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Phononic and electronic Raman spectroscopy of the pseudogap state in underdoped YBa2Cu3O7Àx
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Electronic and phononic Raman scattering spectra have been studied in detwinned crystals of underdoped
YBa2Cu3O72x with Tc563 K. In contrast to a very weak response of theB1g spectrum at all temperatures, we
found atT,180 K a strong suppression of the electronic Raman scattering withA1g symmetry below 700
cm21 and remarkable self-energy effects on theA1g phonon at 120 cm21. Both phenomena are indicative of a
gradual decrease in the electronic response, resulting from a pseudogap that opens on a large area of the Fermi
surface. Superconductivity-induced phonon renormalization can be observed strongly in theA1g and weakly in
the B1g spectra.
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I. INTRODUCTION

One of the most important problems in the study of hig
Tc superconductors~HTSC’s! is an origin of the pseudoga
that appears well aboveTc in the underdoped regime. Al
though a huge number of experimental results have b
accumulated,1 the relationship between the pseudogap a
superconductivity is still an open question. Recent result
angle-resolved photoemission spectroscopy~ARPES! ~Ref.
2! revealed that a pseudogap gradually opens with lowe
temperature~T!, depending onk, namely, that the pseudoga
opens first at the Fermi surface around@p,0# and @0,p# and
then widens towards@p/2,p/2# direction. In order to under-
stand the apparently controversial situation that the ps
dogap is observed at different temperatures in differ
physical properties, thek dependence of the pseudogap
extremely important. Except for ARPES, there are only
few experimental probes for thek dependence of the Ferm
surface. Raman scattering spectroscopy is one of the pr
ising tools that can determine thek dependence of a ga
magnitude. In fact, in the study of superconducting gap sy
metry, the Raman results have played an important ro3

Compared with ARPES, a Raman spectrum is less sens
to a sample surface, which enables us to investigate not
the cleavages of Bi2Sr2CaCu2O8 but also other HTSC’s such
as YBa2Cu3O72x .

There have been several reports of electronic Raman s
ies for the pseudogap.4–9 In contrast to the case of the high
doped regime, almost noT dependence was observed in t
B1g spectrum of the underdoped crystals, while theB2g spec-
trum shows suppression of a spectral weight below 700 cm21

at low temperatures.7,8 Since theB1g andB2g spectra detec
mainly the electronic states of the Fermi surface near@p,0#
and @p/2,p/2#, respectively, the above results seem to
contradictory to the other reports that suggest ad-wave sym-
metry of the pseudogap2 and motivates us to investigat
other symmetry spectra such asA1g to probe the whole
Fermi surface.

On the other hand, the electronic change should affect
phonon self-energyS5S81 iS9, i.e., its frequencyv5v0
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2S8 and linewidth 2G52(G01S9), through the
k-dependent electron-phonon interactiong(k). An advan-
tage of phonon Raman scattering study is that it can mea
both the real and imaginary parts of the electronic respo
through S, whereas the electronic Raman scattering o
measures the imaginary part. Thus the phonon self-energS
provides complementary and crucial information for t
pseudogap. However, so far there has been little reports
the phonon Raman study of the pseudogap problem.

The polarized Raman spectra probes different parts of
Fermi surface and therefore can provide information
anisotropies of both pseudogap and superconducting ga
this paper we refer to a tetragonalD4h point group withX
and Y taken parallel to the Cu-O bonds. TheB1g (X8Y8)
Raman spectra samples the Fermi surface near the~0,61!
and ~61,0! directions in the Brillouin zone whereas theB2g
~XY! spectrum samples a region near the~61, 61! diagonals.
The A1g channel is more isotropic and samples the Fe
surface both near the~0,61!, ~61,0!, and near the~61,61!
directions. In contrast toB1g and B2g channels, the
A1g channel cannot be individually measured by in-pla
scattering geometries and one measures a combinatio
A1g and either B1g ~XX,YY! or B2g (X8X8,Y8Y8)
components.3 Although we measured spectra with vario
polarization configurations, we focus our discussion here
the XX- and YY-polarization spectra with the (A1g1B1g)
symmetry, which is complementary to the well investigat
B2g symmetry. Taking an advantage of the phonon-r
spectrum withA1g symmetry in YBa2Cu3O72x , we also ex-
tract information on the electronic state through the phono

II. EXPERIMENT

The YBa2Cu3O72x crystals were grown by a top-seede
pulling technique and oxygenated under uniaxial pressur
order to make twin-free samples.10 By controlling the post-
annealing temperature in flowing oxygen, we prepared
underdoped crystal withTc563 K and an optimally doped
crystal withTc593 K. We refer to the former as UndD an
to the latter as OptD hereafter.
11 859 ©2000 The American Physical Society
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The Raman scattering spectra were measured in
pseudobackscattering configuration with the 514.5-nm
of an Ar-Kr1 laser, using a triple stage spectrometer with
liquid-nitrogen-cooled charge-coupled device~CCD! detec-
tor. A typical spectral resolution was 3 cm21. The laser
power density was about 5 W/cm2 on the sample surface, an
the overheating was estimated from Stokes-Antistokes r
to be less than 10 K. For low-T measurements, a closed
cycle cryostat was used with temperature stabilization be
than 1 K. All the measurement temperatures are corrected
the laser heating.

III. RESULTS AND DISCUSSION

Temperature-dependent Raman spectra of the OptD
UndD samples are shown in Fig. 1. The contribution of
Bose factor has been removed, so that the spectrum is
portional to the imaginary part of the Raman scattering
sponse functionx(v)5R(v)1 ir(v). At room temperature
all spectra consist of rather flat electronic continuum a
superimposed by five well known phonon lines at about 1
150, 340, 430, and 500 cm21. Additionally, theYY-polarized
spectra are modified by defect phonon modes, since oxy
defects are mainly formed in the CuO chains along theY
axis. Figure 1 shows that the temperature dependenc
r~v! is quite different between OptD and UndD crystals.
for OptD the low-v electronic continuum slightly increase
with loweringT down toTc , arising from theT dependence
of the electronic scattering rateGe(v).11 Below Tc the spec-
trum exhibits a superconducting response with a broad p
which reflects thek dependence of adx22y2 paring state.3,12

In contrast, for UndD the electronic continuum atv
,700 cm21 is anomalously suppressed in theXX and YY
spectra at temperatures well aboveTc but it is less sensitive
to T below Tc . The normal-state anomaly in UndD is co
sidered to be due to opening of the pseudogap. As is sh

FIG. 1. The Raman response functionsr~v! for the XX andYY
scattering geometries of the OptD crystal~a! and~b! and the UndD
crystal withTc563 K ~c! and ~d! at different temperatures.
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in Figs. 1~a! and 1~b!, there is no evidence for a pseudog
in the spectrum for OptD.

The X8Y8 spectra withB1g symmetry are shown in Fig
2~a!. Since temperature dependence of theB1g spectra is
very weak aboveTc , the observed change in theXX andYY
spectra is attributed to theT dependence of theA1g spectra.
In fact, theA1g component@Fig. 2~b!# calculated from Figs.
1~c! and 1~d! and 2~a! as I (A1g)5@ I (XX)1I (YY)#/2
2I (X8Y8) shows a remarkable suppression aboveTc .

Figure 3 showsT dependencies of the electronic intens
ties at several frequencies, marked by the arrows in Figs.~c!
and 1~d!. The suppression occurs atT* ;180 K, which
agrees well with the pseudogap anomaly detected
tunneling measurements.13,14 Since no significant T
dependence is observed in theB1g channel, the observedT
dependence in Fig. 3 must originate from theA1g channel, as
is shown in Fig. 2. A spectral weight reduction for theA1g
part is estimated to be about 40% at 200 cm21. As for theYY
spectrum, the continuum partly originates from the chai
However, the amount of the reduction in theYYis nearly the
same as that in theXX, indicating that a pseudogap does n
open in the chain band.

Next let us consider the phonon spectrum which refle
the real and imaginary parts of the electronic responsx
through the phonon self-energyS5S81 iS9.15 Among vari-
ous phonons in YBa2Cu3O72x , we focus our attention on the
Ba-vibration phonon withA1g symmetry at about 120 cm21,
because this phonon has been found to couple strikingly w
the A1g electronic continuum. Thus we expect the se
energy effect on this phonon to be mainly related to
electronic excitations. A possibility of strong electro
phonon coupling for theA1g Ba mode was also predicted b
the linearized-augmented-plane-wave calculation.16 As
clearly shown in Fig. 4, strong coupling of the 120-cm21

phonon with the electronic continuum gives rise to the qu
tum interference, resulting in an asymmetric line shape. W
decreasingT, this phonon peak shifts towards high frequen
below 150 K and goes back atT,Tc . The linewidth and the
intensity also show a similarT dependence. By contrast t
this complicated behavior of the Ba mode, the Cu-vibrat
mode at 147 cm21 exhibits no appreciableT dependence.
This indicates that the latter phonon hardly couples with
electronic continuum.

FIG. 2. ~a! The Raman response functionsr~v! for the X8Y8
scattering geometry of the UndD crystal withTc563 K at different
temperatures.~b! The A1g component calculated from Figs. 1~c!
and 1~d! and 2~a! as I (A1g)5@ I (XX)1I (YY)#/22I (X8Y8).
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FIG. 3. Temperature dependencies of the R
man response functionsr~v! in the XX and YY
polarizations for the UndD crystal (Tc563 K) at
the frequenciesv indicated by the arrows in Figs
1~c! and 1~d!.
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To estimate the self-energyS by removing the interfer-
ence, we have fitted the spectrum with the Fa
formula.12,17,18 The fitting result is illustrated by the soli
lines in Fig. 4. A Lorentzian line shape is assumed for the
phonon at 147 cm21 and for a defect phonon mode that a
pears as a shoulder at about 125 cm21. Temperature depen
dencies of the frequency and the linewidth of the 120-cm21

mode are plotted in Fig. 5, where the results for OptD
shown for comparison. The solid lines display theT depen-
dencies expected from the two-phonon decay process.19,20 In
the behavior of the 120-cm21 mode, we immediately se
opening of the pseudogap atT* ;150 K and the supercon
ducting gap atTc;60 K. The former causes hardening of th
phonon frequency and narrowing of the linewidth, whi
correspond to decreases of the real partS8 and imaginary
part S9, respectively. This is consistent with theT depen-
dence of the electronic response shown in Figs. 1–3. N
that T* observed in the phonon parameters is slightly low
than T* ;180 K determined from the electronic intensity
frequencies above 200 cm21. The lower phononT* may
imply that the pseudogap effect is delayed for the phono
a low frequency. Softening and broadening belowTc illus-

FIG. 4. Temperature dependencies of the Raman response
tions r~v! for UndD YBa2Cu3O72x crystals for theYY scattering
geometry. All solid lines are the fitting results by the Fano a
proach. Each spectrum is shifted vertically by 0.15 from the pre
ous one.
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trates the increase ofS8 and S9, respectively, while this
mode shows narrowing for OptD, indicating a decrease
S9. Later we discuss the superconductivity-induced effect
more detail.

The suppression ofS9 below T* results from closing a
part of the decay channels owing to opening of the ps
dogap. This pseudogap-induced effect is apparently sim
to the superconductivity-induced narrowing that is observ
in OptD. However, the physics behind them are substanti
different. Namely, in the case that the bare phonon freque
v0 is well below 2Dmax for a d-wave superconducting gap
the imaginary partS9 decreases with loweringT, because
thermally excited quasiparticles become frozen out. T
low-T S9 is associated with creation process of the quasip
ticle pairs above a smaller gap@2D(k),v0# near the nodes

nc-

-
i-

FIG. 5. Temperature dependencies of the fitting parameter
the 120 and 340 cm21 phonon lines for the OptD~open circles! and
UndD ~solid circles! YBa2Cu3O72x crystals.~a! and ~c! Renormal-
ized phonon frequenciesV5V01S8. ~b! and ~d! Renormalized
phonon linewidths 2G52(G01S9). The solid lines are the ex
pected curves in the two phonon decay model~Ref. 19!. The dashed
lines are guides to the eye only.
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Although the pair creation in the larger gap region@2D(k)
.v0# cannot contribute toS9, this process enlarges the re
partS8, since the superconducting carriers still couple to
relevant phonons. Indeed, the softening of the 120-cm21

phonon in OptD demonstrates thatS8 is enhanced in the
superconducting state. On the other hand, the pseudo
induced hardening and narrowing suggest that carriers in
pseudogap state do not contribute to the phonon self-en
S, as if these carriers lost their electron-phonon coupling
this case, the residual self-energyS res is related to the con-
ducting carriers on the Fermi surface that survive in the ps
dogap state. By assuming 2G050,
the amount of S res9 is estimated to be S res9 /S9
52G(65 K!/2G(150 K!50.6. Since 2G0Þ0 in an actual sys-
tem, the amount would be a little smaller than 0.6.

Since theA1g scattering probes the Fermi surface in t
@p,0# direction as well as@p,p#, it is of great interest to see
the pureB1g Raman response. As to the electronic Ram
response atB1g , no significant anomaly related to the pse
dogap or superconducting gap is observed in the underdo
HTSCs. As a more sensitive probe, we have used the s
energy effect on the well-knownB1g phonon at about 340
cm21. The results are shown in Figs. 5~c! and 5~d! as solid
circles. The linewidth follows well theT dependence of
phonon-phonon scattering over the wholeT range. The fre-
quency shows weak softening atTc but the pseudogap is
indistinguishable. We conclude that carriers forB1g are al-
ready suppressed or almost incoherent at room tempera
This possibility has been pointed out by the photoemiss
experiments on Bi2Sr2CaCu2O81z , which have revealed a
remarkable loss of the density of states atEF in the UndD
regime, extending to a large energy scale with an order of
eV.2 Therefore it is reasonable to attribute the depletion
the B1g response to the large suppression of the density
states around@p,0#. In this scenario theA1g response ob-
served in the present work does not originate from the e
tronic state in the@p,0# direction but primarily from the
@p, p#, which is the same direction as that measured atB2g .
Indeed, the residualS res9 /S9;0.5 is not very different from
the residual electronic intensityr res/r;0.65 forB2g .8

Finally, we discuss the superconducting gap in the und
doped regime. As can be seen in Fig. 5, t
superconductivity-induced effect on the 120-cm21 phonon
abruptly appears belowTc . This demonstrates that the re
sidual carriers along the@p,p# direction exhibits a striking
superconducting response. The linewidth steeply increa
and recovers to the normal value aboveT* , while the fre-
quency softens belowTc . These phonon behaviors sugges
te
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gap value 2DA1g is not far from 120 cm21 for A1g . On the
other hand, the softening of the 340 cm21 indicates 2DB1g
.340 cm21. The polarization dependence (DA1g,DB1g) is
consistent with the theoretical prediction for adx22y2 pairing
state.3 In sharp contrast to the phonon behavior, a superc
ducting response in theXX andYYelectronic continuum can
be hardly seen in Figs. 1 and 3. This might result from
screening effect in theA1g electronic response, as was di
cussed by Devereaux and Einzel,3 while the A1g phonon is
almost unscreened.

Concerning the gap maximum, the phonon Raman sp
trum in the resonant condition for YBa2Cu3O72x with Tc
570 K suggested 2Dmax.500 cm21.21,22 This value is com-
parable to the energy scale of the Raman pseudo
600– 800 cm21, but is quite different from 2Dmax;8kTc
5330 cm21 expected from a sharp gap peak in theB2g elec-
tronic spectrum.7,8 A key to solve this puzzle might be a los
of coherency of carriers in the superconducting phase, wh
makes the gap behavior deviated from that of a cleand wave.
Although the Fermi surface along the@p,0# gives a large gap
~.600 cm21!, it is expected that many of the carriers a
incoherent and do not contribute to the phonon self-energ
T,T* , even belowTc , resulting in very weak softening o
the B1g phonon for UndD that is less than 20% of that f
OptD. Only the carriers along the@p,p# show the coheren
superconducting response, giving a smaller gap of about
cm21 at A1g andB2g channels.

IV. CONCLUSIONS

We found remarkable suppression of theA1g-electronic
Raman intensity below 700 cm21 at T,180 K, accompanied
by the strong self-energy effects on theA1g phonon at 120
cm21. This can be attributed to opening of the pseudogap
the Fermi surface, where the carrier response forB1g is al-
ready suppressed or incoherent at room temperature.
120-cm21 phonon also shows a pronounced self-energy
fects belowTc , indicating that a superconducting gap ope
on the residual Fermi surface.
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