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The superconducting phase of the HgBa2CuO4+δ (Hg-1201) and HgBa2Ca2Cu3O8+δ (Hg-1223)
cuprates has been investigated by Raman spectroscopy under hydrostatic pressure. Our analysis
reveals that the increase of Tc with pressure is slower in Hg-1223 cuprate compared to the Hg-1201
due to a charge carrier concentration imbalance (accentuated by pressure) between the CuO2 layers
of Hg-1223. We find that the energy variation under pressure of the apical oxygen mode from which
the charge carriers are transferred to the CuO2 layers, is the same for both the Hg-1223 and Hg-1223
cuprates and it is controlled by the inter-layer compressibility. At last, we show that the binding
energy of the Cooper pairs related to the maximum amplitude of the d− wave superconducting gap
at the anti-nodes, does not follow Tc with pressure. It decreases while Tc increases. In the particular
case of Hg-1201, the binding energy collapses from 10 to 2 KBTc as the pressure increases up to
10 GPa. These direct spectroscopic observations joined to the fact that the binding energy of the
Cooper pairs at the anti-nodes does not follow Tc either with doping, raises the question of its link
with the pseudogap energy scale which follows the same trend with doping.

I. I. INTRODUCTION

High-Tc cuprate superconductors are one of the iconic
quantum materials [1, 2]. Although discovered more than
35 years ago, the complexity of their physics remains mis-
understood. It calls for new concepts where the orders of
matter are no longer independent of each other as in tra-
ditional materials but they are intertwined [3]. In order
to understand their physics, many studies have already
been carried out as a function of temperature T and car-
riers concentration via the hole doping, p, leading to their
(T − p) phase diagram [2, 4]. It presents an insulating
anti-ferromagnetic phase at low doping. As the doping
increases, an intermediate phase between the insulator
and the metal called the pseudogap phase emerges be-
low T ∗ which harbors many orders of matter that appear
to be interconnected. Some of them break translational
invariance (charge density wave order), others time re-
versal invariance (current loops order) or C4 rotational
invariance (nematic order)[5–14]. At lower temperature
below a critical temperature Tc , the superconducting
phase arises. Tc exhibits a dome like shape. The top of
the dome called the optimal doping, separates the under-
doped from the over-doped regime. The physics behind
this phase diagram remains widely debated and calls for
the development of new experiments and theoretical in-
vestigations [3, 4, 15–21].

In order to get a better understanding of the cuprates
physics and in particular their superconducting phase, we
carried out Raman scattering measurements under hy-
drostatic pressure at low temperature on the Hg-based
cuprates which have the most spectacular variation of
Tc with pressure. They exhibit an increase in Tc of more
than 25 K for a pressure of 25 GPa, i.e. on average, an
increase of 1 K per GPa [22–25]. We will focus on the
HgBa2CuO4+δ (Hg-1201) and HgBa2Ca2Cu3O8+δ (Hg-
1223) compounds which have respectively a maximum
Tc ≈ 95 K and ≈ 135 K at ambient pressure (≈ 0 GPa)
[26, 27]. The structural unit cells are respectively made of
one single and three contiguous CuO2 planes, surrounded
by blocks made up of HgO and BaO layers (cf. Fig. 1).
These blocks are called charge reservoirs because the in-
troduction of oxygen atoms within the HgO plane gen-
erates a charge transfer via the BaO plane towards the
CuO2. This oxygen doping introduces hole charge carri-
ers in the CuO2 plane [25, 28–30].

In the cuprates Raman scattering has been used ex-
tensively to track the energy scales of the phonons, the
magnetic excitations, the superconducting gap, the pseu-
dogap [31–39] or more recently the charge density wave
gap [40–43]. Since Raman is a two photon scattering
process, by controlling the incoming and outgoing pho-
ton polarizations, one can selectively probe both the lat-
tice and the electronic excitations in different symme-
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FIG. 1. Schemtic representation of the tetragonal crystal
structures (a) Hg-1201 and (b) Hg-1223. the oxygen atoms
O1 and O4 are respectively related to the inner and outer
CuO2 planes, O2 are the apical oxygen atoms, O3 are the
oxygen atoms in excess inserted by the chemical doping in
the HgO plane.

tries. In the superconducting phase, we will be focus-
ing on the relationships that can be unveiled with pres-
sure between lattice dynamics and Tc and also between
the binding energy of the Cooper pairs associated with
the d-wave superconducting (SC) gap and Tc . We will
show that the increase of Tc with pressure is reduced in
Hg-1223 below 10 GPa in comparison to the Hg-1201
compound due to an increase of the charge carriers con-
centration imbalance between the inner and outer CuO2

planes of Hg-1223 with pressure. We find that the evolu-
tion under pressure of frequency of the the apical oxygen,
by which the charge transfer takes place, is mainly con-
trolled by the inter-layer contraction. At last, we show
that the binding energy of the Cooper pairs related to the
maximum amplitude of the d− wave SC gap along the
principal axis of the Brillouin zone (BZ) called the anti-
nodal region, does not follow Tc with pressure. It decrease
while Tc increases with pressure. Our findings, together
with previous investigations that showed the binding en-
ergy of the Cooper pairs at the anti-nodes decreases as
Tc increases with doping and follows the same trend as
the pseudogap energy scale [34, 42, 44–48], raise the ques-
tion of its link to the pseudogap energy scale.

II. II. EXPERIMENTAL METHODS

A. A. Crystal growth and characterization

The crystals used for Raman measurements under hy-
drostatic pressure were prepared close to the optimal
doping where the SC transition temperature Tc is max-
imum. The Hg-1201 and Hg-1223 single crystals were
synthesized and annealed following the method described
in [49] and [50] respectively. We sieved the batch immedi-
ately after annealing, in order to select crystals between

100 and 200 µm in size. Samples with a naturally clean
surface were directly selected. Their critical temperature
Tc have been determined from DC magnetization suscep-
tibility measurements under classical zero field cooling
(ZFC) on a set of crystals of the same batch. A PPMS
magnetometer (Quantum Design) was used and a mag-
netic field of 10 Gauss was applied. The DC magnetiza-
tion curves of the Hg-1201 and Hg-1223 single crystals
at ambient pressure are displayed in Fig. 2 (a) and (b).
The transition temperature Tc and its width, ∆Tc, were
estimated by taking the maximum and the full width at
half maximum of the peak of the first derivative of each
DC magnetization curves, giving Tc = 92 ± 1 K and
Tc = 132 ± 2 K for Hg-1201 and Hg-1223 respectively.
The two sets of samples are slightly under-doped and
we name the ones selected for the Raman measurements
under pressure (UD92K) for Hg-1201 and (UD132K) for
Hg-1223 respectively. The Tc values of the mercurate
single crystals studied are reported in Fig. 2 (c) and (d).
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FIG. 2. DC magnetization curves as a function of temperature
of two sets of (a) Hg-1201 and (b) Hg-1223 single crystals.
These crystals have been used for Raman measurements under
pressureThe first derivatives of the magnetization curves are
reported in the insets to underline the Tc values and their full
width at half maximum. The Tc values of the mercurate single
crystals measured by Raman spectroscopy are reported in (c)
for the Hg-1201 and (d) Hg-1223 systems.

B. B. Polarized Raman experiments under
hydrostatic pressure at low temperature

We have performed two different runs of Raman mea-
surements under pressure for studying the Hg-1201 and
Hg-1223 compounds. Crystals were loaded inside a di-
amond anvil cell with diamonds of diameter 800 µm de-
signed to withstand up to 10 GPa. The chamber between
the diamonds is a cylindrical hole, cut by laser through
a stainless steel gasket. Rubies were added in the cell
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to act as in-situ manometers through their fluorescence.
Using several rubies allowed us to control the uniformity
of the hydrostatic pressure in the chamber. After load-
ing the chamber with ultra-pure helium and sealing it,
the chamber size is approximately 300 µm of diameter by
50 µm of height (cf. Fig. 3). The diamond anvil cell was

800 µm

300 µm

ruby

crystal

FIG. 3. Top view of the diamond anvil cell with diamonds
of 800 µm diameter before loading. The chamber between the
diamonds is a cylindrical hole. After loading the chamber size
is approximately 300 µm (dashed circle).

then installed in a cryostat including a helium inlet allow-
ing us to tune in-situ the pressure applied on the lower
diamond, which indirectly changes the pressure in the
chamber. Raman measurements were performed through
the Boehler-designed upper diamond of the anvil, with a
532 nm laser wavelength and 4 mW of power (measured
before going through the cryostat windows and the di-
amond). The spot size is around 40 microns in diam-
eter with a slightly elliptical shape. According to our
estimates, we can expect an upper limit for the laser
heating to be around 1K/mW. Experiments were car-
ried out using a JY-T64000 spectrometer in triple grat-
ing (1800 grooves/mm) configuration. The spectrometer
is equipped with a nitrogen CCD detector. All the Ra-
man spectra have been corrected for the Bose factor and
the instrumental spectral response. They are thus pro-
portional to the imaginary part of the Raman response
function χ′′(ω, T ). The Raman responses in the differ-
ent symmetries are obtained from incoming and outgoing
light polarizations. The B1g and B2g symmetries were
obtained respectively from crossed polarizations of the
incoming and outgoing light at 45 degrees and along the
Cu-O bond direction of the CuO2 plane (cf. Fig. 4).
The (A1g + B1g) geometry was got from parallel polar-
izations of the incoming and outgoing lights along the
Cu-O bond direction. Raman scattering measurements
at ambient pressure (≈ 0 GPa) were additionally per-
formed with crystals of the same batches, outside of the
diamond anvil cell, with the same experimental setup.
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FIG. 4. Cross polarizations of the incoming and outgoing
light (a) at 45 degrees from the Cu-O bond direction of the
CuO2 plane corresponding to the B1g geometry and (b) along
the Cu-O bond direction corresponding to the B2g geometry.
(c) The anti-nodal region probed by the B1g geometry and
(d) the nodal region probed by the B2g geometry in the first
Brillouin zone.

III. III. OVERVIEW OF THE
SUPERCONDUCTING AND NORMAL RAMAN

RESPONSES OF HG-1201 AND HG-1223
CRYSTALS AT AMBIENT PRESSURE

Our first objective is to disentangle the electronic ex-
citations from the Raman-active optical phonons in or-
der to study the electronic signatures of the supercon-
ducting phase of the Hg-1201 and Hg-1223 under hydro-
static pressure. The superconducting Raman responses
at ambient pressure of a slightly under-doped (UD92K)
Hg-1201 and an optimally doped (OP133K) Hg-1223 sin-
gle crystals in three distinct geometries are reported in
Fig. 5. They are made up of a broad electronic back-
ground superimposed by narrow peaks due to optical
phonons. We focus first on the electronic background.

A. A. Electronic part of the Raman response

Electronic Raman scattering is a particularly useful
probe for studying the cuprates because we can select
distinct parts of the BZ, the anti-nodal and nodal re-
gions well known to have quite different electronic prop-
erties [51]. In the B1g geometry the Raman form fac-
tor is (cos kx − cos ky)2 and it predominantly probes the
anti-nodal region where the superconducting gap and the
pseudogap are maximal. Here k is the wave vector of the
excited electron. Likewise, in the B2g geometry the Ra-

man form factor is sin2 kx sin2 ky and it probes mostly
the nodal region where the superconducting gap and the
pseudogap are minimal. In the A1g geometry, the Ra-
man form factor is more isotropic, with no symmetry-
imposed nodes. Experimentally, we cannot access the
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FIG. 5. Superconducting and normal Raman responses of the
UD92K Hg-1201 and OP133K Hg-1223 in three distinct ge-
ometries at ambient pressure. The straight lines and numbers
indicate the locations of the vibrational modes. Dashes lines
indicate the A1g and B1g contributions.The panel (f) contains
a part of one spectrum in ref.[40].

pure A1g component using linear polarizations, as it is
always associated with either a B1g or B2g component.
The (A1g + B1g) SC Raman spectra of (UD92K) Hg-1201
and (OP133K) Hg-1223 single crystals (red curve at 10 K
in Fig. 5 (a) and (b)) show an extended hump in energy
made up of two broad peaks, the A1g and B1g peaks. The
A1g and B1g peaks are respectively located around 400
cm−1and 600 cm−1in the Hg-1201 spectrum and centered
around 500 cm−1and 800 cm−1in the Hg-1223 spectrum.
These features are indicated by gray dashed lines in the
spectra and extensively studied in previous works [34, 52–
54]. TheB1g SC peak alone are displayed in Fig. 5 (c) and
(d). It corresponds to the pairs breaking peak related to
the maximum amplitude of the d− wave SC gap opening.
No clear SC peak is detected in the B2g Raman spectra of
Hg-1201 and a relatively weak peak (close to 780 cm−1)
compared to the B1g peak is detected in the B2g Raman
spectra of Hg-1223 (cf. Fig. 5 (e) and (f)). This is ex-
pected since the SC gap vanishes out in the nodal regions
probed predominantly by the B2g geometry. In particu-
lar, the remarkably flat B2g SC Raman response of the
(UD92K) Hg-1201 will be exploited later for the elec-
tronic Raman measurements under pressure. Notice that
B2g spectra of Hg-1223 contains an extra electronic con-
tribution (around 580 cm−1) stemming from the charge
density wave order as already discussed in our previous
investigations [40, 42].

A more detailed analysis reveals that the
B1g superconducting peak in the Raman spectrum
of the three-layer Hg-1223 cuprate presents a shoulder
(around 700 cm−1) on its left side that we do not
observe in the Raman spectrum of the one-layer Hg-1201
cuprate (see panels (c) and (d) Fig. 5). To have a better
understanding of its origin, we followed the evolution
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FIG. 6. Double structure of the B1g superconducting gap of
the Hg-1223 (a)-(c) as a function of doping (d)-(f) as function
of temperature for each doping. The panel (f) contains a part
of one spectrum in ref.[42].

of this shoulder as a function of doping. The shoulder
that we observe close to the optimal doping turns into
a double peak with under-doping. This is displayed in
Fig. 6 (a)-(c). The frequency difference between the two
peaks increases with under-doping. These two peaks
could be related to two superconducting gaps induced
either by an inter, or by an intra-unit cell doping
inhomogeneity of Hg-1223. Our experimental findings
tend towards an intra-unit cell doping inhomogeneity
due to a charge carrier concentration imbalance between
the inner and the outer CuO2 planes of one single
unit cell. Indeed, the Raman spectra measured on the
Hg-1223 crystal for a given doping level, are the same
whatever the location of the laser spot on the crystal
surface. This means there is no trace, at least at the
scale of few ten microns, of inter cell inhomogeneity of
the oxygen doping. Secondly, we always detect only two
distinct superconducting peaks (cf. Fig. 6 (a)-(c)) and
not more, which seems inconsistent with a distribution
of spatial oxygen content over the area illuminated
by the laser spot. The observation of only two peaks
which deviate from each other in energy as the doping
decreases is rather in favor of the existence of two SC
gaps linked to the inner and outer CuO2 planes which
would have different carriers concentrations. This is in
agreement with previous works on Bi-2223 three layers
cuprate [55, 56]. Thirdly, the two SC peaks detected in
the Raman spectra seem to disappear simultaneously
(within our temperature accuracy) as the temperature
is raised (cf. Fig. 6(d)-(f)). This suggests that the two
gaps are interconnected as it should be the case if they
are originate from the inner and outer plane of the
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same unit cell and obviously not if the two gaps come
from distinct regions of the crystal with different oxygen
contents. The inner plane being more distant from the
reservoir blocks by which the charge transfer takes place,
earlier studies have concluded that the charge carriers
concentration of the CuO2 outer plane is higher than
the one of the inner plane in the under-doped Hg-1223
[29, 30, 57–60]. The B1g superconducting gap energy
is known to be larger upon reduced doping in Hg-1223
[40, 42]. We can thus assign the high energy peak to the
SC gap related to the inner plane and the lower one to
the SC gap of the outer plane.

B. B. Phononic part of the Raman response

In Fig. 5 (a) and (b)) few narrow peaks (marked by
straight lines) are superimposed to the (A1g + B1g)
electronic background. They correspond to Raman
active phonons associated with the Hg-1201 and Hg-
1223 structures as well as parasitic phases. Overall,
we detect three types of phonons. The first type is
associated with the vibrational modes of the ideal stoi-
chiometric Hg-1201 and Hg-1223 structure that belong
to the D1

4hspace group. We then expect 2A1g + 2E2g

and 5A1g + 1B1g + 6Eg pristine Raman active even
(gerade) modes for the Hg-1201 and Hg-1223 structure
respectively. The second kind of vibrational modes
is associated with defect stemming from symmetry
breaking induced by insertion of oxygen atoms in
the HgO layers which makes Raman active some odd
(ungerade) modes. At last, the third kind of vibrational
modes come from parasitic phases which are deposited
on the crystal’s surface. They stem from residual
oxides of synthesis precursor phases that subsists
even in the cleanest crystal surfaces we could select.
A summary of these three kinds of phonons observed
in Hg-1201 and Hg-1223 structures is reported in Table 1.

IV. IV. OVERVIEW OF THE
SUPERCONDUCTING AND NORMAL RAMAN

RESPONSES OF HG-1201 AND HG-1223
CRYSTALS UNDER HYDROSTATIC PRESSURE

The A1g + B1g Raman superconducting responses of
(UD92K) Hg-1201 and (UD132K) Hg-1223 single crystals
measured inside the anvil cell at 0.4 GPa are reported
in Fig. 7. We have nearly the same spectra as those
of Fig. 5 but with a poorer signal-to-noise ratio and few
additionnal parasitic phonons (at 570 and 620 cm−1). We
see an asymmetric hump with a maximum around 400
cm−1in the Hg-1201 which is made of two components
(cf. Fig. 5). The Hg-1223 spectrum exhibits two broad
peaks, one centered around 480 cm−1and the second one
around 760 cm−1which are assigned the A1g and B1g

components of the spectrum (cf. Fig. 5). On the top of

these broad electronic peaks few narrow peaks associated
with vibrational modes are detected. The pristine A1g +
B1g phonons related to the oxygen motions of the Hg-
1223 and Hg-1201 structures are indicated by black black
arrows in panel (a) and (b) of Fig. 7.
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FIG. 7. Superconducting Raman responses in the A1g + B1g

geometry of (a) the Hg-1201 and (b) Hg-1223 crystal at 0.4
GPa. Zoom on the frequency range of the A1g + B1g Raman
spectra of (c) Hg-1201 and (d) Hg-1223 compounds under hy-
drostatic pressures. The framed frequencies mark the pristine
oxygen modes (see Table 1). The dotted lines are guides for
the eyes.

A. A. Study on the oxygen pristine modes of
Hg-1223 and Hg-1201 with pressure.

We displayed in Fig. 7 (c) and (d) a spectral range
zoom of the Raman spectra of panels (a) and (b). The
frequencies of the oxygen pristine modes of the Hg-1223
at 260, 483 and 585 cm−1(see Table 1) increase with pres-
sure (see red dotted lines in panel (c)). The feature cen-
tered around 380 cm−1is probably a parasitic mode (see
Table 1). In the Hg-1201 spectra (panel (d)), the apical
oxygen mode at 594 cm−1(framed) increases with pres-
sure. It is located in between two parasitic modes at 570
and 625 cm−1(see Table 1) whose the full width at half
maximum is three time larger. These two peaks disap-
pear at high pressure presumably because the structure
of the parasitic phases evolves under pressure. We can
also notice that two peaks at 470 and 550 cm−1appear
with pressure (see arrows). They are likely defect modes
that come out due to mechanical stress which induce a
redistribution of mobile oxygen in the HgO layer [69].
They correspond to the defect modes located at 461 and
542 cm-1 (reported in Table 1) and whose frequencies
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Hg-1201
Pristine mode 165 (Ba) 594 (O2)
Defect mode 130 (Cu-Ba-Hg’) 260 (O1’) 461 (O1) 542 (O3)

Hg-1223
Pristine mode 120 (Ba) 260 (O4’) 483 (O4) 585 (O2)
Defect mode 130 (Cu-Ba-Hg’) 400 (O1)

Parasitic mode 205 310 380 570 625
(Hg-Ba-O) (Ca-Cu-O) (Hg-O) (Ba-Cu-O) (Ba-Cu-O)

TABLE I. Enumeration of the A1g + B1g vibrational modes (cm−1unit) detected in the Raman spectra of Hg-1201 and Hg-1223
single crystals. The pristine modes are all associated with vertical motions along the c-axis. The prime denotes counter phase
displacement. The lattice dynamical calculation can be found in ref.[61] and previous attempts for assigning the Raman active
modes in Hg-1201 and Hg-1223 structures can be found in ref.[62–65]. Some of defect modes and parasitic phases can be found
in earlier works [62–68]. The (Ba-Cu-O), (Ca-Cu-O) and (Hg-O) compositions are generic terms which can involve different
parasitic phases namely: BaCuO2, Ba2CuO3, Ba2Cu3O5/6, Ca2CuO3 and HgBaO2. The row of parasitic modes includes those
of the Hg-1201 and Hg-1223 structures.

increase with pressure. The normalized frequencies of
the oxygen pristine modes of the Hg-1223 and Hg-1201
structure as a function of pressure, P , are displayed in
Fig. 8
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FIG. 8. The normalized frequencies of the oxygen vibrational
modes of Hg-1223 and Hg-1201 as a function of pressure P .
The normalized frequency is obtained by dividing the fre-
quency at pressure P by this value at ambient pressure. The
normalized critical temperature Tc

N = Tc(P )/Tc(0) is also
reported. The Tc(P ) values come from ref. [25, 70].

A clear trend emerges: the normalized frequencies of
the oxygen vibrational modes of the Hg-1223 and Hg-
1201 compounds increase almost linearly with pressure
up to 7 GPa. This behavior is usually expected with pres-
sure [71–74]. The CuO2 layer of Hg-1201 being a sym-
metry plane (cf. Fig. 1), the vibrational modes related
to the (O4) and (O4’) oxygen motion in the CuO2 are
non Raman active in this structure. Therefore, we will
focus on the (O2) vibrational mode which is present both
in the Hg-1201 and Hg-1223 structure. Remarkably, the

slopes (dω
N

dP ) of the apical oxygen (O2) phonon over the
entire pressure range are nearly the same in the Hg-1201

and Hg-1223 structures (see red and green full squares).

On the contrary, the slopes of the normalized Tc , dTc
N

dP
associated with the Hg-1201 and Hg-1223 compounds are
different (see red and green open stars). This means that
the pressure evolution of Tc in these structures cannot be
attributed to the apical oxygen mode dynamics alone.
The number of CuO2 planes and their respective charge
carrier concentration must also be taken into account. In
particular, previous investigations [29, 30, 57, 59, 60, 75]
revealed that the carriers concentration imbalance be-
tween the CuO2 of multilayer superconductors such as
Hg-1223 was limiting the increase of Tc . This can be
visualized in Fig. 8. The Tc

N slope of Hg-1201 is much
higher than the Hg-1223 likely due to the difficulty to
perform an efficient charge transfer by pressure to the
inner plane of Hg-1223 as it will be shown in the next
section.
At this stage, it is interesting to make a comparison be-
tween the effects of pressure (P) and doping (p) on the
dynamic of the apical oxygen mode in the Hg-1201 and
Hg-1223 structure. The apical oxygen atom (O2) is the
bridge between the HgO and the CuO2 planes (see Fig. 1)
and its motion is along the c axis. The apical oxygen
mode hardens with pressure (cf. Fig. 8) while it softens
with doping [49, 50, 63, 64]. Its softening is due to its
coupling with charge carriers which increases with dop-
ing [76–78] and is a common feature of many cuprates
such as Hg-1201, Y-123 and Hg-1223 [49, 50, 63, 79–
81]. On the other hand, its hardening with pressure is
likely due to the inter-plane contraction along the c axis
[59, 82] which is much stronger with pressure than with
doping. A way to compare the c axis contraction under
pressure and doping is to evaluate it as a function of the
Tc change. According to the refs.[25, 28, 49, 50, 59, 82],
the ∆c

∆Tc (P ) ratio is approximately one order of magnitude

larger than the ∆c
∆Tc (p) . Our estimate is ∆c

∆Tc (P ) ≈ 10−2

ÅK−1 and ∆c
∆Tc (p) < 10−3 ÅK−1. This justifies why the

apical oxygen mode hardens under pressure even if apply-
ing pressure favor the charge transfer and an increase of



7

the charge carriers which softens the apical oxygen mode
in the case of chemical doping [59, 70, 83]. Despite these
contrasting trends in the dynamics of the apical mode
with pressure and doping, understanding the roles that
pressure and doping play on Tc remains a major issue.
We can cite two emblematic experimental facts that show
their effects are different on Tc . First, applying a pres-
sure on an under-doped Hg-1212 or Hg-1223 compound
allows us to reach a much higher Tc than that which can
be obtained by doping [70]. Secondly, starting from op-
timally doped Hg-1201 and Hg-1223, Tc decreases with
doping (over-doped regime) while it increases with pres-
sure [22, 25]. Consequently, the effects of pressure and
doping on Tc are complex and additional parameters to
the dynamics of the apical mode have to be considered
such as the shortening of the oxygen bond lengths in the
CuO2 plane according to ref. [84].

B. B. Study on the bare electronic
superconducting Raman response of Hg-1223 and

Hg-1201 with pressure.

We focus now on the superconducting electronic Ra-
man response under pressure. This is achieved by sub-
tracting the most intense phonons after fitting them by
lorentzian profiles [85]. The bare electronic Raman re-
sponses in B1g and B2g geometries of Hg-1223 and Hg-
1201 free of phonons are reported in Fig. 9. In Appendix
A are shown the raw data with phonons.

The B1g electronic response of the UD132 Hg-1223
compound (cf.Fig. 9 (a)) exhibits a hump which decreases
in energy with pressure. This hump is the SC pair break-
ing peak and only appears below Tc as shown in the Ra-
man spectra at low and high pressure in Fig. 6 (b) and
Fig. 10 (a) respectively. The pair breaking peak centered
around 2∆ ≈ 800 cm−1at 0.4 GPa has probably a double
component like in Fig. 6 (b), but the lower signal-to-noise
ratio and an additional background to the spectra mea-
sured inside the cell likely prevents us from detecting the
weaker high energy shoulder (see Appendix B). However,
as the pressure increases, the width of the pair breaking
peak increases and the splitting appears (see black arrows
in Fig. 9 (a)). This double component has already been
identified (in section III) as the two gaps associated with
the inner and outer CuO2 planes of the Hg-1223 struc-
ture when these two planes do not have the same charge
carrier concentration. As the pressure increases up, the
charge carrier concentration imbalance is accentuated be-
tween the inner and outer planes. This makes it possible
to detect again (but this time inside the cell) the split-
ting of the hump related to two superconducting gaps.
This can be seen by the two red trails in the color map
which correspond to the two SC peaks, see Fig. 10 (e).
The B2g Raman spectra of Hg-1223 under pressure and
low temperature presents also a hump associated with a
SC peak (see Fig. 9 (b)). It corresponds to the weaker
SC gap feature associated with the nodal region (see sec-
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FIG. 9. B1g and B2g Raman responses free of phonons under
hydrostatic pressures of Hg-1223 (a)-(b) and Hg-1201 (c)-(d).
The sets of Hg-1223 and Hg-1201 data were obtained at 4 K
and 14 K respectively.

tion III). This hump is more and more visible as pressure
increases and its frequency slightly increases as the pres-
sure increases. This is highlighted in the colour map of
Fig. 11 (e).
We focus now on the B1g SC Raman response function

of the Hg-1201 compound in Fig. 9 (c). The B1g Raman
response at 0.4 GPa (red curve) exhibits an unexpected
broad peak centered around 380 cm−1in addition to the
expected B1g pair breaking peak at 600 cm−1(cf.Fig. 5
(c)). This extra peak is due to a leakage of an A1g con-
tribution to the B1g Raman response. It likely comes
from an increase in the birefringence of the pressurized
diamonds. The B1g and B2g Raman spectra having been
measured one after the other for each pressure value,
this leakage also exists in the B2g Raman spectra. The
B2g Raman response of Hg-1201 (cf. Fig. 5 (e)), being
almost flat, here, it is mostly dominated by the leak-
age of the A1g contribution and of an extrinsic back-
ground common to the B2g and B1g geometry. Using the
B2g Raman response as a reference spectrum, we can
subtract these contributions from the B1g one for each
pressure (for more details, see Appendix C). The pres-
sure evolution of the B1g electronic Raman response free
of leakage is displayed in Fig. 12. It is clear that the
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FIG. 10. (Color online) B1g Raman response in Hg-1223 un-
der pressure at T = 4 K. (a)-(d) Electronic Raman response
featuring the superconducting peak at various pressures. At
maximum 10 GPa pressures, the normal state response above
Tc is also displayed in order to underlined the superconduct-
ing peak. (e) Contour plot highlighting the evolution of the
B1g spectral weight as a function of pressure. The dashed
lines are guides for the eyes.
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FIG. 11. (Color online) B2g Raman response in Hg-1223 un-
der pressure at T = 4 K. (a)-(d) Electronic Raman response
featuring the superconducting peak. (e) Contour plot high-
lighting the evolution of the B2g spectral weight as a function
of pressure. The dashed line is a guide for the eyes.

B1g superconducting peak energy decreases by a factor
of 3 with pressure from 600 cm−1to 200 cm−1(cf. Fig. 12
(a)and (b)). We can notice that the evolution of the
B1g SC peak does not seem to be continuous with pres-
sure and it could be a pressure-plateau in between 1 and
2 GPa. The evolution with pressure of the characteris-
tic SC peaks of the UD132 Hg-1223 and UD92 Hg-1201
are summarized in Fig. 13. In panel (a), the B1g SC
peak associated with the Hg-1223 structure has two com-
ponents detected by Raman measurements at ≈ 0 GPa
(outside cell). The two components of the SC peak (in-
side the cell) appear above 3 GPa. Above this pressure,
the B1g inner plane component frequency decreases more
slowly than the outer plane component. The frequency
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FIG. 12. (Color online) Following the B1g SC gap in Hg-1201.
(a) Difference between the B1g and the B2g Raman response
(the latter one serving as a reference background), as a func-
tion of pressure. (b) Contour plot highlighting the evolution
of the B1g spectral weight with pressure. The dashed line is
a guide for the eyes.

of the inner plane component does not decrease below
710 cm−1 while the one of the outer plane component
continues to decrease down to 590 cm−1 at 10 GPa. We
interpret these two distinct evolutions as a different effi-
ciency of the charge transfer with pressure between the
inner and the outer planes of Hg-1223. This energy de-
crease is much weaker than the one of the B1g peak in
the Hg-1201 structure (cf. panel (b)). It is likely due to
a larger inertia of the charge transfer induced by pressure
in the triple layers than in the single one. Still, as the
pressure increases, Tc increases for both the Hg-1201 and
Hg-1223 structures. The increasing of Tc with pressure is
confirmed by Raman measurements at high pressure (cf.
Appendix D) that show the B1g SC peak is still resolved
well above the Tc value measured at ambient pressure.
Consequently, it is clear that the B1g SC peaks of Hg-
1223 and Hg-1201 do not follow Tc with pressure. The
B2g SC peak frequency detected on the Hg-1223 spectra
slightly increases with pressure following Tc (cf. panel (a)
of Fig. 13) but the A1g SC peak observed on the Hg-1201
spectra decreases with pressure (cf. panel (b) of Fig. 13).
The A1g Raman data are displayed in Appendix E.
To summarize this part, the most important results are

that (i) the SC B1g peak for both Hg-1201 and Hg-1223
decreases drastically in frequency while Tc increases with
pressure, (ii) In the case of Hg-1201 single layer (whose
charge transfer is not altered by multi-layers), the B1g SC
peak energy collapses from 10 to 2 KBTc (cf. panel (c)
of Fig. 13). The two components of the B1g SC peak
of Hg-1223 also decreases in frequency but more slowly
from 10 and 6 KBTc . These frequency changes are signif-
icantly larger than those obtained over the same pressure
range for the B1g SC peak of YBa2Cu3O7−δ (Y-123) [72].
This is due to the fact that mercury-based compounds
are highly compressible along the c-axis compared to the
other cuprates[82]. It is therefore apparent that the bind-
ing energy of the Cooper pairs at its maximum value, cor-
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FIG. 13. (Color online) Frequency evolution of the characteristic superconducting peaks in the Raman spectra of Hg-1223 and
Hg-1201 compounds.

responding to the B1g pair breaking peak, does not scale
with Tc under pressure. It has already been shown than
the B1g peak energy scale detected in the Raman spec-
tra decreases with doping like the pseudogap energy scale
in several cuprate families [33, 42, 44, 47, 48], suggest-
ing that the B1g peak energy scale and the pseudo-gap
energy scale could be linked at least as a function of dop-
ing. Can such a link be made as a function of pressure ?
The hypothesis was already considered in an earlier Ra-
man study under pressure on Y-123 [72] although at the
time it had not been established that the SC B1g peak
did not follow Tc with pressure as we report here. The
authors had based themselves on the assumption that
the pseudo-gap would be related to magnetic correlations
[1, 2, 4, 15, 86–88] which are weakened as the hole concen-
tration increase with pressure and thus, the pseudogap
energy scale should decrease. Based on this hypothesis,
the B1g peak softening with pressure was interpreted as a
sign of its connection to the pseudogap. This scenario de-
serves to be explored. Unfortunately, there are very few
pressure dependent studies of the pseudogap in the liter-
ature and the results are contradicting. Some data ad-
vocate in favor of T ∗ as independent of pressure [89, 90],
while others that T ∗ increases [91, 92], or decreases with
pressure [93]. Additionally, to our knowledge, no direct
measurement of the pseudogap energy scale with pressure
has been yet carried out so far. So, it appears that no
definite link between B1g SC gap at the anti-nodes and
the pseudogap energy scale can yet be made as a function
of pressure. Therefore, it would be interesting to inves-
tigate the pseudogap energy scale with pressure in order
to clarify its relationship with the binding energy of the

SC gap at the anti-nodes.

V. V. CONCLUSION

In summary, we have performed Raman measurements
under hydrostatic pressure on the Hg-1223 and Hg-1201
cuprate superconductors. Our analysis reveals that the
Tc increase with pressure is slowed down in the Hg-1223
multi-layers compared to the Hg-1201 single layer due
to the inhomogeneous increase of the carrier concentra-
tion inside the three CuO2 layers of the Hg-1223. We find
that the frequency dependence under pressure of the api-
cal mode from which the charge transfer operates, is the
same for both the Hg-1223 and Hg-1201 cuprates and
controlled by the inter-plane compressibility. Last but
not least, we show that the binding energy of the Cooper
pairs related to the maximum amplitude of the d− wave
SC gap at the anti-nodes (the B1g SC peak) decreases
drastically while Tc increases with pressure. In particular
for Hg-1201, its energy collapses from 10 to 2 KBTc , in-
triguingly reaching values below the weak-coupling BCS
limit[94]. These new experimental facts added to the for-
mer one that the binding energy of the Cooper pairs at
the anti-nodes also decreases as Tc increases with dop-
ing, demonstrates that the binding energy of the Cooper
pairs at the anti-nodes does not follow Tc both with dop-
ing and pressure. It could be linked to the pseudogap
energy scale which follows the same trend with doping
[42, 47]. However, a formal proof of this conjecture re-
quires a measurement of the pseudogap energy scale as a
function of pressure.
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Appendix A: Raw Raman data of Hg-1223 and
Hg-1201 under pressure

The Raman superconducting response of the slightly
under-doped (UD92K) Hg-1201 and (UD132K) Hg-1223
single crystals under hydrostatic pressure in B1g and
B2g geometries are reported in Fig. 14. Similarly to Fig. 5
we observe a broad electronic background superimposed
by few weak narrow phonon peaks stemming from pris-
tine, parasitic and defect modes.
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FIG. 14. Sets of the Hg-1201 and Hg-1223 Raman responses
under hydrostatic pressures. The sets of Hg-1223 and Hg-1201
spectra were obtained at 4 K and 14 K respectively.

Appendix B: B1g splitting under pressure in Hg-1223

We have superimposed in Fig. 15, the Raman spectrum
measured outside the cell at 0 GPa and the one measured

inside the cell at 0.4 GPa. See panel (a). We clearly see a
lower signal to noise ratio and an additional background
to the Raman spectrum inside the cell. These two effects
hide the weaker high energy shoulder detected on the
Raman spectrum measured outside the cell and prevent
us to detect the splitting at low pressure up to 2 GPa.
However, as the pressure increases from 1 to 5 GPa, the
linewidth of the B1g SC peak (defined by the intersections
of the left and right sides of the B1g SC peak with the
base dotted line drawn in panel (b)) increases by a factor
1.5 with pressure (cf. panel(b)). This peak broadening
is likely a precursor of the observation of the splitting
detected by the eyes from 6 GPa. The splitting can be
revealed by a deconvolution of the B1g SC peak by two
Gaussian peaks. Below 2 GPa included, the splitting is
not detected inside the cell as mentioned above. On the
other hand, above 2 GPa, the fitting of the B1g SC peak
shape can only be achieved by considering two Gaussian
peaks as it is shown in panels (c) to (h) where the top of
the peak (above the based dotted line) for several pres-
sures is reported. This allows us to confirm that the
splitting is detectable from 3 GPa in our spectra.

Appendix C: B1g Raman signal under pressure in
Hg-1201

We display in Fig. 16, panel (a), both the B2g and
B1g spectra of the (UD92K) Hg-1201 as a function of
pressure measured in the superconducting state at 14
K. The subtraction of the B2g spectra from the B1g one
(cf. panel (b)), allows us to eliminate the A1g contribu-
tion associated with the polarization leakage induced by
pressure. We see that the B1g SC peak decreases rapidly
with pressure. The 0 GPa spectra has been obtained
outside the anvil cell and do not present any polariza-
tion leakage. Note that the B2g spectrum at 0 GPa does
not exhibit any feature is almost flat as expected for a
slightly under-doped Hg-1201 compound close to the op-
timal doping level as mentioned previously.

Appendix D: Raman experimental evidence of Tc
increase with pressure in Hg-1201 and Hg-1223

In Fig. 17 is reported the SC B1g peak detected at 9
GPa and 10 GPa in Hg-1201 and Hg-1223 respectively.
It is still observed above Tc measured at ambient pressure
(0 GPa) i.e: 92 K for Hg-1201 and 132 K for Hg-1223.
Indeed, it is detected at 99 K and 144 K for Hg-1201 and
Hg-1223 respectively. This means that Tc of Hg-1201 at
9 GPa is at least greater than 99 K and that of Hg-1223
is greater than 144 K. The change in Tc as a function of
pressure for theses two compounds is then close to that
found by transport measurements: namely 1 K/GPa [22–
25].
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FIG. 15. Splitting of the B1g SC peak under hydrostatic pressures in Hg-1223. (a) comparison between the Raman responses
at 0 and 0.4 GPa measured outside and inside the pressure cell; (b) superposition of several Raman responses of H-1223 under
pressure. The based dotted line delimits the top of B1g SC peak; (c)-(h) deconvolution of the B1g SC peak under various
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Appendix E: Evolution of the A1g SC peak with
pressure in Hg-1201

We display in Fig. 18, the A1g +B1g Raman response
of the (UD92K) Hg-1201 as a function of pressure. In
this geometry, the B1g SC peak is weak in intensity, this
allows us to follow the A1g SC peak which decreases in
energy with pressure.
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FIG. 16. (Color online) B2g and B1g Raman spectra of
(UD92K) Hg-1201 compounds measured as a function of pres-
sure.
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M. A. Méasson, R. D. Zhong, J. Schneeloch, G. D. Gu,
A. Forget, D. Colson, I. Paul, M. Civelli, and A. Sacuto,
Phys. Rev. B 96, 094525 (2017).

[39] B. Loret, Y. Gallais, M. Cazayous, R. D. Zhong,
J. Schneeloch, G. D. Gu, A. Fedorov, T. K. Kim, S. V.
Borisenko, and A. Sacuto, Phys. Rev. B 97, 174521
(2018).

[40] B. Loret, N. Auvray, Y. Gallais, M. Cazayous, A. For-
get, D. Colson, M.-H. Julien, I. Paul, M. Civelli, and
A. Sacuto, Nature Physics 15, 771 (2019).

[41] J. Li and R. Comin, Nature Physics 15, 736 (2019).
[42] B. Loret, N. Auvray, G. D. Gu, A. Forget, D. Colson,

M. Cazayous, Y. Gallais, I. Paul, M. Civelli, and A. Sa-
cuto, Phys. Rev. B 101, 214520 (2020).

http://dx.doi.org/10.1126/science.1200181
http://arxiv.org/abs/https://science.sciencemag.org/content/332/6026/196.full.pdf
http://dx.doi.org/10.1038/nature14165
http://dx.doi.org/10.1103/RevModPhys.87.457
http://dx.doi.org/10.1103/RevModPhys.87.457
http://dx.doi.org/10.1103/RevModPhys.78.17
http://dx.doi.org/10.1103/RevModPhys.78.17
http://dx.doi.org/10.1038/nature02861
http://dx.doi.org/10.1038/nature10345
http://dx.doi.org/ 10.1126/science.1248783
http://dx.doi.org/ 10.1126/science.1248783
http://dx.doi.org/10.1146/annurev-conmatphys-031115-011401
http://dx.doi.org/10.1146/annurev-conmatphys-031115-011401
http://arxiv.org/abs/https://doi.org/10.1146/annurev-conmatphys-031115-011401
http://arxiv.org/abs/https://doi.org/10.1146/annurev-conmatphys-031115-011401
http://dx.doi.org/ 10.1126/science.aav1315
http://arxiv.org/abs/https://science.sciencemag.org/content/365/6456/906.full.pdf
http://dx.doi.org/ 10.1103/PhysRevLett.96.197001
http://dx.doi.org/ 10.1103/PhysRevLett.96.197001
http://dx.doi.org/10.1038/nature08716
http://dx.doi.org/10.1146/annurev-conmatphys-031218-013210
http://dx.doi.org/10.1146/annurev-conmatphys-031218-013210
http://arxiv.org/abs/https://doi.org/10.1146/annurev-conmatphys-031218-013210
http://arxiv.org/abs/https://doi.org/10.1146/annurev-conmatphys-031218-013210
https://doi.org/10.1038/nphys4205
https://doi.org/10.1038/nphys4205
https://doi.org/10.1038/s41467-019-12940-w
https://doi.org/10.1038/s41467-019-12940-w
http://dx.doi.org/10.1103/RevModPhys.84.1383
http://dx.doi.org/10.1103/PhysRevLett.111.027202
http://dx.doi.org/10.1103/PhysRevLett.111.027202
http://dx.doi.org/10.1103/PhysRevLett.114.197001
http://dx.doi.org/10.1103/PhysRevLett.114.197001
http://dx.doi.org/10.1103/PhysRevB.95.224511
http://dx.doi.org/ 10.1103/PhysRevX.8.021048
http://dx.doi.org/ 10.1103/PhysRevX.8.021048
http://dx.doi.org/10.1103/PhysRevB.100.224511
http://dx.doi.org/10.1103/PhysRevB.100.224511
http://dx.doi.org/10.1073/pnas.2002429117
http://dx.doi.org/10.1073/pnas.2002429117
http://arxiv.org/abs/https://www.pnas.org/content/117/26/14805.full.pdf
https://doi.org/10.1038/365323a0
http://science.sciencemag.org/content/262/5130/97.abstract
http://dx.doi.org/10.1103/PhysRevB.50.4260
http://dx.doi.org/10.1088/0953-2048/15/7/201
https://doi.org/10.1038/362226a0
http://dx.doi.org/10.1038/363056a0
http://dx.doi.org/ 10.1103/PhysRevB.55.6612
http://dx.doi.org/10.1103/PhysRevB.65.184504
http://dx.doi.org/10.1103/PhysRevB.65.184504
http://dx.doi.org/ 10.1143/JPSJ.81.011008
http://dx.doi.org/ 10.1143/JPSJ.81.011008
http://arxiv.org/abs/https://doi.org/10.1143/JPSJ.81.011008
http://dx.doi.org/10.1103/RevModPhys.79.175
http://dx.doi.org/10.1103/RevModPhys.79.175
http://www.sciencemag.org/content/278/5342/1427.abstract
http://link.aps.org/doi/10.1103/PhysRevB.61.9752
http://dx.doi.org/10.1038/nphys362
http://link.aps.org/doi/10.1103/PhysRevB.82.144516
http://dx.doi.org/ 10.1103/PhysRevLett.108.227003
http://dx.doi.org/ 10.1103/PhysRevLett.108.227003
http://dx.doi.org/ 10.1103/PhysRevLett.114.147001
http://dx.doi.org/ 10.1103/PhysRevLett.114.147001
http://dx.doi.org/10.1103/PhysRevB.96.094525
http://dx.doi.org/10.1103/PhysRevB.97.174521
http://dx.doi.org/10.1103/PhysRevB.97.174521
https://doi.org/10.1038/s41567-019-0509-5
https://doi.org/10.1038/s41567-019-0513-9
http://dx.doi.org/10.1103/PhysRevB.101.214520


14

[43] L. Wang, B. Yu, R. Jing, X. Luo, J. Zeng, J. Li, I. Bialo,
M. Bluschke, Y. Tang, J. Freyermuth, G. Yu, R. Sutarto,
F. He, E. Weschke, W. Tabis, M. Greven, and Y. Li,
Phys. Rev. B 101, 220509 (2020).

[44] J. Tallon and J. Loram, Physica C 349, 53 (2001).
[45] A. Kanigel, M. R. Norman, M. Randeria, U. Chatterjee,

S. Souma, A. Kaminski, H. M. Fretwell, S. Rosenkranz,
M. Shi, T. Sato, T. Takahashi, Z. Z. Li, H. Raffy, K. Kad-
owaki, D. Hinks, L. Ozyuzer, and J. C. Campuzano,
Nature Physics 2, 447 (2006).

[46] O. Fischer, M. Kugler, I. Maggio-Aprile, C. Berthod, and
C. Renner, Rev. Mod. Phys. 79, 353 (2007).

[47] C. Bernhard, L. Yu, A. Dubroka, K. Kim, M. Rössle,
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