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The largest Fermi surface sheet of the correlated metal Sr2RuO4 can be driven through a Lifshitz
transition between an electronlike and an open geometry by uniaxial stress applied along the [100] lattice
direction. Here, we investigate the effect of this transition on the longitudinal resistivity ρxx and the Hall
coefficient RH . ρxxðTÞ, when Sr2RuO4 is tuned to this transition, is found to have a T2 logT form, as
expected for a Fermi liquid tuned to a Lifshitz transition. RH is found to become more negative as the Fermi
surface transitions from an electronlike to an open geometry, opposite to general expectations from this
change in topology. The magnitude of the change in RH implies that scattering changes throughout the
Brillouin zone, not just at the point in k space where the transition occurs. In a model of orbital-dependent
scattering, the electron-electron scattering rate on sections of Fermi surface with xy orbital weight is found
to decrease dramatically.
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Introduction.—The Hall conductivity of multiband met-
als is a challenging quantity to analyze. In the low-field
limit, it is determined by an integral of the mean free path
around the Fermi surfaces [1]. It can therefore be used to
probe the momentum dependence of scattering in metals
with simple Fermi surfaces [2–4], but as complexity
increases models become badly underconstrained. The
case of the correlated metal and superconductor
Sr2RuO4 [5] highlights the challenge. With 1% substitution
of La onto the Sr site, the low-temperature Hall coefficient
changes from electronlike to holelike, even though the
Fermi surfaces hardly change [6,7].
The advent of strain tuning might make RH a more

broadly useful measurement quantity. By correlating
changes in RH with specific strain-driven changes in
electronic structure, models of scattering can be tested
with greater rigor. Crucially, if the deformation is elastic the
defect landscape is not altered.

Here, we study Sr2RuO4, which has become an impor-
tant test case for the understanding of correlated electron
materials [8–10]. It is a highly two-dimensional metal in
which correlations renormalize but do not destroy Landau
quasiparticles [11,12]. In two dimensions and with field
perpendicular to the conducting planes, the Fermi surface
integral to determine the Hall conductivity becomes
straightforward. Concave sections of Fermi surface con-
tribute positively to the Hall conductivity, and convex
sections negatively [1]. The Fermi surfaces of unstressed
Sr2RuO4 are shown in Fig. 1(a). The α sheet is holelike,
while the β and γ sheets are electronlike. Under uniaxial
stress σ applied along the [100] lattice direction, the γ sheet
transitions to an open geometry, at σ ¼ σL ≈ −0.75 GPa,
where negative values denote compression. This transition
is illustrated in Fig. 1(b). It introduces a necked portion of
the γ sheet, where the Fermi surface is concave, and so this
transition is in general expected to make the Hall conduc-
tivity more positive. If the scattering time is isotropic then
the quantitative change might be small, because the Fermi
velocity in this necked region is low, but it should still be
positive [13,14].
We report here that in fact the change is opposite: the

Hall conductivity becomes more negative as the γ sheet
topology changes from electronlike to open. The magni-
tude of the change is large, implying that scattering changes
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throughout the Brillouin zone. Sr2RuO4 appears to be-
come a considerably less-strongly correlated metal upon
going through this Lifshitz transition, providing a poten-
tially important example of how correlations emerge in
metals.
Methods.—Measurements were performed using a pie-

zoelectric-driven uniaxial stress device, similar to that
described in Ref. [16], that incorporates sensors of both
the applied displacement and applied force. As in Ref. [17],
a two-part sample carrier allows in situ calibration of the
zero-force point. Two samples, photographed in Figs. 1(c)
and 1(d), were studied. Sample 1 is a beam of constant
cross section with electrical contacts attached by hand,
while for sample 2 a xenon plasma focused ion beam was
used to mill contacts from the sample itself. The residual
resistivities are 0.4 and 0.09 μΩ-cm, respectively. Because
of its lower residual resistivity, most of the data presented
here are from sample 2, though some data from sample 1
are included to demonstrate reproducibility.
The Hall effect was measured for field applied

along the [001] direction. For both samples, the Hall
voltage VH at field B is taken as 1

2
½V13ðBÞ − V13ð−BÞ�

or 1
2
½V24ðBÞ − V24ð−BÞ�, where Vij ≡ Vi − Vj, Vi is the

voltage in contact i, and contact numbering is shown in
Figs. 1(c) and 1(d). This procedure cancels contributions to
VH from contact misalignment. The Hall coefficient is then
given by RH ¼ VHt=ðIBÞ, where I is the applied current
and t the sample thickness.
Longitudinal resistivity.—We look first at ρxxðTÞ of

Sr2RuO4 tuned to the Lifshitz transition. The supercon-
ductivity of Sr2RuO4 is strongly enhanced at the Lifshitz
transition [18], and so to measure ρxx at low temperatures
we suppress it with a 1.5 T field. We then apply a
magnetoresistance model to estimate ΔρxxðTÞ, the change
in ρxxðTÞ under this 1.5 T field. Subtracting ΔρxxðTÞ from
the data yields an estimate for the longitudinal resistivity

that would be obtained at zero field, if superconductivity
did not occur.
For metals with cylindrical, circular Fermi surfaces in

weak magnetic fields,

�
ρxxðB ¼ 0; TÞ
ΔρxxðB; TÞ

�1
2

∝ ðωcτÞ−1; ð1Þ

where ωc is the cyclotron frequency ωc ¼ eB=m� and τ is
the relaxation time [19]. In general, τ−1 ∝ αþ βT2 is
expected for Fermi liquids. In unstressed Sr2RuO4 it has
been found that ðρxx=ΔρxxÞ1=2 can be fitted by αþ βT2 up
to at least 80 K [19], even though ρxx follows a T2 form
only up to ∼30 K [19,20]. In Fig. 2(a) we show that this
model fits the observed magnetoresistance at each stress
that we tested.
We use this model to extrapolate ΔρxxðTÞ into the

superconducting regime, where it cannot be directly mea-
sured. Figure 2(b) shows the measured ρxxðB ¼ 1.5T; TÞ
and ρxxðB ¼ 0; TÞ, at σ ¼ σL. The black line is
ρxxðB ¼ 1.5T; TÞ − ΔρxxðTÞ, our estimate for the zero-
field resistivity without superconductivity.
We test this zero-field resistivity against three hypoth-

eses. (i) ρxx ¼ ρ0 þ AT2 logðT0=TÞ. This is the form
derived from Boltzmann transport theory for a Fermi liquid
tuned to a Lifshitz transition. To obtain this form, it is
necessary to take into account the fact that only umklapp
scattering generates resistivity [21–23]. It is worth noting
that for electron-to-open Lifshitz transitions, as we are

(a)

(b)

(c)

FIG. 2. (a) ½ρxxðB ¼ 0Þ=Δρxx�0.5, where Δρxx is the change in
ρxx between 0 and 1.5 T, against T2 for sample 2 at various
stresses. The dashed lines are linear fits. (b) ρxxðTÞ of sample 2 at
σ ¼ σL ¼ −0.75 GPa and B ¼ 0 and 1.5 T. The black line is an
estimate of the ρxxðTÞ that would be obtained at B ¼ 0 without
superconductivity; it is an average of ρxx atþ and−1.5 T with the
magnetoresistivity subtracted as described in the text. (c) The
difference between various fitting models and the black line in
panel (b). For the T2 logT form, the fit yields T0 ¼ 95 K.

(a)

(c) (d)

(b)

FIG. 1. (a) Model Fermi surfaces of Sr2RuO4, colored by
orbital weight, from Ref. [15]. (b) Fermi surfaces calculated
with a simple tight-binding model, presented later in this Letter,
under uniaxial stresses along [100] of 0, −0.75, and −1.1 GPa.
(c),(d) Photographs of samples 1 and 2.
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considering here, other bands must also be present to yield
this form [23]. (ii) ρxx ¼ ρ0 þ AT3=2. The non-umklapp
scattering rate, which affects, e.g., the thermal but not the
electrical resistivity, is expected to scale as T3=2 [23].
(iii) ρxx ¼ ρ0 þ AT5=3. This form has been observed near
ferromagnetic quantum critical points [24–26]. It is under-
stood theoretically as a result of loss of quasiparticle
coherence due to the quantum criticality [25–27].
Figure 2(c) shows the residuals between the data and

these fits. The T2 logT and T5=3 forms are seen to work
equally well, while the T3=2 form is less good. In contrast,
in earlier work the T2 logT and T3=2 forms were found to
work equally well, over a fitting range of 4–40 K [28]. We
hypothesize that this temperature range was too high to
accurately capture the low-temperature behavior. In
Ref. [29], we show that an alternative magnetoresistance
model, ðρxx=ΔρxxÞ1=2 ∝ αþ βT3=2, can also be applied at
σ ¼ σL. It does not alter the conclusion that ρxxðTÞ at σ ¼
σL is well described by the T5=3 or T2 logT form, but not
the T3=2 form.
Although the T5=3 and T2 logT models work equally

well, the hypothesis under which T5=3 is obtained theo-
retically, ferromagnetic quantum criticality, appears not to
apply here. NMR data on Sr2RuO4 show that the Stoner
factor of Sr2RuO4 is enhanced by ∼30% at the Lifshitz
transition [30], and that there is no dramatic change in
quasiparticle weight [31]. Tuning to the Lifshitz transition
strengthens ferromagnetic fluctuations, but apparently not
to the point that they become critical.
Hall effect.—We now turn to the Hall effect. To inves-

tigate appropriate measurement fields, in Fig. 3(a) we show
VH versus B for sample 2. For temperatures below ∼10 K,
the low-field regime in which VH ∝ B extends only up
to ∼0.3 T.

Figure 3(b) shows RHðTÞ of both samples in the low-
field limit. The data are in qualitative agreement with
previous reports: RH is holelike for temperatures around
50 K, and electronlike below ∼20 K [32,33].
Figure 4(a) shows RHðσÞ of sample 2 at various temper-

atures and at B ¼ 0.35 T, which is close to the low-field
limit, while Fig. 4(b) shows the equivalent data at 1.5 T,
which fully suppresses the superconductivity. Figures 4(c)
and 4(d), respectively, show ρxxðσÞ at 0.35 and 1.5 T.

(a) (b)

FIG. 3. (a) VHt=I, where t is sample thickness and I the applied
current, versus B for sample 2 at various temperatures and at zero
stress. The dotted lines are extrapolations of linear fits over
0 < B < 0.35 T. Equivalent data for sample 1 are shown in
Ref. [29]. (b) RHðTÞ of both samples at zero stress, and B up to
�0.5 T for sample 1 and �0.35 T for sample 2. Data from
Ref. [32] are also shown.
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FIG. 4. (a) RHðσÞ of sample 2 at various temperatures,
measured at B ¼ �0.35 T. Data that are clearly affected by
superconductivity are excluded. The expected RHðσÞ for isotropic
mean free path and T → 0, calculated using a simple tight-
binding model, is also shown. (b) RHðσÞ of sample 2 at
B ¼ �1.5 T, a strong enough field to fully suppress the super-
conductivity. (c) ρxxðσÞ of sample 2 at B ¼ 0 and 0.35 T.
(d) ρxxðσÞ of sample 2 at B ¼ 1.5 T. (e) RHðσÞ of sample 1 at
B ¼ �1 T. (f) The phase boundary of the magnetic order, taken
as the stresses where d2RH=dσ2 in panel (b) is maximum. The
error bars are the FWHM of the peaks in d2RH=dσ2. Also shown
is the phase boundary found in elastocaloric effect (ECE) data
[34], with the Lifshitz stress normalized to −0.75 GPa.
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Figure 4(e) shows RHðσÞ of sample 1 at 1 T. The stress and
temperature dependence of RH from sample 1 is similar to
that seen from sample 2.
One prominent feature in the 1.5 T RH data, in Fig. 4(b),

is the stress-induced magnetic order of Sr2RuO4, first
reported in Ref. [35]. In Fig. 4(f) we show that the phase
boundaries found in these 1.5 T RH data match well those
seen in elastocaloric data at zero field [34]. It is curious,
therefore, that RH at 0.35 T is not resolvably affected by the
magnetic order, even though it is certainly there. This is a
point for further investigation.
We identify the Lifshitz stress σL by the peak in ρxx at 5K,

yielding σL ¼ −0.75� 0.08 GPa for sample 2. For sample
1, ρxx was not measured, but comparison of RHðσÞwith that
of sample 2 yields σL ¼ −0.82� 0.08 GPa. For compari-
son, σL ¼ −0.71� 0.08 GPa was reported in Ref. [36].
For temperatures ∼2 K and above, RH from both

samples 1 and 2 is seen to become more negative for
σ < σL. As has already been noted, this change is opposite
to the expectation based on the change in Fermi surface
topology. In Fig. 4(a), we show the expected RHðσÞ
assuming an isotropic mean free path, calculated from a
tight-binding model that will be presented shortly. With
isotropic mean free path, RH is a function of Fermi surface
topology alone. For σ < σL, this calculated RH is zero
because there is one electronlike, one open, and one
holelike Fermi surface. The contrast with the data is clear.
Below ∼1 K, both RH and ρxx become essentially

constant across the Lifshitz transition. The fact that
RHðT → 0Þ does not change in response to the change
in Fermi surface topology indicates that the mean free path
must be shorter in the neck region of the γ sheet than
elsewhere; even in the T → 0 limit, the mean free path does
not become isotropic.
Discussion.—Our discussion focuses on the Hall effect

data at 5 and 10 K, where the downturn in RH at σ < σL is
both large and relatively sharp. At these temperatures, the
resistivity peaks at σ ≈ σL due to enhanced electron-
electron scattering [22,37]. The fact that both the peak
in ρxx and the downturn RH fade away as temperature is
reduced below ∼5 K indicates that it is probably changes in
electron-electron scattering that drive the stress dependence
of RH, too.
To calculate RH, followings Refs. [38–40] we employ

the simplest possible tight-binding model that reproduces
the Fermi surface topology of Sr2RuO4. Near-neighbor
hopping integrals are taken to vary linearly with strain, with
a scaling constant set so that the Lifshitz transition occurs at
σ ¼ −0.75 GPa. The model Fermi surfaces resulting from
this model are those shown in Fig. 1(b). More details are
given in Ref. [29]. The Hall conductivity σxy is calculated
using the Ong construction [1]:

σxy ¼
e3

2π2ℏ2
B ·

Z
FS

dlmfpðkÞ × lmfpðkÞ
2

; ð2Þ

where lmfpðkÞ is the mean free path at point k. In words,
Eq. (2) states that the Hall conductivity is an integral
of the curvature of the Fermi surfaces weighted by
lmfp ≡ jlmfpj. The Hall coefficient RH is given by
RH ≈ ð1=BÞσxy=ðσxxσyyÞ. σxx is taken to be

σxx ¼
e2

2π2ℏ

Z
FS

ds lmfpðkÞðl̂mfpðkÞ · x̂Þ2; ð3Þ

and similarly for σyy. This equation neglects the distinction
between umklapp and non-umklapp processes; it is an
approximate model.
In a first, simple test, we set lmfp to be isotropic on the two

electronlike Fermi sheets, β and γ, but zero on the holelike
sheet, α. This model yields RH ¼ −1.74 × 10−10 m3=C for
unstressed Sr2RuO4. The fact that RH falls to values in this
range when σ < σL means that lmfp must become long on
essentially all convex portions of the β and γ sheets relative
to lmfp on the α sheets. In other words, scattering must
change throughout the Brillouin zone.
We discuss now a more specific model: orbital differ-

entiation. Following Ref. [15], we take the electron-
electron scattering rate η to be an orbital-dependent
quantity:

ηνðkÞ ¼
X
m

jhχmðkÞjψνðkÞij2ηm: ð4Þ

ν ¼ α, β, or γ, while m ¼ xz, yz, or xy. ην is the electron-
electron scattering rate on Fermi surface ν, while ηm is that
associated with orbital m. The key feature of this model is
an assumption of local scattering, so that ηm is k indepen-
dent. jhχmðkÞjψνðkÞij2 is the weight of orbital m in band ν
at momentum k, and the k dependence of ην arises solely
from the k dependence of the orbital weights. This model is
supported by photoemission and Raman scattering data
[41,42], and applies when Hund’s interactions control
electronic correlations, as appears to be the case in
Sr2RuO4 [9,10].
For simplicity, we assume ηxz ¼ ηyz ¼ ηxz;yz, even at

nonzero stress where this equality is not symmetry pro-
tected. RH calculated as a function of the ratio ηxy=ηxz;yz
and at three different stresses is shown in Fig. 5(a). Our
results at σ ¼ 0 match well the more accurate electronic
structure model of Ref. [15]. RH > 0 for large ηxy=ηxz;yz
because both the β and γ sheets have substantial xy orbital
weight, so a large ηxy suppresses the contribution from
these sheets, leaving that from the holelike α sheet.
We use the results shown in Fig. 5(a) to convert RH

measured at 0.35 T and at 5 and 10 K, temperatures where
electron-electron scattering dominates [43], to ηxy=ηxz;yz.
Results are shown in Fig. 5(b). At σ ¼ 0, we find
ηxy=ηxz;yz > 1. This is in agreement with photoemission
data showing that the xy band is the most strongly
renormalized [41]. The electron-electron scattering rate
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is correlated with the degree of renomalization [44].
Dynamical mean-field theory calculations indicate that this
stronger renormalization is due to proximity to the Lifshitz
transition [8,9], which occurs in the xy band. ηxy=ηxz;yz then
falls to well below 1 for σ < σL. Consistent with this
interpretation that scattering in the xy band falls steeply, the
magnetoresistivity becomes much stronger for σ < σL: as
seen in Fig. 4(c), at 5 K a substantial difference between ρxx
at 0 and 0.35 T opens up for σ < σL. Our data suggest that
as Sr2RuO4 is driven through the Lifshitz transition the
xy band transitions from being the most- to being the
least-strongly correlated, and over a remarkably small
strain range.
Independent of this specific model, both the large change

in RH and the increase in magnetoresistivity point to a large
change in electron-electron scattering, throughout the
Brillouin zone, for σ < σL. This observation provides
potentially important information on the origin of elec-
tronic correlations in metals.

Raw data for this publication are available [45].
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