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High-temperature superconductors are strongly coupled systems which present a complicated phase diagram
with many coexisting phases. This makes it difficult to understand the mechanism which generates their singular
transport properties. Hydrodynamics, which mostly relies on the symmetries of the system without referring to
any specific microscopic mechanism, constitutes a promising framework to analyze these materials. In this paper
we show that, in the strange metal phase of the cuprates, a whole set of transport coefficients are described by a
universal hydrodynamic framework once one accounts for the effects of quantum critical charge-density waves.
We corroborate our theoretical prediction by measuring the DC transport properties of Bi-2201 close to optimal
doping, proving the validity of our approach. Our argument can be used as a consistency check to understand the

universality class governing the behavior of high-temperature cuprate superconductors.
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I. INTRODUCTION

Three decades after the discovery of high-7, supercon-
ductors [1], the underlying mechanisms responsible for their
peculiar behavior remain mostly unexplained. The supercon-
ductive region of the phase diagram changes upon doping
with electrons or holes into a Mott-insulating copper oxide;
the chemical doping modifies the density of carriers of the
CuO; planes, rapidly suppressing the antiferromagnetic order.
Above the superconducting dome there exists a debated pseu-
dogap phase whose origin is still enigmatic. For temperatures
higher than the pseudogap temperature the appearance of a
strange metallic phase, characterized by the unusual temper-
ature dependence of the transport coefficients is one of the
grand unresolved issues in these materials. A quantum critical
point around the optimally doped region, whose presence
would force the temperature dependence of the observables of
the system to obey simple scaling laws, has been proposed to
be the origin of the exotic phenomena measured in the strange
metallic phase [2].

In recent years, a plethora of experiments [3-20], using
a variety of distinct experimental techniques, have proven
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that charge-density wave (CDW) order is an ubiquitous fea-
ture of the phase diagram of all cuprate superconductors.
In particular, resonant x-ray scattering measurements on Bi-
2201 [21] have shown that two-dimensional CDW order is
not only present in the underdoped regime but also persists
through optimal doping into the overdoped region of the phase
diagram, suggesting that CDW order might play a dominant
role in determining the transport properties of these materials
as well.

From the theoretical point of view, the coexistence of many
intertwined phases makes it difficult to develop reliable mi-
croscopic models to explain the behavior of high-temperature
superconductors (see, e.g., Ref. [22] for a review). Recently,
studies that try to explain the electric transport properties of
these materials by relying only on the hydrodynamic uni-
versality class, without referring to any specific microscopic
mechanism, have appeared [23-25].

Hydrodynamics is a tool which gives an accurate descrip-
tion of any interacting system, classical or quantum, as long
as the fundamental interacting degrees of freedom quickly
reach local thermal equilibrium. To observe hydrodynamic
effects from electrons in a solid, the interaction time must
be the fastest timescale in the system. In normal Fermi-liquid
systems, however, the quasiparticles interact with each other
very weakly, making the observation of the hydrodynamics
of electron fluids notoriously hard. The situation changes in
systems such as high-temperature superconductors, where the
strong interactions between electrons make the quasiparticle
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Fermi-liquid picture unreliable. In these materials the only
long-lived excitations are associated with (almost-)conserved
quantities, like the charge current and the energy current,
making hydrodynamics the ideal framework to describe the
relaxation of these modes. Then, contrary to the Boltzmann
equation approach, hydrodynamics does not require the exis-
tence of quasiparticles.

The hydrodynamic approach has been used successfully to
analyze the properties of graphene [26] and also very recently
in new strongly coupled materials [27]. In Refs. [23-25],
using a hydrodynamic approach, fluctuating CDW order was
proposed as an explanation for the off-axis peak in the optical
conductivity developing at high temperature in many cuprates,
including, in particular, BSCO and BSCCO [28,29]. More-
over, there is experimental evidence indicating that not only
electric but also thermo-electric transport, for example, the
Nernst coefficient [30], is highly affected by the presence of
CDW order, not only at the fluctuating level but also closer to
the superconducting phase transition.

Based on this idea, in this paper we included in the hy-
drodynamic theory of a two-dimensional CDW the effects of
an external magnetic field B perpendicular to the CDW {x, y}
plane. We have analyzed how the magnetohydrodynamic ap-
proach constrains the entire set of electric, thermo-electric,
and thermal DC transport coefficients. In this approach, parity
is broken solely by the presence of B, which can be seen as
an external potential. We refer to the Supplemental Material
(SM) [31] for technical details. As already found in Ref. [23],
the electric conductivity at low B splits into two terms: an
incoherent conductivity oy which characterizes the electric
transport at the quantum critical point, and an additional term
& which includes the relaxation mechanisms,
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where I' is an external momentum relaxation rate which
takes into account any external mechanism of momentum
loss by the electronic plasma (e.g., the interactions with the
underlying lattice), n2/ xx is the Drude weight, and wy is the
so-called pinning frequency [32-34]. The pinning frequency
is a characteristic frequency for the CDW collective modes
(pseudo-Goldstone bosons) and is nonzero as soon as the they
acquire a small mass, e.g., in the presence of impurities or
disorder. The additional parameter €2; is a phase relaxation
for the collective modes associated with the CDW. Initially €2,
was included to account for the consequences of topological
defects [35] but, as recently noted in Refs. [36,37], it also
makes a nontrivial contribution to the transport when the
CDW pseudo-Goldstone bosons have a small mass, namely,
in the presence of simple disorder (similarly to wp). For
Q) = 09 = 0, one finds that opc = 0, as already known from
the standard CDW approach [32-34]. However, in the most
general case with Q;, og # 0, hydrodynamics allows for a
CDW with metallic behavior. Importantly, and in contrast with
the standard Drude scenario, as long as Q, wg # 0, the DC
conductivity is finite even if ' = 0.

The other DC transport coefficients are tightly constrained
in terms of a small number of parameters. Specifically, the
low-B behavior of the DC electric resistivity py,, the Hall

angle cot ®y = 0,,/0y,, the magnetoresistance Ap/p, the
Nernst coefficient N, and the thermal Hall conductivity &,
are of the following form:
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where oy and & are the incoherent and relaxation conduc-
tivities defined in Eq. (1), T is the temperature, and s and
n are the entropy density and the charge-carrier density, re-
spectively. The parameter o is an incoherent thermo-electric
conductivity. It can be expressed as a function of the chemical
potential u and oy, namely, oo ~ —upoy/T, if we assume
that the low-T behavior of the system is influenced by the
presence of a relativistic covariant quantum critical point
(see the SM [31]). This implies that the theory of quantum
critical CDW hydrodynamics allows us to express the five
transport coefficients in Eq. (2) as a function of only four
temperature-dependent quantities: oy, &, n, and s. Eventually,
by measuring four of the quantities in Eq. (2), one can predict
the temperature dependence of the fifth transport coefficient.

This puts hydrodynamics on a privileged ground to ana-
lyze strange metals. In fact, being agnostic on the specific
microscopic mechanism responsible for the peculiar behavior
of these materials, hydrodynamics provides a way to test the
appropriate universality class to which these systems belong
at the level of the DC transport properties.

To test the last statement, we measured the five DC
magneto-transport coefficients (2) in Bi;Sr,CuOg. Being elec-
trical and/or transverse transport coefficients, these quantities
are largely independent of the effects of lattice phonons and
constitute ideal observables to test the electronic properties
of the material. Moreover, measuring all the transport coeffi-
cients in the same sample allows us to be confident that all the
data refer to the same doping and impurity level. By fixing
the temperature dependence of the four phenomenological
quantities in Eq. (2) using the low-temperature behavior of
Pxx» Ap/p, cot Oy, and ky,, we have been able to uniquely
determine the low-temperature dependence of the Nernst co-
efficient. The obtained result is in strong agreement with our
experimental observations.

II. EXPERIMENTAL RESULTS

Among the cuprates, Bi;Sr,CuQg (Bi-2201) is one of the
most promising materials to test the magneto-hydrodynamic
scenario due to its relatively low critical temperature (7. ~
10-20 K) [38-40], which allows for a systematic study of
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FIG. 1. Magnetic-field dependence of (a) Ap/p, (b) py, and ([inset of panel (b)] cot O, (c) k,, together with its linear fits (solid lines),
and (d) N (dashed lines are to guide the eye). In panel (c), the curves are shifted to avoid overlapping.

its normal-state properties down to low temperatures.' In this
compound, the main signatures of quantum criticality have
been reported: its electric resistivity is T-linear up to 700 K
[42] and CDW modulations have been observed in a wide
region of its phase diagram [21].

We performed our measurements on single crystals of Bi-
2201 close to optimal doping. The electric characterization
has been undertaken with several samples and we report here
the data relative to three crystals, named L2, K8, and K10,
whereas the thermal and thermoelectric characterizations have
been performed on the L2 sample (its size being suitable for
these measurements). The in-plane resistivity py, of the L2,
K8, and K10 samples as a function of temperature shows
a quite sharp superconducting transition at 7. ~ 11 K and,
above this temperature, p,(7") is almost linear up to 380 K
(see the SM for details [31]).

Figure 1(a) displays the magnetoresistance, defined as
Ap/p = [px(B) — pxx(0)]/0:(0), of the L2 sample as a
function of B up to 9 T applied in the out-of-plane direction,
for selected temperatures in the range 20—80 K. As evinced by
the bi-logarithmic scale reported in the inset, Ap/p increases
as B2, as expected for the orbital contribution. The values are
quite small (lower than 0.5%) and they abruptly decrease with
temperature.

In Fig. 1(b) we report the transverse resistivity p,, of
the L2 sample as a function of B up to 9 T applied in the
out-of-plane direction, at selected temperatures in the range
from 20 to 80 K. px, is B linear and it exhibits a weak
temperature dependence. The inset of Fig. 1(b) shows the bi-
logarithmic plot of the inverse Hall angle cot ©y = pyx/ pxy,
which is proportional to B~ as a consequence of the small
magnetoresistance and the linear dependence of p,,. The same
behavior has been measured also for K7 and K10 samples.

Figure 1(c) shows the magnetic-field dependence up to
14 T of the thermal Hall conductivity k., measured at selected
temperatures in the range 20-40 K (see the SM). It grows
linearly with B, reaching values lower than 2 x 1073 W
m~! K~ measured at 20 K and 14 T (solid lines are linear

'Tt has been reported that similar compound might have a compli-
cated Fermi surface, presenting pockets [41], even though the rele-
vance of these pockets on the transport properties remains unclear.

fits to the data and the curves are shifted to avoid overlapping)
with a pretty small slope, which monotonically decreases with
increasing temperature. Above 40 K, k., is vanishingly small,
so that no meaningful signal can be extracted from the noise.

In Fig. 1(d) we report the magnetic-field dependence of N
fromOto 14 Tat7T = 11, 15, 20, 25, and 30 K. At 11 K, just
above T, N shows the characteristic “tilted-hill” profile which
has been widely ascribed to contributions from supercon-
ducting vortices [43]. At T = 15 K, the vortex contribution
is still visible, even if markedly reduced. For T > 20 K,
N is B-linear with a slope which slowly decreases with
increasing 7. We therefore exclude any vortex contribution
above 20 K where we still observe a non-negligible Nernst
signal, already reported in cuprates, whose origin remains
controversial [43,44].

The magnetohydrodynamic expansion for a parity-
invariant system gives that the transport coefficients behave
as reported in Egs. (2), namely, Ap ~ B2, cot®y ~ B!,
Ky ~ B, and N ~ B (see SM [31]). As shown in Fig. 1, these
predictions agree with the experimental results above 20 K
since, below this temperature, the Nernst effect is influenced
by vortex contributions.

In addition to the magnetic-field scalings, we have ana-
lyzed the temperature dependence of Ap/p, cot Oy, k,,, and
N. Figure 2(a) displays the bi-logarithmic plot of Ap/p at
B =9 T for selected temperatures in the range 10-100 K. We
note that the data relative to the L2, K10, and K7 samples
almost overlap between 15 and 40 K, where Ap/p decreases
by about two orders of magnitude, as fast as ~T~*. Above
40 K, Ap/p is extremely small and the data relative to the
three samples are much scattered so that it is hard to draw any
conclusion about the temperature dependence for 7 > 40 K.

Figure 2(b) shows the bi-logarithmic plot of cot @y =
Pxx/Pxy at B=9 T for selected temperatures in the range
15-150 K of the L2, K10, and K7 samples. This plot provides
evidence for the good reproducibility of the data, which fall
on aline 7',

Figure 2(c) shows the bi-logarithmic plot of k, between 20
and 40 K at B = 14 T. It decreases by rising T as fast as T 3.

The inset of Fig. 2(d) shows the temperature dependence of
the Nernst coefficient N at B = 14 T, in the range 15-200 K.
N is small and negative at high temperatures, whereas it starts
to be enhanced towards positive values for T < T, & 130 K,
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FIG. 2. Bi-logarithmic plot of (a) Ap/p vs T, (b) cot @y vs T, (c) ky, vs T, and (d) N vs T, together with functions which well reproduce
the data (dashed lines) for L2, K7, and K10 samples. Linear plots of the data are reported in the insets.

T, [marked with a gray arrow in inset of Fig. 2(d)] being
the onset of the upturn in N (see Methods for the estimation
of T,).

Figure 2(d) shows the bi-logarithmic plot of N in the
temperature range 20-60 K (black dots) together with the
function T2 which reproduces the temperature dependence
of the data above 20 K and below 60 K. Indeed, as discussed
above, below 20 K the vortex contribution prevails, whereas
above 60 K, N changes sign (see the inset), indicating that
another mechanism comes into play.

In summary, in the temperature range 20 K < 7 < 60 K
where the system is far enough from the superconducting
transition and the thermal and thermoelectric observables
are significantly different from zero, the temperature behav-
iors for the measured properties are the following: p,, ~ T,
Ap/p~T 4 cot®y ~ T kpy ~T32and N ~ T725.

III. MATCHING EXPERIMENT
WITH HYDRODYNAMIC PREDICTIONS

The only consistent way to fit the behavior of the resis-
tivity oy [Eq. (22)] and the Hall angle cot ®y [Eq. (2d)]
with the hydrodynamic prediction is that the quantum critical
incoherent conductivity oy is dominating p,, at low 7. On
the other hand, cot ® is uniquely determined by the ratio
n/&, which can be fixed separately. Eventually, p,, ~ % ~T,

cot Oy ~ z= ~ T'3. This is a known hydrodynamic mech-
anism [45-47]. In contrast with the Fermi liquid, the fact
that the electric conductivity splits into two terms (opc =
o + &) allows for two different mechanisms to determine the
behavior of the resistivity and the Hall angle. In this case, the
incoherent quantum critical conductivity dominates the elec-
tric longitudinal transport while the relaxation conductivity &
determines the temperature dependence of the Hall angle.
Imposing the temperature behavior of the magnetoresis-
tance in Eq. (2b), Ap/p ~ T4, fixes the scalings of n ~

2As already mentioned, it was not possible to separate «,, from the
noise above 40 K due to the vanishingly small value of the signal.
However, we tentatively extend up to 60 K the range of validity of
Ky ™~ T3 to test if a consistent scenario including all the transport
coefficients can be drawn.

T'3 and & ~ T separately. The charge-carrier density 7 is
decreasing with 7', making the incoherent part of the conduc-
tivity op dominant at low temperatures.

To fix the temperature dependence of the entropy density s
we use Ky, ~ T3 [Eq. (2¢)]. In particular,

000 _3
ny’\’[LBn—ZSNT>=>S'\‘T, 3)

where we have imposed that ag = —uoy/T close to the
quantum critical point. In the SM [31] we report specific-heat
measurements of the BSCO crystal, which confirm the linear
dependence with temperature of the electronic specific heat,
in accordance with Eq. (3). Remarkably, an entropy linear
in temperature is in accordance with the early measurements
of the specific-heat on optimally doped YBCO performed by
Loram et al. [48].

Having fixed all the four quantities appearing in Eq. (2),
the temperature dependence of the Nernst coefficient is now
fully determined: Specifically,

uB& "
nT T cot Oy

~

T2, 4)

Remarkably, Eq. (4) perfectly agrees with the experimentally
observed temperature dependence of N between 20 and 60 K
[Fig. 2(d)]. Analogously to the Hall angle, & completely
determines the behavior of N. It is important to note that
in Ref. [30] the enhancement of N below T, has been in-
terpreted as a signal of Fermi-surface reconstruction due to
the onset of charge order, which is measured to set in at
~T,/2. For our system this would imply that CDW order
is the dominant mechanism for 7 < 65 K, suggesting that
the CDW parameters 2; and wy should dominate over I', so

that 6 = X’%z—é To fulfill the scaling previously determined
Q1/w} ~ T3, which can be achieved if Q@ ~ T, wy ~ T?.
In a scale-invariant theory governed only by a relativistic
quantum critical point one would expect ; ~ wo ~ T'; here,
however, wy is proportional to the mass of the CDW pseudo-
Goldstone boson (see SM [31]), which defines an additional
scale allowing for Q; ~ T, wy ~ T>. In the opposite scenario

with I' being the dominant scale, one find 6 = X”—ZF, implying
I' ~ T3. This would be compatible in a clean and multiband
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metal with electron-phonon scattering being the dominant
mechanism, which is not our case.

IV. OUTLOOK

This paper provides a consistency check, based on the
analysis of DC magneto-transport coefficients, of hydrody-
namics being the correct framework to describe the transport
properties of the strange metal phase of cuprates. Hydrody-
namics constrains the whole set of transport coefficients in a
tight way and implies that both the thermodynamic properties
and the relaxation rates of the electronic system must have
a very specific behavior in order to fit the model. Two main
future directions are at hand: First, even though evidence has
been reported to suggest that & is dominated by the CDW,
comparing optical measurements of the electric conductivity
against hydrodynamic predictions will allow us to make a
conclusive statement.

Second, it is worth mentioning that, for other systems
and doping levels, different scaling behavior for the transport

coefficients are reported. cot ®y has been observed to scale
as T? in other cuprates [49,50], and different temperature
dependencies of «,, have been reported for overdoped Nd-/
Eu-LSCO [51] and optimally doped YBCO [52,53]. Also, the
electronic specific heat of YBCO has been observed to be
doping dependent [48]. The measurements of the complete set
of transport properties in these and other materials, performed
again on the same sample, will allow us to better test the range
of validity of the hydrodynamic approach and to make a firm
statement on the mechanism governing the transport proper-
ties of cuprates in different regions of the phase diagram.
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