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• A (not so strange) quantum critical metal: 
Tuning to a Van Hove singularity

• Weidemann-Franz and its breakdown

• What can we learn from WF about 
scattering in strange metals?

BREAKDOWN OF THE WIEDEMANN-FRANZ LAW AT THE … PHYSICAL REVIEW B 105, 115113 (2022)

FIG. 1. Temperature dependence of the resistivity !(T ) ! T 2 log(D/T ) (left) and thermal resistivity !Q(T ) ! T 3/2 (right) divided by the
Fermi liquid behavior T 2 at the Van Hove point (red curves). The more singular behavior of the thermal resistivity is clearly visible. D is
the effective bandwidth of the problem. As one moves away from the Van Hove point, one expects a temperature scale T " below which both
transport coefficients recover ordinary Fermi liquid behavior following Eqs. (3) and (4). We use T "/D = 0.01 (green curves) and T "/D = 0.03
(blue curves). The inset shows the corresponding behavior for the Lorenz ratio L(T ). The right index shows the characteristic temperature scale
T " for the crossover to Van Hove dominated scattering as the strain is varied. We used the parameters given in Appendix B. In this inset we
also indicate the regimes where the Lorenz number L tends to a finite value or vanishes as T decreases.

II. MODEL AND DENSITY RESPONSE

As we include multiband effects in our analysis we start
from the following three-band model with kinetic energy

H0 =
!

k"

#†
k"H(k)#k" (5)

where #k" = (dk,xy," , dk,xz," , dk,yz," )T with annihilation oper-
ators for electrons in the Ru 4dxy as well as 4dxz and 4dyz
orbitals, respectively. For our analysis we use the single-
particle Hamiltonian
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where we employ the dispersion relations obtained in
Ref. [11] from angular-resolved photoemission data for the
unstrained system. The dyz and dxz orbitals overlap and split
into the % band located at the corners of the Brillouin zone and
the & in the center. Both bands are moderately affected by a-
or b-axis stress without qualitative changes in the dispersion.
The ' band however, formed by the dxy orbitals, is highly
susceptible to strain and undergoes a Lifshitz transition under
uniaxial pressure. We follow Ref. [8] to account for these
changes in the dispersion at finite strain. Uniaxial strain (xx
lifts the degeneracy between states at momenta () , 0) and
(0,) ) and splits the Van Hove singularity into two peaks. For
("

xx = 0.45% the Van Hove singularity at

kVH = (0,) ) (7)

crosses the Fermi energy. The details of this analysis are
summarized in Appendix B. In Fig. 2 we show our results for
the strain dependence of the Fermi surface and the density of
states.

The modifications of the electrical resistivity at the strain-
tuned Lifshitz point are argued to be due to the divergent
density of states at the Van Hove singularity with large
momentum transfer in the involved scattering processes.

Sr2RuO4 is of course a three-dimensional material. Hence,
the logarithmic divergence in the density of states is cut
off at some energy scale t# set by the interlayer hopping.
However, this energy scale was shown in experiments to be
only a few Kelvin [1]. This is consistent with the three-
dimensional electronic structure where the dispersion in the
c direction is particularly weak for in-plane momenta near
the Van Hove point [25,26]. With t# comparable to Tc we
will ignore these effects in what follows. In addition to these
density of states effects, electrons near a Van Hove singularity
are also expected to yield singular negative corrections to the
compressibility or other elastic constants:

*C(T ) ! $ D
v0

log
D
T

, (8)

FIG. 2. Density of states of the ' band at zero strain (blue) and
at the strain value (" that corresponds to the Lifshitz point where one
of the strain-split Van Hove singularities crosses the Fermi energy
(red). The inset shows the Fermi energies at zero strain (left) and at
the Lifshitz point (right), where the hot parts of the Fermi surface are
indicated in red.
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[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 ! 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 "xx 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 "xx!T" at various applied compres-

sions. Consistent with the high Tc of 1.5 K at zero strain, the
residual resistivity "res is less than 100 n! cm, correspond-
ing to an impuritymean free path in excess of 1 #m[35]. The
resistivity of the unstrained sample follows a quadratic form,
"#"res$AT2, 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 $xx ! "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 ! 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 "xx 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 "xx!T" is quadratic at
low and high strains, but not near the peak in Tc.
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Turning	through	the	Van	Hove	
singularity	in	𝐒𝐫𝟐𝐑𝐮𝐎𝟒

temperatures reaches a maximum, and !!T" 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
"xx # !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 #
associated with a postulated ! # !res $ BT# temperature
dependence. !res 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]. # is found to drop from two
at low and high strains to"1.5 at "xx # !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 "xx 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 !xx peaks at the same strain, "xx # !0.5%,
where # is a minimum. Finally, in Fig. 4(d), we plot Tc and
!xx!T # 4.5K" against "xx 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 !xx!T" curves, either
before or after the peak in Tc. Also, !xx!T" 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 $ sheet connecting
along both the kx and ky directions, through chemical
substitution of La3$ onto the Sr site [38,39], and epitaxial
growth of Sr2RuO4 and Ba2RuO4 thin films [19]. In both
cases, the resistivity exponent # 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 # plotted against
temperature and strain. !res was first extracted from fits of the type
! # !res $ BT#, then # was calculated as a function of temper-
ature by d ln!! ! !res"=d lnT [20]. (b) A, of !xx # !res $ 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 "xx # !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), !res # 80 n! cm and
!xx!"xx # 0; T # 4.5 K" # 190 n! cm. For sample 2, these val-
ues are 20 and 95 n! 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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strongly from a quadratic temperature dependence, as
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opening of a magnetic gap should generally cause resis-
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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 $ sheet connecting
along both the kx and ky directions, through chemical
substitution of La3$ onto the Sr site [38,39], and epitaxial
growth of Sr2RuO4 and Ba2RuO4 thin films [19]. In both
cases, the resistivity exponent # 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 # plotted against
temperature and strain. !res was first extracted from fits of the type
! # !res $ BT#, then # was calculated as a function of temper-
ature by d ln!! ! !res"=d lnT [20]. (b) A, of !xx # !res $ 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 "xx # !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), !res # 80 n! cm and
!xx!"xx # 0; T # 4.5 K" # 190 n! cm. For sample 2, these val-
ues are 20 and 95 n! 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 !!T" #
!res $ bT2 ln!c=T" or !!T" # !res $ 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 " < 2 at Lifshitz transitions. The amount
by which " is reduced depends on the degree of nesting of
the Fermi surface; " # 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=#2, where
# 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 $xx ! "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 # 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 % and & sheets contribute over 60% of the
conductivity. Under the postulate that the scattering rate
of the % and & sheet carriers is unaffected by the traversal of
the Lifshitz point on the # sheet, the implied contribution of
the # 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 % and & sheets are affected in a similar way to
that on the # 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 $xx # "0.49%. The
data are plotted alone, and then together with the fits and offset by
0.5 '! cm. Both fits are made over the range 4–40 K. The inset
shows the same resistivity curve after subtracting 60% of the zero
strain conductivity, estimated to be the contribution of the # band
if the scattering rate of the % and & sheet carriers is unaffected by
the traversal of the Lifshitz point on the # sheet.
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Resistivity	at	𝜀!"# consistent	with	
𝜌 ∼ 𝑇$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 ! 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 "xx 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 "xx!T" at various applied compres-

sions. Consistent with the high Tc of 1.5 K at zero strain, the
residual resistivity "res is less than 100 n! cm, correspond-
ing to an impuritymean free path in excess of 1 #m[35]. The
resistivity of the unstrained sample follows a quadratic form,
"#"res$AT2, 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 $xx ! "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 ! 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 "xx 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 "xx!T" is quadratic at
low and high strains, but not near the peak in Tc.
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Turning	through	the	Van	Hove	
singularity	in	𝐒𝐫𝟐𝐑𝐮𝐎𝟒

Why no “short circuiting”?

[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 ! 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 "xx 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 "xx!T" at various applied compres-

sions. Consistent with the high Tc of 1.5 K at zero strain, the
residual resistivity "res is less than 100 n! cm, correspond-
ing to an impuritymean free path in excess of 1 #m[35]. The
resistivity of the unstrained sample follows a quadratic form,
"#"res$AT2, 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 $xx ! "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 ! 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 "xx 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 "xx!T" is quadratic at
low and high strains, but not near the peak in Tc.
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Scattering	processes:	
“Cold”	and	“Hot”	fermions

Scattering processes:

[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 ! 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 "xx 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
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Two samples were studied to ensure reproducibility; further
details are given in [20].
In Fig. 3, we show "xx!T" at various applied compres-

sions. Consistent with the high Tc of 1.5 K at zero strain, the
residual resistivity "res is less than 100 n! cm, correspond-
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pressures, the resistivity increases across a broad temper-
ature range [Fig. 3(b)]. At $xx ! "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 ! 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 "xx 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 "xx!T" is quadratic at
low and high strains, but not near the peak in Tc.

PHYSICAL REVIEW LETTERS 120, 076602 (2018)

076602-2

𝝆 ∼ 𝑻𝟐𝐥𝐨𝐠(1/T)

𝒄𝒄 → 𝒄𝒄

[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 ! 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 "xx 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 "xx!T" at various applied compres-

sions. Consistent with the high Tc of 1.5 K at zero strain, the
residual resistivity "res is less than 100 n! cm, correspond-
ing to an impuritymean free path in excess of 1 #m[35]. The
resistivity of the unstrained sample follows a quadratic form,
"#"res$AT2, 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 $xx ! "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 ! 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 "xx 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 "xx!T" is quadratic at
low and high strains, but not near the peak in Tc.

PHYSICAL REVIEW LETTERS 120, 076602 (2018)

076602-2

𝒄𝒄 → 𝒄𝒉

[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 ! 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 "xx 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 "xx!T" at various applied compres-

sions. Consistent with the high Tc of 1.5 K at zero strain, the
residual resistivity "res is less than 100 n! cm, correspond-
ing to an impuritymean free path in excess of 1 #m[35]. The
resistivity of the unstrained sample follows a quadratic form,
"#"res$AT2, 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 $xx ! "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 ! 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 "xx 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 "xx!T" is quadratic at
low and high strains, but not near the peak in Tc.

PHYSICAL REVIEW LETTERS 120, 076602 (2018)

076602-2

𝒄𝒉 → 𝒄𝒉

C.	Mousatov,	EB,	S.	Hartnoll,	PNAS (2020)

Stronger	peak	in	DOS	gives	marginal	FL	with	
𝝆 ∝ 𝑻,	𝒄 ∝ −𝑻𝐥𝐨𝐠𝑻:	Explains	Sr3Ru2O7?



Reminder:	
Wiedemann-Franz

between 4 and 6 n! cm. With a carrier density of 2.5 ! 1021

cm!3,11 this implies a mean-free-path in the range of 70 to
140 "m, and, given the dimensions of the sample, a proximity to
the ballistic limit.
The temperature dependence of !/T, the thermal conductivity

divided by temperature, is plotted in panel (b) of the Fig. 1. Note
that in our whole temperature range of study, the phonon
contribution to heat transport is negligible (see Supplemental
Material). The extracted Lorenz number, L!T" # !"

T , is to be
compared with the Sommerfeld number L0 # #2

3
kB
e

! "2
. As seen in

Fig. 1c, according to our data, L/L0 is close to 0.5 at 40 K and
decreases with decreasing temperature until it becomes as low as
0.25 at 13 K, in qualitative agreement with the observation
originally reported by Gooth et al.,11 who !rst reported on a very
low magnitude of the L/L0 ratio in WP2. As seen in the Fig. 1c,
however, the two sets of data diverge at low temperature and we
recover the expected equality between L and L0 at low
temperature.

Comparison with two other metals, Ag and CeRhIn5, is
instructive. Figure 1d displays the temperature dependence of L/
L0 in the heavy-fermion antiferromagnet, CeRhIn5 as reported by
Paglione et al.4 The L/L0 ratio, close to unity at 8 K, decreases with
decreasing temperature and becomes as low as 0.5 at 2 K, before
shooting upwards and attaining unity around 100mK. In Ag, as
seen in Fig. 1e, which presents our data obtained on a silver wire,
a similar downward deviation of the L/L0 ratio is detectable. Close
to unity below 8 K, it decreases with warming and attains a
minimum of 0.6 at 30 K before increasing again.
It is also instructive to recall the case of semi-metallic bismuth,

in which thermal transport is dominated by phonons. In such a
compensated system, an ambipolar contribution to the thermal
conductivity, arising from a counter-"ow of heat-carrying elec-
trons and holes, was expected to be present.18,19 An ambipolar
diffusion would have led to an upward deviation of L/L0 from
unity. However, Uher and Goldsmid18 found (after subtracting the
lattice contribution) that L/L0 < 1 in bismuth, which indicates that
there is no ambipolar contribution to the thermal conductivity.
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Fig. 1 a Resistivity of WP2, ", measured along the a-axis, as a function of temperature. b Thermal conductivity divided by temperature, !T (jQ//a-
axis) as a function of temperature in the same sample with the same electrodes. c Ratio of Lorenz, L!T" # !

T$ to Sommerfeld L0= 2.44 ! 10!8 W
! K!2, numbers as a function of temperature (red). The data reported for a micro-ribbon of WP2

11 are shown in green. d L(T)/L0 as a function of
temperature in CeRhIn5.

4 e L(T)/L0 as a function of temperature for an Ag wire with a 50 "m diameter and 99.99% purity. WP2 and Ag were
measured with the same experimental set-up. Error bars are due to the error on the measurement of the resistance of the thermometers,
which are used to evaluate the temperature gradient in the sample
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of the two Zn-doped crystals, consistent with a previous localization
study of Pr12422. Note too the similarity in the kb(T) curves for the
irradiated and 5% Zn-doped samples (implying a similar defect den-
sity) and the fact that the small phonon peak seen in Fig. 1 is strongly
suppressed upon Zn substitution. According to our simulations, the
defect density of the irradiated crystals was estimated to be of order
0.1–0.2%. This is much less than the nominal Zn content in our Zn-
doped crystals. It should be noted however that for low doping con-
centrations, Zn is believed to substitute Cu ions primarily on the
CuO2 plane, rather than on the CuO chain.

Assuming, as inferred from the irradiation experiments, that at
high T, Dkb 5 Dke (i.e. kph is insensitive to impurities), we can
calculate Dkb/(DsbT) for any combination of the three samples
(where Dsb is the corresponding change in the electrical conductivity)
and obtain an average value for the WF ratio of L/L0 5 1.15 6 0.3 at
T 5 300 K. This value of L/L0 is entirely consistent, to within our
experimental uncertainty, with the value derived for Zn-free Pr124 by
assuming that the difference between ka and kb is wholly due to the
contribution from the charge carriers within the chains (see Fig. 4 and
subsequent discussion). This implies that the magnitude of the pho-
non anisotropy in Pr124 is of order or smaller than our experimental
error, and is comparable to that found in SrCuO2

21. More impor-
tantly, this analysis appears to confirm the preservation of the WF law
in the putative ‘one-dimensional’ regime of Pr124, as we shall now
discuss.

Discussion
Figure 4 shows the resultant effective Lorenz ratio L (5(kb 2 ka)/
sbT, where sb 5 1/rb) for the data shown in Fig. 1 normalized to the
Lorenz number L0 (52.45 3 1028 V2K22). For comparison, we also
show in Fig. 4 the corresponding plot of L/L0 for Ni23. Similar beha-
viour is also seen in other elemental metals such as Cu24 and Co23.
With decreasing temperature, L/L0 for Pr124 remains within 20% of
its room temperature value and follows an almost identical T-
dependence to that found in elemental Ni, dropping below unity at
intermediate temperatures (presumably due to the different weight-
ing of small- and large-angle scattering on the heat and charge cur-
rents) and recovering as T approaches the elastic scattering limit at T
5 0. This pattern contrasts markedly with what is observed in the
q1D purple bronze Li0.9Mo6O17

12, reproduced in the inset to Fig. 4,
for which the effective Lorenz ratio is found to be several times larger
than L0 and to diverge with decreasing temperature12. It should be
stressed here that according to theory11, the Lorenz ratio in a TLL is
highly sensitive to both d, the deviation from commensurate filling
and to D, the ratio of the elastic to el-el Umklapp scattering rates.
However, as noted in Fig. 1 of Ref. 11, for values of D relevant to our
crystals (0.1 , D , 1) and the temperature range of our experiments
(10 K , T , 300 K), L/L0 in a TLL is always enhanced by a factor of 2
or higher, for all values of d considered.

Fig. 4 encapsulates the key result of this study, namely the equi-
valence of the T-dependence of L/L0 in Pr124 to that found in

Figure 2 | Thermal conductivity data on Pr124 single crystals before and
after proton-irradiation. kb(T) and ka(T) data on Pr124 crystals before
and after receiving the same radiation dose from a 4 MeV proton beam at
300 K for 12 hours. The thickness of the two samples was small compared
to the penetration depth of the protons, ensuring homogeneous damage
throughout the crystals. Note that ka, the phonon contribution, at room
temperature is insensitive to the level of disorder.

Figure 3 | Effect of Zn substitution on the in-chain charge dynamics of
Pr124. (a). Temperature dependence of the in-chain electrical resistivity of
Pr124 single crystals with different levels of Zn substitution (chemical
formula PrBa2(Cu12xZnx)4O8), as indicated. For clarity, rb of the 10%
sample has been divided by a factor of 1.5. (b). Corresponding in-chain
thermal conductivity data.

Figure 4 | Verification of the Wiedemann-Franz law in Pr124. Solid
circles: normalized WF ratio in Pr124. Open circles: corresponding L/L0 for
Ni23. Inset: Comparison of L/L0 for Pr124 (solid circles) and Li0.9Mo6O17

(solid diamonds).
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FIG. 1. Temperature dependence of the resistivity !(T ) ! T 2 log(D/T ) (left) and thermal resistivity !Q(T ) ! T 3/2 (right) divided by the
Fermi liquid behavior T 2 at the Van Hove point (red curves). The more singular behavior of the thermal resistivity is clearly visible. D is
the effective bandwidth of the problem. As one moves away from the Van Hove point, one expects a temperature scale T " below which both
transport coefficients recover ordinary Fermi liquid behavior following Eqs. (3) and (4). We use T "/D = 0.01 (green curves) and T "/D = 0.03
(blue curves). The inset shows the corresponding behavior for the Lorenz ratio L(T ). The right index shows the characteristic temperature scale
T " for the crossover to Van Hove dominated scattering as the strain is varied. We used the parameters given in Appendix B. In this inset we
also indicate the regimes where the Lorenz number L tends to a finite value or vanishes as T decreases.

II. MODEL AND DENSITY RESPONSE

As we include multiband effects in our analysis we start
from the following three-band model with kinetic energy

H0 =
!

k"

#†
k"H(k)#k" (5)

where #k" = (dk,xy," , dk,xz," , dk,yz," )T with annihilation oper-
ators for electrons in the Ru 4dxy as well as 4dxz and 4dyz
orbitals, respectively. For our analysis we use the single-
particle Hamiltonian

H(k) =

"

#
$kxy 0 0

0 $kxz Vk
0 Vk $kyz

$

%, (6)

where we employ the dispersion relations obtained in
Ref. [11] from angular-resolved photoemission data for the
unstrained system. The dyz and dxz orbitals overlap and split
into the % band located at the corners of the Brillouin zone and
the & in the center. Both bands are moderately affected by a-
or b-axis stress without qualitative changes in the dispersion.
The ' band however, formed by the dxy orbitals, is highly
susceptible to strain and undergoes a Lifshitz transition under
uniaxial pressure. We follow Ref. [8] to account for these
changes in the dispersion at finite strain. Uniaxial strain (xx
lifts the degeneracy between states at momenta () , 0) and
(0,) ) and splits the Van Hove singularity into two peaks. For
("

xx = 0.45% the Van Hove singularity at

kVH = (0,) ) (7)

crosses the Fermi energy. The details of this analysis are
summarized in Appendix B. In Fig. 2 we show our results for
the strain dependence of the Fermi surface and the density of
states.

The modifications of the electrical resistivity at the strain-
tuned Lifshitz point are argued to be due to the divergent
density of states at the Van Hove singularity with large
momentum transfer in the involved scattering processes.

Sr2RuO4 is of course a three-dimensional material. Hence,
the logarithmic divergence in the density of states is cut
off at some energy scale t# set by the interlayer hopping.
However, this energy scale was shown in experiments to be
only a few Kelvin [1]. This is consistent with the three-
dimensional electronic structure where the dispersion in the
c direction is particularly weak for in-plane momenta near
the Van Hove point [25,26]. With t# comparable to Tc we
will ignore these effects in what follows. In addition to these
density of states effects, electrons near a Van Hove singularity
are also expected to yield singular negative corrections to the
compressibility or other elastic constants:

*C(T ) ! $ D
v0

log
D
T

, (8)

FIG. 2. Density of states of the ' band at zero strain (blue) and
at the strain value (" that corresponds to the Lifshitz point where one
of the strain-split Van Hove singularities crosses the Fermi energy
(red). The inset shows the Fermi energies at zero strain (left) and at
the Lifshitz point (right), where the hot parts of the Fermi surface are
indicated in red.
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FIG. 7. Self-energy diagram determining the thermal resistivity
with hot momenta k2 and k2 ! q with hyperbolic dispersion (red)
and cold momenta k1 and k1 + q with parabolic dispersion (blue).

spectrum of Eq. (9)

vk1 · ! fk1

!r
= !2"U 2T

h̄N
! f0(#k1 )

!#k1

!

q

($k1 ! $k1!q)

" (n0(#k1!q ! #k1 ) + f0(#k1!q))

" Im%(q, #k1 ! #k1!q). (35)

Here we have for simplicity dropped the band indices. We will
discuss the issue of interband processes below. In Eq. (35), we
explicitly see how the coupling to compressive fluctuations
affects the thermal conductivity. One now finds that, up to nu-
merical factors of order unity, the collision operator is merely
determined by the single-particle self-energy of Eq. (15):

vk1 · ! fk1

!r
= &!1

k1QT
! f0(#k1 )

!#k1

$k1 (36)

with the heat transport scattering rate

&!1
k1Q # !2Im'(k1, #k1

). (37)

This process is kinematically allowed everywhere on the
Fermi surface, and amounts to an analysis of the self-energy
diagram shown in Fig. 7. In Appendix D we summarize the
analysis of the self-energy, see also Refs. [27,28]. While there
exists more singular scattering in some parts of the Fermi
surface, a generic point obeys

&!1
k,Q = 16U 2(2

F

3
$

D
T 3/2. (38)

This yields for the thermal conductivity

) = 1
T N

!

k*

v2
k&k,Q

"
!! f0(#k)

!#k

#
(#k ! µ)2. (39)

Performing the integrals in the usual manner yields for the
thermal resistivity introduced in Eq. (1) the result

(Q = AQD1/2T 3/2, (40)

where the coefficient AQ is of the same order of magnitude
as AJ that determines the charge transport in Eq. (26). The
momentum transfer that gives rise to the anomalous power
laws is small. However, we considered one initial state near
the Van Hove singularity and another one at a generic mo-
mentum anywhere on the Fermi surface, not even on the same
Fermi surface sheet. While both momenta change by small
amounts they can be far apart in the Brillouin zone. Hence we

include interband scattering. Had we restricted our analysis
to intraband scattering processes with all momenta near the
Van Hove singularity, a different, more singular power law
would have emerged, with (Q % T,. Thus processes that in-
clude the entire Fermi surface are included in our theory. The
anomalous power law for the thermal conductivity is therefore
independent on the details of the shape of the Fermi surface,
provided it includes the Van Hove point.

This finally yields the Lorenz number

L = AJ

AQD1/2
T 1/2 log

$D
T

%
(41)

and the concomitant violation of the Wiedemann-Franz law.

V. CONCLUSIONS

In conclusion, we analyzed the electrical and thermal trans-
port of clean Sr2RuO4 under strain near the Lifshitz point
where a Van Hove singularity of the + sheet of the Fermi
surface crosses the Fermi energy. Based on the observation
of well defined quasiparticles in this material we perform a
quasiclassical Boltzmann transport theory. For larger frequen-
cies, we also present results for the optical conductivity within
a memory function approach. We find that both the electrical
and the thermal transport are affected by the vicinity to the
Lifshitz point. The known result for the electrical resistiv-
ity, discussed already in Ref. [14], is physically interpreted
in terms of scattering processes where an electron near the
Van Hove point collides with a cold electron away from
the Van Hove point and scatters into two other cold states.
This gives rise to a logarithmic enhancement of the charge
transport rate &!1

J & T 2 log(1/T ) and hence of the electrical
resistivity, consistent with observations of Refs. [8–11]. In
particular, the observation by Barber et al. [8], with a very
small residual resistivity (0, demonstrate that an understand-
ing of these results has to be achieved without resorting to
impurity scattering processes that usually increase the phase
space for singular electron-electron scattering [17]. For the
specific electronic structure of Sr2RuO4 we show that the log-
arithmic enhancement is present down to lowest temperatures
if one includes interband scattering processes. The reason is
that intraband scattering requires umklapp processes, which
have more stringent phase space requirements. Hence, the
anomalous transport behavior seen in Sr2RuO4 is particularly
robust as there are several bands that cross the Fermi surface.
The situation is drastically different if one analyses thermal
transport. Systems with Van Hove singularities are charac-
terized by a much enhanced phase space of long-wavelength
compressive modes. These compressive modes do not couple
to charge transport. However, they are able to relax the thermal
current and give rise to a thermal transport rate &!1

Q % T 3/2.
This result is valid in both the single- and multiband models,
as it is independent of the exact geometry of the Fermi sur-
face. As a consequence the Wiedemann-Franz law is violated
with a Lorenz number that vanishes with a power law plus
logarithmic corrections. The experimental confirmation of this
prediction would in particular demonstrate the importance of
the mentioned compressive modes for the low-energy excita-
tions of Sr2RuO4. This would also be of interest as it would be
curious to study whether these long-wavelength modes might
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[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 ! 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 "xx 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 "xx!T" at various applied compres-

sions. Consistent with the high Tc of 1.5 K at zero strain, the
residual resistivity "res is less than 100 n! cm, correspond-
ing to an impuritymean free path in excess of 1 #m[35]. The
resistivity of the unstrained sample follows a quadratic form,
"#"res$AT2, 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 $xx ! "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 ! 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 "xx 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 "xx!T" is quadratic at
low and high strains, but not near the peak in Tc.
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the remainder of the paper we consider the scattering mechanisms that could lead to the 

observed behaviour. 

 

First, we examine the thermal conductivity k, for which data are presented in Fig. 4a.  As 

expected of a high-conductivity metal, it is large, reaching nearly 300 W/Km at its peak value.  

It rises rapidly below TN, qualitatively consistent with the behaviour of the electrical 

conductivity.  Quantitative comparison of electrical and thermal conductivity comes from 

calculating the Lorenz ratio 9 = 42
& .  In systems for which electrons dominate heat conduction, 

and the same average scattering rate determines both the thermal and electrical conductivity,  

9 = 9! = 5&
6 :

%#
1 ;

7
.  The condition for this is that the scattering be quasi-elastic, i.e. that the 

average energy relaxation due to the scattering is much smaller than the average momentum 

relaxation.  This is satisfied in any metal at sufficiently low temperatures in the regime in 

which impurity scattering dominates.  

 

 
Figure 4: a) Thermal conductivity and b) Lorenz ratio of PdCrO2 as a function of temperature 

 

In PdCrO2, L is seen to be within 5% of L0 for all measured temperatures above 100 K.  Similar 

behaviour is seen in conventional metals, and attributed to electron-phonon scattering.  In 

PdCrO2, however, a body of evidence points to a more complex situation.  Firstly, the sharp 

drop of resistivity below TN hints at rather strong magnetic scattering which is frozen out as 

the magnetically ordered state is entered. The existence of the non-magnetic sister 
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For PdCrO2, although observation of an unconventional
anomalous Hall effect shows that the spins are not coplanar,
neutron scattering data show that the spins lie approximately
in a !0001"-!11̄00" plane, similar to CuCrO2. Furthermore,
and also as in CuCrO2, the transition occurs when the field is
applied in a !11̄00" direction (sample #1), but not in a !1000"
direction (#2). Therefore, the transition is probably the same
spin flop.

IV. RESISTIVITY

PdCoO2 has been used as a nonmagnetic analog of PdCrO2
in order to extract the magnetic contribution to the specific heat
and electrical resistivity [8,13]. We have shown here that it is
a very good comparison: the PdCrO2 Fermi surfaces are, to
high precision, a reconstruction of the PdCoO2 Fermi surface,
and the cyclotron masses match closely.

The in-plane resistivity of PdCoO2 is substantially nonlin-
ear between #100 and 500 K, a feature attributed to prominent
optical phonons [24]. The resistivity of PtCoO2 also shows this
feature [25]. We include in this paper data on the resistivity
of PdCrO2 up to 500 K, in order to extend the comparison
reported in Ref. [13] to higher temperatures and to see whether
the same feature appears in PdCrO2.

All samples for resistivity measurement were cut with a
wire saw into bars of nearly constant width and thickness,
and with length-to-width ratios of #10, to reduce geometrical
uncertainties in conversion of resistance to resistivity. Our
data are plotted in Fig. 8. We measured one PdCoO2 and
two PdCrO2 samples, labeled A and B; sample A had two
pairs of voltage contacts, so in total three PdCrO2 curves
were recorded. Averaging the three measurements, the room-
temperature (295 K) resistivity of PdCrO2 was found to be
8.2 ± 1.0 µ! cm, where the uncertainty is from uncertainty
in the sample dimensions. This is in good agreement with that
reported in Ref. [13], 9.4 µ! cm.
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FIG. 8. The resistivity of PdCrO2 against temperature, for two
samples. Sample A had two pairs of voltage contacts. The point at
295 K, with error bars, indicates the room-temperature resistivity:
8.2 ± 1.0 µ! cm. Data on a PdCoO2 sample are also shown, scaled
to the room-temperature resistivity determined in Ref. [10]: 2.6 ±
0.2 µ! cm. Bottom panel: d"/dT for sample A.

The form of the resistivity of PdCrO2 is well established.
There is a sharp cusp at TN , and above TN the magnetic
component of the resistivity "m remains well below its
saturation value due to short-range correlation. The increase
and eventual saturation of "m as the temperature increases
leads to a convex temperature dependence of the resistivity.

The in-plane resistivity of PdCrO2, in contrast to PdCoO2
and PtCoO2, is essentially linear from #200 to at least 500 K.
It may be that the temperature dependence of "m obscures
an optical phonon contribution. "m is expected to saturate
when the Cr spins become completely uncorrelated. If "m is
estimated by subtracting the resistivity of PdCoO2 from that of
PdCrO2, then our data indicate that "m continues to increase at
temperatures well above room temperature, i.e., "m continues
to evolve to temperatures an order of magnitude greater than
TN . The Weiss temperature of PdCrO2 is #$500 K [8], so
correlations between the Cr spins are expected to persist to
temperatures up to #500 K, and a high saturation temperature
of "m may be expected.

V. DISCUSSION AND CONCLUSION

The quantum oscillation frequencies indicate that the
dominant magnetic scattering vectors are those of a six-site
magnetic cell with lower symmetry than the nonmagnetic
lattice. An associated lattice distortion is expected to onset
at TN . It has been looked for by both neutron and x-ray
diffraction, and not found [1], so any distortion must be small.

The distortion, if it occurs, should resemble that observed
in CuCrO2 [26]; there is also evidence for a lattice distortion
in AgCrO2 [27]. In CuCrO2, the vector chirality is the same in
each layer and the magnetic cell contains three sites [2,4,5].
The magnetic transition is split into two [28], which is expected
for easy-axis-type 120% antiferromagnetism: spins first order
along the easy axis, then, at a lower temperature, along an
in-plane axis. Ultrasound velocity measurements show that the
lattice distortion starts at the upper transition, with no apparent
anomaly at the lower transition [28].

The transition of PdCrO2 may also be split, although if so
the splitting is small and not generally observed in experiment
[1]. Either way, the magnetic order implies two separate
reductions in symmetry from R3̄m: the choice of interplane
ordering vector at the (possible) upper transition, and the
choice of spin plane at the lower transition (where, again,
in PdCrO2 the spins are only approximately coplanar). The
two symmetry reductions are likely to couple. The ultrasound
data on CuCrO2 suggest that in that system it is the interplane
ordering vector that more strongly drives the distortion.

The angle dependence of the spin-flop transition in PdCrO2
is interesting: the transition field appears to vary smoothly from
#15 T on one side of the plane (at # # +55%) to nearly zero on
the other (at # # $55%). At B = 0, however, the field angle is
a meaningless parameter, so if there is in fact an end point near
B = 0, then the high- and low-field states are adiabatically
connected to each other. Whether this is true and how it might
occur for a 90% spin flop requires further investigation.

In summary, PdCrO2 is an interesting system comprised
of alternating highly conductive sheets and Mott-insulating
spacer layers. It provides a good model for study of the
interaction between metallic conduction and antiferromagnetic
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For PdCrO2, although observation of an unconventional
anomalous Hall effect shows that the spins are not coplanar,
neutron scattering data show that the spins lie approximately
in a !0001"-!11̄00" plane, similar to CuCrO2. Furthermore,
and also as in CuCrO2, the transition occurs when the field is
applied in a !11̄00" direction (sample #1), but not in a !1000"
direction (#2). Therefore, the transition is probably the same
spin flop.

IV. RESISTIVITY

PdCoO2 has been used as a nonmagnetic analog of PdCrO2
in order to extract the magnetic contribution to the specific heat
and electrical resistivity [8,13]. We have shown here that it is
a very good comparison: the PdCrO2 Fermi surfaces are, to
high precision, a reconstruction of the PdCoO2 Fermi surface,
and the cyclotron masses match closely.

The in-plane resistivity of PdCoO2 is substantially nonlin-
ear between #100 and 500 K, a feature attributed to prominent
optical phonons [24]. The resistivity of PtCoO2 also shows this
feature [25]. We include in this paper data on the resistivity
of PdCrO2 up to 500 K, in order to extend the comparison
reported in Ref. [13] to higher temperatures and to see whether
the same feature appears in PdCrO2.

All samples for resistivity measurement were cut with a
wire saw into bars of nearly constant width and thickness,
and with length-to-width ratios of #10, to reduce geometrical
uncertainties in conversion of resistance to resistivity. Our
data are plotted in Fig. 8. We measured one PdCoO2 and
two PdCrO2 samples, labeled A and B; sample A had two
pairs of voltage contacts, so in total three PdCrO2 curves
were recorded. Averaging the three measurements, the room-
temperature (295 K) resistivity of PdCrO2 was found to be
8.2 ± 1.0 µ! cm, where the uncertainty is from uncertainty
in the sample dimensions. This is in good agreement with that
reported in Ref. [13], 9.4 µ! cm.
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FIG. 8. The resistivity of PdCrO2 against temperature, for two
samples. Sample A had two pairs of voltage contacts. The point at
295 K, with error bars, indicates the room-temperature resistivity:
8.2 ± 1.0 µ! cm. Data on a PdCoO2 sample are also shown, scaled
to the room-temperature resistivity determined in Ref. [10]: 2.6 ±
0.2 µ! cm. Bottom panel: d"/dT for sample A.

The form of the resistivity of PdCrO2 is well established.
There is a sharp cusp at TN , and above TN the magnetic
component of the resistivity "m remains well below its
saturation value due to short-range correlation. The increase
and eventual saturation of "m as the temperature increases
leads to a convex temperature dependence of the resistivity.

The in-plane resistivity of PdCrO2, in contrast to PdCoO2
and PtCoO2, is essentially linear from #200 to at least 500 K.
It may be that the temperature dependence of "m obscures
an optical phonon contribution. "m is expected to saturate
when the Cr spins become completely uncorrelated. If "m is
estimated by subtracting the resistivity of PdCoO2 from that of
PdCrO2, then our data indicate that "m continues to increase at
temperatures well above room temperature, i.e., "m continues
to evolve to temperatures an order of magnitude greater than
TN . The Weiss temperature of PdCrO2 is #$500 K [8], so
correlations between the Cr spins are expected to persist to
temperatures up to #500 K, and a high saturation temperature
of "m may be expected.

V. DISCUSSION AND CONCLUSION

The quantum oscillation frequencies indicate that the
dominant magnetic scattering vectors are those of a six-site
magnetic cell with lower symmetry than the nonmagnetic
lattice. An associated lattice distortion is expected to onset
at TN . It has been looked for by both neutron and x-ray
diffraction, and not found [1], so any distortion must be small.

The distortion, if it occurs, should resemble that observed
in CuCrO2 [26]; there is also evidence for a lattice distortion
in AgCrO2 [27]. In CuCrO2, the vector chirality is the same in
each layer and the magnetic cell contains three sites [2,4,5].
The magnetic transition is split into two [28], which is expected
for easy-axis-type 120% antiferromagnetism: spins first order
along the easy axis, then, at a lower temperature, along an
in-plane axis. Ultrasound velocity measurements show that the
lattice distortion starts at the upper transition, with no apparent
anomaly at the lower transition [28].

The transition of PdCrO2 may also be split, although if so
the splitting is small and not generally observed in experiment
[1]. Either way, the magnetic order implies two separate
reductions in symmetry from R3̄m: the choice of interplane
ordering vector at the (possible) upper transition, and the
choice of spin plane at the lower transition (where, again,
in PdCrO2 the spins are only approximately coplanar). The
two symmetry reductions are likely to couple. The ultrasound
data on CuCrO2 suggest that in that system it is the interplane
ordering vector that more strongly drives the distortion.

The angle dependence of the spin-flop transition in PdCrO2
is interesting: the transition field appears to vary smoothly from
#15 T on one side of the plane (at # # +55%) to nearly zero on
the other (at # # $55%). At B = 0, however, the field angle is
a meaningless parameter, so if there is in fact an end point near
B = 0, then the high- and low-field states are adiabatically
connected to each other. Whether this is true and how it might
occur for a 90% spin flop requires further investigation.

In summary, PdCrO2 is an interesting system comprised
of alternating highly conductive sheets and Mott-insulating
spacer layers. It provides a good model for study of the
interaction between metallic conduction and antiferromagnetic
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L0=!!0" # 1.14 mW=K2 cm. This matches precisely the
measured thermal conductivity, which yields "0=T #
1.14 mW=K2 cm at H # 16 T, as indicated by the red
dot at T # 0 in Fig. 1(c). The uncertainty on the WF law at
p # 0.24 is $3% (see Table 1).
This shows that the WF law—a fundamental property of

conventional metals and Fermi liquids—is precisely veri-
fied near the cuprate pseudogap critical point p!, despite
the fact that the resistivity exhibits the classic signature of
non-Fermi-liquid behavior [29], namely, ! ! T as T ! 0.
Moreover, the electronic specific heat of Nd-LSCO at
p # 0.24 was recently shown to exhibit the classic T
dependence associated with quantum criticality, namely,
Cel ! "T logT as T ! 0 [30]. When combined, the three
properties (!, Cel, and ") impose clear constraints on the
nature of the pseudogap critical point.
The standard quasiparticle picture for electron behav-

ior may be expected to break down at a quantum critical
point [31], and lead to a violation of the WF law [32].
This possibility was tested in two heavy-fermion metals,
YRh2Si2 and CeCoIn5. In the former, a first study
suggested that the WF law was indeed violated, by
#10% or so [33], but two subsequent tests found the
law to be valid [34,35]. In the latter material, a violation
by #10% was reported for one current direction (c axis)
but not the other (a axis) [36]. A much more significant
violation was reported for an organic insulator where
"0=T is nonzero, pointing to having a quantum spin liquid
ground state with neutral fermions [37].
The WF law was also tested in our six other samples,

and found to hold in all cases, within error bars. The
values of "0=T obtained from fits to the H # 15 T data in
Fig. 3 are listed in Table I. We also list the values of !!0"
measured on the same samples with the same contacts,
extrapolated to T#0 and toH # 15 T (data from Ref. [19]
and SM Fig. S7 [23]). For example, in Fig. 1(b) the data
for our p # 0.22 sample extrapolate to 147$ 5 #! cm at
T # 0 and H # 33 T. Accounting for the magnetoresist-
ance measured in that sample [19], we obtain !!0" #
138$ 5 #! cm at H # 15 T, and therefore L0=!!0" #
0.177$ 0.006 mW=K2 cm, which closely matches the
measured "0=T#0.184$0.010mW=K2cm at H # 15 T
(Table I). The WF law is nicely satisfied.
In Fig. 4(a), we plot "0=T (red dots) and L0=!!0" (blue

squares) vs doping, both at H # 15 T, for all seven
samples. As shown by our data at p # 0.20, 0.21, 0.22,
and 0.23, we find that the WF law is satisfied with $5%
precision in the pure pseudogap phase, namely in the
doping interval between p # 0.18 and p!, where there is no
charge-density-wave (CDW) order. This shows that the
ground state of the enigmatic pseudogap phase (without
superconductivity), whatever its Fermi surface (closed
pockets or arcs) and broken symmetries, has well-defined
mobile fermionic excitations that carry heat and charge just
as normal electrons do.

From our data at p # 0.12 and 0.15 [Fig. 4(a) and
Table I], the WF law is also satisfied inside the CDW phase
of Nd-LSCO (0.08 < p < 0.18), as previously reported for
the CDW phase of YBCO (in the transverse Hall channel,
at p # 0.11) [38]. The WF law was also found to hold
well above p!, in two strongly overdoped cuprates: in
Tl-2201 at p # 0.3, where !!T" # !0 % A1T % A2T2, with
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FIG. 4. (a) "0=T in Nd-LSCO at H # 0 (open red circles)
and 15 T (red dots), and L0=!!0" at H # 15 T (blue squares),
as a function of doping. The error bars on L0=!!0" come
from the geometric factor error, $10%, and the uncertainty
on estimating !!0", $5 #! cm ($0.5 #! cm for p # 0.24).
The error bar on "0=T is $0.01 mW=K2 cm, which is smaller
than the symbols. (b) Ratio !"N=T"=&L0=!!0"' as a function of
doping, where "N=T is the normal state "0=T, measured at
H # 15 T. (c) Ratio !"N=T"=!L0=!0" as a function of doping,
where !0 is proportional to the level of disorder in each
sample (see text). In panels (b) and (c), the error bars come
from the uncertainty on !!0", estimated to be $5 #! cm
($0.5 #! cm for p # 0.24), on !0, estimated to be $2 #! cm
($0.5 #! cm for p # 0.24), and the error on "0=T as in (a).
The gray vertical band in all panels gives the position of p!.
The lower black line in (c) is equal to p, showing that the
normal-state conductivity of the pseudogap phase (PG) at
T # 0 is only a fraction $p of its value just above p!.
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L0=!!0" # 1.14 mW=K2 cm. This matches precisely the
measured thermal conductivity, which yields "0=T #
1.14 mW=K2 cm at H # 16 T, as indicated by the red
dot at T # 0 in Fig. 1(c). The uncertainty on the WF law at
p # 0.24 is $3% (see Table 1).
This shows that the WF law—a fundamental property of

conventional metals and Fermi liquids—is precisely veri-
fied near the cuprate pseudogap critical point p!, despite
the fact that the resistivity exhibits the classic signature of
non-Fermi-liquid behavior [29], namely, ! ! T as T ! 0.
Moreover, the electronic specific heat of Nd-LSCO at
p # 0.24 was recently shown to exhibit the classic T
dependence associated with quantum criticality, namely,
Cel ! "T logT as T ! 0 [30]. When combined, the three
properties (!, Cel, and ") impose clear constraints on the
nature of the pseudogap critical point.
The standard quasiparticle picture for electron behav-

ior may be expected to break down at a quantum critical
point [31], and lead to a violation of the WF law [32].
This possibility was tested in two heavy-fermion metals,
YRh2Si2 and CeCoIn5. In the former, a first study
suggested that the WF law was indeed violated, by
#10% or so [33], but two subsequent tests found the
law to be valid [34,35]. In the latter material, a violation
by #10% was reported for one current direction (c axis)
but not the other (a axis) [36]. A much more significant
violation was reported for an organic insulator where
"0=T is nonzero, pointing to having a quantum spin liquid
ground state with neutral fermions [37].
The WF law was also tested in our six other samples,

and found to hold in all cases, within error bars. The
values of "0=T obtained from fits to the H # 15 T data in
Fig. 3 are listed in Table I. We also list the values of !!0"
measured on the same samples with the same contacts,
extrapolated to T#0 and toH # 15 T (data from Ref. [19]
and SM Fig. S7 [23]). For example, in Fig. 1(b) the data
for our p # 0.22 sample extrapolate to 147$ 5 #! cm at
T # 0 and H # 33 T. Accounting for the magnetoresist-
ance measured in that sample [19], we obtain !!0" #
138$ 5 #! cm at H # 15 T, and therefore L0=!!0" #
0.177$ 0.006 mW=K2 cm, which closely matches the
measured "0=T#0.184$0.010mW=K2cm at H # 15 T
(Table I). The WF law is nicely satisfied.
In Fig. 4(a), we plot "0=T (red dots) and L0=!!0" (blue

squares) vs doping, both at H # 15 T, for all seven
samples. As shown by our data at p # 0.20, 0.21, 0.22,
and 0.23, we find that the WF law is satisfied with $5%
precision in the pure pseudogap phase, namely in the
doping interval between p # 0.18 and p!, where there is no
charge-density-wave (CDW) order. This shows that the
ground state of the enigmatic pseudogap phase (without
superconductivity), whatever its Fermi surface (closed
pockets or arcs) and broken symmetries, has well-defined
mobile fermionic excitations that carry heat and charge just
as normal electrons do.

From our data at p # 0.12 and 0.15 [Fig. 4(a) and
Table I], the WF law is also satisfied inside the CDW phase
of Nd-LSCO (0.08 < p < 0.18), as previously reported for
the CDW phase of YBCO (in the transverse Hall channel,
at p # 0.11) [38]. The WF law was also found to hold
well above p!, in two strongly overdoped cuprates: in
Tl-2201 at p # 0.3, where !!T" # !0 % A1T % A2T2, with
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FIG. 4. (a) "0=T in Nd-LSCO at H # 0 (open red circles)
and 15 T (red dots), and L0=!!0" at H # 15 T (blue squares),
as a function of doping. The error bars on L0=!!0" come
from the geometric factor error, $10%, and the uncertainty
on estimating !!0", $5 #! cm ($0.5 #! cm for p # 0.24).
The error bar on "0=T is $0.01 mW=K2 cm, which is smaller
than the symbols. (b) Ratio !"N=T"=&L0=!!0"' as a function of
doping, where "N=T is the normal state "0=T, measured at
H # 15 T. (c) Ratio !"N=T"=!L0=!0" as a function of doping,
where !0 is proportional to the level of disorder in each
sample (see text). In panels (b) and (c), the error bars come
from the uncertainty on !!0", estimated to be $5 #! cm
($0.5 #! cm for p # 0.24), on !0, estimated to be $2 #! cm
($0.5 #! cm for p # 0.24), and the error on "0=T as in (a).
The gray vertical band in all panels gives the position of p!.
The lower black line in (c) is equal to p, showing that the
normal-state conductivity of the pseudogap phase (PG) at
T # 0 is only a fraction $p of its value just above p!.
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Figure 8
Resistivity upturns in the pseudogap phase. (a) Temperature dependence of the normal-state resistivity in Nd-LSCO, at p = 0.22 < p!
(red) and p = 0.24 > p! (blue). (b) The upturn at p = 0.22 can be entirely removed by applying a pressure P = 2 GPa, showing that
pressure lowers p! below 0.22. (c) Normal-state resistivity of LSCO at p = 0.136 (92) (red, left axis) and Nd-LSCO at p = 0.20 (data
from Reference 1) (green, right axis), plotted as " versus log(T ). Dashed lines are extensions of a linear !t to high-T data. The vertical
arrows mark the pseudogap temperature T !. Abbreviations: LSCO, La2!xSrxCuO4; Nd-LSCO, La1.6!xNd0.4SrxCuO4. Panel a from
Referenece 1, panel b from Reference 91, and panel c from Reference 92 with permission.

5.3.3. Resistivity. In Figure 8a, we show what happens to the resistivity "(T ) of Nd-LSCO
upon entering the PG phase. At p = 0.24, just above p!= 0.23, "(T ) is perfectly linear from 80 K
or so down toT " 0 (Figure 7b). At p = 0.22, just below p!, "(T ) exhibits a large upturn at low T
but saturates to a !nite value in the T = 0 limit. The upward deviation from the T -linear behavior
at high T starts at T ! # 50 K (Figure 1b). The increase in the normal-state resistivity at T = 0
corresponds to a !vefold drop in conductivity.

It has recently been demonstrated that a pressure of 2 GPa lowers p! in Nd-LSCO below p =
0.22 (91). As a result, 2 GPa applied to a sample with p = 0.22 eliminates the upturn completely,
and "(T ) then becomes perfectlyT linear (Figure 8b).We see again that "(0) atT = 0 changes by
a factor of #5. This large drop in conductivity below p! is consistent with a loss of carrier density.

Low-T upturns in the resistivity of cuprates were discovered two decades ago in LSCO, when
two different approaches were used to access the normal state at T " 0. In a !rst approach, Zn
impurities were used to kill superconductivity in polycrystalline samples of LSCO (78). Resistivity
measurements revealed two distinct regimes of behavior: for p > 0.17, a T -linear dependence
below 100 K, up to at least p = 0.22; for p < 0.17, a low-T upturn that grows with decreasing
p. Soon after, this phenomenology was con!rmed by studies on (Zn-free) LSCO single crystals
in pulsed magnetic-!eld measurements (up to 61 T) (93, 94), with the transition from T -linear
to upturn occurring also at p # 0.17. The striking similarity between the two studies reveals two
important facts. First, the !eld plays no other role than to remove superconductivity, so the upturn
is not a high-!eld effect (e.g., it is not due to magnetoresistance). Second, disorder does not cause
the low-T upturns (just below p!)—they appear below a critical doping p! where the underlying
ground state changes.

For 20 years, this phenomenology was dubbed metal-to-insulator crossover, but it is now clear
that the change of behavior in "(T ) is the result of a metal-to-metal transition occurring at p!,
characterized by a large drop in carrier density (92), whose key signature is a loss of carrier density
n (1, 21, 67). In LSCO, the data show that p!# 0.18–0.19. That the ground state is a metal and not
an insulator, nor a metal with charge localization, can be seen in two ways. First, by plotting "(T )

www.annualreviews.org • Remarkable Ground States of Cuprates !"#

A
nn

u.
 R

ev
. C

on
de

ns
. M

at
te

r P
hy

s. 
20

19
.1

0:
40

9-
42

9.
 D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lre

vi
ew

s.o
rg

 A
cc

es
s p

ro
vi

de
d 

by
 W

ei
zm

an
n 

In
st

itu
te

 o
f S

ci
en

ce
 o

n 
05

/2
9/

22
. F

or
 p

er
so

na
l u

se
 o

nl
y.

 

For 𝑝 ≥ 𝑝∗, WF obeyed also by 𝜎#%/𝜅#%
Grissonnanche,	Taillefer	et	al.	(19’)

Michon,	Taillefer	et	al.	(18’)Proust,	Taillefer	(18’)

Strange/marginal Fermi liquid or conventional metal with 
strange scatterers?

See	Kivelson talk

𝒄
𝑻
∼ −𝐥𝐨𝐠𝑻



Marginal Fermi liquid

Σ(𝑘, 𝜔) ∼ 𝜆 𝜔 log
Λ
𝜔

+
𝑖𝜋
2
max(𝑇, 𝜔)

𝜌 ∝ 𝑇 𝑐 ∝ 𝑇 log
1
𝑇

Planckian! 1
𝜏
∼
ΣLL 𝑘,𝜔
𝑑Σ′/𝑑𝜔

∼
𝑇

log(Λ/𝑇)

Varma,	Littlewood,	Abrahams,	Schmitt-Rink,	Ruckenstein	(89’)

Lorenz ratio?

Lorenz	ratio	of	a	marginal	
Fermi	liquid

(𝜆 independent)



𝐻& =N
345,𝒌

8
𝜀𝒌𝑐𝒌3

9 𝑐𝒌3 +N
3:;<45,𝒓

8 𝑈3:;<
𝑁'/$ 𝑐𝒓3

9 𝑐𝒓:
9 𝑐𝒓; 𝑐𝒓< +N

3:45,𝒓

8 𝑊3:,𝒓

𝑁5/$ 𝑐𝒓3
9 𝑐𝒓:

𝑈3:;< = 0,	 𝑈3:;<$ = 𝑈$

Lorenz	ratio	of	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

𝐻 = 𝐻& + 𝐻> +N
3:;<45,𝒓

8 𝑉3:;<
𝑁'/$ 𝑐𝒓3

9 𝑐𝒓:𝑓𝒓;
9 𝑓𝒓<



Two band/Kondo lattice 
generalization

Two bands 𝑐, 𝑓 with bandwidths 𝑊 ≪𝑊

𝐻 = 𝐻 + 𝐻 + 1
𝑁 / ∑𝐫∑ =1

𝑁 𝑉 𝑐𝐫 𝑐𝐫 𝑓𝐫 𝑓𝐫 +

1
𝑁 / ∑𝐫∑ =1

𝑁 𝑈 𝑓𝐫 𝑓𝐫 𝑓𝐫 𝑓𝐫

Σ =

Σ = +

D. Chowdhury, et al., In Preparation (2017)

Solvable in large N limit

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

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

Lorenz	ratio	of	a	marginal	
Fermi	liquid

+

𝜎(Ω, 𝑇) = + +⋯
1
Ω
[ ]



Lorenz	ratio	of	a	marginal	
Fermi	liquid

between 4 and 6 n! cm. With a carrier density of 2.5 ! 1021

cm!3,11 this implies a mean-free-path in the range of 70 to
140 "m, and, given the dimensions of the sample, a proximity to
the ballistic limit.
The temperature dependence of !/T, the thermal conductivity

divided by temperature, is plotted in panel (b) of the Fig. 1. Note
that in our whole temperature range of study, the phonon
contribution to heat transport is negligible (see Supplemental
Material). The extracted Lorenz number, L!T" # !"

T , is to be
compared with the Sommerfeld number L0 # #2

3
kB
e

! "2
. As seen in

Fig. 1c, according to our data, L/L0 is close to 0.5 at 40 K and
decreases with decreasing temperature until it becomes as low as
0.25 at 13 K, in qualitative agreement with the observation
originally reported by Gooth et al.,11 who !rst reported on a very
low magnitude of the L/L0 ratio in WP2. As seen in the Fig. 1c,
however, the two sets of data diverge at low temperature and we
recover the expected equality between L and L0 at low
temperature.

Comparison with two other metals, Ag and CeRhIn5, is
instructive. Figure 1d displays the temperature dependence of L/
L0 in the heavy-fermion antiferromagnet, CeRhIn5 as reported by
Paglione et al.4 The L/L0 ratio, close to unity at 8 K, decreases with
decreasing temperature and becomes as low as 0.5 at 2 K, before
shooting upwards and attaining unity around 100mK. In Ag, as
seen in Fig. 1e, which presents our data obtained on a silver wire,
a similar downward deviation of the L/L0 ratio is detectable. Close
to unity below 8 K, it decreases with warming and attains a
minimum of 0.6 at 30 K before increasing again.
It is also instructive to recall the case of semi-metallic bismuth,

in which thermal transport is dominated by phonons. In such a
compensated system, an ambipolar contribution to the thermal
conductivity, arising from a counter-"ow of heat-carrying elec-
trons and holes, was expected to be present.18,19 An ambipolar
diffusion would have led to an upward deviation of L/L0 from
unity. However, Uher and Goldsmid18 found (after subtracting the
lattice contribution) that L/L0 < 1 in bismuth, which indicates that
there is no ambipolar contribution to the thermal conductivity.
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Fig. 1 a Resistivity of WP2, ", measured along the a-axis, as a function of temperature. b Thermal conductivity divided by temperature, !T (jQ//a-
axis) as a function of temperature in the same sample with the same electrodes. c Ratio of Lorenz, L!T" # !

T$ to Sommerfeld L0= 2.44 ! 10!8 W
! K!2, numbers as a function of temperature (red). The data reported for a micro-ribbon of WP2

11 are shown in green. d L(T)/L0 as a function of
temperature in CeRhIn5.

4 e L(T)/L0 as a function of temperature for an Ag wire with a 50 "m diameter and 99.99% purity. WP2 and Ag were
measured with the same experimental set-up. Error bars are due to the error on the measurement of the resistance of the thermometers,
which are used to evaluate the temperature gradient in the sample
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Clean limit (𝒘 = 𝟎):

𝐿
𝐿&
= 0.71306…

𝜌 𝑇 = 𝐴𝑇

Disordered (𝒘 > 𝟎):

𝜌 𝑇 = 𝜌& + 𝐴𝑇

𝐿
𝐿&
= 1 − 𝜶𝑻 +⋯

Patel,	McGreevy,	Arovas,	Sachdev	(18’)

Sharp signature of MFL!

(Γ!" = 𝜋𝜈# 𝑤 $)

Evyatar Tulipman



Summary
The Wiedemann-Franz law and its violation can serve 

as a probe for the nature of scattering

• Clean metal near a VHS 

• Disordered marginal Fermi liquid

Thank	you!

𝑳
𝑳𝟎

∼ 𝑻 𝐥𝐨𝐠(𝟏/𝑻)

[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 ! 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 "xx 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 "xx!T" at various applied compres-

sions. Consistent with the high Tc of 1.5 K at zero strain, the
residual resistivity "res is less than 100 n! cm, correspond-
ing to an impuritymean free path in excess of 1 #m[35]. The
resistivity of the unstrained sample follows a quadratic form,
"#"res$AT2, 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 $xx ! "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 ! 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 "xx 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 "xx!T" is quadratic at
low and high strains, but not near the peak in Tc.
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