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We study the temperature-dependent electronic Bi1y Raman response of a slightly under-doped
single crystal HgBasCazCusOs4s with a superconducting critical temperature Tc =122 K. Our main
finding is that the superconducting pair-breaking peak is associated with a dip on its higher-energy
side, disappearing together at T . This result hints at an unconventional pairing mechanism, whereas
spectral weight lost in the dip is transferred to the pair-breaking peak at lower energies. This
conclusion is supported by cellular dynamical mean-field theory on the Hubbard model, which is
able to reproduce all the main features of the B1, Raman response and explain the peak-dip behavior
in terms of a nontrivial relationship between the superconducting and the pseudo gaps.

PACS numbers: 74.72.Gh,74.25.nd,74.20.Mn,74.72.Kf

Conventional superconductors are well understood
within the Bardeen-Cooper-Schrieffer (BCS) theory [1]:
below a critical transition temperature T, , electrons at a
characteristic energy (the Fermi energy) bind into Cooper
pairs by an effective attractive interaction mediated by
lattice vibrations (phonons) [2]. The Bose condensate of
pairs displays then zero resistance to electrical conduc-
tion and a gap opens in spectroscopic observables by a
transfer of spectral weight from the Fermi level to higher
energies. The BCS pairing mechanism, however, has not
been able to account for the high Tt observed in copper-
oxide (cuprate) superconductors. In these materials the
isotopic effect is extremely weak and does not suggest a
strongly coupled phonon-mediated superconductivity [3].

The nature of the pairing interaction has therefore re-
mained controversial. Possible proposals include strong
electronic correlations stemming from Mott physics [4] or
the competition with other exotic phases such as charge
[5-7], spin density [8-10] waves or loop currents[11].

The scenario is further complicated by the presence of
another gap (the pseudogap), which is an ingredient miss-
ing in the BCS description. The pseudogap manifests
itself above T, as a loss of quasiparticle spectral weight
[12-14]. Whether or not the pseudogap plays any role in
the high-T. mechanism, this remains a fundamental open
question. This inherent complexity of the cuprates has
hidden key features of the pairing mechanism in most
experiments, preventing a satisfactory understanding of
high T, superconductivity.

In this article we present an electronic Raman
scattering study in the B;,geometry on a slightly-
underdoped (UD) three-copper-oxide-layer compound
HgBasCayCuz0sgys5 (He-1223). We reveal a nontriv-
ial relationship between the pair-breaking peak (PP),
which corresponds to two Bogoliubov quasiparticle ex-

citations, and a loss of spectral weight (dip) appearing
on its higher-energy side. Remarkably, the PP and dip
disappear simultaneously at 7., indicating a transfer of
spectral weight from the dip electronic states to the PP
at lower energies. This behavior is in sharp contrast
with the BCS pairing mechanism, which involves only
the low-energy electronic states around the Fermi level,
being transferred to the superconducting gap edges be-
low T, . We are able to explain our experimental obser-
vations using the cellular dynamical mean-field theory
[15] (CDMFT) applied to the two-dimensional Hubbard
model, the basic strongly correlated electron model de-
scribing copper-oxygen planes in cuprates. CDMFT un-
veils an unusual relationship between a particle-hole sym-
metric superconducting gap and a particle-hole asym-
metric pseudogap, coexisting below T,. While below
the Fermi level they share the same gap edge, above
the Fermi level they compete for the same states. Spec-
tral weight is in fact removed from the pseudogap upper
edge to lower energies contributing to the formation of
the upper superconducting Bogoulibov peak. This un-
conventional mechanism is ultimately responsible for the
PP-dip behaviour observed in the B4, Raman response.

Raman measurements have been carried out on UD
Hg-1223 single crystal with T, =122 K grown by a single
step synthesis under normal pressure in evacuated quartz
tube [16, 17]. The Hg-1223 cuprate family exhibits the
highest critical temperature T, = 135 K at ambient pres-
sure [18]. In this material the phonons do not mask the
low-energy electronic spectrum [19-22] contrary to other
cuprates. This gives us an unique opportunity to resolve
detailed features of the superconducting state. Moreover
the large T is suitable for studying the superconducting
features over a wide temperature range.

The B;4-symmetry Raman response, obtained from
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FIG. 1. (Color online). (a) Temperature dependence of

the By Raman response for the UD Hg-1223 single crystal
(T. =122 K). The 2A pair breaking peak (PP) is detected at
~ 1135 cm™ 'and the dip at ~ 1600 cm~'. In the inset,
a closer view of the peak-dip structure is shown. The pink
(light grey) curve was measured at 13 K and the blue (dark
grey) one at 122 K. (b) Temperature dependence of the the-
oretical Big Raman response within CDMFT (7.~ 0.045¢).
Pair breaking peak is observed at w = 0.45¢ and the dip at
w~ 0.7t

crossed light polarizations along the Cu-O bond direc-
tions, gives us access to the antinodal region of the mo-
mentum space where the superconducting gap is maximal
and the pseudogap sets in. All the spectra have been cor-
rected for the Bose factor and the instrumental spectral
response. They are thus proportional to the imaginary
part of the Raman response function y”(w,T) [23].

In Fig. 1 (a) the BigRaman response x%, (w,T) is
displayed over a wide frequency range (up to 2500 cm~1)
and from 7= 13 K to T= 180 K. The key feature
that we observe in the superconducting state (7' < 122
K) is the PP at twice the superconducting gap 2A =
1135 + 10 cm ™! followed at higher Raman shift by the
dip in the electronic continuum at 1600 + 40 cm™! (
Waip/2A = 1.440.1). The PP-dip structure has also been
found in a two-layer compound [24] and we have checked
that it also exists in the superconducting Raman response
of a single layer material HgBasCuOy4ys5 (Hg-1201) (see
Supplemental Material). Therefore the PP-dip structure
(that we observe in the superconducting state) is different
from a bilayer band splitting effect proposed to explain
the peak-dip-hump structure in the ARPES spectra of a
two-layer Bi-2212 compound [25, 26]. This is confirmed
by the fact that the PP-dip feature in the Raman spec-
trum disappears at T, while the band splitting effect is
supposed to persist above T [25, 26].

The PP position 2A =~ 14kpgT.is in good agreement
with earlier tunneling and optical measurements on Hg-
1223 compounds [27, 28]. In tunneling, the gap for an
optimally doped Hg-1223 was estimated to be ~ 13kpT. .

In optical conductivity, the pairing gap deduced from the
scattering rate was estimated to be about 1100 cm ™!~
13 kT, .

As the temperature rises up to 7, the PP decreases
in intensity while the low energy electronic background
below ~ 800 cm~!(~ 0.7 in 2A unit) increases, as clearly
seen by plotting the difference x g, , (T')~xs,, (T¢ ) (Fig. 2
(a)) [29]. This behavior is typically expected in the BCS
theory, where the low energy spectral weight is removed
and transferred to the superconducting gap edges, pro-
ducing the 2A PP in the xp,, (T'). The remarkable fact in
the present result is that the dip too, around 1600 cm ™!,
is filled up completely together with the decrease of the
PP and disappears at T. =122 K. This is better seen in
Fig. 2 (c¢), where we plot the normalized integrated Ra-
man intensity associated with the PP and the dip. The
PP and dip lines join together at T, by definition, but
the fact that they are essentially constant above T;, shows
that the two features have disappeared in the normal
state.

Since the Raman response in Fig. 1(a) is T-
independent above the dip energy in the superconducting
state (this has been checked up to 4600 cm™1), it is nat-
ural to infer that the lost spectral weight in the dip is
transferred to the 2A PP, producing an unconventional
pairing mechanism. The possibility of high energy-state
contribution to the pairing was suggested in earlier opti-
cal measurements [30, 31] and ARPES results[32].

Another known non-BCS behavior underlined by our
experimental findings is the energy location of the 2A
peak, which is roughly constant with increasing tem-
perature up to 7T (see Fig. 2(d)). This property is
general among one and two-copper-oxide-layer com-
pounds slightly underdoped such as Hg-1201 [33] and
BigSraCaCuy0s4s (Bi-2212) [34], and it is another sign
of unconventional behavior.

Notice that above T. =122 K, the low energy back-
ground level continues to rise with T (see Fig. 1 (a)).
This is the Raman signature of the presence of the pseu-
dogap in the normal state which manifests itself as a
recovery of low energy spectral weight [35, 36].

All the above temperature-dependent features, in par-
ticular the 2A PP-dip structure, of the By, response are
difficult to explain in the framework of BCS-like theory.
For instance the weak-coupling BCS theory [37] of a d-
wave superconductor does explain a 2A peak which col-
lapses at T, (Figs. 1(a) and 2(a)), however this should
be accompanied by a consequent reduction of the peak
position 2A with increasing T', contrary to the above ex-
perimental observation (see Fig. 2 (d)). Moreover no dip
is explicable within the BCS theory.

The fact that 2A is much higher than
4.28kpT,. expected in the weak coupling theory [38]
hints at a strong coupling nature for the pairing state.
This is the case for instance in preformed pair theories
[4, 39-42]. 1In such theories incoherent Cooper pairs
exist above T, and their pairing gap is identified with the
beforehand mentioned pseudogap. Below T.the pairs
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FIG. 2. (Color online). (a) and (b) Temperature dependence
of the B14 Raman responses subtracted from the one at Tt for
experimental data and CDMFT one. Both are normalized in
intensity (with respect to the lowest temperature in the su-
perconducting state) and in energy by 2A. (c¢) Normalized
integrated intensities of the PP and the dip (obtained from
Fig. 1(a)) as a function of T'/T.. The PP and dip integra-
tions extend respectively from 1000 cm™* to 1250 cm ™! and
from 1250 cm™! to 2300 cm™!. The error bar is about 1%.
(d) Temperature dependence of the 2A PP obtained from ex-
periment and the CDMFT calculations. Experimentally the
error bar stemming from the spectrometer resolution is about
1% except for the 105K response where the PP is broader
and the error bar is about 3%. Theoretically the error bar is
coming from the energy grid of the calculation and it is about
5%. The solid curve shows the temperature dependence of a
d-wave gap in the weak coupling theory [37]

acquire phase coherence establishing a superconducting
state, and the pseudogap smoothly evolves into the
superconducting gap. A main consequence is that the
spectroscopic gap amplitude A, and hence the 2A PP
energy position, is only slightly temperature-dependent
approaching T, from below [43]. Within such a scenario
however the PP should survive above T, contrary to
the experimental observations. A theory describing the
interaction between superconductivity and spin-density
waves [24] may account for the the 2A-peak-dip feature
below T.. Also in this case, however, the PP feature is
expected to survive above T.. We show now that the
CDMEFT calculation of the Hubbard model can qualita-
tively account for all the experimental features observed
above and explain the tight relationship between the PP
and the dip in the Raman response.

The Raman spectra are calculated in CDMFT within
the bubble approximation through

¥, @) =2 [ G, (9 [ I - S+ )

X [ImG(k,w" ) ImG(k,w + w')
— ImF(k,w")ImF(k,w + )] (1)

with vp,, =3[cos(k,)—cos(ky)] and f(w) is the Fermi dis-

tribution function. Here, the normal (G) and anomalous
(F) Green’s functions calculated with the CDMFT are
interpolated in the momentum space [44]. This approxi-
mation is quite robust around the antinodal region, which
includes the cluster momenta K = (0, £7), (+m,0), and
will not affect our conclusions on the B;, Raman re-
sponse. The parameters we employ for the Hubbard
model are typical for the copper-oxygen planes: the
(next-)nearest-neighbor transfer integral ¢t ~ 0.3 eV (¢
=-0.2t) and the on site Coulomb repulsion U=8t. The
CDMEFT is implemented on a 2x2 cluster and it is
solved with a finite-temperature extension of the exact
diagonalization method [45]. Previous CDMFT studies
have reproduced various essential features of the cuprate
phase diagram [46-52], including the Mott insulator, an-
tiferromagnetism, pseudogap [44, 46, 50, 53-60] and d-
wave superconductivity [51, 61-66]. However, the opti-
mal doping in the 2x2 CDMFT for which T is maximal
(x ~ 0.08 — 0.10) is smaller than the one (p ~ 0.16) in
experiments. For this reason, we use x ~ 0.065 in the
present CDMFT study to discuss the properties of the
slightly underdoped cuprate. A quantitative comparison
with experiments is therefore not possible and we restrict
ourselves to a qualitative one.

The CDMFT B;,Raman response displayed in
Fig. 1(b) reproduces the key features found in the ex-
periment. First, the CDMFT results portray well the
experimentally observed PP-dip structure in the super-
conducting state (and they are in agreement with previ-
ous calculation with a similar method [67]). The PP and
the dip are respectively located at w ~ 0.45¢ and 0.7¢.
Secondly, this structure is clearly associated with super-
conductivity: It diminishes with increasing temperature
until disappearing at Tt , as seen in Fig. 2(b). Thirdly,
as it can be seen in Fig. 2(d), the calculated PP posi-
tion 2A is almost constant with temperature up to T¢,
consistently with the experimental data displayed in the
same figure, signaling an unconventional superconductiv-
ity (clearly departing from BCS). Furthermore, the ratio
2A/kgT. ~ 10 in the CDMFT is rather high as com-
pared to the BCS prediction (~ 4.28), like the experi-
mental value (~ 13).

As Eq. (1) reproduces qualitatively well the experi-
mental results, we can resort to the single-particle quan-
tities to gain insight into the mechanism originating
the PP-dip behavior. To this purpose, we display in
Fig. 3(a) the spectral function A(K,w) = —ImG(K,w)/m
at K = (0,7) for different temperatures above and be-
low T.. Here, T. ~ 0.045t is estimated from the disap-
pearance of the superconducting order parameter. Fig-
ure 3(b) shows an intensity plot of A(k,w) along the
(0,7) — (w/4,37/4) cut in momentum space, show-
ing that the spectral structure of A(K,w) displayed in
Fig. 3(a) is well representative of the antinodal region,
which is the most relevant to Xj_{glq via the vp,, Raman

vertex (Eq. 1).
At T = 0.05¢, the system is in the normal state. Pre-
vious CDMFT studies [44, 46] have established that a
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FIG. 3. (Color online).(a) Spectral function A(K,w) =
—ImG(K,w)/m at K = (0,7) for different temperatures be-
low and above Tc =~ 0.045¢. (b) Intensity plot of A(k,w) at
T = 0.05¢ (left panel) and T' = 0.01¢ (right panel) along the
(0,7) — (7w/4,37/4) cut in momentum space.

pseudogap appears at small doping, as evidenced in Fig.
3(a) (yellow-dotted curve) and 3(b) by a wide depres-
sion around w = 0. The pseudogap edges are located
at w = —0.25¢, marked by a well defined peak, and at
w = +0.4t, where a wide incoherent hump is observed.
Since the hump is located inside the Mott gap extend-
ing to high energies (~ 46t not visible in the figure, see
e.g., Fig 11(a) in Ref. [59]) we shall call the hump in-
gap states. The presence of the in-gap states is a direct
consequence of carrier-doping a Mott insulator without
requiring any spontaneous symmetry-breaking [68]. The
resulting By, Raman response at 7' = 0.05¢ in Fig. 1(b)
shows a large incoherent background signal. We have
shown in a previous work on the normal state that when
the pseudogap depression around w = 0 fills in by in-
creasing temperature, Xy?lg recovers spectral weight on
a wide range at low energy [35, 36]. This is consistent
with the experimental Raman response Fig. 1(a) above
T.=122 K, where the low energy spectral weight is par-
tially restored as the temperature rises up to 180 K.
Below T, =~ 0.045t the superconductivity develops by
opening a superconducting gap symmetrically around the
Fermi level w = 0 (Fig. 3(b)). In the conventional BCS
mechanism, the spectral weight removed around w = 0
is accumulated at the gap edges where coherent (nar-

rower and with higher intensity) Bogoliubov peaks are
formed. In preformed Cooper pair scenario the gap al-
ready exists above T¢, and one should just observe the
Bogoliubov peaks arising at the pseudogap edges. The
interesting unusual property is how this is taking place
in our system, where a pseudogap-spectral-weight depres-
sion already exists around the Fermi level above T, and
it is not particle-hole symmetric [35] like the supercon-
ducting gap. At negative energy, the lower Bogoliubov
peak arises almost at the pseudogap edge, in line with
the preformed-pair description and as supported for in-
stance in tunneling and ARPES experiments on Bi-2212
materials [69-72]. At positive energy however the up-
per Bogoliubov peak develops at w ~ 0.25¢, significantly
lower than the pseudogap edge at w ~ 0.4¢. This process
reassures the transfer of spectral weight from low energy
(w ~ 0) like in BCS, but also from higher energies (in
correspondence of the pseudogap upper edge w ~ 0.4¢),
where the dip forms. With decreasing temperature the
upper Bogoliubov peak grows and dip deepens, as evident
in Fig. 3 (a).

A previous study [73] has shown that the competition
between pseudogap and the superconducting gap can be
explained by nontrivial cancellations in pole features of
the normal and anomalous self-energies, which makes
possible for the upper Bogoliubov peak to arise at en-
ergies where the spectral weight has been suppressed by
the pseudogap. This result advocates in favor of coex-
isting between the pseudogap and the superconducting
gap below T, , with the latter appearing smaller [74] (see
Fig.3(b)), when observed in the unoccupied side of spec-
tra as in Raman spectroscopy.

The peak-dip structure on the positive frequency side
of A(k,w), displayed in Fig. 3(a-b), produces the PP-
dip structure in the calculated B;4, Raman response in
Fig. 1(b). As it can be seen from Figs. 2(a) and 2(b), the
PP-dip structure in X%’glg is therefore the direct key fin-
gerprint of an unconventional pairing mechanism involv-
ing transfer of spectral weight from high-energy states.

In conclusion, we have studied a key temperature-
dependent peak-dip relation in the Raman B4 response
of the superconducting state of slightly underdoped Hg-
1223 by combining Raman experiments and CDMF'T cal-
culation. We reveal an unconventional pairing mecha-
nism originating from the interplay between the super-
conducting gap and the pseudogap in the antinodal re-
gion. In order to form the Cooper pairs, spectral weight
is transferred not only from states close to the Fermi level
but also from high-energy states located at the pseudogap
upper edge. The final scenario conveyed here is unusual
within the debate on the relation between unconventional
superconductivity and pseudogap: while matching on the
negative energy occupied side, they appear competing for
the same electrons in the positive energy unoccupied side
of the electronic spectra, being at the same time friends
and foes [75].
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I. SUPPLEMENTAL MATERIAL
Peak-Dip Structure In Single Layer HgBa>CusO¢

In Fig.1 is displayed the normal (100 K) and the su-
perconducting (12 K) Bi, Raman responses of a slightly
UD HgBasCuysOg (Hg-1201) single crystal with a T, =92
K (Tt (max) =96 K). The Raman spectra were obtained
by using the same laser excitation line (532 nm) than
the one used in Fig.1 (a) of the article. Contrary to the
Hg-1223 material, phonon lines superimposed to the elec-
tronic background make more difficult the observation of
the pair breaking peak-dip structure. However by sub-
tracting the normal state Raman response from the su-
perconducting one, we are able to detect peak-dip struc-
ture (see inset of Fig.1). They are respectively located
at ~ 550 and ~ 900 c¢m~!. This result confirms that the
peak-dip structure that we observe in the B4, Raman re-
sponse in the superconducting state is not linked to a
inter-layer band splitting effect.
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FIG. 4. BigRaman response of slightly UD Hg-1201 in
the normal and superconducting states. Inset: subtraction
between the normal and superconducting Raman responses.
The PP and dip are respectively located around 550 cm™*
and 900 em L.

The normal (100 K) and superconducting (12 K) spec-
tra have been measured by using an ARS closed-cycle
He cryostat. The laser power at the entrance of cryo-
stat was maintained below 2 mW to avoid over heating
of the crystal estimated to 3 K/mW at 10 K. 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, x7%, (w).
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