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Five transport coefficients of the cuprate superconductor Bi,Sr,_,La,CuQOg¢,5; were measured in the normal
state down to low temperature, reached by applying a magnetic field (up to 66 T) large enough to suppress
superconductivity. The electrical resistivity, Hall coefficient, thermal conductivity, Seebeck coefficient, and
thermal Hall conductivity were measured in two overdoped single crystals, with La concentration x = (.2
(T, =18 K) and x = 0.0 (T, = 10 K). The samples have dopings p very close to the critical doping p*
where the pseudogap phase ends. The resistivity displays a linear dependence on temperature whose slope is
consistent with Planckian dissipation. The Hall number ny decreases with reduced p, consistent with a drop
in carrier density from n = 1 4 p above p* to n = p below p*. This drop in ny is concomitant with a sharp
drop in the density of states inferred from prior NMR Knight shift measurements. The thermal conductivity
satisfies the Wiedemann-Franz law, showing that the pseudogap phase at 7 = 0 is a metal whose fermionic
excitations carry heat and charge as do conventional electrons. The Seebeck coefficient diverges logarithmically
at low temperature, a signature of quantum criticality. The thermal Hall conductivity becomes negative at low
temperature, showing that phonons are chiral in the pseudogap phase. Given the observation of these same
properties in other, very different cuprates, our study provides strong evidence for the universality of these five
signatures of the pseudogap phase and its critical point.

DOI: 10.1103/PhysRevB.104.014515

I. INTRODUCTION

Since their discovery, cuprate superconductors have cap-
tured the imagination of condensed-matter physicists in a
quest to elucidate the origin of their remarkably high crit-
ical temperature. A large array of experimental probes was
used to scrutinize the exotic phases that emerge along-
side superconductivity in these materials. Among these,
the pseudogap phase stands out for its enigmatic nature.
There is no consensus on the nature of this phase nor its
connection to superconductivity [1]. It is characterized by
several experimental signatures, in particular the opening
of a momentum-dependent spectral gap detected by angle-
resolved photoemission spectroscopy (ARPES) [2] and a loss
of density of states detected by specific heat [3] and nuclear
magnetic resonance (NMR) [4,5]. Transport measurements
in magnetic fields high enough to suppress superconduc-
tivity down to 7 ~ 0 have unveiled the otherwise hidden
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properties of that phase in its ground state [6]. First, there
is a drop in the carrier density at the critical doping p*
where the pseudogap phase ends, detected by the Hall num-
ber decreasing from ny ~ 1 + p above p* to ng =~ p below
p*, in YBa;CuzO, (YBCO) [7] and La;s_Ndg4Sr,CuOy4
(Nd-LSCO) [8]. Secondly, a T-linear resistivity down to
T — 0, the emblematic signature of quantum criticality [9],
is observed in Biy(,Sry_,CuOgys (Bi2201) [10], Nd-LSCO
[11], Lay_Sr,CuO4 (LSCO) [12], and Bi,SryCaCu,0s. 5
(Bi2212) [13], at p*. The slope of the linear regime is con-
sistent with a scattering rate in the Planckian limit, namely
h/t ~ kgT—as also found in organic, heavy-fermion and
iron-based superconductors at their respective quantum crit-
ical points [13,14]. Another phenomenon linked to quantum
criticality is the logarithmic divergence of the specific heat at
low temperature, observed in heavy-fermion metals [15,16]
and in the cuprates Nd-LSCO and La; g_,Eu,Sr,CuO, (Eu-
LSCO) [17]. A logarithmic divergence was also observed in
the Seebeck coefficient of Nd-LSCO [18] and Eu-LSCO [19]
at p*, whereby S/T o« log(1/T) as T — O0—a third signa-
ture. Fourth, the Wiedemann-Franz law—which states that the

©2021 American Physical Society
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thermal and electrical conductivities of electrons are equal in
the 7' = 0 limit—was found to be valid in Nd-LSCO, both just
above p* (in the strange-metal state of T -linear resistivity) and
below p* (in the pseudogap phase) [20]. This tells us that the
pseudogap phase is a metal whose fermionic excitations carry
heat and charge as do conventional electrons. Finally, a large
negative thermal Hall conductivity, ,, has been observed in
various cuprates below p* [21,22], attributed to phonons that
acquire chirality upon entering the pseudogap phase [23].

The five transport properties outlined here have been ob-
served all together in only one cuprate material: Nd-LSCO. To
establish that they are universal signatures of the pseudogap
phase, it is necessary to confirm them in a different cuprate,
ideally all together. This is the purpose of our study, which
focuses on the material Bi2201.

A number of transport studies have been reported for this
material, in high fields and/or at high doping [27-33], but to
our knowledge there is no prior report of the thermal Hall
effect or the Seebeck coefficient in the normal state of over-
doped Bi2201 at T — O, close to p*. This material presents
multiple advantages, starting with a low maximal 7, which al-
lows for a complete suppression of superconductivity down to
T >~ 0 by application of a magnetic field that can be achieved
in high-field facilities [5]. It is a single-layer cuprate, which
facilitates the interpretation of Fermi surface properties. Its
Fermi surface has been carefully delineated by ARPES, all the
way to the highest dopings, beyond p* [26,34]. The boundary
of its pseudogap phase in the temperature-doping phase dia-
gram has been mapped out by both ARPES [35] and NMR
[24], and the two techniques agree on the pseudogap temper-
ature T*(p), and therefore on the critical doping, located at
p* =0.40 £ 0.01 (Fig. 1).

Finally, its superconducting dome extends over a signif-
icantly different doping range from that in other cuprates,
namely up to p >~ 0.42 [26] (Fig. 1), much higher than in
YBCO, Bi2212, or LSCO, for example, where it ends at
p =~ 0.27 [26], thereby making Bi2201 an important candi-
date to test the universality of the transport signatures at
p*. Furthermore, Bi2201 is the only hole-doped cuprate cur-
rently known to exhibit charge density wave (CDW) order
outside the pseudogap phase, i.e., above p* and well above
T* [36]. Studying Bi2201, therefore, allows us to separate
what is due to the pseudogap phase from what is due to
CDW order. Bi2201 is also the only material for which NMR
measurements have been carried out up to (and across) p*, in
the field-induced normal state down to 7 =~ 0 [24], precisely
where all the transport signatures of p* have so far been
obtained—and where the focus of this article will be (Fig. 1).
Studying Bi2201, therefore, allows us to directly compare the
transport and NMR signatures of the pseudogap phase close
to p*.

In this article, we report measurements of the resistivity,
the Hall and Seebeck coefficients, and the thermal and ther-
mal Hall conductivities, in the field-induced normal state of
Bi2201, at two dopings very close to p*. Our study reveals
signatures of the pseudogap critical point that are very similar
to those observed in Nd-LSCO: the carrier density drops when
the doping decreases below p*, the T-linear dependence of
p(T) at low T and close to p* has a slope consistent with
Planckian dissipation, the Wiedemann-Franz law holds, the
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FIG. 1. Temperature-doping phase diagram of the hole-doped
cuprate Bi2201. The Néel temperature 7y (triangles), the super-
conducting temperature 7, (circles), and the pseudogap temperature
T* (diamonds) are taken from NMR measurements [24]. The full
symbols (diamonds and circles) are from as yet unpublished data
[25]. The doping p is defined from T, using the experimental relation
between 7. (squares) and the area of the associated Fermi surface
measured by ARPES [26], which is proportional to 1 + p (see the
text). The two vertical gray bands mark the dopings of our two
overdoped samples, labeled OD18K (7. = 18 K) and OD10K (7, =
10 K), respectively. Inset: zoom on the region near p*, the critical
doping where the pseudogap phase ends, i.e., where T* (green line,
diamonds) goes to zero. We see that for a sample with 7. = 10 K,
the pseudogap opens at 7* = 25 + 5 K and p* = 0.40 & 0.01, where
T. ~ 8 K.

Seebeck coefficient diverges logarithmically as T — 0, and
the thermal Hall conductivity is negative at low T (as opposed
to the electrical Hall conductivity). This shows that these five
signatures are very likely to be universal among hole-doped
cuprates.

II. METHODS

Two single crystals, of composition Bij ¢5511.95CuQOg4s
and Bi,Sr; glag,CuOg,s, were grown by the floating-zone
technique [37]. They are thin rectangular platelets, with a
length of 2.5 mm, a width of 0.5 mm, and a thickness of
0.04 mm (normal to the CuO, plane). Characterization by
SQUID magnetization yielded sharp superconducting transi-
tions with 7, = 10 £+ 1 and 18 + 2 K (insets of Fig. 2). We
label the samples OD10K and OD18K, respectively.

The resistivity p, Hall coefficient Ry, thermal conductivity
Kk, Seebeck coefficient S, and thermal Hall conductivity &y
were measured for both samples. Contacts were prepared us-
ing silver epoxy, annealed at 400 °C for 10 min and quenched
at room temperature. The resulting contact resistances were
less than 4 2 at room temperature. The currents (electrical
and thermal) were applied in the CuO, planes, i.e., along the
length of the samples, and the magnetic field was applied
along the ¢ axis. Electrical transport was first performed in
Sherbrooke at H =0 and 16 T in a PPMS, then in pulsed

014515-2



TRANSPORT SIGNATURES OF THE PSEUDOGAP ...

PHYSICAL REVIEW B 104, 014515 (2021)

(a)/

p
)
o
S
T
1

M| (a.u.)

p
N
o
o
T
|

M| (a.u.)

200 300
T (K)

FIG. 2. In-plane electrical resistivity of overdoped Bi2201 in
zero magnetic field as a function of temperature for our two sam-
ples: (a) ODI8K; (b) OD10K. The dashed line is a linear fit to
the data over the interval from 60 to 160 K. It yields the residual
resistivity pgo by extrapolation to 7 = 0, namely (a) 104 &= 2 ;€2 cm;
(b) 98 £ 2 2 cm. Inset: zoom on the magnetization (dark curve,
absolute value) and the resistivity (pale curve) near 7;. Together, the
two curves allow us to define the bulk value of T; for each sample
(gray band), namely (a) 18 £2 K; (b) 10 £ 1 K.

magnetic fields up to H = 66 T at the LNCMI in Toulouse,
and in a static field of H = 33 T at the HFML in Nijmegen
(for OD10K). (In addition, we also measured the resistivity
and Hall coefficient of a La-doped thin film of Bi2201 with
T. ~ 20 K up to 66 T.) For detailed methods on how resistivity
and the Hall effect are measured in high magnetic fields,
see Refs. [7,8]. The thermal conductivity was measured in
Sherbrooke using a dilution refrigerator down to 80 mK, with
an applied field up to H = 15 T, as in Ref. [20] (see also
Ref. [38] for a review on thermal conductivity measurements
in superconductors). Thermoelectricity was first measured in
Sherbrooke using a cryostat with a VTT and a superconducting
magnet up to H = 18 T, and then at the LNCMI in Grenoble
under a static field up to H =34 T, as in Ref. [39]. The
thermal Hall conductivity was measured in Sherbrooke at
H = 15T (see Refs. [21,40] for experimental details; data for
one of our samples, OD18K, have already been reported in
Ref. [21]).

A. Biz Sl'z_xLax CUO6+5

As mentioned in the Introduction, the phase diagram of
Bi2201 is different from many other hole-doped cuprates in
the sense that the superconducting dome is located at much
higher doping values, as observed in ARPES experiments.
Furthermore, the question of relative doping in this cuprate
is a delicate one, since there are many ways to dope the
compound, e.g., La/Sr substitution [24], Bi/Sr ratio [32],
and excess oxygen [33] (Bi/Pb substitution also allows us
to suppress the superstructure [34]). These differences affect
the maximum 7; in different ways, which makes a compari-
son between studies difficult, especially when several doping
methods are combined. To connect the relative position of our
La-doped samples to the pseudogap phase and p*, we compare
the 7. values of our samples to the 7. values of the samples
used in the NMR study by Kawasaki et al. [24], where the
same doping method was used, i.e., La/Sr substitution. This
NMR study clearly reveals a closing of the pseudogap for the
La composition x = 0 (7. =~ 8 K). The inset of Fig. 1 shows
a zoom on the region near p*, including unpublished data
from two additional samples (solid symbols, Ref. [25]): one
sample has 7. = 10 K and T* = 25 £ 5 K the other sample
has T, = 14 Kand T* = 40 £ 10 K. The end of the pseudogap
phase is seen to correspond to 7, ~ 8 K. So according to this
NMR-derived phase diagram, our sample OD10K is located
just below p*.

Different ways are used to define the doping p in Bi2201.
Here, we use the relation between 7. and p established from
ARPES studies by Kondo et al. [26], where the value of p is
obtained from the area of the measured Fermi surface, which
is proportional to 1 + p by the Luttinger theorem. From this
relation, the end of the superconducting dome in Bi2201 is
located at p ~ 0.42 (Fig. 1). (A recent ARPES study [34]
obtained a similar relation between 7. and p in Pb-doped
Bi2201.) Using this 7.-p relation, we obtain p = 0.360 +
0.008 for OD18K and p = 0.390 = 0.005 for OD10K (Fig. 1).
It is important to note that the main conclusions of this article
do not depend on the absolute values of doping, but only
on the relative position of our samples with respect to the
end of the pseudogap phase (which is clear from the NMR
measurements).

III. RESISTIVITY: T-LINEAR DEPENDENCE
AND PLANCKIAN DISSIPATION

In Fig. 2, the zero-field resistivity is plotted as a function
of temperature up to 300 K. The residual resistivity pgo is
obtained by extrapolating to 7 = 0 a linear fit to the data
above T, (between 60 and 160 K). In Figs. 3(c) and 3(d),
the zero-field resistivity is plotted as p — pgo divided by pgo
(continuous curve). This way of plotting the data allows for
an easier comparison of the inelastic resistivity in the two
samples.

In Figs. 3(a) and 3(b), we show the isotherms of resis-
tivity as a function of field up to H = 66 T for OD18K (a)
and OD10K (b), at various temperatures from 1.5 to 50 K.
[Isotherms obtained from our thin film of Bi2201 are very
similar to those of Fig. 3(a).] The normal state at 7 = 1.5 K
is reached when the field exceeds H, ~ 45 T for OD18K
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FIG. 3. Left panels: Resistivity as a function of magnetic field at
different temperatures, as indicated, for (a) OD18K and (b) OD10K.
The black vertical dashed lines mark the magnetic field H, above
which the normal-state resistivity is reached, namely H, ~45 T
for OD18K and H, >~ 30 T for OD10K. Right panels: Intrinsic
resistivity, p(T )-pgo, normalized by the residual resistivity pgo, as
a function of temperature for (¢) OD18K and (d) OD10K. pgo is
obtained using a linear fit to p(7) in zero field above 7 (dashed line
in Fig. 2). Solid colored lines represent zero-field data, full circles
represent data taken at H = 55 T (from isotherms in left panels),
and open circles represent data obtained in high magnetic field for
which a correction has been applied to remove the magnetoresistance
(see text). Dashed black lines are linear fits of zero-field data above
T. (same as the dashed lines in Fig. 2). The solid colored lines that
go through the data points are a guide to the eye. In panels (c) and
(d), the vertical gray band marks the pseudogap temperature 7*
determined by NMR Knight shift measurements (Fig. 1).

and H, ~ 30 T for OD10K. For both samples, we observe
a small positive magnetoresistance above H,. At T = 50 K,
the resistivity is well described by p(0) 4+ bH? over the en-
tire field range, where p(0) is the resistivity at H — 0. To
obtain the underlying normal state resistivity in zero field
at lower temperatures, we fit the data above H, to the form
p(0) + bH?, and we extract p(0), as illustrated by the dotted
line in Fig. 3(a)—the fit to the T = 20 K isotherm of sample
OD18K.

In the right panels of Fig. 3, we plot the p(0) values thus
obtained versus T (open circles), and we compare them with
the data taken at H =55 T (solid circles). The difference
between the two is due to the magnetoresistance, seen to grow
with decreasing 7.

In Fig. 3(d), we see that in the absence of superconduc-
tivity, the resistivity free of magnetoresistance continues to
be linear in 7 down to about 20 K. This is also seen in
Fig. 4, where p(T) at H = 16 T is linear down to T >~ 25 K.
However, the linearity does not persist as T — 0, whereas
it does in Nd-LSCO at p = 0.24 (Fig. 4). The difference is
that p > p* in Nd-LSCO whereas p < p* for Bi2201. In

FIG. 4. Normal-state resistance per CuO, plane, defined as the
resistivity p divided by the distance d between CuO, planes, as a
function of temperature, measured in a field H = 16 T, for two hole-
doped cuprates close to their respective pseudogap critical points:
Bi2201 at p = 0.39 (red, our OD10K sample), for which p* = 0.40,
and Nd-LSCO at p = 0.24 (blue, Ref. [8]), for which p* = 0.23. The
two show a T'-linear dependence, with slopes that are very similar,
namely A/d = 9.0 £ 0.9 /K and 7.4 4+ 0.8 /K [13], respectively.

Nd-LSCO at p < p*, an upturn at low T develops [8,11],
and the temperature below which the resistivity deviates up-
ward from its high-temperature linear behavior corresponds
to the temperature 7* measured by ARPES for the opening
of the antinodal pseudogap [41]. In Fig. 3(d), we observe
the same correspondence for Bi2201. Indeed, for our sample
with 7. = 10 K, the upward deviation in the resistivity begins
at the temperature 7* measured by NMR for the onset of
the pseudogap phase (gray band) [25] (Fig. 1). As we lower
the doping to OD18K, the upward deviation gets more pro-
nounced [Fig. 3(c)]. Such upward deviations from linearity in
p(T) are observed not only in Nd-LSCO [8], as mentioned
above, but also in LSCO [42—-44]. In both cases, they are
linked to the onset of the pseudogap phase, in the sense that
the deviations are seen to start at the pseudogap temperature
T* measured by ARPES [8,41,45,46]. They are attributed to a
drop in carrier density that starts below 7*. Note that in LSCO
the presence of short-range magnetism below p* [47], at low
temperature (T < T*), also plays a role in causing p(7') to
increase as T — 0 [48].

In Bi2201, the signature of 7™ in the resistivity depends
on the magnitude of 7*. When T* is large, at low doping,
the resistivity shows a downward deviation below 7* from
its T-linear dependence at high 7' [35], as in YBCO [44,46].
When T* is small, at high doping, an upward deviation is
seen below T*, as in Nd-LSCO and LSCO [8,46]. The former
effect can be attributed to a loss of inelastic scattering. The
latter effect has been attributed to a loss of carrier density,
with the possible added role of scattering from short-range
magnetism. In the case of Bi2201 (with Pb substitution),
the development of Cu-spin correlations has been reported
below 2 K across the superconducting regime [49] as well

014515-4
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as the presence of ferromagnetic fluctuations in the heavily
overdoped compounds [50]. In addition to the loss of carrier
density, these magnetic correlations could contribute to the
upward deviations observed at low T in Figs. 3(c) and 3(d)
[48].

To summarize, the loss of inelastic scattering below T*
is the dominant effect in underdoped YBCO and Bi2201,
whereas in LSCO and Nd-LSCO, the loss of carrier density
dominates (see Ref. [46]). As T* decreases, with increasing
p, the strength of inelastic scattering at 7* weakens and the
former effect gets smaller [35], becoming insignificant just
below p*, as seen in our Bi2201 data (and in prior Bi2201
data at high doping [28]).

It is instructive to examine the slope of the T'-linear re-
sistivity we observe in our Bi2201 samples. In Fig. 4, we
compare the resistivity per plane in OD10K with that of an-
other cuprate near p*: Nd-LSCO at p = 0.24 [8] (estimating
the resistivity per CuO; plane allows us to compare cuprates
with different crystal structures). The two systems have very
similar slopes, namely A/d = 9.0 £ 0.9 Q/K in Bi2201 and
A/d =7.4+0.8 Q2/Kin Nd-LSCO [13], where A is the slope
of p(T) and d is the separation between CuO, planes. A
very similar slope is also found in the bilayer cuprate Bi2212
at p=0.23 >~ p*, namely A/d =8.0£0.9 Q2/K [13]. As-
suming that the scattering rate has the Planckian form and
magnitude, namely 7/t = kg7, and using a simple Drude
form (p = m* /nezr), we can estimate the theoretical value for
A (and therefore for A/d) in the hypothesis that the Planck-
ian limit is reached: A/d = (m*kg)/(ne*hd) (see Ref. [13]
for a detailed analysis). In Ref. [13], for Bi2201 at p*, the
Planckian value for the resistivity’s slope was estimated to
be A/d ~ 8+2 Q/K (to compare with the experimental
value 9.0 £ 0.9 Q/K), using specific-heat data to estimate an
average effective mass m*. (Note that in the paper by Legros
etal. [13], the value of the specific heat in Bi2201 had to be ex-
trapolated to higher magnetic fields than measured in Ref. [51]
in order to extract the normal-state electronic specific heat at
H,,, yielding y = 10 £2 mJ/K~2mol, but recent specific-
heat data in Bi2201 obtained in high magnetic fields on our
sample OD10K show a good agreement with the extrapo-
lated value: y = 841 mJ/K2mol at 3 K [52]. With this
last value, we get a theoretical slope, A/d = 6.3 + 1.1 Q2/K.)
Although this is a rather rough estimate, it does show that
sample OD10K exhibits a behavior consistent with Planckian
dissipation (above 7* ~ 25 K).

Note that the whole notion of Planckian dissipation has
recently been made much more compelling by the direct
extraction of the scattering time 7 from angle-dependent
magnetoresistance (ADMR) measurements on Nd-LSCO at
p = 0.24, whereby 1/t is found to have a perfectly lin-
ear T dependence, with a slope close to kg// [53]. There
is little doubt that the same scattering mechanism is at
play in the three cuprates mentioned here, namely Nd-
LSCO, Bi2201, and Bi2212. There may even be a universal
character to the T-linear resistivity seen in various metals
as T — 0[13,14].

Of course, there have been previous reports of a 7-linear
resistivity in Bi2201, e.g., in a crystal with T, = 7 K [10]
(whose doping was controlled with the ratio Bi/Sr) and in a
thin film (doped with oxygen) with 7, = 8 K [33]. In both

N
[=}

=y
[3)]
T

R, (mm’/C)
P

0.5-

+n o | OD18K ]

OD10K

FIG. 5. Top panels: Hall coefficient of Bi2201 as a function of
magnetic field at different temperatures as indicated, for (a) OD18K
and (b) OD10K. The black vertical dashed lines mark the magnetic
field H, above which the normal-state Hall coefficient is reached,
namely H, >~ 45 T for OD18K and H, ~ 30 T for OD10K. Bottom
panel: Hall coefficient as a function of temperature (c), for OD18K
(blue) and OD10K (red), at H = 16 T (solid lines), H = 33 T (pink,
OD10K), and H = 55 T (dots with error bars, from top panels). The
black dashed lines are a guide to the eye through the 55 T data points.
They yield the following values at T — 0: Ry = 1.5 £ 0.2 mm?/C
for OD18K and 0.8 £ 0.1 mm?/C for OD10K.

cases, the linearity was from room temperature down to 7. at
H = 0, with a slope comparable to ours.

IV. HALL COEFFICIENT: DROP IN CARRIER DENSITY

The Hall coefficient Ry of samples OD18K and OD10K
is presented in Fig. 5 as a function of field up to H = 66 T,
at various temperatures. Ry is almost field-independent above
H, ~45Tin OD18K and H, ~ 30 T in OD10K, in agreement
with the p versus H data (Fig. 3). In Fig. 5(c), we show Ry as
a function of temperature at H = 16 T (line), H = 33 T (pale
line and circles, for OD10K), and H = 55 T (circles). We see
that Ry at T — 0 jumps by a factor ~2 with decreasing p,
from 0.8 0.1 mm?/C in ODIOK to 1.5+ 0.2 mm?/C in
OD18K. (The Hall resistance in our thin film with 7, >~ 20 K
also reaches ~1.5-1.6 mm?/C at low temperature.)

In Fig. 6(a), we plot the Hall number, ngy = V/(eRy), as
a function of doping. For a single-band metal with isotropic
Fermi surface and scattering rate, ny = n, the carrier density,
in the low-temperature limit. In Bi2201, a single-band metal,
n = 1 4 pis the value expected from the band structure, given
by the area of the holelike Fermi surface measured by ARPES
(up to the van Hove point located at pyy >~ 0.41) [26]. In
ODI10K, we see that ngy >~ 1 + p, as also found in Nd-LSCO
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FIG. 6. (a) Hall number ny = V/(eRy), with V the volume per
Cu, as a function of doping for four different hole-doped cuprates:
Bi2201 (solid red circles, this work; open red circles, Ref. [27]),
TI2201 (purple triangles, Ref. [27]), Nd-LSCO (green diamonds,
Ref. [8]), and YBCO (blue squares, Ref. [7]). Dashed black lines
correspond to ny = p and ny = 1 + p, and colored solid lines are
a guide to the eye for each compound. In all four cuprates, we
observe a drop of ny as doping decreases. In Bi2201, Nd-LSCO, and
YBCO, the start of this drop in ny coincides with the onset of the
pseudogap phase at p*, where p* is known independently: p* = 0.4
for Bi2201 [24,26], p* = 0.23 for Nd-LSCO [8,41] and p* = 0.19
for YBCO [54]. In T12201, there is currently no other measurement
of p*. (b) Comparison of ny vs p (red, left axis) with the density
of states measured by the normal-state NMR Knight shift at 7 — 0
(blue, right axis, [24]), normalized to unity at p = 0.4.

at p=0.24 [8,11] and TI12201 [27] at p = 0.3 [Fig. 6(a)].
Reducing the doping to OD18K, we find that ny undergoes
a rapid and pronounced drop.

In Fig. 6(a), we compare our data on Pb-free samples of
Bi2201 (full red circles) to the data of Putzke et al. on (La,Pb)-
Bi2201 samples [27] (open red circles), using the same T.-p
relation to define the doping of their samples. We see that their
data are reasonably consistent with our own; in particular, they
also show a drop in ny with decreasing p, roughly from 1 4 p
to p. The slower decrease in ny seen in this plot of their
data compared to our data could be due to the inadequacy

of applying the same 7,-p relation to both studies. (Note that
Putzke et al. use a different approach to estimate the doping p,
unrelated to the volume of the Fermi surface, and a different
approach to define the location of p*, relying on resistivity
data rather than NMR data.)

As seen from Fig. 6(a), the drop in ny we report for
Bi2201 is very similar to that previously seen in YBCO [7]
and Nd-LSCO [8], at their own critical doping, p* = 0.19
and 0.23, respectively. The observation of the same drop in
nyg below p* in three different cuprate materials shows that
this signature is a robust characteristic of the critical point
where the pseudogap phase ends. We attribute it to a drop in
carrier density, from n = 1 4+ p to n = p. Note that this drop
in carrier density has a more pronounced effect on p(7') in
Nd-LSCO than it does in Bi2201, a difference that remains to
be understood.

A drop in ny with decreasing p has also been reported for
the single-layer cuprate T12201 [27], a material for which the
location of p* is still unknown. We reproduce those data in
Fig. 6(a) (purple triangles). Again, we see that ny drops from
1+ p to p. There is little doubt that the same fundamental
mechanism is at play in all four cuprates, clearly associated
with the onset of the pseudogap phase in the first three mate-
rials, suggesting that p* ~ 0.26 in T12201.

We point out that the Fermi surface of Bi2201 undergoes a
Lifshitz transition at the van Hove point in its band structure,
located at the doping pyy =~ 0.41 (T, ~ 0), whereby it goes
from being holelike below that doping to being electronlike
above [26]. The same is true for Nd-LSCO at p,y >~ 0.23 [41]
and LSCO at p,y ~ 0.18 [45]. Naively, one might expect the
Hall coefficient to be negative at p > p,p, but this is not the
case because the antinodal regions where the Fermi surface
undergoes its change to an electronlike curvature contribute
very little to the conductivity, since the Fermi velocity is
vanishingly small there, and the scattering is large. A recent
ADMR study of Nd-LSCO at p = 0.24 shows that to be the
case, and explains why Ry >0 even though p > p,y, and why
nyg >~ 1 4+ p [53]. Similarly, in our Bi2201 sample OD10K,
even if p = 0.39 is only slightly below p,y, we again get

As shown in Fig. 6(b), the drop in nyg below p* in Bi2201 is
accompanied by another clear signature observed in Bi2201,
obtained from measurements of the NMR Knight shift [24]:
an abrupt drop in the T = 0 spin susceptibility (in the absence
of superconductivity) upon crossing below p*, interpreted as
a drop in the normal-state density of states. The combination
of these two signatures of p*, seen in the same material for
the first time, sheds new light on the nature of the pseudogap
phase. The NMR data suggest that the density of states drops
by a factor 2 upon entering the pseudogap phase, in going
from p > p* to p < p* [Fig. 6(b)]. (It decreases further, toward
zero, as p — 0.) A drop in the density of states by a factor
2 and a drop in the carrier density fromn=14+pton=p
are two properties of a transition into a phase of long-range
antiferromagnetic order, with wave vector Q = (7, ) [55].
Although commensurate long-range antiferromagnetic order
is seen only at dopings much lower than p*, whether in
Bi2201 (Fig. 1) or in any other cuprate, these experimental
signatures nonetheless point to some similarity between the
pseudogap phase and the antiferromagnetic phase, perhaps in
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terms of short-range antiferromagnetic correlations. A recent
ADMR study of Nd-LSCO shows that the Fermi surface is
transformed upon entering the pseudogap phase [56], in a
way that is consistent with small nodal hole pockets akin to
those expected theoretically for a Fermi surface reconstruction
controlled by the Q = (i, ) antiferromagnetic wave vector
[55,57] and recently detected experimentally (via ARPES and
quantum oscillations) in the antiferromagnetic phase of a five-
layer cuprate at low doping [58].

It has been suggested theoretically that charge order (or
charge correlations) [59], or related nematic distortions [60],
may play a role in, or be responsible for, the drop in ny below
p*. Our data in Bi2201 allow us to rule out such scenarios,
given the charge order observed in overdoped Bi2201 via
x-ray diffraction [36]. Indeed, charge order is present both
immediately below p*, in samples with 7; = 11 and 17 K,
and immediately above p*, in a sample with . =0 K. At
p < p*, charge order persists well above T*, up to at least
250 K. We see that charge order in Bi2201 is a completely
distinct phenomenon from the pseudogap phase. Because the
same charge correlations are observed at two dopings (7. = 11
and 17 K) [36] that very nearly correspond to the dopings in
our samples (7. = 10 and 18 K), these charge correlations
cannot play a key role in the pronounced change we see in
the Hall coefficient between OD10K and OD18K.

V. THERMAL CONDUCTIVITY:
WIEDEMANN-FRANZ LAW

Figure 7 presents thermal conductivity measurements in
OD18K and ODIOK at H =0, 5, 10, and 15 T. In the left
panels, we plot «/T as a function of temperature so that
the residual linear term «(/7T corresponds to the electronic
contribution. The linear increase of x /T versus T—also ob-
served in overdoped Nd-LSCO [20] and T12201 [61]—is due
to phonons that are predominantly scattered by electrons. Data
at H = 10 and 15 T are practically superimposed, which indi-
cates that the normal state is very nearly reached in the bulk.
(Measurements of the specific heat on the same two samples
show that the critical field for OD10K is indeed 15 T, while
it is ~25 T for OD18K [52].) This is reminiscent of what
was found in Nd-LSCO, in which the normal state in ther-
mal conductivity measurements was also reached at a smaller
field than in electric transport measurements [20]. This can
be understood from the fact that thermal measurements are
sensitive to the bulk and cannot be short-circuited by a small
superconducting portion of the sample (due to an inhomoge-
neous doping), as can happen in electrical measurements.

Comparing the residual linear term in the superconducting
state (H = 0 T) vs the normal state (H = 15 T), for OD10K,
we get a ratio of ks/kn 2 0.7. The same ratio is observed in
Nd-LSCO at p = 0.24 [20], where T, ~ 11 K [17]. Given the
similar 7; values in the two samples, and thus a similar super-
conducting gap, this indicates a similar level of pair breaking
by impurities, both compounds being in the dirty limit. (Note,
however, that the residual resistivity per CuO, plane is twice
as large in Bi2201, namely pgo/d =98 uS2 cm/12.3 A =
800 ©, compared to pg/d = 21 u cm/6.64 A =320 Q in
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FIG. 7. Left panels: Thermal conductivity as a function of tem-
perature, plotted as /7T vs T for OD18K (a) and OD10K (b), at
different magnetic fields, as indicated. Solid lines are linear fits to
the data, extrapolating to «o/T at T = 0, the electronic term. Right
panels: ko/T as a function of magnetic field for OD18K (c) and
ODI10K (d). The horizontal lines correspond to the values of «o/T
expected from the Wiedemann-Franz law, i.e., ko/T = Ly/po, With
po the resistivity in the 7 — 0 limit (taken at H = 15 T) and L, the
Lorenz constant (error bars are shown as shaded bands).

Nd-LSCO. This suggests that the impurities/defects responsi-
ble for elastic scattering in the normal state are less effective at
breaking Cooper pairs in Bi2201 than they are in Nd-LSCO.)

In the normal state, we can test the Wiedemann-Franz
law—a hallmark of metallic behavior—for each sample. This
relation between charge conduction and heat conduction in the
T = 0 limit is given by ko/T = Lo/ po, where py is the resis-
tivity in the 7 = 0 limit (see below) and Ly = (%/3)(kg/e)?
is the Lorenz number. It was found to be satisfied in Nd-LSCO
both below and just above p* [20], and in strongly overdoped
T12201 [62]. In the right panels of Fig. 7, we plot the elec-
tronic residual linear term «o/7 as a function of magnetic
field, along with the value expected from the Wiedemann-
Franz law, namely L/, displayed as a horizontal line (with
error bar). We estimate py at H = 15 T by using the p(H)
o H? fits to the high-field isotherms in Fig. 3 (used to correct
for the magnetoresistance, as presented with the dotted black
curve in OD18K), and then we take a cut of these normal
state isotherms at H = 15 T. We then plot the temperature
dependence of p(H — 15 T) and extrapolate to 7 = 0. The
uncertainty on the geometric factors associated with the use of
different contacts for the electrical and thermal measurements
(since contacts were remade) leads to an error bar of about
4+10% on Ly/po. As we increase the field to reach the normal
state, the electronic residual linear term (/7 tends toward its
electrical counterpart in both samples, thereby showing that,
within error bars, the Wiedemann-Franz law is satisfied in
Bi2201, just below p*.
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FIG. 8. Left panels: Seebeck coefficient as a function of mag-
netic field, plotted as S/T vs H for OD18K (a) and OD10K (b), at
different temperatures, as indicated. Right panels: Seebeck coeffi-
cient as a function of temperature, plotted as S/7T vs T for OD18K
(a) and OD10K (b), at different magnetic fields, as indicated. The
gray band highlights the logarithmic temperature dependence of S/T
observed in the normal state as T — 0, once superconductivity is
suppressed by the magnetic field.

VI. SEEBECK COEFFICIENT:
LOGARITHMIC DIVERGENCE

To our knowledge, the Seebeck coefficient S of Bi2201
has only been measured in zero magnetic field [31,63,64],
and therefore its normal-state behavior in the 7 — 0 limit
has hitherto been unknown. At temperatures above T, all
studies find that S is negative at high doping and positive at
low doping. At optimal doping (maximal T;), S(T') goes from
positive at low T to negative at high T [63,64]. Although one
might have expected S to have the same sign as Ry, which is
always positive in Bi2201, calculations for a typical cuprate
band structure show that a negative S is consistent with a
positive Ry in the approximation of an isotropic scattering
time (but not in the approximation of an isotropic mean free
path), both below and above the van Hove point p,y [55].
So the signs of S and Ry in Bi2201 at high doping are both
consistent with the band structure.

In Fig. 8, we report our measurements of the Seebeck co-
efficient in Bi2201 for our two samples. The left panels show
isotherms of S/T versus H up to H = 34 T. At the lowest
temperature (7 = 2 K), we see that the normal state is reached
in high fields for both OD18K and OD10K, by H >~ 30 T and
H ~ 20 T, respectively. The right panels show the temperature
dependence of S, plotted as S/T versus log(7T), combin-
ing data at low T (blue dots)—taken from the isotherms at
H =30 T (OD18K) and at H =20 T (OD10K)—with data
at higher T (orange dots)—taken at H = 18 T (OD18K) and
H = 15T (OD10K).

In Figs. 8(a) and 8(b), we see that S remains negative
down to the lowest temperature. Strikingly, we observe a
strong increase in the magnitude of S/7 upon cooling, with
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FIG. 9. Temperature dependence of the normal-state Seebeck
coefficient (absolute value) in three cuprates close to their respective
pseudogap critical points, plotted as |S/T'| vs T on a semilog plot:
Bi2201 with p = 0.39 (red, this work, OD10K) at H = 15 T (red
dots) and H = 20 T (red dots with black contour), where p* = 0.40;
Nd-LSCO with p=0.24 at H =15 T (green, Ref. [18]), where
p* =0.23; and Eu-LSCO with p=0.24 at H=10 T (blue,
Ref. [19]), where p* = 0.23. Lines are a linear fit to the low-T" data.
We see that in all cases the behavior at T — 01is |S/T| ~ log(1/T).

|S/T| nearly doubling between 9 and 2 K, which suggests
a divergence as T — 0. In Figs. 8(c) and 8(d), we see that
|S/T| ~1log(1/T) from T =~ 40 K down to at least 2 K. Such
a log(1/T) divergence of the Seebeck coefficient as T — 0
has been observed in other cuprates. In Fig. 9, we compare our
data in Bi2201 (OD10K) to published data in Nd-LSCO with
p=0.24 (at H = 15T) [18] and in Eu-LSCO with p = 0.24
(at H =10 T) [19]. We observe a log(1/T) behavior in all
three over a comparable temperature range.

In Eu-LSCO, Nd-LSCO and Bi2201 a log(1/T) di-
vergence is also observed in the electronic specific heat,
(Ca/T), at p* [17,52]. This thermodynamic evidence of
quantum criticality, combined with the T-linear resistiv-
ity, suggests that the log(1/7) dependence of the See-
beck coefficient is also a signature of quantum criti-
cality, as found in some theoretical models [65]. Note
that in Nd-LSCO and Eu-LSCO the log(1/T) depen-
dence of § was observed at p =0.24, so just above
p* = 0.23, whereas in our samples of Bi2201 we observe this
log(1/T) dependence of S at p = 0.38 and 0.36, just below
p* = 0.40 (Fig. 1). Therefore, if this logarithmic dependence
of the Seebeck coefficient is a signature of quantum criticality,
it is an unconventional one, reminiscent of the specific heat
of Nd-LSCO and Eu-LSCO, in which the log(1/7) depen-
dence of C, /T is seen not only at p = 0.24 > p*, but also
at p =0.22 in Nd-LSCO and p = 0.21 in Eu-LSCO, so at
p < p* as well [17]. We conclude that the observation of
a log(1/T) divergence in the Seebeck coefficient of Bi2201
makes a strong case for the universality of this signature, rem-
iniscent of quantum criticality, among hole-doped cuprates at
the pseudogap critical point.
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VII. THERMAL HALL CONDUCTIVITY: NEW
SIGNATURE OF THE PSEUDOGAP PHASE

A new signature of the pseudogap phase has recently
been discovered in Nd-LSCO and Eu-LSCO: a large negative
thermal Hall signal appears suddenly as the doping is reduced
below p*, and it is entirely absent above p* [21]. The low-
temperature trend of this thermal Hall conductivity «y, cannot
be explained by the simple motion of charged carriers, since
kyy and Ry have opposite signs to T — 0. This large negative
Kyy also persists down to p = 0, as confirmed in three cuprate
Mott insulators—La,CuQOy4, Nd,CuQy, and Sr,CuO,Cl, [22].
The phenomenon has since been attributed to phonons [23],
because an equally large signal was seen for a current along
the ¢ direction, i.e., K,y > kyy, and phonons are the only ex-
citations in cuprates that travel as easily in directions parallel
and perpendicular to the CuO; planes, as shown from the fact
that «,, >~ Ky, in La,CuQ, at low T [66]. But since phonons
are not sensitive to magnetic field on their own, they must be
coupled to it through some mechanism (here the expression
chiral phonons stands for this sensitivity to a magnetic field).

In Fig. 10, we show the thermal Hall conductivity of our
two Bi2201 samples, plotted as /T versus T. A very similar
qualitative behavior is observed in both. (Note that our data on
OD18K were already reported in Ref. [21], but not our data
on OD10K.) At T = 50 K, «, is positive and the thermal and
electrical Hall conductivities are equal, i.e., kx,/T = Looxy,
showing that «,, is entirely coming from the charge carriers
that are responsible for the electrical Hall effect and the resis-
tivity. Note that the thermal Hall effect at 7 = 50 K provides
an independent measurement of how the Hall number changes
between OD10K and ODI18K, since ky,/T o Ly/ny. We see
that k., at T = 50 K increases by a factor 1.8, the same factor
by which Ry (0) increases [Fig. 5(c)], so that the drop in ny by
a factor 1.8 obtained from electrical measurements [Fig. 6(a)]
is confirmed by thermal measurements.

As temperature is reduced, «, changes sign and becomes
increasingly negative as T — 0 (Fig. 10). By contrast, Lyoyy,
remains positive and just increases slowly and monotonically
as T — 0. The negative component of «,, is clearly not due to
charge carriers, and phonons are the most likely carriers. The
fact that the magnitude of «,, scales with the magnitude of
phonon-dominated «,, in the cuprate Mott insulators supports
the view that phonons are responsible for the negative i,
[22]. At T >~ 20 K, the ratio |ky|/kx is equal to 0.30% in
La,CuOy4, 0.37% in Nd,CuOy4, and 0.26% in Sr,CuO,Cl,
[22], and the ratio |«;y| /K is equal to 0.48% in Nd-LSCO
at p = 0.21. In our Bi2201 samples, we estimate the phonon
term in the two conductivities as /cf}f = Kk — Loo T and
/cgf =ky — LooyT, and we obtain the ratio
kD /KD ~0.38% at T=5 K and H=15 T for both
samples. This ratio is comparable to that found in the
other cuprates [22], pointing to a common mechanism. The
question is, what property of the pseudogap phase makes
phonons become chiral below p* in hole-doped cuprates?

VIII. SUMMARY

We have measured five transport properties of the cuprate
material Bi2201 in magnetic fields large enough to suppress
superconductivity and reach the normal state in the 7 =0
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FIG. 10. Thermal Hall conductivity «, of Bi2201 measured at
H = 15T, plotted as «,,/T vs T, for our two samples: (a) OD18K
(blue dots); (b) OD10K (red dots). The thin lines are a guide to
the eye through the data points. In both panels, we also show
the electrical Hall conductivity, oy, = py/(pZ + p2), plotted as
Lyoy, vs T (thick lines), calculated using the data in Fig. 5(c)
[0xy = Ru(T) x H] and Fig. 2 [px, = p(T)].

limit: the electrical resistivity p, the electrical Hall coefficient
Ry, the thermal conductivity «, the Seebeck coefficient S,
and the thermal Hall conductivity «,. Two dopings just be-
low the pseudogap critical point p* = 0.4 were investigated,
namely p = 0.36 and 0.39 (the absolute values of the hole
doping are estimated here from ARPES measurements, and
they do not impact the main conclusions that are drawn from
this work, since it is the position of the samples relative to
p* that matters). For the doping closest to p*, we observe
a T-linear resistivity down to 7* ~ 25 K, with a slope per
CuO, plane that is consistent with Planckian dissipation,
along with a logarithmically diverging Seebeck coefficient,
S/T o log(1/T). These two properties are typical signatures
of quantum criticality. We also observe a significant drop in
the Hall number with decreasing doping, consistent with a
rapid loss of carrier density below p*, concomitant with a drop
in the density of states measured by the NMR Knight shift.
The Wiedemann-Franz law is satisfied, confirming that the
normal state of the pseudogap phase is metallic. Finally, the
thermal Hall conductivity shows a large negative contribution
that we attribute to phonons. The addition of Bi2201 to the list
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of cuprate materials in which these properties were already
observed, either in total (Nd-LSCO) or in part (Eu-LSCO,
Bi2212, YBCO, TI2201), makes a strong case for the univer-
sality of the transport signatures of the pseudogap phase in
hole-doped cuprates.
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