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Abstract. We present Raman experiments on underdoped and overdoped Bi2SraCaCu2Os45
(Bi-2212) single crystals. We reveal the pseudogap in the electronic Raman spectra in the Big
and Bag geometries. In these geometries we probe respectively, the antinodal (AN) and nodal
(N) regions corresponding to the principal axes and the diagonal of the Brillouin zone. The
pseudogap appears in underdoped regime and manifests itself in the B4 spectra by a strong
depletion of the low energy electronic continuum as the temperature decreases. We define a
temperature T below which the depletion appears and the pseudogap energy, wpa the energy
at which the depeletion closes.

The pseudogap is also present in the Bz, spectra but the depletion opens at higher energy
than in the Bi, spectra. We observe the creation of new electronic states inside the depletion
as we enter the superconducting phase. This leads us to conclude (as proposed by S. Sakai
et al. [1]) that the pseudogap has a different structure than the superconducting gap and
competes with it. We show that the nodal quasiparticle dynamic is very robust and almost
insensitive to the pseudogap phase contrary to the antinodal quasiparticle dynamic. We finally
reveal, in contrast to what it is usually admitted,an increase of the nodal quasiparticle spectral
weight with underdoping. We interpret this result as the consequence of a possible Fermi surface
disturbances in the doping range p = 0.1 — 0.2.

1. Introduction
The pseudogap phase has been first revealed by nuclear magnetic resonance (NMR) [2, 3] and
then it has been extensively studied by transport [4, 5, 6, 7, 8], angle resolved photoemission
(ARPES) [9], optics [10, 11, 12] and scanning tunneling spectroscopy (STS) [13]. In comparison,
Raman scattering investigations of the pseudogap remain relatively scarce. One reason is that
the pseudogap was first detected in the By, geometry (nodal region) [14, 15, 16] which introduced
confusion with respect to ARPES data where the pseudogap sets in the antinodal region.

In fact, Electronic Raman scattering investigations in the normal state have also revealed
signatures of the pseudogap in Bj, geometry (antinodal region) [17, 18] however its effect
has not been clearly quantified and well understood. For example the doping evolution of the
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pseudogap energy wpq has not been studied in details and the doping level where the pseudogap
disappears has not been determined.

Here, we present Raman experiments on underdoped and overdoped BiySroCaCuO4q. s (Bi-
2212) single crystals. In Bj, geometry the pseudogap manifests itself by a strong depletion in
the low energy Raman response function which develops as the temperature decreases. The
pseudogap effect in By, geometry is more subtle. We detect a depletion in the Raman response
function but at finite energy. At low energy the Raman response function exhibits a linear slope
which increases with cooling as expected for a conventional metal [15]. Interestingly, we reveal
that supplementary electronic states are created inside the energy range of the depletion as we
enter in the superconducting state. We interpret our experimental findings as the unforseen
s—wave anisotropic character of the pseudogap. This leads us to conclude that the pseudogap
and the superconducting gap have different symmetries and most likely compete with each
other [1].

Finally we focus on the low energy Raman responses and extract the ¢ = I'/(Z*)? ratio where
I is the static scattering rate and Z*, the renormalized quasiparticle spectral weight [19].

In the antinodal region, ( is temperature independent inside the pseudogap phase while it
increases with temperature outside the pseudogap phase as expected for a metallic-like behavior
for which the scattering rate has to increase with temperature.

In contrast in the nodal region ¢ exhibits a metallic-like temperature dependence both inside
and outside the pseudogap phase. The equation of ( depends both on Z* and I' which are
difficult to disentangle in a first approach. However, a simple modeling of the Raman response
function in Drude like conductivity allows us to follow separately the doping and temperature
dependences of these two physical quantities in both the nodal and antinodal regions. We show
that Z3; exhibits an unexpected increase with underdoping while Z7 ; decreases. Simultaneously
the static scattering rate I' sy strongly increases while the I'y exhibits only small changes. We
interpret this result as a consequence of a Fermi surface disturbances between 0.11 and 0.22 in
which well defined quasiparticles are preserved and even enhanced in the nodal region while they
are destroyed in the antinodal region as the doping level is reduced. We find that I'y exhibits
a quasi linear temperature dependence in and out of the pseudogap phase.

2. Experimental Results

The Bi-2212 single crystals have been grown by floating zone method. Doping is achieved by
changing the oxygen content only. The detailed procedures of the crystal growth are described
elsewhere [20, 21]. Raman experiments have been carried out using a triple grating spectrometer
(JY-T64000) equipped with a nitrogen cooled CCD detector. We used the 532 nm excitation
line from a diode pumped solid state laser (DPSS) and the 514.52 nm line from a Ar™,Kr* laser.
Temperature dependent measurements have been carried out in a ARS closed cycle cryostat. All
measurements have been corrected for the Bose factor and the instrumental spectral response.
The Bi, and Bs,; geometries have been obtained using crossed light polarizations at 45° from
the Cu — O bond directions and along them respectively.

Special care has been devoted to make reliable quantitative comparisons between the Raman
intensities of distinct crystals with different doping levels measured in the same geometry, and
between measurements in distinct geometries for crystals with the same doping level. We have
performed all the measurements during the same run and the crystals with various doping levels
have been mounted on the same sample holder in order to keep the same optical configuration.
The optical constant, deduced from spectroscopic ellipsometry measurements on Bi-2212 single
crystals, have also been taken into account in order to have comparable Raman intensities of
crystals with distinct doping levels.

In Figure 1 are displayed the temperature dependence of the By, and By, Raman response
functions for two distinct Bi-2212 single crystals. The first one is an underdoped (UD) crystal
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Figure 1. By, and By, Raman response functions of underdoped and overdoped Bi-2212 single
crystals. Spectra have been measured with the 532 nm laser line. The UD 75 and OD 65 single
crystals have been measured after two successive exfoliations. In pannel b, the Raman intensities
have been divided by 1.2

p = 0.11 with a T, = 75 K and the second one is overdoped (OD) p = 0.22 with T, = 65 K.
The Raman response functions in the superconducting state (black thin curves) exhibit a pair
breaking peak. This peak is much more pronounced in the Bi, than in By, geometry (for the
same doping level) as expected for a d-wave superconducting gap [22]. We can also notice that
the By, superconducting peak increases in intensity while its energy decreases with doping. This
has already been pointed out in our previous works [23, 24] and we have assigned the integrated
area under the By, pair breaking peak to the density of Cooper pairs in the antinodal region.
In the normal state (Fig.1-a) the B, Raman response function of the UD 75 crystal exhibits a
strong depletion of the low frequency electronic continnum as the temperature decreases. The
thick curves underline the low energy depletion of the electronic background in the Raman
spectra. It extends from the lowest energy to approximatively 600 cm ™! (see arrow). We define
the end of this depletion in the spectra as the pseudogap energy wpg. Such a low energy depletion
has been qualitatively reproduced by recent cluster dynamical mean field methods [1, 25].

The non trivial fact is that a depletion is also detected in the Bs, geometry where it opens
at finite energy, above 150 em ™!, and closes around 600 cm ™! (see arrows in Fig.1-c and 2-a).
This has also been reported in previous works [14, 15, 16]. Below 150 cm ™!, the By Raman
response is not altered by the depletion and the slope increases as the temperature decreases.
This is expected for a metal since the low energy slope of the Raman response is proportional to
the quasiparticle lifetime [22] . In sharp contrast, no trace of depletion is detected in the Raman
spectra of the OD 65 crystal in both By, and By, geometries (see figs 1-b,d) and the low energy

slopes of the Raman response functions increase with cooling as expected for a metal [22, 26].
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Figure 2. Selected (a) Byg and (b) By, Raman spectra of UD 75 compound.
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We can estimate the pseudogap temperature T* by studying the temperature dependence of
the normalized integrated area of the By, Raman response (up to 800 cm™!). The integrated
area are plotted in Fig. 3. In fig. 3-a, (ud 75), the positive slope corresponds to a filling of
the depletion as the temperature increases. The electronic background is then progressively
restored and we can define the temperature T* for which the sign of the slope changes. It is
approximatively 230 K (see dashed line). Beyond, T* the integrated electronic continuum starts
to decrease. The slope of the integrated area as a function of temperature is negative. This is
a consequence of the decrease of the low energy slope of the Raman response with temperature.
This is can be seen in fig.2-b where the low energy slope of the Bj, Raman response decreases
between 220 and 280 K. This corresponds to a metallic behavior [15, 22, 26].

The Bo, integrated area of UD 75 exhibits a similar temperature behaviour as shown in fig.
3-b. However, the extracted T™ value is smaller than the B;, one. A possible reason for this
behaviour is that the By, depletion opens at finite energy while the low electronic continuum
still exhibit a metallic behaviour. The low energy continuum thus decreases as temperature
raises playing against the filling of the depletion. This effect may reduce the extracted T* in the
nodal region with respect to the antinodal one.(see ref. [1]). In the following we will assume
that the value of T directly related to the pseudogap temperature is the By, one.

In the overdoped case (see fig.3-c,d) the temperature dependence of the integrated area in By,
and Bs, geometries exhibit negative slopes down to the lowest temperatures. This corresponds
to a continuous intensity decrease of the electronic background with temperature as expected
for a metal[22]. Our experimental findings indicate that the pseudogap phase only sets in below
p = 0.22.
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Figure 4. left panel : Normalized integrated area for the B;, Raman spectra of Bi-2212 crystals.
Normalization has been made from the maximum. The vertical dashed line indicates T and the
thin line corresponds to a polynomial fit; right panel: Subtracted Raman responses measured
close to T™* and just above T,.. Measurements have been performed with the 514.52 nm laser
line. The UD 75 single crystal has been measured without exfoliation.
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In order to map 7™ versus doping, we have performed Raman measurements on Bi-2212
crystals with various doping levels. This is shown in the left panel of fig.4 where the integrated
area of the Bi, Raman response function up to 800 em ™! is plotted for various dopin levels.
The dash lines correspond to the temperature from which the slope of the integrated area curve
changes of sign. We observe that T™ increases with underdoping. We have also defined the
pseudogap energy by subtracting the Raman response measured close to T from the one just
above T.. The subtracted spectra are shown in the right panel of fig.4. The pseudogap energy
wpg corresponds to the energy for where the depletion closes. We see that wpg also increases
with underdoping.
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Figure 5. (a) Doping evolution of the pseudogap temperature 7™ obtained from various
techniques on Bi-2212 compound.(b)wpg versus T*

We have also plotted the pseudogap energy obtained from distinct probes on the same Bi-2212
system: resistivity [27], ARPES [28, 29] tunneling [30] and our Raman data in B, geometry.
We can see in fig. ba that all the measurements are consistent each other. We observe that T*
exhibits the same doping evolution and the same order of magnitude. Typically T™ increases
from 100 K to 230 K between p = 0.1 and 0.2. This makes us confident about our procedure
to define T*. We have also plotted in fig.5-b wpg versus T* and we find wpg ~ 47T™ as it was
observed from tunneling [31].

3. Two Distinct Structures for the Pseudo gap and the Supercoducting gap
We now discuss the implications of our findings on the pseudogap structure and its symmetry
with respect to the superconducting gap.

The starting point is the unusual depletion of the By, Raman response which sets in an
intermediate energy range. This has recently suggested a new interpretation for the pseudogap



10th International Conference on Materials and Mechanisms of Superconductivity (M2S-X) IOP Publishing

Journal of Physics: Conference Series 449 (2013) 012011 doi:10.1088/1742-6596/449/1/012011

structure [1] deduced from cellular dynamical mean field theory (CDMFT) [32]. The pseudogap
would be distinct from the d—wave symmetry [1]. Indeed the opening of a d—wave pseudogap
around the antinodes (as sketches in fig.6-a) should generate a continuous loss of electron-hole
pair excitations in a large energy range from very low to high energy even in nodal region. Inside
the k-window fixed by the angular extension of the By, Raman vertex, very low lying energy
excitations are allowed but there is no simple way to get a depletion for intermediate energy
range only. In contrast an s-wave anisotropic pseudogap which sets in away from the Fermi
surface in the nodal region, like the one depicted in fig. 6-b, leads naturally to a depletion at
finite energy. This is because low energy excitations are allowed in the nodal region while the
intermediate energy ones are forbidden until the pseudogap energy is exceeded (see fig.4-b). Our
view is consistent with recent ARPES data where particle-hole asymmetry has been found in
the nodal region. It was obtained on states thermally occupied above the Fermi level [33]
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Figure 6. (a) d-wave symmetric and (b) s-wave asymmetric shapes of the pseudogap in the
nodal region. electron-hole pair excitations are sketched for the both scenarios. The band
structure below the Fermi level looks similarly between d and s-wave pseudogaps but are different
above the Fermi level.

The second crucial point that our data reveal is the presence of additional electronic
states generated inside the pseudogap when we enter the superconducting state. In the Bs,
geometry,(see fig. 2-a) the superconducting peak emerges inside the energy range 150—600 em !
where the depletion sets in. This is also observed in the By, geometry (see fig. 2-b). The low
energy edge of the superconducting peak is located near 400 cm ™! inside the energy range of the
depletion. Creation of new states within the pseudogap is in agreement with recent advances
in dynamical mean field theory which propose a competition between the superconducting gap
and the pseudogap(l, 34, 35].
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These two experimental facts make very improbable a performed pairs scenario for the
pseudogap phase. The first reason is that we should have the same symmetry for both the
pseudogap and the superconducting gap. This is not the case here. The second reason is that
we should expect an enhancement of the depletion in the superconducting state if this last one
results from preformed pairs. This is clearly not the case since the pair breaking peak emerges
inside the depletion. Consequently, our experimental findings show that the pseudogap and
superconducting gap are distinct in origin. This answers a long standing question introduced by
Norman in 2005[36]: " The pseudogap: friend or foe of high Tc?”. It is a foe. Our findings bring
additional experimental evidence to recent studies in ARPES [37, 38], STS [39],optics [40] and
transport [41, 42] all showing that the pseudogap and superconducting phases are in competition.

4. Nodal versus Antinodal Low Energy Quasiparticle Dynamics
Here we focus on the very low energy side of the By, and By, Raman response functions in and
out of the pseudogap phase.

The inverse of the low energy slope of the electronic Raman response function in the normal
state is given by ((T', ¢) = o ¢))21NF OB ZEg?) ¢) according to [43]. " and Z* are respectively the
static scattering rate and the renormalized spectral weight of the quasiparticles. Np is defined
as the density of states at the Fermi level above T* and ~ the Raman vertex. The angle ¢
defines a direction in the Brillouin zone with respect to the principal axis. ¢ is equal to 0 and
m/4 for the AN and N directions respectively.
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Figure 7. Temperature dependence of (a) (an and (b) (y for the UD 75 and OD 65
compounds.(any has been extracted from the Raman spectra in fig.1.

Fig. 7-a shows the temperature dependences of (4n for the UD 65 and OD 65 crystals.
Can exhibits different temperature dependences depending on the doping level. (4n is almost
temperature independent for UD 75 while it exhibits a quasi linear temperature dependence for
OD 65.

In contrast, (i for both the OD 65 and UD 75 increases continuously upon heating (see Fig.
7-b). We can also note that the temperature dependence of (y is stronger for the OD 65 than
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for the UD 75 compound. Even above 7™ (230 K), it subsists a factor of about 1.6 between
the ¢ values for the two doping levels (see fig.7-b). What does it means 7 Does the nodal
static scattering rate is larger for OD 65 than for UD 75 or/and the nodal quasiparticle spectral
weight is smaller in the OD case than in the UD one ?

A decrease of Z3 with doping could be considered as paradoxical and unexpected since an
increase of the doping level should a priori enhance the quasiparticle spectral weight. In fact,
the quasiparticles dynamic at the nodes and antinodes have to be considered separately. This
dichotomy is clearly seen at 300 K (above T™) where the electronic continuum intensities in By,
and By, exhibit opposite doping depedences [23]: the intensity of the By, low energy continuum
decreases while the Bj, one increases with doping(see fig.8-a and 8-b).
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Figure 8. (a) and (b) By, and By, Raman spectra measured at 300 K for various doping levels;
(c) and (d) Raman spectra (a,b) divided by w. The dash lines correspond to the Drude fits for
selected spectra.

In order to emphasize this, we have reported in figs. 8-a and -b the Raman responses x” (w)
divided by the frequency, w. According to the Shrastry-Shraiman relation [44] it is related to the
real part of the optical conductivity x”(w)/w=Rec(w). We then observe (see Fig. 8-c and d) a
"Drude” peak which grows up in the By, Raman like conductivity spectra whereas it decreases
in intensity as the doping level is increased in the By, geometry.

This behaviour is in contradiction with recent cluster dynamical mean field calculations where
the Drude peak of the calculated Bz, Raman spectra is seen to grow up and sharpen as the
doping level is increased [25]. We can notice that the ab plane optical conductivity measurements
also exhibit an enhancement of the a Drude peak with doping but optical conductivity is not
a k-selective probe [45]. We do not yet understand this discrepancy but we suspect that an
ingredient is missing such as a possible reconstruction of the Fermi surface with doping [41, 46].

We have fitted the x”(w)/w curves with a standard Drude expression assumed to hold at
sufficiently low energy [43]: T'(0)(Z*)?/(I'?(0) + w?). T(0) is the static scattering rate. This
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hypothesis makes sense since the scattering rate measured from optical measurements on the
same compounds is rougthly constant up to 550 em ™! [45]. The Drude expression (just above)
is particulary useful here because it allows us to disentangle between I' and Z*.
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Figure 9. Doping dependence of (a) the quasiparticle spectral weights and (b) the scattering
rates in the nodal and antinodal regions. Data have been extracted from the Drude fits of the
Raman like conductivity spectra of fig.8.

The doping dependence of (Z*)? and I extracted from the Drude fits at 300 K in By, and By,
geometries are reported in Fig. 9-a and b. In fig. 9-a, we observe a decrease of (Z%)? of roughtly
40% with doping while (Z%)? increases. This unexpected decrease of (Z%)? with doping is also
detected from the Drude fits performed on the By, Raman like conductivity spectra measured
at different temperatures for the UD 75 and OD 65 compounds (see fig. 10-a).

In Fig. 9-b, T'yny exhibits a clear decrease of about 45% upon doping: the antinodal
quasiparticles are better defined at high doping level than at low one. On the contrary, the nodal
scattering rate I'y, is barely doping dependent and shows only a small decrease of 7%. Such
variations of the static scattering rate are consistent with previous Raman investigations [15, 26].

From this analysis, it clearly appears that the main contribution responsible for the large
difference between ( between OD 65 and UD 75 (at 300 K) comes from a decrease of (Z})*
rather than a change in I'y with doping. Notice here that the doping evolutions of the Raman
vertex and the density of states Np are unable to explain the increase of (; with underdoping.
The first one (which is proportional in a first approximation to ', the second nearest-neighbor
intraplane hopping integral, is expected to decrease with underdoping [47] while Np around
the nodes is expected to be almost constant in this doping range (0.11 — 0.22) [47].

We would like to mention here that the Z3; increase with underdoping is perfectly consistent
with our previous investigations in the superconducting state. We have shown that the nodal

slope of the By, superconducting Raman response w is almost constant [23, 48]. The
most likely scenario for this is that va, the nodal slope of the superconducting gap increases
with underdoping [24, 49]. This implies that Z3, increases with underdoping.

Such a strange doping evolution of Z3; is not yet elucidated. However we believe that Fermi
surface disturbances could induce this kind of behaviour.

By applying the Drude fit procedure on the Raman like conductivity spectra, we can also

extract the temperature dependence of both (Z3)? and T'y. This is shown in fig. 10. Surprisingly

10
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Figure 10. Temperature dependence of (a) the quasiparticles spectral weight and (b) the
scattering rates for the UD 75 and OD 65 crystals.

we find that Z3 exhibits a weak temperature dependence for UD 75 (7%) and a larger one of
about 30% for OD 65. We do not have at present an explanation for this behaviour. We also
observe as already mentioned that the (Z%)? values (in the temperature range considered) are
larger for the UD 75 than for the OD 65 compounds. In fig. 10-b, the static scattering rate,
I'y, shows a quasi linear temperature dependence for both the UD 75 and OD 65 compounds.
It is quite similar to the temperature dependence of the scattering rate obtained from earlier
Raman experiments [15]. The temperature dependence of I'yy is quite robust in the doping
range p = 0.11 and 0.22. We have to investigate Raman measurements at higher doping level to
detect the T2 behaviour seen from quantum oscillations measurements on strongly overdoped
compounds (OD 15K) [7].

5. Conclusion

The pseudogap manifests itself in different manners in the Bj, and B, Raman response
functions of underdoped Bi-2212 single crystals. In the Bj, spectra, it corresponds to a
strong depletion of the low energy electronic continuum as the temperature decreases. This
has permitted us to identify both the pseudogap temperature and the pseudogap energy as
a function of doping level. The effect of the pseudogap in the By, Raman spectra is more
subtle. The depletion of the electronic continuum settles at a higer energy range than in the
B14 geometry. Moreover, superconductivity brings supplementary electronic states inside the
energy range where the depletion develops. This is in contradiction with a preformed pairs
scenario and lead us to suggest different structures for the pseudogap and the superconducting
gap [1]: a d-wave superconducting gap and an s-wave anisotropic pseudogap. We show that
the antinodal and nodal quasiparticle dynamics are distinct. The nodal scattering rate exhibits
a quasi linear temperature dependence both inside and outside the pseudogap phase while the
antinodal scattering rate is strongly altered and becomes non temperature dependent inside
the pseudogap phase. This reveals the robutness of the nodal quasiparticles with doping range
p = 0.1 — 0.2. Finally, we find that the nodal quasiparticles spectral weight increases with
underdoping while the antinodal one decreases. We believe these observations deserve to be
more deeply investigated.
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