resistivity (r) of high-purity single
crystal Sr3Ru2O7 at 0 T (red), 4 T (blue), 6 T (green),
7 T (orange), and its critical field moHc= 7.9 T (black).
The gray dashed lines are fits of the type r0 + AT2

to the low-temperature data, which illustrate the
suppression of the temperature at which the re-
sistivity crosses over to being quadratic in temper-
ature as H is tuned toward Hc. (B) r at Hc (black),
12 T (blue), and 14 T (red). (C) r at 0 T, 4 T, 6 T, 7 T,
and Hc over an extended temperature range up to
400 K. Above 20 K, there is a negative magneto-
resistance, but it is so small that data at all fields
overlap when plotted on this scale. The dotted line
shows the extrapolation of the low-temperature
linear resistivity at 7.9 T.

Fig. 2. In spite of two orders of magnitude variations in their Fermi velocities (vF), a wide range of metals
in which the resistivity varies linearly with temperature have similar scattering rates per kelvin. These
include heavy fermion, oxide, pnictide, and organic metals for which T-linear resistivity can be seen down
to low temperatures with appropriate tuning by magnetic field, chemical composition, or hydrostatic
pressure, and more conventional metals for which T-linear resistivity is seen at high temperatures (blue
symbols). At low temperatures, the scattering rate per kelvin of a conventional metal is orders of mag-
nitude lower, as illustrated for the case of Cu at 10 K, shown in the lower right hand corner (11). On the
graph, the line marked a = 1 corresponds to (tT )−1 = kB/ℏ. The near-universality of the scattering rates is
observed in spite of the fact that the scattering mechanisms vary across the range of materials. The point
for Bi2Sr2Ca0.92Y0.08Cu2O8+d is based on the value a = 1.3, which is determined from optical conductivity
(21), combined with the measured value of vF for this material (44). For all others, the analysis is based on
resistivity data combined with knowledge of the Fermi volume and average Fermi velocity. Full details of
the determination of the parameters in the axis labels are given in (11).
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dynamically, therefore, Sr3Ru2O7 can be thought
of as two metallic fluids, one which participates
directly in the quantum criticality and another, con-
taining a higher density of quasiparticles, which
does not.

Given the extensive knowledge of the thermo-
dynamic and quasiparticle properties of Sr3Ru2O7,
it is natural to investigate its electrical transport
properties both below and above T* (11). In Fig. 1,
we show the temperature evolution of the data
at representative magnetic fields from across the
range studied, for T > Tc. In zero field, r varies
approximately quadratically with temperature for
1.2 K < T < 10 K, which is in qualitative agree-

ment with previous reports (2, 12). As the field is
increased toward Hc, the temperature range over
which the approximately quadratic temperature
dependence occurs shrinks, until at the critical
field of 7.9 T, the resistivity varies linearly with
temperature over the whole range shown, with
a gradient of 1.1 microhm·cm/K. For H > Hc

(Fig. 1B) there is a small negative magnetoresist-
ance, but the gradient of the resistivity once it has
become linear is almost independent of field.

That T-linear resistivity is seen in Sr3Ru2O7 is
surprising. As discussed above, the majority of
the quasiparticles do not participate in the mass
divergence at Hc. If they were simply an inde-
pendent Fermi liquid contributing to the conduc-
tivity in parallel with the quantum critical fluid,
they would be expected to short out the contribu-
tion of the small number of carriers that are be-
coming heavy on the approach to Hc, giving a
dominantT2 contribution to the resistivity. The data
of Fig. 1 strongly suggest that as well as inducing
a mass divergence in a subset of the carriers, the
quantum criticality in Sr3Ru2O7 is associated with
the onset of efficient scattering, with strength pro-
portional to T, which affects all the quasiparticles.

Qualitative support for this basic picture comes
from the data presented in Fig. 1C, in which we
show the resistivity of Sr3Ru2O7 for the same
set of fields as in Fig. 1A, but for temperatures
extending to 400 K. Above 100 K, r is again
T-linear, in this case at all applied fields, but with
a gradient ~30% lower than that seen at Hc for

T < 20 K. There is an interesting correlation be-
tween this observation and previous studies of the
specific heat. Measurements to elevated temper-
atures show that forT>T*, g is field-independent
and ~65%of the low temperature valuemeasured
in zero applied field (8). This implies a similar fall
in the average effective mass, or equivalently, a
35% rise in the average Fermi velocity. The data
in Fig. 1C therefore suggest that there is a similar
scattering rate per kelvin below T* atHc and well
above T* at all applied fields.

Although attention is typically focused on the
power law dependence of the resistivity, the ab-
solute magnitude of the scattering rate is also an
important quantity. A phenomenological argument
for a T-linear scattering rate has been discussed
by a number of authors in the context of the
cuprates and quantum critical metals and fluids
(13–15). Because quantum criticality is associ-
ated with the depression of energy scales toward
T = 0, temperature becomes the only relevant en-
ergy scale. Equipartition of energy then applies,
and the characteristic energy of any quantum crit-
ical degree of freedom is just kBT, where kB is
Boltzmann’s constant. This in turn implies the ex-
istence of a characteristic time, sometimes referred
to as the Planck time tP ~ ħ/kBT, where ħ is Planck’s
constant divided by 2p. Although the simplic-
ity of this expression is appealing, it is far from
obvious that (TtP)

−1 ~ kB/ħ defines a scattering
rate relevant to a measurement of electrical re-
sistivity. Resistive scattering processesmust relax

Fig. 1. (A) Resistivity (r) of high-purity single
crystal Sr3Ru2O7 at 0 T (red), 4 T (blue), 6 T (green),
7 T (orange), and its critical field moHc= 7.9 T (black).
The gray dashed lines are fits of the type r0 + AT2

to the low-temperature data, which illustrate the
suppression of the temperature at which the re-
sistivity crosses over to being quadratic in temper-
ature as H is tuned toward Hc. (B) r at Hc (black),
12 T (blue), and 14 T (red). (C) r at 0 T, 4 T, 6 T, 7 T,
and Hc over an extended temperature range up to
400 K. Above 20 K, there is a negative magneto-
resistance, but it is so small that data at all fields
overlap when plotted on this scale. The dotted line
shows the extrapolation of the low-temperature
linear resistivity at 7.9 T.

Fig. 2. In spite of two orders of magnitude variations in their Fermi velocities (vF), a wide range of metals
in which the resistivity varies linearly with temperature have similar scattering rates per kelvin. These
include heavy fermion, oxide, pnictide, and organic metals for which T-linear resistivity can be seen down
to low temperatures with appropriate tuning by magnetic field, chemical composition, or hydrostatic
pressure, and more conventional metals for which T-linear resistivity is seen at high temperatures (blue
symbols). At low temperatures, the scattering rate per kelvin of a conventional metal is orders of mag-
nitude lower, as illustrated for the case of Cu at 10 K, shown in the lower right hand corner (11). On the
graph, the line marked a = 1 corresponds to (tT )−1 = kB/ℏ. The near-universality of the scattering rates is
observed in spite of the fact that the scattering mechanisms vary across the range of materials. The point
for Bi2Sr2Ca0.92Y0.08Cu2O8+d is based on the value a = 1.3, which is determined from optical conductivity
(21), combined with the measured value of vF for this material (44). For all others, the analysis is based on
resistivity data combined with knowledge of the Fermi volume and average Fermi velocity. Full details of
the determination of the parameters in the axis labels are given in (11).
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dynamically, therefore, Sr3Ru2O7 can be thought
of as two metallic fluids, one which participates
directly in the quantum criticality and another, con-
taining a higher density of quasiparticles, which
does not.

Given the extensive knowledge of the thermo-
dynamic and quasiparticle properties of Sr3Ru2O7,
it is natural to investigate its electrical transport
properties both below and above T* (11). In Fig. 1,
we show the temperature evolution of the data
at representative magnetic fields from across the
range studied, for T > Tc. In zero field, r varies
approximately quadratically with temperature for
1.2 K < T < 10 K, which is in qualitative agree-

ment with previous reports (2, 12). As the field is
increased toward Hc, the temperature range over
which the approximately quadratic temperature
dependence occurs shrinks, until at the critical
field of 7.9 T, the resistivity varies linearly with
temperature over the whole range shown, with
a gradient of 1.1 microhm·cm/K. For H > Hc

(Fig. 1B) there is a small negative magnetoresist-
ance, but the gradient of the resistivity once it has
become linear is almost independent of field.

That T-linear resistivity is seen in Sr3Ru2O7 is
surprising. As discussed above, the majority of
the quasiparticles do not participate in the mass
divergence at Hc. If they were simply an inde-
pendent Fermi liquid contributing to the conduc-
tivity in parallel with the quantum critical fluid,
they would be expected to short out the contribu-
tion of the small number of carriers that are be-
coming heavy on the approach to Hc, giving a
dominantT2 contribution to the resistivity. The data
of Fig. 1 strongly suggest that as well as inducing
a mass divergence in a subset of the carriers, the
quantum criticality in Sr3Ru2O7 is associated with
the onset of efficient scattering, with strength pro-
portional to T, which affects all the quasiparticles.

Qualitative support for this basic picture comes
from the data presented in Fig. 1C, in which we
show the resistivity of Sr3Ru2O7 for the same
set of fields as in Fig. 1A, but for temperatures
extending to 400 K. Above 100 K, r is again
T-linear, in this case at all applied fields, but with
a gradient ~30% lower than that seen at Hc for

T < 20 K. There is an interesting correlation be-
tween this observation and previous studies of the
specific heat. Measurements to elevated temper-
atures show that forT>T*, g is field-independent
and ~65%of the low temperature valuemeasured
in zero applied field (8). This implies a similar fall
in the average effective mass, or equivalently, a
35% rise in the average Fermi velocity. The data
in Fig. 1C therefore suggest that there is a similar
scattering rate per kelvin below T* atHc and well
above T* at all applied fields.

Although attention is typically focused on the
power law dependence of the resistivity, the ab-
solute magnitude of the scattering rate is also an
important quantity. A phenomenological argument
for a T-linear scattering rate has been discussed
by a number of authors in the context of the
cuprates and quantum critical metals and fluids
(13–15). Because quantum criticality is associ-
ated with the depression of energy scales toward
T = 0, temperature becomes the only relevant en-
ergy scale. Equipartition of energy then applies,
and the characteristic energy of any quantum crit-
ical degree of freedom is just kBT, where kB is
Boltzmann’s constant. This in turn implies the ex-
istence of a characteristic time, sometimes referred
to as the Planck time tP ~ ħ/kBT, where ħ is Planck’s
constant divided by 2p. Although the simplic-
ity of this expression is appealing, it is far from
obvious that (TtP)

−1 ~ kB/ħ defines a scattering
rate relevant to a measurement of electrical re-
sistivity. Resistive scattering processesmust relax

Fig. 1. (A) Resistivity (r) of high-purity single
crystal Sr3Ru2O7 at 0 T (red), 4 T (blue), 6 T (green),
7 T (orange), and its critical field moHc= 7.9 T (black).
The gray dashed lines are fits of the type r0 + AT2

to the low-temperature data, which illustrate the
suppression of the temperature at which the re-
sistivity crosses over to being quadratic in temper-
ature as H is tuned toward Hc. (B) r at Hc (black),
12 T (blue), and 14 T (red). (C) r at 0 T, 4 T, 6 T, 7 T,
and Hc over an extended temperature range up to
400 K. Above 20 K, there is a negative magneto-
resistance, but it is so small that data at all fields
overlap when plotted on this scale. The dotted line
shows the extrapolation of the low-temperature
linear resistivity at 7.9 T.

Fig. 2. In spite of two orders of magnitude variations in their Fermi velocities (vF), a wide range of metals
in which the resistivity varies linearly with temperature have similar scattering rates per kelvin. These
include heavy fermion, oxide, pnictide, and organic metals for which T-linear resistivity can be seen down
to low temperatures with appropriate tuning by magnetic field, chemical composition, or hydrostatic
pressure, and more conventional metals for which T-linear resistivity is seen at high temperatures (blue
symbols). At low temperatures, the scattering rate per kelvin of a conventional metal is orders of mag-
nitude lower, as illustrated for the case of Cu at 10 K, shown in the lower right hand corner (11). On the
graph, the line marked a = 1 corresponds to (tT )−1 = kB/ℏ. The near-universality of the scattering rates is
observed in spite of the fact that the scattering mechanisms vary across the range of materials. The point
for Bi2Sr2Ca0.92Y0.08Cu2O8+d is based on the value a = 1.3, which is determined from optical conductivity
(21), combined with the measured value of vF for this material (44). For all others, the analysis is based on
resistivity data combined with knowledge of the Fermi volume and average Fermi velocity. Full details of
the determination of the parameters in the axis labels are given in (11).
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“Planckian	bound”	on	
dissipation?

“Planckian Bound” !
"
≤

#$#%
ℏ

with + = - 1

(Sachdev, Zaanen, Hartnoll,…)

Related proposed bounds: 
0

1
≥ # ℏ

,#
(Kovtun, Son, Sarinets, 2004) 

I3 ≥ # ℏ4"
!

,#/
(Hartnoll, 2015)

• Proper definition of !
"
?

• Electron-phonon systems at high 0: 1/2 ∝ 40. 
Where’s the bound?

• Apparent violations, e.g. e-doped cuprates at high T

Recent critique: M. Sadovskii (Physics-Uspekhi, 2021)



Outline

• Experimental survey: resistivity in good, bad, and 
strange metals

• Evidence for universal “Planckian” bound on 
relaxation time?

• Theoretical models 

- Bad metals and resistivity crossover from a large-N limit

- Strange metal in Sr!Ru"O# and Planckian bound
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Energy scales

Assume J ≫ 1: solve to leading order in 1/J

Dimensionless el-ph coupling: L = 5!6$
78$!

> 1 (N9: DOS at O))

Temperature regimes:

FL 
(or SC)

Boltzmann
"/$ = &'()

“Semi-quantum” 
regime?

High )
(classical)

A$C%&: 3 electronic bands, 189 phonon modes
Nb$Sn: 5 electronic bands, 12 phonon modes

0 Q9 0O)/L O)



The electron propagator is 

strongly renormalized: 

Phonon renormalization

is subleading:

The electron propagator 

is strongly renormalized: 

Large 𝑵 limit

Σ ൌ +

+⋯ ൌ
𝑂 1/𝑁

Phonon renormalization

is subleading:

Strong scattering of electrons, weak feedback on lattice 
(no lattice instability and no small polarons)

The electron propagator 

is strongly renormalized: 

Large 𝑵 limit

Σ ൌ +

+⋯ ൌ
𝑂 1/𝑁

Phonon renormalization

is subleading:

Strong scattering of electrons, weak feedback on lattice 
(no lattice instability and no small polarons)

The electron propagator 

is strongly renormalized: 

Large 𝑵 limit

Σ ൌ +

+⋯ ൌ
𝑂 1/𝑁

Phonon renormalization

is subleading:

Strong scattering of electrons, weak feedback on lattice 
(no lattice instability and no small polarons)Strong scattering of electrons, weak feedback on lattice 

(no lattice instability and no small polarons at large 5)



Y. Werman and EB, PRB (2016) 

Results: Holstein model (𝒅 ൌ 𝟐)

Yochai Werman and EB, PRB (2016) 

Site density
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ℎ

𝜆𝑇/Λ

𝑁𝜌
ℎ
𝑒ଶ

Crossover when 𝑵𝝆 ∼ 𝝆𝑸,
But no saturation. 𝝆 ∝ 𝑻

Results ($ = &)

Resistivity
Saturation!

Y. Werman, S. Kivelson and EB, npj Quantum Materials (2017) 

Results: Holstein model (𝒅 ൌ 𝟐)

Yochai Werman and EB, PRB (2016) 

Site density
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𝑁𝜌
ℎ
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Crossover when 𝑵𝝆 ∼ 𝝆𝑸,
But no saturation. 𝝆 ∝ 𝑻

Holstein

Bond density
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Results: SSH model
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ℎ
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Y. Werman, S. Kivelson, EB, Nature Quant. Mat. (2017)

Resistivity
Saturation!

SSH



40 ≫ Λ (= low 0 bandwidth):

Compressibility:  8 ∼ :
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Diffusion constant: 
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Interpretation: Einstein relation
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Phonon assisted hopping
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Finite N: Monte Carlo calculation 
(𝝎૙ ൌ ૙)

Role of el-el inelastic scattering? Extension to 𝑻 → ૙?



Outline

• Experimental survey: resistivity in good, bad, and 
strange metals

• Evidence for universal “Planckian” bound on 
relaxation time?

• Theoretical models 

- Bad metals and resistivity crossover from a large-N limit

- Strange metal in Sr!Ru"O# and Planckian bound



Anomalies	in	$%!&'"(#Resistivity in Sr3Ru2O7
At a first sight, canonical quantum critical behavior:
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3. Angle-resolved photoemission (ARPES) reveals a complicated fermiology with multiple

pockets [12, 13]. Quantum oscillations further show that all except one set of bands —

the “2 pockets, which are not seen in Shubnikov-de Haas oscillations — do not show

a strongly divergent mass at the critical field [14]. ARPES further shows that the “2

pockets are remarkably shallow, and give rise to a peak in the density of states at a few

meV from the Fermi energy at zero field [12, 13].

4. The specific heat coe�cient “ as a function of temperature shows a broad maximum

at Tpeak ≥ 7K at zero field [11]. A similar peak is seen in the magnetic susceptibility

[15, 16]. As H æ Hc the location Tpeak of the peak in “ collapses to zero. Furthermore,

at the critical field a low temperature divergence “ ≥ log T is observed [11, 17], until cut

o� at a spin ordering transition at a temperature of about 1K [18].

5. An extended Drude fit to the optical conductivity in the T -linear regime reveals a

scattering rate �(Ê) ≥ Ê for Ê & T [19].

Ttr

� � T

� � � log T

� � m�hT 2

� � m�h

T

HHc
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Figure 3: Schematic phase diagram of Sr3Ru2O7 as a function of field and temperature. There

is a marginal Fermi liquid of cold electrons above Ttr. In the conventional Fermi liquid below

Ttr, transport is dominated by cold electrons undergoing cc æ ch scattering, while specific heat

is dominated by hot electrons. The hot electron mass mıh is strongly enhanced as H æ Hc.
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Unconventional transport
Many of these interesting materials show T-linear resistivity
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Zero field behavior
At H=0, clear signatures of a peak in the density of states, 

a few meV from the Fermi energy:
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Efremov,	Betouras et	al.	(2018)
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Figure 1: (a) The n=2 2D van Hove singularity in the form of a saddle point. The density of states ⌫ diverges as lnµ. Red
lines indicate Fermi surfaces above and below the singularity. The critical Fermi surface is shown by the dotted black line.
(b,c) The n = 3, 4 singularities at other high symmetry points. (d) Schematic phase diagram of Sr3Ru2O7 together with the
crystal structure shown in the inset6. The inset shows the crystal structure. Bilayers of RuO octahedra (blue) are separated
by Sr spacer layers (gray) (e) Schematic of the quasi-2D Fermi surface of Sr3Ru2O7 in the kz=0 plane at the Fermi energy (left
hand side) and at µC (right side). The crucial bands are highlighted in red. The main di↵erence seen in the vicinity of the X
point. At the critical chemical potential four close-by Lifshitz transitions (green) are forming close to the X-point connecting
the existing hole-like Fermi surface with a new emerging small pocket at the centre. In order to emphasise the characteristic
clover leaf Fermi surface we show an extended k-space picture beyond the Brillouin zone boundaries.

divergence in the n=4 case discussed below.
In order to provide an explicit example for these concepts we examine the layered perovskite Sr3Ru2O7, which

has been intensely studied because of its unusual magnetic and transport properties6. We identify a strong n = 4
power-law singularity at a four-fold symmetric point in momentum space and demonstrate how, in conjunction with
other features of the FS and strong electron interactions, it is pivotal for the physical properties of this material,
explaining several previously perplexing characteristics.

The central feature of its magnetic phase diagram is a metamagnetic quantum critical end point (QCEP) located
at HC=8 T for fields parallel to the crystallographic c-axis7 (Fig. 1d). The strong electron correlations related to this
QCEP are evident in thermodynamic properties. The magnetic susceptibility is strongly enhanced (Wilson ratio of
10), consistent with Sr3Ru2O7 being on the border of ferromagnetism8, achievable by modest uniaxial pressure9.

Approaching Hc as a function of T , a logarithmic divergence in specific heat divided by temperature C/T is
observed10. Away from the critical field, a crossover to a low temperature Fermi liquid regime occurs11. The approach
to Hc as a function of magnetic field in the Fermi liquid regime is characterised by a singular contribution to C/T .
Careful analysis12 reveals a power law divergence of C/T as a function of reduced field h = (H �HC)/HC with an
unexpected exponent of -1. It has been suggested that the singularities in C/T as a function of field or temperature
are consistent with a 2D metamagnetic QCEP within the canonical description of quantum criticality13. The expected
exponent within this theoretical framework is -1/3 and in general has to be fixed in any fit of this model14. The observed



“Cold”	and	“Hot”	Fermions

2 Hot and cold fermions: Kinematic considerations

Consider the setup depicted in Fig. 1. The Fermi surface mostly consists of regions with a high

Fermi velocity, as well as a set of ‘hot spots’ with a large density of states near or at the Fermi

energy. The hot spots could result from a Fermi pocket with a particularly flat dispersion near

its bottom, or from van Hove singularities near the Fermi energy. The essential feature for the

present discussion is that the high density of states is localized in a small part of the Brillouin

zone, whereas the light portions of the Fermi surface are much more extended.

The band geometry near the Fermi energy dictates the kinematics of the electron-electron

scattering processes. Since the density of states of the ‘hot electrons’ is high, whereas the ‘cold

electrons’ away from the hot spots dominate the current due to their higher Fermi velocity,

it is natural to expect the transport lifetime to be determined by scattering processes where

both cold and hot electrons are involved. There are di�erent types of such scattering processes:

for instance, a cold electron can scatter o� a hot one, a process we denote as ch æ ch; a pair

of cold electrons can scatter into a cold and a hot electron (cc æ ch); etc.

�q
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Figure 1: Left: Illustration of cc æ ch scattering, in which one of the fermions is scattered

from the cold Fermi surface (blue) into the hot region (red). The hot regions could also be on

the same Fermi sheet as the cold fermions. Right: a sharp peak in the density of states ‹(‘)

close to the chemical potential, due to the hot fermions.
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2 Hot and cold fermions: Kinematic considerations

Consider the setup depicted in Fig. 1. The Fermi surface mostly consists of regions with a high

Fermi velocity, as well as a set of ‘hot spots’ with a large density of states near or at the Fermi

energy. The hot spots could result from a Fermi pocket with a particularly flat dispersion near

its bottom, or from van Hove singularities near the Fermi energy. The essential feature for the

present discussion is that the high density of states is localized in a small part of the Brillouin

zone, whereas the light portions of the Fermi surface are much more extended.

The band geometry near the Fermi energy dictates the kinematics of the electron-electron

scattering processes. Since the density of states of the ‘hot electrons’ is high, whereas the ‘cold

electrons’ away from the hot spots dominate the current due to their higher Fermi velocity,

it is natural to expect the transport lifetime to be determined by scattering processes where

both cold and hot electrons are involved. There are di�erent types of such scattering processes:

for instance, a cold electron can scatter o� a hot one, a process we denote as ch æ ch; a pair

of cold electrons can scatter into a cold and a hot electron (cc æ ch); etc.
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Figure 1: Left: Illustration of cc æ ch scattering, in which one of the fermions is scattered

from the cold Fermi surface (blue) into the hot region (red). The hot regions could also be on

the same Fermi sheet as the cold fermions. Right: a sharp peak in the density of states ‹(‘)

close to the chemical potential, due to the hot fermions.
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Towards the critical field
The large density of states close to the Fermi energy 

(as H → Hc) in the “hot pockets” means cc → ch scattering 
also dominates the T2 resistivity at low T.
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Resistivity in Sr3Ru2O7
At a first sight, canonical quantum critical behavior:
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Planckian	limit?
Marginal	Fermi	liquid	Varma	et	al.	(1989)
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Turning	through	the	van	Hove	
singularity	in	$%"&'($

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.
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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

(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.
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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].
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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	consistent	with	M ∼ !8log(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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Prediction:	N ∼ ,
6 (O = 9:

6 ∼ !log(1/!))
Stangier,	EB,	Schmalian,	in	preparation



Summary

Thank you.

• Bad metals # > #*+, =
-

.;$<
, /0
/%
> 0

vs. Strange metals # ∼ 01 at low 0, @ < 2 (often @ = 1)

• Lessons from solved models (large-N):

Resistivity crossover at # ∼ #*+, , with 

or without saturation. 

Results: Holstein model (𝒅 ൌ 𝟐)

Yochai Werman and EB, PRB (2016) 

Site density

𝑒ଶ
𝑁𝜌

/ℎ

𝜆𝑇/Λ

𝑁𝜌
ℎ
𝑒ଶ

Crossover when 𝑵𝝆 ∼ 𝝆𝑸,
But no saturation. 𝝆 ∝ 𝑻

Bond density
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/ℎ

𝜆𝑇/Λ

𝑁𝜌
ℎ
𝑒ଶ

Results: SSH model

𝑁𝜌 ∼ 2𝜋𝑓 𝑛
ℎ
𝑒ଶ

𝑓 𝑛 ൌ 𝑂ሺ1ሻ

𝑁𝜌 ∼ 𝜆
ℎ
𝑒ଶ 𝜈଴𝑇

Y. Werman, S. Kivelson, EB, Nature Quant. Mat. (2017)

Resistivity
Saturation!

• Planckian bound 2
3
≤ #

4=5
ℏ

: a useful notion, 

although much remains to be clarified. 

- Precise definition? 

- Counter-examples?

Unconventional transport
Many of these interesting materials show T-linear resistivity

After 
Sachdev-Keimer ’11


