Theory of the strange metal Srz3Ru,0;
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The bilayer perovskite Sr3Ru;0; has been widely studied as
a canonical strange metal. It exhibits T-linear resistivity and a
T log(1/T) electronic specific heat in a field-tuned quantum crit-
ical fan. Criticality is known to occur in “hot” Fermi pockets with
a high density of states close to the Fermi energy. We show that
while these hot pockets occupy a small fraction of the Brillouin
zone, they are responsible for the anomalous transport and ther-
modynamics of the material. Specifically, a scattering process in
which two electrons from the large, “cold” Fermi surfaces scat-
ter into one hot and one cold electron renders the ostensibly
noncritical cold fermions a marginal Fermi liquid. From this fact
the transport and thermodynamic phase diagram is reproduced
in detail. Finally, we show that the same scattering mechanism
into hot electrons that are instead localized near a 2D van Hove
singularity explains the anomalous transport observed in strained
SrRuOy.
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he conventional theory of metallic transport predicts that

the approach to the residual resistivity at low temperatures
should follow one of several simple power laws. If electron—
electron scattering dominates, then p ~ T2 is expected, with each
factor of T coming from the suppression of final electron states
due to Pauli exclusion. Dominant electron—phonon scattering
instead leads to p~ T® in three dimensions. “Strange metals”
can be defined as metals exhibiting an anomalous tempera-
ture dependence of the low-temperature resistivity. The T-linear
behavior p~ T has been widely observed, but other scalings
including p~ T3/2 and p~ T?log T have also been reported.
These are all stronger than the conventional T? scaling due to
electronic scattering. A common scenario is that the anomalous
scaling is observed above a “transport temperature” Ty, and that
Tir — 0 at some point in the phase diagram, often associated
with quantum criticality (1).

A compelling theory of a strange metal must connect the
anomalous transport behavior to other measurements, including
thermodynamic and spectroscopic probes. Given the similarity
of the strange metal phenomenon across materials, a thorough
grounding of anomalous transport in specific microscopic elec-
tronic properties of a single material has the potential to uncover
mechanisms that may be at work more broadly. Here we show
how such a comprehensive theory can be achieved for the bilayer
perovskite SrsRu2O7. This material has been widely studied as a
prototypical strange metal (2), with T-linear resistivity in a quan-
tum critical fan and diverging effective electron masses as the
critical field is approached at low temperature (Fig. 1).

The key fact will be that Srz3Ru2O~ is known from photoemis-
sion measurements to exhibit very shallow, small Fermi pockets.
These lead to a sharp peak in the density of states close to
the chemical potential (3). The distance of the peak from the
chemical potential is comparable to the scale T, above which
strange metal transport is observed at zero field. Furthermore, it
is the “hot” electrons in these pockets that go critical as the field
is tuned. These facts suggest that the hot (h) electron pockets
should be responsible for the anomalous transport, but a suitable
mechanism has been lacking. The hot electrons are irrelevant
as carriers of charge, because they are short circuited by the
faster “cold” (c) electrons (4, 5). Instead, a distinctive cc — ch

scattering process, in which one cold electron is scattered by
another into a hot pocket, leads to strange metal transport by the
cold electrons. As previously noted in the context of cuprates (6,
7), electrons in a peak close to the chemical potential are classical
above a low-energy scale, so there is no phase space suppression
for scattering into the hot electron pocket and hence p~ T'.

In addition to the T'-linear resistivity (2, 8, 9), cc — ch scatter-
ing above the temperature 7%, produces the observed anomalous
specific heat (10) and optical conductivity (11) of SrsRu2O~.
At temperatures below T, the dominance of cc — ch scat-
tering as the critical field is approached leads to a violation
of the Kadowaki-Woods relation A~ between the resistivity
p~ A T? and specific heat coefficient v = ¢/ T. Fig. 2 shows that
instead A ~ A~ for SrsRu2O~ (2, 10, 12), as our model predicts.
Here A+ is the enhancement of the specific heat as the critical
field is approached.

The scattering mechanism we have identified may be relevant
in other contexts. We will show that the same cc — ch scattering
explains the anomalous p~ T?log T of a different ruthenate,
SraRuOy, as it crosses a Lifshitz transition (13). Beyond ruthen-
ates, in many families of strange metals strong quantum critical
scattering is directly experienced only by a relatively small frac-
tion of the electrons, localized in “hot regions” or in “hot bands.”
The conceptual understanding of transport SrsRu2 O~ developed
here gives a solid starting point for unraveling the mystery of
strange metals more broadly.

Quantum Criticality in Sr3Ru,0;

Criticality in Sr3Ru2 Oy is field tuned, with a critical c-axis field of
H.~7.9T (2), and displays several canonical features of metal-
lic quantum criticality. The transport and thermodynamic phase
diagram is sketched in Fig. 1. In more detail:
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Fig. 1. Schematic phase diagram of Sr3Ru,0O7 as a function of field and

temperature. There is a marginal Fermi liquid of cold electrons above T.
In the conventional Fermi liquid below Ty, transport and specific heat are
dominated by the diverging hot electron mass m,, as H — Hc.

1) At H =0 the resistivity is T linear above T}, ~ 20 K and goes
as T2 at the lowest temperatures. As H — H., the scale Ti,
apparently collapses toward zero (2, 8, 9).

2) As H — H. at low temperatures, an effective mass m, is
strongly enhanced. The growth of m, is seen in the coefficient
A of the low-temperature resistivity p ~ AT? (2), NMR spin
relaxation (14), and the low-temperature specific heat coef-
ficient v=¢/T (10, 12). However, we see in Fig. 2 that the
specific heat enhancement A+ follows the scaling A ~ A,
distinc2t from the conventional Kadowaki-Woods relation
An~rys.

3) At H=H. a low-temperature divergence ~y~logT is
observed (10, 15), until cut off at a spin-ordering transition
at a temperature of about 1 K (16).

4) An extended Drude fit to o(w) in the T'-linear regime reveals
a scattering rate I'(w) ~w for w 2 T (11).

Hot Pockets and cc — ch Scattering

Quantum criticality in SrsRu2O~ involves a dichotomy between
cold and hot electrons. The hot electrons have a large density of
states already in zero field, and only the hot electrons go critical
as a function of field. Specifically:

1) Angle-resolved photoemission (ARPES) reveals a compli-
cated fermiology with multiple bands (3, 17). Quantum oscil-
lations show that all except one set of bands—the ~2 pockets,
which are not seen in Shubnikov—de Haas oscillations—do
not exhibit a strongly divergent mass at the critical field (18).
The 2 pockets are remarkably shallow and give rise to a peak
in the density of states at a few millielectronvolts from the
chemical potential at zero field (3, 17).

2) The coefficient «y as a function of temperature shows a maxi-
mum at Tpi =~ 7K at zero field (10). A similar peak is seen at
T!\ ~ 17K in the magnetic susceptibility (19, 20). As H — H.,

p
Tok collapses to zero.

At zero field the hot electron peak in the density of states seen
in photoemission quantitatively explains the peaks seen in the
specific heat coefficient v and magnetic susceptibility x. Using
the measured density of states of the 2 pockets (3) in standard
free-electron formulas for v and x leads to peaks at temperatures
of 9 K and 19 K, respectively. These are in good agreement with
the zero-field experimental values mentioned above. This is the
first imprint of the hot electrons on physical observables. In the
remainder we show that cc — ch scattering into the hot electron
pockets fundamentally determines the transport behavior both
above and below Ti,.

Fig. 3 illustrates the interplay of hot and cold electrons. The
Fermi surface mostly consists of regions with a high Fermi veloc-
ity, as well as a set of “hot pockets” with a large density of states
peaked near or at the chemical potential. The essential feature
for the present discussion is that the high density of states is
localized in a small part of the Brillouin zone, whereas the light
portions of the Fermi surface are much more extended.

The density of states of the “hot electrons” is high, whereas the
“cold electrons” away from the hot spots dominate the current
due to their higher Fermi velocity. It is therefore natural for the
transport lifetime to be determined by scattering processes where
both cold and hot electrons are involved. Several such processes
are possible: A cold electron can scatter off a hot one, denoted
ch — ch, and a pair of cold electrons can scatter into a cold and
a hot electron (cc — ch), etc.

The ch — cc or cc — ch processes involve large momentum
transfer and contribute significantly to transport. Moreover, for
a large enough cold Fermi surface, all cold electrons can par-
ticipate in cc — ch processes and no “short circuiting” occurs.
Other types of scattering are either small angle, and do not effi-
ciently degrade current, or not active across the entire Fermi
surface. We discuss this further in SI Appendix. In the following
we show that cc — ch scattering reproduces the phase diagram
in Fig. 1.

A Marginal Fermi Liquid from Classical Fermions

The peak in the density of states due to the hot 72 pock-
ets (at H=0, from ARPES) occurs at a distance from the
chemical potential that roughly coincides with the temperature
above which T-linear resistivity is observed. Let the distance
of the peak from the chemical potential be e, and its width be
Wh (Fig. 3). At zero field, W), < |en|. At temperatures above
|en| + Wh the 7, fermions are classical and nondegenerate. A
cc — ch scattering process can therefore be expected to be sup-
pressed by T rather than T2. We now verify that this is the case
by showing that this scattering leads to marginal Fermi liquid
(MFL) (21) behavior of the cold fermions, as has been previously
noted (6, 7).

To connect with the MFL cleanly, we write the scattering pro-
cess as the interaction of a cold fermion with a bosonic mode
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Fig.2. AsH — H, at low temperatures, the coefficient A of the T? resistivity

increases by a factor of ~ 7 (2), and is linearly proportional to the specific
heat enhancement A~ (10, 12).
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Fig. 3. (A) lllustration of cc — ch scattering, in which one of the fermions
is scattered from the cold Fermi surface (blue) into the hot region (red). In
general, the hot regions could also be on the same Fermi sheet as the cold
fermions. (B) A sharp peak in the density of states v(e) close to the chemical
potential, due to the hot fermions.

generated by the cold-hot fermion polarizability. We treat the
interaction perturbatively, starting from free cold fermions with

spectral weight Im G (w, k) = w8 (w — €..;)- Due to the interac-
tion, the cold fermions acquire the self-energy (we work in d
spatial dimensions for generality)

P dtq dQ f(w—Q)b(Q)
Te(w, k) =X / (W/ T W)
x Im G (w—Q,k — §) T4, (2, 7). [1]

In this form, Eq. 1 is transparently Fermi’s golden rule: X is the
four-fermion coupling constant and the Fermi-Dirac and Bose—
Einstein distributions are f(Q)=1/(e®/T+1) and b(Q)=
1/(eT —1). In textbooks (22), [1] is commonly expressed
differently, using the identity f(w — Q)b(Q)/f(w) =f(Q —w) +
b(2). The polarizability is

vy o [ dYE [ A F(Y +Q)F(—Q)
0.0 [ e [ 5y
x Im GF(Q, ) Im GE(Q +Q, K + 7). [2]

Here Im G (Q 49, K+ g ) is the spectral weight of the hot
fermions, which we can keep general. Similarly to above, we
have written Eq. 2 in a manifestly physical way, related to com-
mon formulations through the identity f(Q' + Q)f(—Q')/b(22) =
() — F(Q+ Q).

At temperatures greater than |en|+ Wy, we have T ~
|w| ~ [ ~ || > + Q| wherever Im GE(Q' +Q, K +G) is
nonzero. This leads to simplifications in [2]. The cold fermions
are at energies T < vpckre = Erpc (Where kpc, vre, and Epe
denote the cold fermions’ Fermi momentum, Fermi velocity, and
Fermi energy, respectively), which allows the cold fermion dis-
persion to be linearized about the Fermi energy. In this way we
obtain the explicitly MFL form

7 - = Q
Hch(Q,q)zF(q)tanh ﬁ [3]

Taking the cold Fermi surface to be round for simplicity,

o [ A
@)~ [ GhatF1= ke

!
x/dQ 1 Ime(Q,—I—Q,k/—&-(_j). [4]
T VFc

Eq. 3 was noted in ref. 6. It is then well known that inserting the
MFL polarization 3 into the expression 1 for the self-energy leads
to 3¢ ~max(T,w) (21). Thus, there is a T-linear scattering rate
that becomes w linear at higher frequencies. This explains the
experimental resistivity and optical conductivity noted above. A
careful evaluation of the cc — ch scattering rate in SI Appendix,
using the experimentally determined density of states in the 72
pockets (3) to evaluate [2], shows that T-linear scattering is
found above precisely the observed Ti. ~20 K. Because cc —
ch scattering is large angle, this result for the single-particle
scattering rate also determines the transport lifetime.

The result 3 is obtained for any form of the hot fermion
Green’s function. The only assumption is that the temperature is
above the characteristic energy scales of the hot fermions (such
as Wiy and en). We can estimate the magnitude of the scat-
tering rate from [4] by taking the hot band to be flat, so that
Im G (w, k) = 76(w) for some region of area/volume kg, in the
Brillouin zone. The hot regions are smaller than the cold Fermi
sea, so that kpn < kpc. In this case, the phase space that the
cold fermion can scatter into is constrained by the size of the
hot regions; evaluating the integrals one finds the scattering rate
Lo =Y (w=0)~ [Nk ki /v.] T. We give some details of
the kinematics leading to this result in SI Appendix. Specializing
to d =2 and restoring units:

2 hion ki T
R (51

For small kpn, the prefactor of kg T /h in [5] is small and the
perturbative computation is controlled. For Sr3Ru2O7 we can
estimate the prefactor usin% numbers from ref. 9. There are
eight hot pockets with Y, k7, ; 7#0.03 A~2. The inverse veloc-
ity of the cold Fermi surfaces in [5] controls the available phase
space for scattering. Averaging over bands we estimate (v, ) ~
0.5 x 10~* s/m. The microscopic coupling A has units of 7 per
mass. Again averaging over bands we estimate A ~ (vpc/krc) &
0.1%/me. These numbers lead to I" ~ kg T'/ h, consistent with the
observed “Planckian” scattering rate (9, 23).

A similar computation can be done for the ch — ch pro-
cess, in which a cold electron scatters off an electron in the
hot region. Both the initial and final states of the hot elec-
tron have no Fermi-Dirac suppression. One finds X (w, E) ~
Nkzy [ %6(0\)—68‘57?). This scattering therefore behaves
as elastic disorder, leading to a scattering rate proportional to
Ak, /vrc (the ¢ integral is restricted to a region of the same
size as the hot region). It contributes a temperature-independent
term to resistivity. However, because krn < krc, this is necessar-
ily small-angle scattering for the cold electrons. Therefore, the
effective transport scattering rate is suppressed by an additional
factor of (krn/krc)?, so that Ty ~ k[ ke X krnvre /B (assum-
ing for simplicity that A ~ vp./kr. is set by a single cold Fermi
surface).

There is also a conventional 72 contribution to the resistiv-
ity from cc — cc scattering. For the MFL T'-linear scattering
to dominate, the phase space for scattering into cold fermions
must be smaller than that for scattering into hot fermions:
kpckp T/vre < kiy,. Geometrically, cc — ch scattering dom-
inates when the area of the hot region is greater than the
area of the thermally broadened cold annulus shown in Fig. 3.
This requirement, that kp T < k7, /kp. X Erc, can be satisfied
despite krn being small because Er. is a high-energy scale. In SI
Appendix we verify that the phase space for cc — ch scattering
indeed dominates in the T-linear regime of SrgRu2O7.

Low-Temperature Approach to the Critical Field

The maximum in the density of states in Fig. 3 is at a distance
|en| from the chemical potential. At temperatures well below this



scale all of the fermions are degenerate, and electron—electron
scattering leads to the usual T2 resistivity. If |e| < W, how-
ever, there remains a degenerate Fermi pocket of hot fermions
that makes a large contribution to the density of states and cc
— ch scattering is still important. In this regime w~Q~ Q' ~
Q+Q ~ T, and the formulas above give the scattering rate
(reinstating factors of £z and 7 in the final term)

may (ks T)*

th 2
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My hEFc
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where we define the mass of the heavy electrons through their
density of states at the Fermi level, m.n, =v1(0)/27, and sim-
ilarly for my.. In the final term in [6] we again assumed for
simplicity that A ~ h/m.. is set by a single cold Fermi surface.
See SI Appendix for details of the kinematics leading to [6].
The important factor is the ratio m,n/msc that, we will posit,
becomes large as the critical field is approached. The scatter-
ing rate I'. determines the resistivity through the Drude formula
p=muT/(nee?). The resulting scaling of the resistivity with the
large hot mass is therefore p oc m., 72. In contrast, if all fermions
have a strongly enhanced mass (become hot) or if ch — ch scat-
tering dominates (for example, if the hot band is large in the
Brillouin zone), then p o< m2, T?.

At the same low temperatures, the electronic specific heat is
also given by the conventional Fermi liquid formula. If m,, >
Myc, then hot electrons dominate the specific heat, even while
cold electrons dominate transport. The enhancement of the spe-
cific heat coefficient v due to the increasing mass of the hot
fermions is Ay ~ k%m,y,. Together with the results in the pre-
vious paragraph, this leads to A ~ Ay, where A is the coefficient
in the resistivity p~ AT?. The notation A~ refers to the fact
that the specific heat of the cold fermions has been subtracted
out.” We have recovered precisely the observed linear scaling
shown in Fig. 2. The key input is the hypothesis that m,, becomes
large as H — H., which leads to the dominance of cc — ch
scattering. This scaling is distinct from the Kadowaki-Woods
relation A ~~? (24), which instead follows from the resistivity
pocm?, T2,

Microscopically, the mass enhancement has been assumed to
be tied up with metamagnetic quantum criticality of the hot elec-
trons (2, 25-27). The results above are not sensitive to the details
of these physics beyond requiring a divergent m,y, in a small
region of the Brillouin zone. However, in using [4] we are also
assuming that the integrated single-particle spectral weight of the
hot electrons remains finite as their mass diverges. This leads to a
picture in which the growth of the mass is primarily a band struc-
ture effect associated with a strongly enhanced density of states
at the Fermi energy as H — H. (28). This spectral weight must
survive the presence of any quantum critical scattering.

The Collapse of T at the Critical Field

The hot electrons dominate the specific heat at low temper-
atures, especially as the critical field is approached. At tem-
peratures above the peak in the density of states their con-
tribution becomes small: ynot ~ kzy, max (WyZ, ep) / (ks T%). In
computing yno+ here the chemical potential is kept fixed and
constant, controlled by the large total number of cold electrons.
The cold fermions dominate the specific heat in this regime.
The MFL scattering rate ) ~ max(7T,w) implies a logarithmic
effective mass enhancement so that Avyeoid ~ k2 Amye ~ kE Mac -

*As m,}, diverges, m, also becomes enhanced due to cc — ch scattering. We will see
shortly that the enhancement is only logarithmic: Am ¢ < k’z,h log (m, ,Vec /kpp ) Close
to the critical field this growth is parametrically weaker than that of m_},, plausibly
explaining why it is not seen in quantum oscillations (18). That said, our interpretation
of the specific heat data in S/ Appendix suggests that Am . ~ m, is not negligible.

k2, /kE. -log(A/T). Here m,. is the unrenormalized cold elec-
tron mass. The energy cutoff scale A ~ vpckrn because MFL
scattering I'c ~w requires w/vrc < krn, for the scattering phase
space to be determined by the hot fermion pocket (SI Appendix).
Precisely such a logarithmic temperature dependence is seen
cleanly at low temperatures at the critical field, as we recalled
above. The onset of logarithmic behavior is also visible in the
data away from the critical field, at temperatures above T%.. At
temperatures below Ty, within the hot electron peak in the den-
sity of states, the hot fermions become degenerate and the cold
fermion mass enhancement is cut off as Yeola ~ kjMac - iy /k2c -
log (A/(len| + Wh)). The relative contribution of hot and cold
electrons to the low-temperature « at the H ~ H. is discussed
further in ST Appendix.

The observed behaviors of the specific heat and transport data
shown in Fig. 1 are entirely reproduced by the model of dominant
cc — ch scattering if Ty, ~ |en| + Wi collapses toward zero at
the critical field. This collapse is cut off near the critical field
by the onset of spin ordering at around 1 K, as shown in Fig. 1.
Therefore the width of the peak in the density of states need not
strictly go to zero.

The data suggest that it is predominantly the scale |en| that
drives the collapse of Ti, toward the critical field. We recalled
above that a peak in the specific heat is seen at a temperature
Tpk. This Schottky anomaly-like peak in v(7') is quantitatively
explained at zero field by the peak in the density of states seen
in ARPES (3). As the temperature is raised more states in the
hot region become accessible and hence the specific heat coef-
ficient increases until the temperature crosses ~ max(|en|, Wh),
beyond which the specific heat starts to decrease (and become
dominated by the cold electrons). The simultaneous collapse of
Tpi and T, as the critical field is approached is therefore nat-
urally explained by |en| — 0. Such behavior is consistent with a
recent band structure analysis (28). As noted above, the essen-
tial requirement on the width W4, of the peak is that it should be
of order 1 K at the critical field, so that the MFL behavior can
persist all of the way down to the onset of the low-temperature
ordered phase.

As en — 0, the density of states at the chemical potential
increases. This leads to an increase in the specific heat coef-
ficient at low temperature, tying the collapse of T, to the
low-temperature mass enhancement we described above.

In the scenario we have outlined, nondegenerate hot fermions
are important even at low temperatures at the critical field. In
this case, as noted above, elastic ch — ch scattering gives an addi-
tional contribution to the residual, temperature-independent
resistivity. A strong peak in the residual resistivity at the criti-
cal field is indeed seen in the data (2). Furthermore, the Lorenz
ratio at low temperatures shows increased elastic scattering at
the critical field (29).

Our discussion has been purely in terms of the fermionic band
structure. Direct contributions to transport and thermodynam-
ics from quantum critical collective modes are not necessary
to explain the data, as considered in refs. 30 and 31. Nonethe-
less, we mention two ways in which such bosonic physics could
additionally be present. First, quantum critical fluctuations of
an overdamped bosonic order parameter with zp =2 in two
dimensions would contribute to a logarithmic specific heat at low
temperatures (32). Second, order parameter fluctuations provide
an additional scattering mechanism. A different source of T'-
linear scattering will be called for at the lowest temperatures if
W1, does not in fact collapse down to around 1 K at the critical
field (as we assumed above).

Scattering into a Divergent Density of States

Taking a step back from Sr3Ru20O7, nondegenerate fermions
will be present in a localized region of the Brillouin zone when-
ever a divergence in the density of states occurs at the chemical



potential, such as at a van Hove point. In general, a dispersion
with the scaling €, ;: ~ &k (this need not be a minimum in %, e.g.,

at a van Hove point ¢, z ~ k7 — k;) leads to a density of states

Vn(€) e/ 71 [71

which is divergent for z > d (for z = d there can be a logarithmic
divergence). While this section shares with our earlier discussion
the importance of nondegenerate fermions, it describes a differ-
ent scenario. The MFL discussed above arises at temperatures
above a sharp peak in the density of states. The physics discussed
here instead arise at temperature within a broader, power law or
logarithmic, peak that is located at the Fermi energy. The density
of states of the hot electrons diverges while W}, remains finite.

The lifetime of cold fermions due to cc — ch scattering can
again be computed from [1] and [2] above. The energies are now
w~Q~Q ~ T < Erc. The dispersion of the cold electrons can
be linearized about their Fermi surfaces, as previously. The hot
electrons obey

- 1/ W\ k%
Ime‘(w,k)za(Th> G(:j WF/{))’ [8]

for some scaling function G and, for generality, allowing for an
anomalous dimension 7 for the hot electrons. Here kry, is a char-
acteristic momentum scale of the hot fermions. This anomalous
dimension further shifts the exponent in the density of states 7,
50 that v, (¢) ~ [ d%k Im G (¢, k) ~ ¢¥/*~17"_ The simplest case
of free electrons is Im G (w, k) = 76(w — k* Wi /k#y). The scat-
tering kinematics are similar to the cases considered previously
and are described in detail in ST Appendix. The resulting scatter-
ing rate follows from scaling: Of the two momentum integrals in
[1] and [2], one is over the hot region in the Brillouin zone, with
|k’ + G| ~ T*/*, while the other is over the cold Fermi surface.
The constraint that & , k— ¢ and k' must be near the Fermi sur-
face means this latter integral is over a region of size kg 2. All
told, we obtain the decay rate

Ei-2 T ki ke 2 kg T (kg T\/*7"
FC ~ )\2FTC T/ de Vh(ﬁ) ~ >\2 Fh 2Fc B;i ( B > ]
Vpe -7 Vpe Wh

[9]

The scattering rate 9 is the number of states in the peak that are
thermally accessible. In the final term we reinserted factors of 7
and kB .

There can be logarithmic corrections to [9]. For example, a van
Hove point in two dimensions has z = 2 with the dispersion w ~
kg — k; = k? cos(20). This leads to a logarithmic divergence in
the integrals over ¢’ in [2] at § = +7 /4. Assuming the anomalous
dimension 7 is small, we obtain Tc ~ T?log(Ws/T). Another
interesting general case is a multicritical point with z =4 in two
dimensions (28, 33). As long as the anomalous dimension 7 is
small, this gives I'c ~ T%/2. Both of these two scalings of I,
with temperature have been obtained previously in ref. 34 from
a variational Boltzmann equation computation. Band structure
effects on transport are also considered in refs. 35 and 36. In our
discussion above, the scattering mechanism responsible for the
resistivity is physically transparent.

Scattering into the van Hove Point in Sr,RuO,4

Under uniaxial pressure, SroRuO4 undergoes a Lifshitz transi-
tion, traversing a van Hove singularity at a critical compressive
strain e,u (37). Resistivity measurements on very pure samples
show a characteristic strange metal “fan” emanating from a crit-
ical strain at zero temperature (13). Similar behavior has been
found upon traversing the van Hove point by chemical doping

(38, 39) or by epitaxial strain (40). Outside the fan, the resistiv-
ity p~ T2. In the uniaxial strain experiment the resistivity near
the critical strain fits p~ T2 log(Tvu/T), with Tvir =230 K, to
excellent accuracy over a range of 40 times the residual resistivity
(13). This is precisely the behavior obtained above for cc — ch
scattering near a van Hove singularity. The single-particle
scattering rate scales as T' due to ch — ch processes (41).

At high temperatures, the resistivity of unstrained SroRuO4
gradually crosses over from quadratic to linear temperature
dependence. The linear regime onsets at about 600 K (42). It
is interesting to note that this temperature is roughly compara-
ble to the scale T\ mentioned above. This conceivably suggests
that the high-temperature 7'-linear behavior might also be due to
cc — ch scattering into the band containing the van Hove point,
although the hot band is not small in this case.

Outlook

We have shown that the strange metal phenomenology of two
strontium ruthenates can be understood from the cc — ch scat-
tering of cold electrons into small regions of hot, nondegenerate
electrons. This simple process is a fermionic analogue of the well-
established T-linear scattering rate that arises from scattering
off classical bosons. It is distinct, however, from scattering off a
classical fermion, which would correspond to ch — ch.t

In SrsRu2O¢ in particular, the proposed dominance of cc —
ch scattering successfully explains quantitative properties of dc
and optical charge transport and specific heat. It will be inter-
esting to see whether more subtle observables such as the Hall
coefficient, which shows a dramatic change in behavior across
T (46, 47), can also be understood from this perspective. The
thermopower is also a potentially sensitive probe of the presence
of nondegenerate electrons.

Our description of Sr3Ru2O7 is structured around the pres-
ence of a peak in the density of states at zero field that collapses
toward the Fermi energy as H — H.. These statements are well
grounded experimentally. The most speculative aspect of our
discussion has been the assumption that the width of this peak
becomes small (of order 1 K) at the critical field. This is neces-
sary within our framework to explain how the T-linear resistivity
and T log 1/ T specific heat are able to extend down to the lowest
temperatures. Direct experimental confirmation of the narrow-
ing of the peak as it moves toward the Fermi energy is needed
to fully justify (or falsify) this aspect of our description. Existing
scanning tunneling microscopy (STM) data as a function of field
do not clearly show the peak moving toward the Fermi energy
(48) and are therefore difficult to square with several aspects of
the phenomenology.

Turning to other families of strange metals, heavy fermion sys-
tems contain narrow peaks in the density of states. A dichotomy
between hot and cold fermions may be at work in those cases
also, and hence they are candidates for the approach we have
taken here. For more general strange metals, however, the fol-
lowing caveat should be kept in mind. While controlled quantum
Monte Carlo modeling of, e.g., density wave or Ising nematic crit-
icality in metals clearly shows distinct hot and cold regions of the
Fermi surface (49), the hot regions do not necessarily lead to
peaks in the density of states because the spectral weight of the
hot fermions can vanish in tandem with a divergent mass (50).
It remains to be understood how variants of the cc — ch scatter-
ing mechanism identified in this work could underpin the strange
metallic physics arising in those cases.

In SDW transitions, scattering off composite operators at a hot spot has been argued to
lead to “lukewarm” fermions over the entire Fermi surface (43-45). This is analogous to
ch — ch scattering in our framework. In particular, the fact that the scattering is small
angle means that it does not strongly impact transport. It may be interesting to look at
cc — ch scattering in those models.
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