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We report electronic Raman scattering measurements on optimally doped YBa,Cu30,_s where Zn or Ni
impurities have been substituted by Cu. Using Raman selection rules, we have probed the superconducting gap
in the nodal and antinodal regions. We show that under impurity substitutions, the energy of the antinodal peak
detected in the superconducting state is not related to the critical temperature 7, and that signatures of
superconductivity disappear in the nodal regions. Our experimental findings advocate in favor of gapless arcs
around the nodes. The breakdown of the relationship between the antinodal gap amplitude and 7. is discussed

in terms of local superconducting gap and pseudogap.
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INTRODUCTION

It is now well established that in the superconducting state
of cuprates, the gap in the excitation spectra has d,_
symmetry.' This gap is usually associated with the supercon-
ducting order parameter Agc, and, in the framework of BCS
theory, its amplitude is expected to scale with 7. An inter-
esting way of exploring the link between the gap energy and
T, in cuprates consists in substituting impurities on the cop-
per sites of the CuO, planes,> more specifically impurities
such as Zn (nonmagnetic) or Ni (magnetic), known for de-
stroying T, without changing the doping level.>* In this pa-
per, we shall focus on the effects of such impurities on the
electronic Raman response in the superconducting state of
cuprates.

Inelastic scattering of light by quasiparticles [electronic
Raman scattering (ERS)] has the unique ability of probing
charge dynamics in different regions of the Fermi surface,
namely, around the principal (7,0)(0, 7) and diagonal (77, )
directions of k space in B, and B,, geometries, respectively.
In the superconducting state, the B, geometry probes the
antinodal regions where the amplitude of the d-wave gap is
maximum, and the B,, geometry probes the nodal regions
where the amplitude of the gap vanishes.’ Cubic and linear
frequency dependence of the low-energy B, and B,, re-
sponses of a d-wave superconductor are expected and were
experimentally measured in many cuprates.>~'0

Previous ERS studies on magnetic impurities substitutions
in cuprates [Ni in Y-123 (Ref. 11) or Fe in Bi-2212 (Ref. 12)]
have shown that the B, peak energy seems to be insensitive
to impurity substitutions. The case of Zn-substituted Y-123,
with only one Zn concentration, led to contradictory results.
In one study the B;, peak energy was found to follow T,
while in another study it was argued to collapse to zero'*
when 7.=72 K. Here, we report ERS measurements on a
wide range of concentrations of magnetic Ni and nonmag-
netic Zn impurities. We compare their respective effects on
the Raman responses in B, and B,, geometries. We show
that (i) the energy of the B}, superconducting peak remains

1098-0121/2007/76(14)/144505(8)

144505-1

PACS number(s): 74.62.Dh, 74.72.—h, 78.30.—]

constant under magnetic and nonmagnetic substitutions up to
3%, in contrast to what is expected for the pair breaking peak
in a conventional superconducting condensate, and (ii) the
superconducting B,, Raman response merges with the nor-
mal one as Zn and Ni are introduced in the CuO, planes.

I. EXPERIMENT

The synthesis protocol for YBa,(Cu,_.M,);0,_s (M=Ni
or Zn) single crystals have been previously detailed in Refs.
11 and 15 The corresponding dc magnetization measure-
ments are presented in Fig. 1.

We have labeled the pristine crystal Y-123, the Ni substi-
tuted crystals of Ref. 11 Y-123:Ni87 K (xnj~1%) and
Y-123:Ni78 K (xni~3%), and finally the Zn-substituted
crystals of Ref. 15 Y-123:Zn87 K  (xyz,~0.3%),
Y-123:Zn83 K (x7,~0.7%), Y-123:Zn73 K (xz,~1.5%)
and Y-123:Zn64 K (x,~2%), respectively. The impurity
concentrations have been checked by chemical analysis us-
ing a Castaing electron probe, and the d7,./x,, (~15 K/ %)
and dT./xy; (~5 K/ %) values are consistent with those pre-
viously reported.*!®

ERS have been carried out with a T64000 JY spectrom-
eter in triple subtractive configuration. Crystals were
mounted on the copper cold finger of an He circulation cry-
ostat and cooled down to 10 K temperature at which all the
superconducting spectra presented here have been measured
(100 K for the normal state responses). The 514 nm line of a
Ar*,Kr* laser was used. The laser power on the crystal sur-
face was kept below 3 mW to avoid any significant heating,
which was smaller than 3 K according to the Stokes—anti-
Stokes ratio. B,, and B, geometries are obtained from cross
polarizations of the incident and scattered electric fields
along and at 45° of the Cu-O bounds of the CuO, layers.
Raw spectra I(w) have been corrected for the response of the
spectrometer and the Bose factor n(w, T) to obtain the imagi-
nary part of the Raman susceptibility x"(w)ol(w)/[1
+n(w,T)].
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FIG. 1. (Color online) dc magnetization in ZFC for various im-
purity concentrations YBa,(Cu;_,M,);0;_s5 [M=Ni (upper panel)
or Zn (lower panel)]. The T, on set are listed in the table for each
concentration of impurities.

II. EXPERIMENTAL RESULTS AND DATA ANALYSIS
A. By, response of Y-123

In Fig. 2(a) are shown the B;, Raman responses of the
pristine Y-123 crystal in the normal (black curve) xj(w) and
superconducting (red curve) x¢(w) states. The normal state
response consists of a flat electronic background with narrow
phonon peaks superimposed. The strong peak at 340 cm™
corresponds to the out-of-phase motion of O(2,3) atoms
along the ¢ axis. 115 and 145 cm™ are, respectively, as-
signed to the motions of Cu and Ba along the ¢ axis and
finally the 500 cm™' mode is related to the apical O(4) in-
phase motion along the c¢ axis. Additional weak features
close to 200 cm™' and between 500 and 630 cm™! corre-
spond to infrared forbidden modes due to slight CuO chains
disorder.!'? Entering into the superconducting state, we ob-
serve a redistribution of the spectral weight from the low-
energy region to the high one (400—800 cm™'). The weak
phonon features are located inside the region where the back-
ground redistribution induced by superconductivity takes
place. According to previous studies, their temperature de-
pendence exhibit small energy shifts!” (~2 cm™!) as well as
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FIG. 2. (Color online) (a) B;, superconducting and normal Ra-
man responses Xs(w) (in red) and yj(w) (in black) of the pristine
YBa,Cu;0;_s crystal. The difference Ax"(w)=xs(w)—xy(w) (in
blue) is plotted in inset. (b) Raman responses of (a) after subtraction
of weak phonon lines and responses calculated using the procedure
described in the text. (c) Pure electronic contributions py and pg to
the Raman response extracted from the procedure described in the
text.

slight broadenings (<10%),2° which cannot explain alone
the renormalization effect observed here. Resonant Raman
scattering measurements performed under ultraviolet excita-
tion line?>> have recently unambiguously confirmed the
electronic character of this redistribution.

We have fitted the 100-200 cm™' and 500-630 cm™!
groups of phonon lines using simple Lorentzian profiles in
the normal state and assuming a weak temperature depen-
dence, as described above, in the superconducting state. Fig-
ure 2(b) exhibits the normal and superconducting Raman re-
sponses after subtraction of these phonon lines. We note that
due to the 340 cm™! phonon, the small orthorhombic distor-
tion in Y-123 (Ref. 21) and the contribution from the Cu-O
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FIG. 3. (Color online) (left panel) B;, superconducting and normal Raman responses Xs(w) (in red) and xj(w) (in black) of the
YBay(Cu;_,Zn,)30,_scrystals. (Central panel) responses of the left panel after subtraction of weak phonons (dotted lines) and their fits (solid
lines) obtained from the procedure described in the text. (Right panel) pure electronic contributions ps(w) and py(w) in the superconducting
(red) and normal state (black), respectively.

chains, the w* power law for the superconducting response of In order to extract the 2A value from the Raman spectra
a d-wave superconductor’ is masked, contrary to other sys- free of weak phonon lines, we use a phenomenological fit of
tems such as tetragonal Hg-based systems®!> where cubic the electron-phonon coupled spectra in the normal and super-
law is clearly seen.
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conducting states (see Ref. 24). The normal state susceptibil-
ity is given by

S2
= +2py(w)eS — VZpy(w)®

Xv(w) = py(w) + (1)

I'(l+é) ’
where ezw%ﬂ, Q being the phonon energy (1~340 cm™), I’
its linewidth, S the ratio between phononic and electronic
matrix elements. The three last parameters are renormalized
by the electron-phonon coupling V (a direct consequence of
this coupling is the asymetric Fano line shape of the B,
phonon line).

Following the same protocol as in Ref. 13 we have accu-
rately reproduced the electronic background in the normal
state by using the expression

w
py(w) = C——

Vo + or

which is linear in frequency for w—0 and constant for w
—o (C and wy are fitting parameters). To fit the Raman
response xg(w) in the superconducting state, we can also use
Eq. (1) replacing the electronic background py(w) of the nor-
mal state by a renormalized pg(w) function. This was
achieved by adding, as in Ref. 13 two Lorentzian profiles of
opposite signs (one for the low energy loss of spectral
weight, and one for the 400—800 cm™' enhancement) to
py(w). The result of this fitting procedure is displayed in Fig.
2(b). Figure 2(c), displays the pure electronic contributions
py(w) and pg(w) to the normal and superconducting re-
sponses deduced from these fits.

The 2A value is assigned to the energy of the maximum
of pg(w). It corresponds to 552 cm™' (8.6 kzT,) and is quite
similar to the energy deduced from subtracting the normal
state contribution to the superconducting of the raw spectra
(2A=556 cm™!). These values are consistent with those pre-
viously reported? in the YBCO system. We have also added
in dotted lines on Fig. 2(c) the calculated electron-phonon
coupled spectra in the superconducting state. We notice that
the energy of the maximum is not altered by the electron-
phonon coupling and can thus be directly extracted from the
difference x5(w)—xy(w) between the normal and supercon-
ducting responses.

B. B;, response of Y-123 with impurities

Let us focus now on the B, Raman spectra of Ni and Zn
substituted Y-123 shown in Figs. 3 and 4, respectively. The
left panels of the figures show the raw B, spectra, the cen-
tral ones show the same spectra after subtraction of the small
phonon lines as well as their fits (solid lines) with the proto-
col described above, and finally, the right panels exhibit the
normal py(w) and superconducting ps(w) electronic contri-
butions extracted from our analysis for each impurity con-
centration.

The first striking feature is that Ni and Zn have qualita-
tively similar effects on the B, Raman response of Y-123,
with an expected?® broadening and a decrease of the super-
conducting B, peak intensity. More surprisingly, we observe
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that the B, peak energy neither collapses to zero as T,
reaches 72 K (as claimed in Ref. 14), nor scales with T,,'3
but remains constant over a wide concentration range and
down to T,=64 K.

We have reported in Fig. 5 the different values of the pair
breaking peak energies extracted from our data. The dashed
line corresponds to the expected values of these energies
assuming 2A/kgT, is kept constant. Clearly there is no scal-
ing between W, and the critical temperature 7.

An independent confirmation of this fact can be inferred
by looking more carefully at the fitting parameters used for
the superconducting response (see Table I). We find a slight
increase of the B;, phonon linewidth I as well as a small
decrease of both the electron-phonon coupling parameter V
and |S| when impurities are added. These trends are opposite
to those observed when the B, peak energy decreases and
gets closer to the 340 cm™' phonon as, for instance, in the
case of overdoping® or under pressure.’’ In these cases,
spectacular changes in the electron-phonon coupling strength
lead to an important increase of the phonon linewidth which
is not observed here.

C. B,, response

The nodal B,, responses for Y-123, Y-123:Ni87 K, and
Y-123:7Zn83 K in the normal and the superconducting states
are displayed in Fig. 6. There are no Raman active phonons
in this symmetry for tetragonal crystals, but due to the small
orthorhombic distortion in the Y-123 family, some weak fea-
tures are present in the spectra. These contributions are mar-
ginal and the main part of the spectra is of electronic origin.
In the pristine case, we observe renormalization of the B,,
electronic continuum in the superconducting state. As ex-
pected theoretically for a d-wave superconductor, we observe
(i) that the renormalization is much weaker than in the B,
case and (ii) a linear dependence of the B,, response with
frequency at low energy. In order to extract a characteristic
energy from our data, we have subtracted the normal state
contribution from the superconducting one (see right pannel
of Fig. 6). This subtraction reveals a broad peak with a maxi-
mum around 470 cm™'. It appears that the nodal supercon-
ducting Raman response merges quickly with the normal one
as impurities are inserted. Indeed, we detect a small loss of
spectral weight at low energy for Y-123:Ni87 K (xyi=1%),
but no difference between the superconducting and the nor-
mal B,, responses is observed for Y-123:7Zn83 K (xy,
=0.7%). In contrast to the B;, Raman response, we cannot
extract from our measurements a B,, peak energy as a func-
tion of impurity concentrations.

III. DISCUSSION AND COMPARISON TO OTHER
EXPERIMENTS

A. Nodal response

The disappearance of any signature of the superconduct-
ing condensate in the the B,, Raman response as impurities
are inserted is consistent with previous experiments which
have shown that the B,, response is generally strongly af-
fected by any scattering source (e.g., structural disorder).?®>
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FIG. 4. (Color online) (left panel) B;, superconducting and normal Raman responses xg(w) (in red) and yj(w) (in black) of the
YBa,(Cu;_,Ni,);07_s crystals. (Central panel) responses of the left pannel after subtraction of weak phonons (dotted lines) and their fits
(solid lines) obtained from the procedure described in the text. (Right panel) pure electronic contributions: ps(w) and py(w) in the super-

conducting (red) and normal state (black), respectively.

However, the effect reported here appears stronger than the
one theoretically expected.?® Our experimental results are in
better agreement with the appearance of gapless arcs around
the nodes in presence of impurities for a gap of dp_ 2
symmetry.*? Indeed, in this scenario, we do not expect to
observe any difference between the superconducting and the
normal B,, responses as impurities are introduced.

B. Antinodal response

The robustness of the B, peak energy when impurities
are inserted in the CuO, plane raises the question whether it
is a genuine result or the consequence of an accidental can-
cellation between two antagonist effects. Indeed a small un-
derdoping is expected to increase the B, peak energy (Refs.
31-33, and references therein) while at the same time impu-
rity substitutions would induce a decrease of the peak energy.
The two combined effects might then result in an apparent
albeit fortuitous robustness of the peak energy.

This scenario is, however, highly improbable because (i)
the crystals have been annealed under oxygen pressure to be
optimally doped (this is confirmed by the phonon peak loca-
tions) and (ii) because the changes of T, due to impurity
substitution are much more drastic in the underdoped side.*
This would imply a strong disagreement between the impu-
rity concentrations measured by the Castaing electron probe
and the loss of T, according to the dT,./xy, (~15 K/ %) and
dT,/xyi (~5 K/ %) ratios. This is not the case here. Another
possible source for increasing the energy of the B, peak™ is
the presence of an anisotropic s-wave component in the su-
perconducting gap. In this case a small increase of the energy
of the superconducting peak is theoretically predicted,?® but
this effect should be rather small and is unlikely to cancel out
the energy decrease of the A peak.’ In the absence of any
other potential source for an increase of the B, peak energy
we are led to conclude that the B;, peak energy is genuinely
robust under impurity substitutions.

Previous angle resolved photoemission spectroscopy
(ARPES) experiments on electron-irradiated Bi-2212
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FIG. 5. (Color online) Energies of the By, superconducting re-
sponses (in units of T,.) under magnetic Ni (squares) and nonmag-
netic Zn (circles) impurity substitutions.

samples (nonmagnetic impurity effects in cuprates can be
achieved by electron irradiation®®) revealed a similar robust-
ness of the gap energy in the antinodal regions. Consistently
with our findings 7, was reduced to 62 K and no changes in
the gap energy were observed.*® More recently, Takahashi’s
group has reported measurements of the angular dependence
of the gap energy under magnetic and nonmagnetic impurity
substitutions.?” The gap energy in the antinodal regions was
shown to remain constant and gapless arcs around the nodes
were observed, in agreement with the present findings.

All these experiments are in agreement and they confirm
that the antinodal peak energy is robust under impurity sub-
stitutions. This cannot be easily understood in the framework
of conventional Abrikosov-Gorkov’ theory. In this approach
the presence of potential scatterers leads to a reduction of T.
for a d-wave superconductor and is accompanied with a de-
crease of the superconducting order parameter amplitude
A,3038 Jeaving the ratio between the gap and T, constant. If
we relate the energy of the antinodal peak to the pair break-
ing energy (~A) as it is usually admitted,’'? the B;, peak
energy has to soften under impurity substitutions.

At least two scenarios need to be explored in order to
understand the robustness of the B;, superconducting peak,

TABLE 1. Fitting parameters.

Sample Q (em™) I' (cm™) S 1%

Y-123 338.6 6.82 -6.99 0.79
Y-123:Ni87 K 337.8 9.37 -3.86 0.543
Y-123:Ni78 K 339.2 8.25 -4.25 0.542
Y-123:7Zn87 K 337.4 9.27 -2.81 0.346
Y-123:7Zn83 K 337.1 9.32 -2.39 0.330
Y-123:Zn73 K 338.9 9.27 -3.28 0.447
Y-123:Zn64 K 338.8 7.92 -4.29 0.549
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FIG. 6. (Color online) Superconducting and normal B,, Raman
responses Xs(w) (in red) and xj(w) (in black) of Y-123,
Y-123:Ni87 K, and Y-123:Zn83 K single crystals. The differences
AY'(w)=x5(®)— Xy(w) (in blue) are plotted on the right panels.

i.e., the breakdown of the relationship between 7. and A,
under impurity substitutions in YBCO. The first one is built
on the consensus that the B, peak is directly related to the
order parameter (wB1 ~2A) and based on local probe mea-
surements showing that the superfluid condensate is only al-
tered near the impurity site,*'*?> on a length scale on the
order of the coherence length £ (typically 15-20 A in opti-
mally doped cuprates). This is the so-called “Swiss cheese”
picture,  first inferred from  superfluid  density
measurements.’® As pointed out by Franz et al.,* in this
picture, the superconducting gap should be considered as a
local quantity A(7), affected only locally by impurity scatter-
ing, and cannot be replaced in the gap equation by its spatial
average, which is a crucial condition for the validity of
Abrikosov-Gorkov’ approach. It has been shown in this con-
text that the decrease of T, was faster than the decrease of
the average value of the superconducting gap. A(7) vanishes
on a length scale of & around the impurity site, but remains
unmodified with respect to the pristine case far from the
impurity. To the best of our knowledge, the theoretical Ra-
man response of a superconductor with such inhomogene-
ities in the superconducting gap has not been calculated yet.
However, since the superconducting contribution to the re-
sponse comes only from the regions far from impurity sites,
we do not expect any shift of the pair breaking peak energy
under impurity substitutions.

The second scenario raises the question of the nature of
the By, peak. It is indeed usually considered as the supercon-
ducting order parameter, but it is well known that in several
circumstances its energy does not scale with 7,. This is the
case in the underdoped regime where the B, peak energy
increases continuously as T, decreases (Refs. 31-33, and ref-
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erences therein) and under impurity substitutions, as shown
by the present measurements. In fact, the B, peak energy
behaves strikingly similar to the onset temperature 7" of the
pseudogap. 7" increases as the doping decreases (see, for
instance Ref. 43, and references therein) and is also known to
be insensitive to impurity substitutions.***> Since near opti-
mal doping 7, and T are very close, we are tempted to
speculate that 7" and wp, are related to the same energy
scale, namely, the pseudogép. Which of the two scenarios is
at play in the cuprates is still an open question and cross
analysis between ARPES, Raman, tunneling, and optical
conductivity as well as further theoretical investigations are
required to solve this important problem.

CONCLUSION

We have presented the superconducting Raman responses
in impurity substituted optimally doped YBa,Cu;0,_; single
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crystals. For both magnetic Ni and nonmagnetic Zn substitu-
tions, we found that the pair breaking peak energy measured
in the antinodal regions remains constant, in contrast with
Abrikosov-Gorkov’ calculations for a conventional BCS su-
perfluid condensate. In order to explain our findings, we have
explored two scenarios: the first one takes into account the
local inhomogeneity of the superconducting gap and the sec-
ond one links the antinodal peak energy to the pseudogap
energy rather than the superconducting order parameter. In
the nodal regions, no signature of superconductivity is ob-
served in presence of impurities, suggesting the apparition of
gapless arcs around the nodes.
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