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We report measurements of the Seebeck effect in both the ab plane (S,) and along the ¢ axis (S,.) of the
cuprate superconductor La; ¢_,Nd 4Sr,CuO, (Nd-LSCO), performed in magnetic fields large enough to
suppress superconductivity down to low temperature. We use the Seebeck coefficient as a probe of the
particle-hole asymmetry of the electronic structure across the pseudogap critical doping p* = 0.23.
Outside the pseudogap phase, at p = 0.24 > p*, we observe a positive and essentially isotropic Seebeck
coefficient as 7 — 0. That S > 0 at p = 0.24 is at odds with expectations given the electronic band
structure of Nd-LSCO above p* and its known electronlike Fermi surface. We can reconcile this
observation by invoking an energy-dependent scattering rate with a particle-hole asymmetry, possibly
rooted in the non-Fermi-liquid nature of cuprates just above p*. Inside the pseudogap phase, for p < p*, S,
is seen to rise at low temperature as previously reported, consistent with the drop in carrier density n from
n~1+ p to n~p across p* as inferred from other transport properties. In stark contrast, S. at low
temperature becomes negative below p*, a novel signature of the pseudogap phase. The sudden drop in S.
reveals a change in the electronic structure of Nd-LSCO upon crossing p*. We can exclude a profound
change of the scattering across p* and conclude that the change in the out-of-plane Seebeck coefficient
originates from a transformation of the Fermi surface.

DOI: 10.1103/PhysRevX.12.011037

I. INTRODUCTION

The pseudogap phase of cuprate superconductors,
in particular, its link with high-temperature super-
conductivity, remains an enduring mystery of condensed
matter physics. While no clear phase transition at its
characteristic temperature 7* is observed in transport and

“These authors contributed equally to this work.
"ael.grissonnanche @cornell.edu
*louis.taillefer@usherbrooke.ca

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOL

2160-3308/22/12(1)/011037(14)

011037-1

Subject Areas: Condensed Matter Physics

thermodynamic properties, the low-temperature crossing
of its critical doping p* in the absence of superconduc-
tivity yields clear signatures of a transition [1].
The normal-state Hall coefficient of YBa,Cu;0,
(YBCO) [2], La; ¢_,Ndy4Sr,CuO, (Nd-LSCO) [3], and
Bi,Sr;_,La,CuOg¢,s (Bi2201) [4] shows that the carrier
density n changes abruptly from n ~ 1 4 p to n ~ p when
crossing p* from above. This is also observed in the
electrical resistivity of La,_,Sr,.CuO, (LSCO) [5] and
Nd-LSCO [3] and the thermal conductivity (at 7 — 0) of
Nd-LSCO [6]. Clear evidence for a transformation of
the Fermi surface of Nd-LSCO across p* was recently
obtained from angle-dependent magnetoresistance
(ADMR) [7]. The low-temperature electronic specific
heat [8,9] shows a logarithmic divergence at p*, evidence
for a quantum phase transition.

Published by the American Physical Society
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Recently, the thermopower was used as a complementary
probe of the carrier density at low temperatures across p* in
Nd-LSCO [10]. Indeed, in the 7 = 0 limit and for a single
parabolic band, the Seebeck coefficient depends on only
two parameters: the coefficient of electronic specific heat
y = Cy/T and the carrier density n (e is the electron
charge):

=L (1)

N|w»
S
(o

According to this expression, the ratio S/7 can therefore be
seen as the specific heat per carrier. Simplified as it is, this
physical picture is shown by Behnia, Jaccard, and Flouquet
[11] to account empirically for the observed low-temper-
ature value of the Seebeck coefficient for a great variety of
materials that includes common metals and several strongly
correlated materials.

In Nd-LSCO, Egq. (1) articulates that the sudden increase
in the in-plane Seebeck coefficient S,/ T as p crosses below
p* [10] is consistent with the drop in n at p* inferred from
the Hall effect, electrical resistivity, and thermal conduc-
tivity measurements. Although the relative change in S, /T
across p* seems well captured by Eq. (1), it is unable to
explain the positive sign of the in-plane Seebeck coef-
ficient, which is at odds with the electronlike band of Nd-
LSCO above p* [12]. To date, the sign of the Seebeck
coefficient in overdoped cuprates remains a mystery.

At a more fundamental level, the Seebeck coefficient is
actually a ratio of transport coefficients which involves
states immediately below and above the Fermi level, in
contrast with electrical transport that is sensitive only to the
properties of the Fermi surface. As a result, the Seebeck
coefficient is controlled by the particle-hole asymmetry
between occupied and unoccupied states around the Fermi
level [13,14]. This asymmetry can originate both from the
dispersion of electronic excitations (band structure) and
from the energy dependence of the scattering rate.
Accounting for these effects clearly goes beyond the
simplified expression Eq. (1).

In the present article, we present measurements of the
out-of-plane Seebeck coefficient S.. We report a sudden
qualitative change of S, in Nd-LSCO across p*. We show
that, in order to successfully describe the behavior of the
Seebeck coefficient along both directions, it is crucial to
take into account the particle-hole asymmetry (“skewness’)
in the energy dependence of the scattering rate.

Nd-LSCO is a single-layer, tetragonal cuprate super-
conductor with low critical temperature 7', and field H,,
making it an ideal candidate to study the field-induced
normal state down to low temperatures. Its phase diagram is
shown in Fig. 1, where the pseudogap temperature 7*
extracted from resistivity measurements [10] is displayed
and seen to be in agreement with angle-resolved photo-
emission spectroscopy (ARPES) measurements [15].
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FIG. 1. Temperature-doping phase diagram of the cuprate

superconductor Nd-LSCO. Red points represent the temperature
below which the pseudogap phase appears, T*, obtained from
resistivity [3,16] (full points show the dopings studied here) and
ARPES [15] (full square) measurements. The red shaded area
represents the pseudogap (PG) phase, which disappears at the
critical doping p* = 0.23 £ 0.01 (red diamond). The full line is a
guide to the eye. The superconducting phase (in zero field) is
bounded by 7', (dashed line).

Above p*, at p = 0.24, our measurements reveal that S,
and S, are positive and essentially equal at low temperature,
both ending with a log(1/T) dependence below about
10 K. Although it is consistent with Eq. (1), the isotropy of
the Seebeck coefficient at p = 0.24 as T — 0 cannot be
understood in terms of the band structure, since it predicts
the wrong magnitude of S, and is of the wrong sign for S,,.
We show that taking into account the angle dependence and
temperature dependence of the scattering rate deduced from
ADMR [17] and adding a linear energy dependence that is
particle-hole asymmetric reconciles the calculated and
measured Seebeck coefficients along both directions.

Upon crossing into the pseudogap phase at p*, we find
that S. becomes negative at low temperature, in contrast to
S, which remains positive. This contrasts with Eq. (1) that
predicts that the drop in n at p* should also be observed in
the interlayer ¢ axis component S... The negative S, reflects
a profound transformation of the electronic structure
across p*.

II. METHODS

Single crystals of Nd-LSCO are grown by a traveling
solvent or floating zone technique in an image furnace, with
a Nd content of 0.4 and doping p = 0.20, 0.21, 0.22, 0.23,
and 0.24 (for more details, see Collignon et al. [3]). These
are subsequently cut into bar-shaped samples with typical
dimensions of 1 mm x 0.5 mm x 0.2 mm. For each dop-
ing, separate samples with their length, respectively, along
the a axis and the ¢ axis are cut.

We measure the Seebeck coefficient using an ac tech-
nique (alternating current) that was originally developed for
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thin films [18] and that we have adapted for measuring bulk
materials. An ac thermal excitation is generated through the
sample by sending an electric current at a frequency w ~
1 Hz to a 5 kQ strain gauge used as a heater. This generates
a longitudinal thermal gradient AT . along the length of the
sample, measured at a frequency 2w using two absolute
type E thermocouples. In response to that thermal gradient,
a Seebeck voltage AV, is measured at a frequency 2o with
phosphor-bronze wires using the same contacts as for AT,
which eliminates uncertainties associated with the geo-
metric factor. The Seebeck coefficient is then given by
S =—AV, /AT,. Our method differs from previous ac
Seebeck measurements by accounting for both the modulus
and the phase of the thermal and thermoelectric signals.
This technique can be, in principle, extended to all orders in
frequencies. The advantages of using an ac method over dc
(direct current) is that the dc technique requires one to
measure the Seebeck coefficient at constant temperature
steps and wait the necessary time to reach equilibrium,
which can take minutes and even hours closer to room
temperature; it is also limited in resolution to few-milli-
kelvin fluctuations for the thermal gradient and few nano-
volts for the Seebeck voltage. The ac Seebeck technique, on
the other hand, does not require for the sample to reach
equilibrium, which makes the measurements quasi-instan-
taneous, and comes down to a resolution in the approx-
imately 10-uK range because of the use of lock-in
amplifiers. However, it takes a real time measurement of
the sample temperature, which comes with its own set of
challenges.

The thermocouple and Seebeck voltages are amplified
using EM Electronics A10 preamplifiers and picked up
using SR830 lock-in amplifiers at the thermal excitation
frequency 2w. Our method allows us to measure S(7)
continuously from 2 to 300 K within a few hours and with a
much better signal-to-noise ratio compared to a standard
steady-state dc technique. It is carefully benchmarked
against a steady-state dc method on several samples.

III. RESULTS

A. QOutside the pseudogap phase p > p*

In Fig. 2(a), we show S,/T and S../T as a function of the
temperature in Nd-LSCO just outside the pseudogap phase,
at p = 0.24, in the normal state induced by an applied field
of H=16T (H,, =9 T in Nd-LSCO and Eu-LSCO at
p =0.24 [8]). We observe that S, is negative at room
temperature, similar to what is observed in overdoped
Bi2201 [14], for example. Upon cooling, S,/T increases
and changes sign around 250 K, reaching a positive value
of about 0.45 uV/K? at the lowest measured temperature
T ~2 K. Conversely, S./T starts from a positive value at
300 K, and it increases until it reaches a plateau around
60 K but at lower temperature starts to increase again.
Below about 10 K, a remarkable isotropy appears: S,/T

(a)
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FIG. 2. In-plane (S,, blue) and out-of-plane (S, red) Seebeck
coefficient of Nd-LSCO, plotted as S/T vs T at H=16 T for
(@) p=0.24> p* and (b) p =0.22 < p*.

and S./T are essentially identical despite the quasi-
two-dimensional character of the electronic structure and
associated anisotropy in the electrical resistivity (in
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FIG. 3. In-plane (S,, blue) and out-of-plane (S, red) Seebeck

coefficients of Nd-LSCO at p = 0.24 > p* plotted as S/T vs
log(T) at H =16 T. Note the logarithmic dependence below
approximately 10 K, where S is essentially isotropic (S, =~ S,).
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Nd-LSCO at p = 0.24, the c-axis resistivity p. iS approx-
imately 250 times larger than a-axis resistivity p, [16]).

As seen in Fig. 3, zooming in on the low-temperature
data reveals that S,/T and S./T both display a log(1/T)
dependence below approximately 10 K, as previously
reported for S,/T in Nd-LSCO [19], Eu-LSCO [20] at
p = 0.24, and Bi2201 near p* [4]. This behavior is also
observed in the electronic specific heat of Nd-LSCO and
Eu-LSCO at p = 0.24, whereby C/T ~1log(1/T) below
approximately 10 K is interpreted as a signature of quantum
criticality in the vicinity of the pseudogap critical point
[8,9]. Another typical signature of quantum criticality is a
T-linear dependence of the electrical resistivity as 7 — 0
observed in Nd-LSCO at p = 0.24 both in the plane and
along the ¢ axis [16].

B. Inside the pseudogap phase p < p*

Now going inside the pseudogap phase, we see in Fig. 4(a)
that S,/ T undergoes a large enhancement at low temperature
for p < 0.23. This was previously reported and discussed in
detail in Ref. [10], and here we show the continuous
T-dependent curves of S,/T in H = 16 T obtained using
our ac technique (our ac data are in excellent agreement with

(@)
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FIG. 4. (a)S,/T and (b) S./T as a function of the temperature,
at H =16 T, in Nd-LSCO at dopings as indicated, on both sides
of the pseudogap critical point p* = 0.23. Note the qualitative
change in S, upon crossing below p*, whereby S. suddenly
becomes negative at low T.

the previous dc data [10]). As seen in the Hall effect and
electrical resistivity of Nd-LSCO [3], the enhancement of
S,/ T occurs below T* and reaches a maximum as 7 — 0 that
corresponds roughly to a fivefold increase between p = 0.24
and p =0.20. In agreement with Eq. (1), this roughly
matches the change in carrier density from n~ 14 p =
1.24 at p = 0.24 to n ~ p = 0.20 at p = 0.20, suggesting
that it is the principal cause for the enhancement of these
three transport coefficients (Ry, p, and S) inside the
pseudogap phase.

Turning to S./T below p*, at p = 0.22, we see in Fig. 2
that it tracks S./T at p = 0.24 down to about 100 K but
then drops upon further cooling to reach negative values
below T ~ 20 K. This behavior is seen for all the measured
dopings at and below p* [Fig. 4(b)], showing that it is a
property of the pseudogap phase. [We stress that the field
dependence of S, is very weak, as seen in Fig. 5(b), where
the curves taken at H =0 and 16 T essentially overlap,
establishing that the sole effect of the field is to suppress
superconductivity and reveal S,./T at low temperatures, not
to induce the negative S./T.]

As we discuss below, the highly contrasting behavior
between S, /T and S./T below p* contradicts Eq. (1), that

Nd-LSCO
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FIG. 5. S/T of Nd-LSCO as a function of the temperature for

different fields applied parallel to the ¢ axis. (a) S,/T at p = 0.24
inH=0and I6 T. (b) S./Tatp=020in H=0, 8, and 16 T.
We see that applying a field has very little effect on the normal-
state S./T curve, except for suppressing superconductivity and
revealing it down to low temperatures.
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predicts an isotropy between the two current directions, and
is a puzzle for standard theories of the Seebeck effect, likely
carrying significant hints for the underlying nature of the
pseudogap phase. Whatever mechanism causes the drop in
carrier density from n =14 p to n=p at p* and the
associated Fermi surface transformation observed by
ADMR measurements [7], it seems to also affect the
asymmetry of the band dispersion around the Fermi level
in an anisotropic fashion, as attested by the negative S./T.
S., therefore, adds to the list of transport properties
undergoing a dramatic change upon crossing p*, such as
the negative thermal Hall effect [21], attributed to chiral
phonons [22], that suddenly appears in the pseudogap
phase of Nd-LSCO.

IV. DISCUSSION

A. p > p*: Particle-hole asymmetric
energy-dependent scattering rate

Previous studies of the Seebeck coefficient of cuprates
largely focus on the behavior above T .., revealing that the in-
plane S(T') decreases with increasing doping [23] and is
negative at high temperature and high doping, as seen, for
instance, in Bi,Sr,CaCu,0g, , (Bi2212) [24], LSCO [25],
Bi2201 [14], and HgBa,CuO,, s [26]. Nd-LSCO follows
this trend as a function of the doping at 7 = 300 K, as shown
in Fig. 6, and as a function of the temperature in Fig. 2(a). In
Nd-LSCO above p*, at p = 0.24, S,(T) is slightly negative
at 300 K but becomes positive below about 7'~ 250 K and
keeps increasing upon further cooling [Fig. 2(a)]. This
behavior contrasts with overdoped Bi2201, where S,(T)
is negative at all temperatures at dopings close to p* [4].

In order to understand the observed behavior of S,/T
and S./T, we turn to Boltzmann transport theory in a
relaxation time approximation, using the experimentally

-

determined (quasiparticle) band dispersion E(k) of Nd-

03 : '
Nd-LSCO T=300K
—~ 0.27¢ \I\_\-\.\.\
<
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—
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Sa
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p

FIG. 6. S,/T (blue) and S,./T (red) at T = 300 K (and H = 0)
as a function of the doping for Nd-LSCO p = 0.20, 0.21, 0.22,
0.23, and 0.24. Solid lines are a linear fit to the data.

LSCO at p =0.24 obtained from ADMR [7,17] and
ARPES measurements [15,27] (see the Appendix A for
details). It is certainly not immediately obvious that the
Boltzmann formalism can be successfully used to describe
the non-Fermi-liquid regime considered in the present
work. The justification of this procedure and a discussion
of its limitations, including a comparison to a full Kubo
calculation, are provided in Appendix D. We start by
considering a constant scattering rate 1/z, independent
of energy and momentum. In this case, the Seebeck
coefficient does not depend on 7, because it is a ratio of
two transport coefficients—the Peltier coefficient a and the
conductivity c—and it is given by the Mott formula at low
temperature:

ﬂzk%Taanii(e) ﬂzk%}TG;i(e)
SMow = — T a. T T 30 o le)l (2)
3e de .- 3e o(€)].—o

In this expression, e is the electron charge, kp is the
Boltzmann constant, i = x, z, and the Fermi level is set at
e =0. o(e) is the energy-dependent transport function
which depends only on the band structure of the material
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FIG. 7. Calculations of the Seebeck coefficient (S/7, full line,
left axis) and conductivity (o, dashed line, right axis) as a function
of the doping from the bare band dispersion of Nd-LSCO, as
measured by ARPES [15,27], with an energy-independent
scattering rate 1/z. (a) In-plane coefficients at T =6 K;
(b) out-of-plane coefficients at T = 6 K. We can see from the
figures that the sign of /T is set by the slope of the conductivity
o as a function of the doping. This reflects the Mott formula in
Eq. (2). The minimum in S,/7 and maximum in S./7T coincide
approximately with the van Hove point (p,y;, gray band) where
the Fermi surface goes from holelike (below p, ;) to electronlike
(above pVHs)-
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for a constant 7. Hence, the sign and magnitude of S are
entirely determined by the particle-hole asymmetry of the
band structure in this case. In Fig. 7, we display the
calculated S for both directions as a function of the doping.
These calculations are performed by allowing for the
momentum dependence of the scattering rate along the
Fermi surface, inferred from the ADMR measurements
[17]. We see that the sign of S is simply set by the slope of
o(e = 0) vs p (the inverse of the resistivity p). In Fig. 7(a),
the in-plane electrical conductivity o, decreases monoton-
ically with doping. This results in a negative S, predicted for
all overdoped cuprates. The sign of S, does not change in the
considered doping range, whereas the sign of S, flips
(becomes negative) at high p. One can see that crossing
the van Hove singularity around p = p,y, has a large effect
on the out-of-plane coefficient but a modest one for the in-
plane coefficient. This is because above p,y, the Fermi
surface loses states in the antinodal regions, where the c-axis
dispersion is largest.

We turn to the temperature dependence of the Seebeck
coefficients S,/T and S./T in Nd-LSCO at p = 0.24.
Figure 8 shows a direct comparison between our exper-
imental data (left column) and the calculations (right
column). We see from Figs. 8(b) and 8(d) that the
calculated S(7') assuming an energy-independent (but
momentum-dependent) scattering rate (dashed lines) dis-
agrees with the data in magnitude for both directions.
Furthermore, it yields the wrong sign for the in-plane
component S,, as also found in Ref. [12]. In summary,

Fig. 8 shows that neither the sign of S, nor the T
dependence and magnitude of S, and S, can be explained
when assuming that particlelike and holelike excitations
have equal scattering rates, even when taking into account
the momentum dependence of this scattering rate along the
Fermi surface.

We now consider the effect of a scattering rate which
depends on energy, allowing for this energy dependence to
reflect an asymmetry between particle and holes. The
energy dependence of the inelastic scattering rate has long
been recognized to be unconventional in cuprates. It is
often described by the marginal Fermi liquid (MFL) form
[28,29]: 1/typL = \/(a€)? + [a(kgT) /). As written, this
expression is symmetric (even) under € — —e, correspond-
ing to equal scattering rates for particles and holes. Here,
we introduce a modification of the MFL scattering rate with
a particle-hole asymmetric energy dependence [“skewed”
marginal Fermi liquid (SMFL)], namely,

1/zsmpL(e, T) = \/(%6)2 + (akBTTY,

in which a, applies to e > 0 and a_ to € < 0. The particle-
hole asymmetry is encoded in the difference between the
coefficients a, and a_. We justify the use of the marginal
Fermi liquid ansatz for Nd-LSCO at p = 0.24 by the
observation of perfectly 7-linear resistivity (along both
the a axis and the ¢ axis) below 7 ~ 50 K [16,30]. The

(3)
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( )0.45 NdLSCO Calculations === 1/74(k) (b)
—_ p=0.24 — UTo(R) + VTswrLle, T)
¥ 03
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Data ]| eeeemmmmmmmmmmm e
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¥
= 0.3 \
3
~
< 0.15
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Data
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FIG. 8.

Left: Seebeck coefficient of Nd-LSCO p = 0.24 for both the a axis (blue) (a) and ¢ axis (red) (c). Right: corresponding

calculated Seebeck coefficients (b,d) for a momentum-dependent but energy-independent scattering rate 1/7q(k) = A + B|cos(2¢)|”
(see Appendix A for more details) inferred from the elastic scattering rate extracted from ADMR measurements [17] (dashed line) and a

momentum- and energy-dependent skewed scattering rate of the form 1/ 10(1_5) + 1/zgmpr (€, T) (full line).
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dimensionless coefficient @ = 1.2 0.4 extracted from
ADMR [17] obeys the so-called Planckian limit [30,31].
In addition to this SMFL inelastic scattering rate, we also
take into account, as above, the momentum-dependent

elastic scattering rate 1/ ro(l_c') obtained from the ADMR
experiment [17] for Nd-LSCO at p = 0.24. Hence, we use
in our calculations the total scattering rate:

1/2(e. k. T) = 1/70(k) + 1/zswm (€. T).  (4)

Note that the ADMR study yields the remarkable finding
that the inelastic scattering rate is isotropic, i.e., k inde-
pendent. Correspondingly, we assume the energy depend-
ence to also be isotropic; i.e., we take a, and a_ to be k
independent. In Figs. 8(b) and 8(d), we see that the
asymmetric scattering rate (plotted in Fig. 9 at
T =25 K) changes the calculated S(7) dramatically for
both directions and matches well the experimental data.
Crucially, the calculated S,(7) now has the correct sign.
Furthermore, S.(7) is reproduced well, including the
nontrivial plateau behavior between 15 and 60 K. The
same model and the exact same parameters lead to
calculated in-plane and out-of-plane resistivities that also
reproduces the data well in agreement with Ref. [17]. It is
important to note that the particle-hole asymmetry of the
scattering rate has a radical effect on the Seebeck coef-
ficient but no effect on the resistivity.

In Fig. 10, we reveal the importance of incorporating the
anisotropic elastic scattering rate 1/7((k), inferred from the
ADMR [17], in the calculations of the Seebeck coefficient.
We see that using an isotropic scattering rate does not affect
S, much; it greatly enhances the amplitude of S, and does
not exhibit the experimentally observed plateau which is
reproduced with an anisotropic scattering rate. It is not
surprising that S. is more affected by a large anisotropic
scattering rate, as most of the c-axis dispersion is located
closer to the antinodal region of the Fermi surface, the same
region whose contribution gets dramatically reduced by the
anisotropy of the scattering rate. It therefore appears now
that the plateau in S./T below 60 K (Fig. 2) results from a
competition between two effects that grow upon cooling:
First, the skewness increases upon cooling (see Fig. 9),
which increases S./T; second, the anisotropy of the
scattering rate along the Fermi surface grows, which
decreases S,./T.

We now provide insight into the temperature dependence
and sign of the Seebeck coefficient found from this
calculation. The SMFL expression (3) is a particular
example of a general class of skewed non-Fermi liquids
recently discussed by two of us in Ref. [32]. In that work, it
is shown that an inelastic scattering rate obeying an ¢/T
scaling with an intrinsic particle-hole asymmetry of the
scaling function remarkably leads to a modification of the
low-temperature value of the Seebeck coefficient, even in
the presence of elastic scattering. This is in strong contrast

15

1TsmrL(e, T) (ps~t)

0 L z L
-10 -5 0 5 10
E(meV)

FIG. 9. Energy dependence of the skewed marginal Fermi-
liquid scattering rate 1/zgup (6,7) at T =2, 25, and 50 K.
1/7gmEr is defined by Eq. (3) with parameters given in Table II.

to Fermi liquids, in which the dominant term in the inelastic
scattering rate is particle-hole-symmetric, and particle-
hole-asymmetric subdominant corrections affect the
Seebeck coefficient only at high temperature but not in
the low-T regime dominated by elastic scattering [32,33].
In the case of the SMFL, following a simplification that is
discussed in Appendix B and detailed in Ref. [32], in the
T — 0 limit we obtain

SMFL 1 S k%
~— | — + ¢, — ary. 5
T=0 Z(T)< ) € ° ®)

S

T

In this expression, the Mott value corresponds to expres-
sion (2), which ignores the energy dependence of the
scattering rate and whose sign is entirely determined by
band structure. Z(7) is a mass enhancement renormaliza-
tion to which we return below. Here, we want to put the
emphasis on the second term in Eq. (5), which involves a
coefficient ¢, determined by the particle-hole asymmetry
(skew) of the scattering rate (c,= [§°dxx/[4cosh(x/2)?]
[V 1+ (a hx/a)>—\/1+(a_hx/a)?|=1.1h(a,—a_)/ar
0.4 for the values of parameters reported in Appendix A),
the dimensionless coupling constant a measuring the
strength of the inelastic scattering, and the elastic scattering
time 7. This unconventional contribution to the Seebeck
coefficient implies that the particle-hole asymmetry of the
inelastic scattering rate can affect the magnitude and the
sign of the Seebeck coefficient even in the low-temperature
limit, where the magnitude of the inelastic scattering is
small in comparison with the elastic scattering. This effect
applies when the scattering rate is non-Fermi liquid and
explains the observed sign change in the calculation above.
We also note that, in contrast to the band (Mott) term, this
contribution does not depend on any details of the band
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FIG. 10. Left: Seebeck coefficient of Nd-LSCO p = 0.24 for
both the a axis (blue) (a) and c¢ axis (red) (c). Right: correspond-
ing calculated Seebeck coefficients (b,d) for a momentum-
independent but energy-dependent skewed scattering rate
1/79 + 1/7smpL (e, T), with B =0 in Eq. (A5) for the elastic
scattering rate (isotropic, dashed line) and a momentum- and
energy-dependent skewed scattering rate of the form 1/ TO(/?) +
1/7gmpr (€, T) (anisotropic, full line), the same as in Fig. 8.

structure and is, in particular, isotropic. This may provide a
hint into the observed isotropy of our experimental data at
low temperature.

We now discuss the renormalization Z(T). By Kramers-
Kronig, the ansatz for the scattering rate (imaginary part of
the self-energy) with a linear energy or temperature depend-
ence implies a logarithmic term in the low-energy slope of the
real part of self-energy, that is, a mass renormalization
1/Z(T) = m*/m « [1 4+ log(A/T)], where A is a cutoff.
Indeed, a logarithmic enhancement of the specific heat
coefficient is observed experimentally for Nd-LSCO at p =
0.24 [8]. We see that this renormalization, in turn, implies a
logarithmic behavior of S/T at low temperatures, as seen in
the first term in Eq. (5). It is important to notice, however, that
this renormalization multiplies the band (Mott) part of the
Seebeck coefficient. As a consequence, when the logarithmic
mass term is included in our modeling, its effect is to increase
S. (improving the agreement with the experiment) but also to
diminish S, (worsening the agreement somewhat for this
direction). A further understanding of the mass renormaliza-
tion effect is left for future work. Note that logarithmic terms
in the T dependence of the Seebeck coefficient are discussed
in Ref. [34] in relation to the proximity of a quantum
critical point.

Recently, Jin et al. [35] reported measurements of the in-
plane Seebeck coefficient for LSCO p = 0.33. At this
doping, S, displays also a positive sign down to the lowest
temperature, while it shows a T2 resistivity characteristic of a
Fermi liquid. Because particle-hole asymmetry in a Fermi
liquid cannot cause a change of sign in the low-temperature
regime [32], this could point to the influence of non-Fermi-

liquid corrections at the antinodes even in the overdoped
regime [36].

We conclude this section by contrasting our analysis
with previous calculations of the Seebeck coefficient of
other families of cuprate compounds for p > p*. In over-
doped Bi2201 and Bi2212, in which the in-plane Seebeck
coefficient is mostly negative, calculations by Kondo ez al.
[14] successfully reproduce the T dependence of S by using
the electronic structure measured by ARPES and assuming
that the scattering time depends on momentum in such a
way as to maintain a constant scattering length / = vz, that
is, 7(k,€) < 1/v(k.€) (the same assumption is made in
Ref. [37]). In this expression, k denotes a momentum on the
Fermi surface and e the energy of an excitation when
moving away from the Fermi surface. The asymmetry
between € > 0 (particles) and € < O (holes) in this model
originates from the nearby van Hove singularity for
momenta near the antinodes. Although this model is able
to capture the temperature dependence and sign of the data,
its validity is uncertain. Indeed, in this model, the scattering
rate is the largest at the nodes, where the velocity is
maximum. This is at odds with most of the literature on
cuprates [17,36,38,39].

Finally, it is interesting to note that, although quasi-1D
organic superconductors can have very different physics
from cuprates at the pseudogap critical point, calculations
on a microscopic model show that incorporating the energy
dependence of the scattering rate in those materials causes
the Seebeck coefficient to change sign when close to the
magnetic quantum critical point [40].

B. p < p*: Fermi surface transformation

In Nd-LSCO, reducing the doping below p* induces two
main anomalies in the Seebeck coefficient at low temper-
atures: a large enhancement of S, and a negative S... Both
are unambiguously connected with the onset of the pseu-
dogap phase: They occur upon crossing p* and at low
temperatures below the pseudogap temperature 7*. The
sudden sign change in the out-of-plane Seebeck coefficient
necessarily reflects a change in particle-hole asymmetry
upon entering the pseudogap phase, either through a
transformation of the electronic structure, and, therefore,
the Fermi surface, or the scattering rate. As discussed
previously [10], the enhancement in S, below p* reflects
the change in n from n~ 1 4 p above p* to n ~ p below
p* associated with the Fermi surface transformation at p*
[7]. The origin of the negative S, however, is not clear and
is the focus of the remaining discussion.

In Nd-LSCO, the Fermi surface undergoes two changes
at p*. First, the large Fermi surface goes from holelike to
electronlike when the van Hove singularity crosses the
Fermi level, which occurs at a doping p,y, that coincides
with p* [15]. As we show in Fig. 7, the bare band
calculations predict no sign change in S, across p,ys
and a change to a positive sign in S,, in contrast to our
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results. In Fig. 6, we plot S,/T and S./T at 300 K as a
function of the doping and see that both quantities decrease
smoothly from p = 0.20 to p = 0.24, with no anomaly.
Similarly, we observe that S,/T and S./T show the same
smooth increase upon cooling from 300 K down to about
100 K (Fig. 4), irrespective of doping. At those high
temperatures above 7*, only the vHs has an impact on the
band structure, and, since there is no clear difference in the
behaviors of S,/T and S./T, we conclude that the vHs
alone is not the main cause for the negative S./T. Second,
there is a transformation of the Fermi surface associated
with the drop in carrier density as deduced from the Hall
effect, resistivity [3], thermal conductivity [6], and in-plane
Seebeck [10] measurements. This Fermi surface trans-
formation was recently detected directly by ADMR mea-
surements [7], which found that the Fermi surface below p*
is likely made of four nodal hole pockets, consistent with a
transformation by a Q = (z,7z) wave vector. ARPES
measurements see Fermi arcs that are consistent with the
side of these pockets residing in the first Brillouin zone
[15]. A model is needed to explain how such a Fermi
surface transformation can account for a negative S..

The scattering rate, on the other hand, is not known to
undergo a significant change at p*. Resistivity measure-
ments on either side of p* [3] find that the normal-state
magnetoresistance (MR) is comparable at p = 0.22 and
p = 0.24. In the weak-field limit, the magnetoresistance
varies as MR « (w,7)?, where w, is the cyclotron fre-
quency and 7 is the scattering time, suggesting that 7 does
not change significantly across p*. Similarly, in ADMR
measurements on Nd-LSCO [7], the magnitude of the
oscillations seen on each side of p*, at p =0.21 and
p = 0.24, is similar, implying that the amplitude of 7 is
roughly the same. So there is no indication, a priori, that
the sign change in S, is correlated with a change in 7 at the
Fermi level. Finally, the fact that the change of S, through
p* roughly matches the ratio of the carrier densities further
indicates that any change in 7 is small.

A change in the Fermi surface, and specifically in the
asymmetry of the band near the Fermi level, is, therefore,
the likely cause of the negative S,.. It seems clear that
without the pseudogap, which appears at temperatures
below approximately 100 K over this doping range,
S,/T and S./T would keep evolving in tandem down to
low temperatures, likely to match in the 7 — 0 limit as they
do at p = 0.24. (This is actually shown to be the case by
application of pressure to move p* down below p = 0.22:
The low-T rise in S,/T at p =0.22 seen at ambient
pressure is gone under pressure [41].) Consequently, we
attribute the negative S, to a transformation of the band
structure and, therefore, of the Fermi surface caused by the
pseudogap phase. Based on ARPES [15] and recent ADMR
measurements [7], the Fermi surface below p* is truncated
at the antinodes. Now this antinodal region is where c-axis
dispersion is largest, thereby dominating, lending the bulk

of the c-axis transport. From there, it is not hard to imagine
that out-of-plane Seebeck would be most sensitive to a
transformation of the Fermi surface in the (z, 0) direction
caused by the pseudogap phase. Further work is needed to
model the sign change of S, below p*.

V. SUMMARY

In summary, we have measured the Seebeck coefficient
of the cuprate superconductor Nd-LSCO at dopings close
to the critical doping p* = 0.23 where the pseudogap phase
ends at 7 =0. In particular, we examine the c-axis
component S, for a heat current normal to the CuO,
planes, in the presence of a magnetic field sufficient to
suppress superconductivity and, thus, track the normal-
state behavior down to low temperature.

At p > p*, for p = 0.24, we find that S.(7T") and the in-
plane component S,(7') are both positive below 250 K and
become roughly equal below 10 K. This is in contrast to
what calculations based on the well-characterized band
structure predict, namely, that S, should be negative at all
temperatures. We show that a good quantitative description
of (and the correct sign for) both S.(T) and S,(T) is
obtained if we add a linear asymmetric energy dependence
to the scattering rate 1/7 previously extracted in Nd-LSCO
as a function of the angle and temperature via ADMR
measurements [17]. This suggests that 1/7 is Planckian not
only in its 7 dependence (1/7 ~ kzT/h), but also in its
energy dependence (1/7 « ¢), with an intrinsic particle-
hole asymmetry of the ¢/T scaling function—as expected
for a skewed Planckian metal [32].

At p < p*, we find that S.(T) undergoes a dramatic
change at low temperature, suddenly becoming negative as
soon as p falls below p*. This is a striking new exper-
imental signature of the pseudogap phase, which we
attribute to a transformation of the Fermi surface.
Further work is needed to identify what modification of
the Fermi surface is responsible for this sign change.
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APPENDIX A: SEEBECK CALCULATIONS

The Seebeck coefficient is given by the ratio of the
Peltier coefficient ;; to the electrical conductivity o;; (with
i = X, Z), Si = a,-i/O'ii, Where

o [l
o o]

with e the electron charge, f(e) the Fermi-Dirac distribu-
tion, and

(A1)

(A2)

o(e) = 262 / / /B ) (Z;’; 0 (F)2e(F, e)sle — E(R)], (A3)

-

where v;(k) is the component of the quasiparticle velocity
in the i direction, T(/_é, €) is the quasiparticle lifetime
depending on both momentum k and energy ¢, and E(k)
is the tight-binding band dispersion of Nd-LSCO [17,27].

In order to calculate Seebeck, we used the tight-binding
model E(k), measured by ADMR [17] and ARPES [27], to
describe the band dispersion:

E(k) = —2t[cos(k,a) + cos(kya)]
— 41 cos(k,a) cos(kya)
— 2¢"[cos(2k,a) + cos(2k,a)]

- 2t,m,mym [cos(k.a) — cos(kya)]?, (A4)

with @ = 3.75 A and ¢ = 13.2 A the lattice constants, ;=
cos(k;a/2) with i = x, y, and 7, = cos(k,c/2). The hop-
ping parameters are found in Table I (from extended data
Table I in Ref. [17]).

The angle-dependent elastic scattering rate is given by

1/79(k) = A + B| cos(2¢)". (A5)
This model is justified by the analysis of the ADMR data in
Ref. [17]. Other functions with more parameters are also
employed for comparison, and all end up with the same
form factor for the elastic scattering rate (see the Methods
section in Ref. [17] for more details).

TABLE I. Tight-binding parameters from the ADMR data of
Nd-LSCO p = 0.24 obtained from the angle-dependent mag-
netoresistance analysis in Ref. [17]. The hopping parameter
t = 160 meV is adjusted to meet the specific heat data on the
same sample; more details can be found in the Methods section in
Ref. [17].

t (meV) 4 t t, u p
160 —0.1364r 0.0682¢r 0.0651¢r —0.8414¢r 0.259
TABLEII.  Scattering rate parameters used in Egs. (4) and (A5)

to calculate the Seebeck coefficients in Fig. 8. The value of v is
derived from the angle-dependent magnetoresistance and is
explained in more detail in the Methods section in Ref. [17].

a_ (ps”'/meV) a, (ps™'/meV) @ A(ps) B(ps) v
0.4 1.1 1.2 997 71.1 12

APPENDIX B: COMPARISON BETWEEN KUBO
AND BOLTZMANN RESULTS

The use of a Boltzmann formalism in the relaxation time
approximation to describe non-Fermi-liquid regimes
deserves further discussion and justification, which is the
subject of this section. First, it is important to realize that
one can derive Boltzmann-like expressions as given by
Egs. (A1)-(A3) starting from the Kubo formula, without
assuming the scattering rate to be of the Fermi-liquid form
[32,42,43]. We neglect vertex corrections (we leave inves-
tigation of effects of those for future work) and assume for
simplicity a single electronic band, but otherwise keep the
discussion general. The Kubo expression for the transport
coefficients L, is

L, = (27) / dwa" (‘%)Z(”g%)zA%' (B1)
k

Note that, in contrast to the Boltzmann formalism, this
expression involves the bare (band structure) velocity
denoted by ”3;: and the full electronic spectral function.

The latter is given by

1

Az (w) = 1I
7(w) = —=—=Im
ep = Zp(w)

K T w —

(B2)

with & the band energy (shifted by the chemical potential)

and X;(w) the self-energy of an electron with momentum k
and excitation energy w. This expression simplifies to the
Boltzmann-like formalism when A/—(»(a))2 can be approxi-
mated as Z%8(w — w;)7;/ 7, in which @y is the quasiparticle
energy at which the spectral function is peaked, given by
the solution of @ —¢&; —ReX;(w) = 0. Z is the spectral
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weight carried by this peak, and 1/7; = —2ZImX;(wy) is
the inverse quasiparticle transport lifetime. Introducing the
renormalized quasiparticle velocity v% = ngié’ one finally

obtains the Boltzmann form:

B ek df
=2 [ (=)

In a Fermi liquid, quasiparticle excitations dispersing as w;

(’U%)ZTI:.

(B3)

have a very long lifetime 7; ~ 1/ T? at low T and a finite Z;
hence, the quasiparticle peak is very narrow, and the above
replacement leading to the Boltzmann approximation is
justified. However, Landau Fermi-liquid behavior is not a
necessary condition, and the Boltzmann approximation can
apply even under milder conditions. In Ref. [43], it is
shown, for example, that a sufficient condition is that the
peak in the spectral function is narrower than 7. We also
note that in a non-Fermi liquid Z remains nonzero at finite
T, even when it vanishes asymptotically as 7 — 0. An
alternative derivation is given in Refs. [32,42], which
assume, however, a momentum-independent scattering
rate. However, the justification given in these articles does
not apply in the present case, since we include impurity
scattering which dominates at low 7' (hence, the spectral
function peak is not narrower than 7') and, furthermore, this
scattering is momentum dependent. Hence, we must
proceed differently to justify the Boltzmann approximation.

1. Derivation of Boltzmann transport from Kubo
formula for momentum-dependent scattering

We assume the transport to be metallic, i.e., dominated
by contributions close to the Fermi surface (this means that
transport is associated with electrons within a sufficiently
thin shell in momentum space but does not imply Fermi-
liquid properties of the corresponding states). We reformu-
late the momentum integral in Eq. (B1) by introducing
equienergy €; + ReX; = const = w surfaces in momentum
space. We introduce a new set of coordinates Sy, k | , where
k, denotes the distance from the equienergy surface at @
and S; denotes the position on that surface.

That is, we write

w4t
L, =2ﬂ/d5k/dww <—%> /dk( Uk, 5,)7A%, 5,

(B4)

where J = J(k, S;) is the Jacobian. At each position at the
Fermi surface S; and for each w, the spectral functions peak
at a perpendicular momentum k, = k,, given by solution
of the equation w — & 5, —ReX; g (w) = 0. Linearizing
in k, around k,, introducing the corresponding “Fermi
velocity”

v =[0(ex, 5, + Zu,5,)/ Ok ly i - (B5)
and approximating the values of the band velocities and the
Jacobian in the integral over k| in Eq. (B4) by the value at
k, the integrand, there becomes the square of Lorentzian

function. Extending the integral over k, to (—o0, o) and

using [ dx/(1+ x*)> = z/2, one gets

L, 2/dS /dcoa) W) J.  (B6)
B g H(-2Im%; 5)"

One can, by reintroducing a momentum variable k&
set by relation @ = w(k;) and using dw = vdk; +
[OReX(w)/0w]dw and Z =1— 0ReX/0w, rewrite this
expression to

B &k df
t=2 [ Gaor(=ia)

which is the Boltzmann form Eq. (B3). Notice that
quasiparticle velocities and lifetimes appear in this
expression.

Approximating J, (v Sk)z, and ImZ; g by the value at k,,
and taking them out of the k, integral in Eq. (B4) is valid
when these quantities vary slowly in &, a condition that can
be specified in terms of

i dlog¢
dk |

(Uf—f)zfly

) (-ImX) < 1 (B7)

for quantities § = J, Uzl,Sk’ —ImX, S and that needs to
hold for all ;. Crucial for the discussion that follows is the
appearance of the Fermi velocity v, s ~ vp. When this is
small (such as close to van Hove singularities), this
condition becomes more difficult to satisfy. Likewise, close
to the boundaries of the Brillouin zone, also extending the
boundaries of momentum integral becomes problematic.

2. Numerical verification

For a more complete confirmation of the validity of the
Boltzmann approach in the present case, hence, we inves-
tigated the issue numerically. In order to set up a Kubo
calculation, we construct a self-energy with the imaginary
part given by (half of) the scattering rate extracted from
ADMR experiments and used in the Boltzmann calcula-
tions. Because the renormalizations are already included in
the extracted tight-binding parameters, we neglect the real
part of self-energy. The results are shown in Fig. 11. One
sees that the Boltzmann description captures the results
obtained using the Kubo formula quite well. In particular,
for the in-plane response, the calculated Seebeck coeffi-
cient lies on top of the Boltzmann description. For the out-
of-plane, the deviations are larger but remain <20%, which
shows that there is no qualitative breakdown of the
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FIG. 11. Comparison between the Kubo and Boltzmann eval-

uations of the Seebeck coefficient: (a) in-plane S,; (b) out-of-
plane S..

Boltzmann description even though the energy and temper-
ature dependence of the considered scattering are non-
Fermi liquid and strongly angular dependent. This is a
direct demonstration of the validity of the Boltzmann-like
description used in the main text.

Why are the deviations in the in-plane case smaller? To
understand this, it is worth recalling that the band velocities
in the x direction are very small at the antinodes, whereas
they are largest there in the z direction. This is shown also
on the contour map in Figs. 12(a) and 12(b) that depicts
(U%)Z for the in-plane (¢ = x) and out-of-plane (a = z)
cases, respectively.

That is, in the in-plane case, the band transport function
suppresses the contribution from the antinodes. There, the
Fermi velocities are smaller and the condition in Eq. (B7) is
satisfied to a lesser degree.

One can rationalize this also from another point of view,
because the transport function retains in the in-plane case
just momenta at the nodes means that one can treat the
scattering as momentum independent, with the magnitude
given by the value at the nodes. Hence, for the in-plane
case, one can apply the derivation of the Boltzmann
transport for the case without momentum dependence
[32], whereas this cannot be done for the out-of-plane
case. One can illustrate this qualitative distinction also by
inspecting (v% )271; that is shown in Figs. 12(c) and 12(d) for
the in-plane (out-of-plane) case, respectively. For the in-
plane case, Fig. 12(c) resembles Fig. 12(a), which tells that
momentum dependence of scattering is not important. For
the out-of-plane response, this is not the case: The

(b)
4 @

(d)

FIG. 12. Color maps of (a) v2, (b) v2, (c) 27, and v?7 in the
Brillouin zone. The Fermi surfaces at k, = 0, 7 are also shown.
The lifetime 7 is evaluated at T — 0; the data for (a),(c) and (b),
(d) are evaluated for k, = 0 and z/2, respectively.

velocities are largest where the scattering is also large
and the interplay between the two must be taken into
account.
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