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Effect of pressure on the pseudogap and charge density wave phases
of the cuprate Nd-LSCO probed by thermopower measurements
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We report thermopower measurements under hydrostatic pressure on the cuprate superconductor
La; 6—xNdg4Sr,CuO4 (Nd-LSCO), at low temperature in the normal state accessed by suppressing superconduc-
tivity with a magnetic field up to H = 31 T. Using an ac thermopower measurement technique suitable for high
pressure and high field, we track the pressure evolution of the Seebeck coefficient S. At ambient pressure and
low temperature, S/7 in Nd-LSCO was recently found to suddenly increase below the pseudogap critical doping
p* = 0.23, consistent with a drop in carrier density n from n = 1 4+ p above p* to n = p below. Under a pressure
of 2.0 GPa, we observe that the large S/T value just below p* is suppressed. This confirms a previous pressure

study based on electrical resistivity and Hall effect, which found that pressure lowers p*, thereby reinforcing
the interpretation that this effect is driven by the pressure-induced shift of the van Hove point. It implies that
the pseudogap only exists when the Fermi surface is hole-like, which puts strong constraints on theories of the
pseudogap phase. We also report thermopower measurements on Nd-LSCO and La; g_,Eu,Sr,CuQy in the
charge density wave phase near p ~ 1/8, which reveals a weakening of this phase under pressure.
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I. INTRODUCTION

The pseudogap phase of cuprates is arguably one of
their chief mysteries [1]. Understanding the pseudogap phase
of cuprates has been hindered in part by the fact that
it does not exhibit a clear and well-defined symmetry-
breaking phase transition at its characteristic temperature
T*. However, upon crossing the pseudogap end point at
doping p* (where T* vanishes) at low temperatures, recent
measurements have revealed a clear and abrupt change in
carrier density n, going from n =14 p above p* to n =
p below p* [2]. These are based on high-field and low-
temperature measurements of the Hall effect on YBa;CuzO,
(YBCO) [3] and La; ¢_4Nd4Sr,CuO4 (Nd-LSCO) [4], re-
sistivity on La,_,Sr,CuO4 (LSCO) [5] and Nd-LSCO [4],
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and thermal conductivity on Nd-LSCO [6]. Recently, the
single-layer cuprates BiySr,_,La,CuQOg.s (Bi2201) [7,8] and
Tl,Ba;CuOg,s (T12201) [8] were also shown to display such
a drop in carrier density at p* via Hall effect measurements,
lending a sense of universality to these transport signatures of
the pseudogap. Thermodynamic measurements have revealed
a logarithmic divergence of the electronic specific heat at p*
[9], both as a function of doping and temperature, a classic sig-
nature of a quantum phase transition. Above p*, the resistivity
of Nd-LSCO [10] and LSCO [11] exhibits a purely linear
temperature dependence at low 7' with a slope that reaches the
Planckian limit [12], another signature of quantum criticality.

In the LSCO-based family of cuprates, an intriguing ques-
tion is why do LSCO and Nd-LSCO have such a different p*,
namely p* = 0.18-0.19 for LSCO [5,11,13], and p* = 0.23
for Nd-LSCO [4]. This issue was examined via electrical
resistivity and Hall effect measurements under hydrostatic
pressure on Nd-LSCO [14], which found, using the drop in
carrier density as a clear marker of p*, that p* moves down
with pressure P at a rate of dp*/dP ~ —0.01 holes/GPa.
This effect was shown to be driven by the pressure displace-
ment of the van Hove point [14], where the Fermi surface
changes from hole-like to electron-like, demonstrating that
the pseudogap phase can only exist on a hole-like Fermi
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surface. In other words, the doping at which this Fermi sur-
face change occurs, pgs, constrains the pseudogap phase,
such that p* < pgs. In Nd-LSCO, pgs = 0.22 £ 0.01 [15] and
p*=0.23+£0.01 [4]; in LSCO, pgs = 0.19 +£0.02 [16,17]
and p* = 0.18—0.19 [5,11,13]; in Bi2201, prs = 0.41 £+ 0.02
[18] and p* = 0.40 £ 0.01 [7,19]. This explains why p* has
a different value in these different cuprates. The fact that
p* < prs places a strong constraint on candidate theories of
the pseudogap phase, and it was found to be consistent with
numerical solutions of the Hubbard model [20,21].

Recently, the thermopower was used as a probe of the
carrier density across p* in Nd-LSCO [22]. Unlike the Hall
coefficient, S does not depend sensitively on the curvature or
shape of the Fermi surface. Unlike the conductivity (electrical
or thermal), it does not depend sensitively on the level of
impurity scattering. Within a simple model, in the 7 = 0 limit
and for a single band, the Seebeck coefficient of thermopower
depends on two parameters only, the coefficient of electronic
specific heat y = C,;/T and the carrier density n [23,24] (e is
the electron charge):

~=X M

Fundamentally, S/T is the specific heat per carrier. While
seemingly oversimplistic, this expression was shown [23]
to hold even in the presence of multiple bands and strong
electronic correlations, as evidenced for a great variety of ma-
terials that includes common metals, oxides, heavy fermions,
cuprates, and organic superconductors. In YBCO at p = 0.11
for instance, there is excellent quantitative agreement between
the normal-state S/T measured in the 7 — 0 limit [25,26] and
the estimate from Eq. (1) using the carrier density n and the
effective mass m* obtained from quantum oscillations [27].
In the present paper, we report our pressure study of
the thermopower of Nd-LSCO and La;g_ Eug,Sr,CuO4
(Eu-LSCO), single-layer, tetragonal cuprate superconductors
with a low critical temperature 7; and field H,,, making them
ideal candidates to study the field-induced normal-state See-
beck coefficient down to low temperatures. The phase diagram
of Nd-LSCO is shown in Fig. 1(a), where the pseudogap
temperature 7* extracted from resistivity measurements [4]
is displayed and seen to be in agreement with angle-resolved
photoemission spectroscopy (ARPES) measurements [15],
showing that the transport signatures of the pseudogap in
Nd-LSCO match those seen in spectroscopy [28]. In Nd-
LSCO, recent thermopower measurements of the normal state
found a sudden increase of S/T below the pseudogap critical
doping p* = 0.23 [22]. This unambiguously confirms that the
drop in n, from n = 1 + p above p* to n = p below p*, first
inferred from Hall effect, electrical resistivity, and thermal
conductivity measurements is a genuine change in carrier
density. At lower doping, in the vicinity of p ~ 1/8, charge
density wave (CDW) order was previously shown to induce
a negative S/T at low temperature in YBCO [25], Eu-LSCO
[25], HgBa,CuO445 (Hg1201) [29], and Nd-LSCO [22]. The
aim of the present study is to use the clear signatures of the
pseudogap and CDW phases in thermopower to study their
evolution with pressure. To that effect, we recently developed
an ac method which allows us to perform thermopower mea-
surements under hydrostatic pressure and high magnetic field.
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FIG. 1. (a) Temperature-doping phase diagram of Nd-LSCO
showing the pseudogap temperature 7* extracted from resistivity
(red dots [4,22,28]) and ARPES measurements (red square, from
Ref. [15]), the CDW ordering temperature 7cpw as seen in X-ray
diffraction measurements (green squares [30-32]), the temperature
Tax of the maximum in S/7 vs T (blue dots [22]), and a schematic of
the zero-field superconducting transition temperature 7; (black line).
Corresponding values for T, [25] and Tepw[33] in Eu-LSCO are
shown as open symbols. The red and green full lines are guides
to the eye. The red dashed line marks the end of the pseudogap
phase, at the critical doping p* = 0.23 £ 0.01 [4]. The green dashed
line is a linear extension of the full green line, extrapolating to p =
pepw 22 0.19 at T = 0. (b) Illustration of our experimental setup,
showing the piston-cylinder pressure cell and a zoom on the top view
of our thermopower mount at the tip of the electrical feedthrough.
The mount shows the sample (s; red to blue gradient), differential
and absolute type E thermocouples (e,d; red), phosphor-bronze wires
for V, pick-up (a; grey), strain gauge sample heater (f; yellow), and
copper heat sink (c; brown). The entire setup is mounted on a small
2 mm x 2 mm GI10 plate at the tip of our electrical feedthrough.
Thermocouples are electrically insulated from the sample.

Our main finding is a clear suppression by pressure of
the pseudogap signature in the thermopower of Nd-LSCO
at p = 0.22, just inside the pseudogap phase, while outside
the pseudogap phase, at p = 0.24, the thermopower shows
a marginal change with pressure. This provides a clear and
robust confirmation of the down shift of p* with pressure
first deduced from electrical transport measurements [14].
In Nd-LSCO and Eu-LSCO in the CDW phase, at p ~ 1/8,
we observe a suppression of both the negative amplitude of
S/T and its sign-change temperature with pressure, which
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we interpret as a weakening of CDW order with pressure,
as also seen in YBCO via transport [34], x-ray [35], and
nuclear magnetic resonance (NMR) [36] measurements. We
discuss the implications of our findings for the overall phase
diagram of cuprates. Our results highlight the probing power
of thermopower measurements under pressure.

II. METHODS

We measured the Seebeck coefficient using a low ac tech-
nique derived from the Angstrém method [37,38] and adapted
specifically for experiments in the pressure transmitting fluid
encapsulated in a piston-cylinder pressure cell. Our experi-
mental setup is displayed in Fig. 1(b). A thermal excitation
was applied by sending an electrical current through a 120 2
strain gauge heater located on one side of the pressure cham-
ber. The resulting longitudinal thermal gradient AT, across
the sample was measured using a type E differential thermo-
couple directly anchored to the sample. An absolute type E
thermocouple measures the temperature on the cold side of
the differential thermocouple, 7, allowing a determination
of the average temperature of the sample T, = T~ + AT,/2.
In all our measurements, 7,, was found to be very close to
To, the temperature of our Cernox sensor located just outside
the pressure cell, meaning that the heat current generated a
small AT, without much elevation of the temperature inside
the pressure cell. Note that type-E thermocouples have a weak
field dependence in the field and temperature range of our
measurements. The Seebeck voltage AV, was measured with
phosphor-bronze wires using the same contacts as A7, which
eliminates uncertainties associated with the geometric factor.
The Seebeck coefficient is then given by S = — AV, /AT,. For
the heat current, we use a low ac square-wave electrical cur-
rent oscillating between zero and twice the wave amplitude,
at a typical frequency of 400 mHz. The thermocouples and
Seebeck voltages are amplified using preamplifiers based on
EM Electronics A10 chips and picked up using SR830 lock-in
amplifiers at the thermal excitation frequency. Our ac method
provides two major advantages over the usual steady-state
dc technique: (1) a major boost in measuring speed, which
allows recording S(7) continuously from 2 to 300 K within a
few hours and, (2) a greater stability against noise and pertur-
bations that typically plague dc measurements. We carefully
benchmarked our approach against the dc method and found
no significant difference.

Pressure was applied on our samples using a miniature
nonmagnetic piston-cylinder cell. The pressure medium is
Daphne oil 7474, which remains liquid at all pressures mea-
sured here at 300 K, ensuring a high degree of hydrostaticity.
The internal pressure is measured both at room temperature
and at 4.2 K, using either the fluorescence of a small ruby chip
or a Sn manometer. The values quoted throughout are the low
temperature pressures. The error bar on all the pressure values
is £0.05 GPa, which comes from the uncertainty in measuring
the position of the fluorescence peaks. For each measurement,
the cell was cooled slowly (<1 K/min) to ensure a homoge-
neous freezing of the pressure medium.

Large single crystals of Nd-LSCO were grown at Texas
Materials Institute by a traveling float-zone technique in an
image furnace, with nominal Sr concentrations x = 0.12,

0.22, and 0.24. Two of these samples (0.22 and 0.24) were pre-
viously measured by electrical resistivity and Hall effect [4],
and all three were studied by thermal conductivity [9] (sample
details can be found in these references). Our crystal of Eu-
LSCO with x = 0.125 was grown in Tokyo. Thermopower
measurements on a closely related sample were previously
reported in Ref. [25], further sample details can be found
there. The hole concentration p of each sample is given by
p=Xx.

Samples were cut into small rectangular platelets of typical
dimensions 1 mm x 0.5 mm x 0.2 mm, with the shortest
dimension along the ¢ axis. Contacts were made with H20E
silver epoxy diffused by annealing at high temperature in
flowing oxygen. Thermopower measurements under pressure
in magnetic fields up to 18 T were performed at Sherbrooke,
and up to 31 T at the NHMFL in Tallahassee. We measured
the thermopower in the ab-plane, along the longest sample
dimension. The magnetic field was applied along the ¢ axis
and the Seebeck voltage signal was symmetrized with respect
to field inversion in order to remove contaminations from the
Nernst effect.

III. RESULTS AND DISCUSSION

A. Pseudogap phase at ambient pressure

In Fig. 2, we show isotherms of S/T as a function of
magnetic field H up to 31 T for Nd-LSCO at p = 0.22 and
0.24 at 0.1 and 2.0 GPa. With increasing field, S/7T is null in
the superconducting state at low field, then rises quickly upon
crossing the vortex solid melting field Hys, and finally reaches
the normal-state value above the upper critical field H,,. At
both dopings, we observe a rise of the normal-state S/T
with decreasing temperature. These findings are in agreement
with our previous report of the zero-pressure thermopower
in Nd-LSCO [22]. In particular, as shown in Fig. 3(a), our
data inside a pressure cell at the lowest pressure of 0.1 GPa
are in excellent quantitative agreement with ambient pressure
data on the same sample, free-standing and measured using
a standard steady-state dc method [22], which demonstrates
the reliability of our pressure setup. This holds for both p =
0.22 and 0.24. As in Ref. [22], these curves for S/T versus
T as H — 0 are constructed from the isotherms shown in
Fig. 2, using the linear fits to the normal-state data above H,,,
back-extrapolated to H = 0 in order to capture the intrinsic
normal-state S/T free from the sample-dependent negative
field dependence.

At P =0.1GPa [Figs. 2(a) and 2(b)], the curves of
S/T(H — 0) yield, at 5 K, S/T =0.45 and 2.1 ©V/K? at
p = 0.24 and 0.22, respectively, roughly a 5-fold increase. As
a function of doping, this increase in S/T (H — 0) suddenly
occurs at p*, as shown in Fig. 4(a) and reported in Ref. [22],
and constitutes a clear thermopower signature of the pseudo-
gap phase. It confirms and reinforces the pseudogap signatures
in the electrical resistivity p and Hall coefficient Ry [4], as
shown in the top panels of Fig. 3 where the parallel low-
temperature upturns are seen in S/7', p, and Ry in Nd-LSCO
p=0.22. As a result, in the 7 — 0 limit the normal-state
values of p and S/T display a comparable increase between
p =0.24 and 0.22, by a factor of about 5 (Fig. 4). Since,
in a simple model, S/T o m*/n, p & m*/tn, and Ry o 1/n,
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FIG. 2. Isotherms of the Seebeck coefficient expressed as S/T versus magnetic field H in Nd-LSCO at p = 0.22 [(a), (c¢)] and p = 0.24
[(b), (d)], at temperatures and pressures as indicated. At near ambient pressure (0.1 GPa) [(a),(b)], S/T changes by a factor of about 5 when
going from p = 0.22 < p* to p = 0.24 > p*, indicative of the sudden drop in carrier density at the onset of the pseudogap phase [22]. Under
2.0 GPa, S/T at p = 0.22 is heavily suppressed, signaling a lowering of p* with pressure. Dashed lines are linear fits to the isotherms at high
field, whose back-extrapolation to H = 0 yields the values of S/T at H — 0 (see text).

where 1/t is the scattering rate, this strongly suggests that it
is a drop in carrier density that causes the jump in the three
quantities across p*. Note that the 50% decrease in the elec-
tronic specific heat between p = 0.24 and 0.22 [9] reinforces
our conclusion that the carrier density must decrease by a
large factor when p is reduced below p*. As for YBCO [3]
and Bi2201 [7], these transport signatures in Nd-LSCO are all
indicative of a drop in carrier density at p*, with n going from
n =1+ p above p* ton = p below.

Let us stress two key aspects here. First, in Nd-LSCO the
van Hove singularity in the specific heat, which coincides
with p*, is cut off because of substantial c-axis dispersion and
disorder. This was shown through calculations of the effect
of the van Hove singularity on the specific heat in Nd-LSCO
[9] and confirmed through ARPES measurements [39]. As a
result, the pseudogap phase is the chief driving force for the
change in carrier density at p*. Second, magnetoresistance [4]
and angle-resolved magnetoresistance [40] have shown that
the scattering rate does not change substantially across p*,
which reinforces the conclusion that the change at p* is in the
carrier density.

Going just outside the pseudogap phase, at p = 0.24, Nd-
LSCO instead displays signatures of quantum criticality, as
first noted by the linear-T resistivity which extends down to

the lowest measured temperature [10] [Fig. 3(b)] and whose
slope was recently shown to obey the Planckian limit [12],
seen in several other quantum critical metals [41]. Recent
specific-heat measurements on Nd-LSCO revealed C,;/T
log(1/T) at p = 0.24 [9], another signature of quantum crit-
icality [42]. A logarithmic divergence is also seen in the
Seebeck coefficient, with S/T « log(1/T) at p=0.24 in
both Nd-LSCO [43] and Eu-LSCO [25].

B. Pseudogap phase at 2.0 GPa

Our main result is displayed in Fig. 3(d): The low-
temperature upturn in S/7 at p = 0.22 is fully suppressed
under a pressure of 2.0 GPa, with S/T now increasing only
very slowly with decreasing temperature. Quantitatively, S/T
at p=0.22 at 5 K and 31 T goes from 1.8 ©V/K? in 0.1 GPa
to 0.7 #V/K? in 2.0 GPa. As a result of this suppression,
S/T at p=0.22 and 2.0 GPa displays essentially the same
temperature evolution as that for p = 0.24 at 0.1 GPa, except
for a rigid shift. Note that we show continuous 7' sweeps of
S/T in H = 31T taken using our ac method, something not
possible with a standard dc technique.

This pressure suppression of S/T at p = 0.22 mirrors the
suppression first observed in p and Ry [14] and displayed for
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FIG. 3. Pressure effects on the transport properties of Nd-LSCO near p*. Top panels (ambient pressure): (a) Seebeck coefficient S/T,
(b) electrical resistivity p, and (c) Hall coefficient Ry in Nd-LSCO at p = 0.22 (blue) and 0.24 (red), in the field-induced normal state. Data for
S/T are from the present study (0.1 GPa; open circles) and from Ref. [22] (ambient; dots), in the H — 0 limit obtained via back-extrapolations
as shown in Fig. 2. Data for p and Ry are reproduced from Ref. [4], and are respectively in zero-field (grey) and H = 16T at high temperature,
and H = 33T at low temperature. In panel (b), we label the value of p at p = 0.22 and H = 33T, extrapolated to T — 0, as p(0), and the
value obtained from a linear extrapolation of the high temperature 7-linear regime as py. Bottom panels (2.0 GPa): data on Nd-LSCO at
p = 0.22 in 2.0 GPa, showing a clear suppression of the low-temperature upturns in S/7 (d), p (e), and Ry (f). In panel (d) we also show S/T
for Nd-LSCO p = 0.24 in 0.1 and 2.0 GPa. Data for S/T are from the present study in H = 31 T. Data for p and Ry are reproduced from

Ref. [14], in fields as indicated.

the same doping in Figs. 3(e) and 3(f): in 2.0 GPa, p goes from
showing a huge low-temperature upturn at ambient pressure
to displaying a pure linear-7 behavior, and Ry looses its
upturn and becomes flat. Having now the Seebeck coefficient
showing the same suppression with pressure demonstrates that
the effect is not a peculiarity of p or Ry, but is the reflection
of a genuine suppression of the drop in carrier density ac-
companying the pseudogap phase, with all three coefficients
at p = 0.22 and 2.0 GPa displaying the same behavior as at
p = 0.24, where there is no pseudogap. In contrast, we note
that 2.0 GPa has a marginal effect on our p = 0.24 sample,
slightly flattening S/T at low temperature [Fig. 3(d)]. Another
effect of pressure is a strengthening of superconductivity at
p = 0.22, as indicated by the rise of 7, and H,, (Fig. 2).

We observe that pressure impacts only the low-temperature
behavior, with the curves of S/T, p, and Ry in 2.0 GPa all
merging with the ambient pressure (or 0.1 GPa) curves at
some temperature above 40 K or so [Figs. 3(d)-3(f)]. Pressure
also does not change the actual doping in Nd-LSCO, which
is determined by the Sr content. In Fig. 4(a), we show our
data for §/T at 5 K and H — 0 at 2.0 GPa and observe that
the point at p = 0.22 naturally extrapolates the line of S/T
vs p above p*, showing that p* itself has moved to lower
dopings in 2.0 GPa. Based on our resistivity data under pres-

sure [14], shown in Fig. 4(b), we see that p*, as signaled
by the sudden jump in p(0)/py, has in fact moved from
0.23 to 0.21 in 2.0 GPa. This implies a rate of suppression
of dp*/dP ~ —0.01 holes/GPa, consistent with our Seebeck
data at p = 0.22. We expect that S/T at p = 0.21 should also
display a near full suppression under 2.0 GPa. As discussed
in Ref. [14], we stress that pressure has no effect on the
pseudogap temperature T* itself, so the suppression of p* is
not accompanied by an overall collapse of T™*.

Consistent with the fact that p* moves down with pres-
sure, we observe that S/T at p = 0.22 and 0.24, which are
both outside the pseudogap phase in 2.0 GPa, exhibit the
same slow growth with decreasing temperature but with a
roughly 2-fold difference in size [Fig. 3(d)]. This is the
same factor by which the inelastic part of the resistivity,
which is perfectly T-linear, changes between p = 0.22 and
0.24 [Figs. 3(b) and 3(e)]. Given that S/T oxm*/n, p x
m*/tn, and that n varies little over this doping range (for
p > p*), we infer that the factor of 2 must come from an
increase of m* upon approaching p* from above, as argued in
Ref. [12]. Such an increase of m* is consistent with specific-
heat data on Nd-LSCO [9] that show an increase of C,;/T
as p is lowered towards p* from above. So, with p* pushed
to below p =0.22 in 2.0 GPa, quantitative values of S/T
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pressure (open circles) are reproduced from [22]. Data at P =
0.1 GPa (blue dots) and 2.0 GPa (red dots) are from the present study.
The vertical blue dashed line indicates p* at ambient pressure, which
coincides with the onset of the rise of S/T caused by the drop in
carrier density [4,22]. Upon application of 2.0 GPa this rise in S/T
is fully suppressed at p = 0.22, and S/T now follows the doping
evolution extrapolated from outside the pseudogap phase (red line).
(b) Ratio p(0)/po [see Fig. 3(b)] as a function of doping, at ambient
pressure (open circles [4]) and 2.0 GPa (red dots [14]), which puts p*
in 2.0 GPa p* 2~ 0.21 [14], as shown by the vertical red dashed line.
The present data for S/7T are consistent with such a pressure-induced
suppression of p*.

and p are consistent with the doping evolution expected
at p > p*.

The fact that the shift of p* under pressure is now seen in
thermopower confirms and reinforces the conclusion laid out
in Ref. [14], namely that the shift of pgs with pressure is driv-
ing a corresponding shift in p*, such that p* < pgs continues
to be obeyed. Above pgs, the Fermi surface is electron-like
and the Hall coefficient Ry is seen to linearly decrease with
doping [44,45], reaching negative values well above pgs. Con-
sequently, a relative change of Ry with pressure at constant
doping indicates that pgs itself is decreasing with pressure, as
observed [14] and expected from band-structure calculations
[14]. The shift of prs and p* in 2.0 GPa were found to match,
both moving by about 0.02 holes per planar Cu atoms [14].
That p* < prs must be obeyed explains why LSCO, Nd/Eu-
LSCO, and Bi2201 all have different p* values, and shows
that the pseudogap can only exist on a hole-like Fermi surface,
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FIG. 5. Seebeck coefficient S/T vs T in the CDW phase, in
(a) Nd-LSCO at p =0.12 and (b) Eu-LSCO at p = 0.125, in the
field-induced normal state at H = 18 T and at pressures as indicated.
In Nd-LSCO p = 0.12, x-ray diffraction measurements [30,31] de-
tect the onset of CDW order at Tcpw = 70 K, which coincides with
the maximum in S/7 at T, =~ 70 K. The step in the data is caused
by the LTO-LTT structural transition at Tyt ~ 70 K. In Eu-LSCO
p = 0.125, the CDW order occurs at Tcpw =~ 80 K [33] while the
structural transition is at T;rp >~ 130 K [46].

which imposes a stringent constraint on theories of the pseu-
dogap phase. This was also found in numerical calculations of
the Hubbard model [20,21].

C. Pressure effect on charge density wave phase

We now turn to dopings well below p* and at the center
of the CDW phase, namely p = 0.12 in Nd-LSCO and p =
0.125 in Eu-LSCO. As displayed in Fig. 1(a), x-ray diffrac-
tion measurements [30,31] detect the onset of CDW order
in Nd-LSCO p = 0.12 at a temperature Tcpw = 70 K. Our
data for S/T vs T for this sample show a clear departure
from the data at p = 0.22, with S§/T at near ambient pressure
(0.3 GPa) going through a broad maximum at 7,,,x >~ 70 K be-
fore falling to negative values at low temperatures [Fig. 5(a)].
Eu-LSCO at p = 0.125 exhibits a similar behavior for S/T
[Fig. 5(b)], while x-ray measurements find a comparable Tcpw
close to 80 K [33]. A negative S/T is typical of cuprates near
p =~ 1/8, as observed in LSCO [47], LBCO [48], Nd-LSCO
[49,50], Eu-LSCO [50,51], YBCO [25,51], and Hg1201 [29].
These studies showed that a negative Seebeck coefficient is
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a consequence of the Fermi surface reconstruction caused
by the CDW order. In both Nd-LSCO and Eu-LSCO, this is
supported by the fact that 7j,,,, coincides with Tepw [Fig. 1(a)]
[22]. This recently allowed us to establish the doping range
of the CDW phase in Nd-LSCO, present up to about p =
pepw == 0.19 [22], in agreement with a recent x-ray study of
Nd-LSCO [32] [see Fig. 1(a)]. Note that in Nd-LSCO p =
0.12, the structural transition from the low-temperature or-
thorombic (LTO) to low-temperature tetragonal (LTT) phase
also coincides with Tepw and Thax, causing the sharp step in
our S/T data [Fig. 5(a)]. In Eu-LSCO, the LTO-LTT transi-
tion occurs at a much higher temperature, with Tyrr >~ 130K
[46] at p = 0.125, and yet it displays the same S/T curve as
Nd-LSCO, showing that it is the CDW, and not the LTO-LTT
transition, which is causing the negative S/T [25].

In both Nd-LSCO and Eu-LSCO, we observe two clear
effects under increasing pressure: (1) at low temperatures,
the amplitude of the negative S/T is suppressed and (2) the
temperature T, shifts down. In Eu-LSCO, the suppression of
S/T is significant, going at 10 K from about —0.8 .V /K? at
0.3 GPato —0.35 #V/K? at 2.0 GPa, a 50% change. T;,,x goes
from about 80 K at 0.3 GPa to 70 K at 2.0 GPa. As a result, the
sign-change temperature is also clearly suppressed by pres-
sure, moving from 47 K at 0.3 GPa to 32 K at 2.0 GPa. Similar
effects are seen on Nd-LSCO, albeit smaller in amplitude.
Given that the negative S/T is a clear marker of the CDW
phase, its suppression is clear indication that the CDW phase
is weakened by pressure. Note that the high-temperature S/T
above Ty« is only weakly affected by the pressure, showing
that pressure principally impacts the CDW phase.

Note also that superconductivity (SC) is boosted with pres-
sure, as evidenced by the increase in 7, we observe in both
Nd-LSCO and Eu-LSCO (at p ~0.12, T; rises from 7 K
at 0.3 GPa to 15 K at 2.2 GPa), suggesting a competition
between SC and CDW. This pressure tuning of the competi-
tion between SC and CDW was previously inferred in YBCO
based on resistivity and Hall effect measurements under hy-
drostatic pressure [34]. In YBCO, the suppression of CDW
modulations with pressure was directly observed by x-ray
diffraction [35] and NMR [36] measurements. Interestingly,
in the case of Nd-LSCO p = 0.12 we observe a clear upward
shift of Tyrr with pressure, in agreement with a previous x-ray
study at the same doping [52].

IV. SUMMARY

We have used the Seebeck effect to examine the pressure
dependence of the pseudogap critical point p* in the cuprate
superconductor Nd-LSCO, and of the CDW phase in both
Nd-LSCO and Eu-LSCO. We observe that the large Seebeck
coefficient inside the pseudogap phase at p = 0.22, that re-
sults from the low carrier density below p*, is fully suppressed
under a pressure P = 2.0 GPa. This confirms and reinforces
our previous observation, inferred from resistivity and Hall
effect measurements [14], that p* in Nd-LSCO shifts down
with pressure and is fundamentally driven by a shift in pres-
sure of the van Hove point where the Fermi surface changes
from hole-like to electron-like. This strengthens the notion
that the pseudogap phase only exists on a hole-like Fermi
surface, which implies important theoretical constraints. At
lower doping, at p >~ 1/8 where the CDW phase is strongest,
we observe in both Nd-LSCO and Eu-LSCO a reduction in
magnitude of the negative Seebeck coefficient with increasing
pressure, which we attribute to a weakening of the CDW order
with pressure. This confirms in Nd-LSCO and Eu-LSCO the
phase competition between CDW order and superconductivity
seen in other cuprates.
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