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Electronic Raman scattering from Bi,Sr,CaCu,Og, 5. Doping dependence of the pseudogap
and anomalous 600 cri! peak
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Raman spectra of both overdoped and underdoped single crystalsSsf@iCyOg, s have been studied as
a function of temperature. A substantial depletion of spectral weight at low energies is observed in the
underdoped samples at temperatures well ativand a peak centered near 600 ¢nis observed in the
normal-state spectra of the optimally and underdoped crystals, confirming a recent report of such a peak in
underdoped crystals. This peak shows little dependence on doping or temperature and there is no apparent
relationship between the doping dependence of the anomalous peak at Bb@rminthe pair-breaking peak
observed below . . In contrast, the onset temperature of the normal state depletion, the depth of depletion, and
both the position and intensity of the pair-breaking peak are all dependent on sample doping. The depletion of
normal-state spectral weight in the underdoped materials is attributed to the opening of the pseudogap but the
origin of the 600 cm? peak remains uncleafS0163-18208)50518-§

The high-temperature superconducting cuprates posseasbroad featureless continuum extending to high energies,
many curious properties compared to conventional supercomuite unlike that expected from a normal métaf*28 Phe-
ductors, not the least of which is the gaplike feature whichnomenological models explaining the unusual normal-state
appears in the normal state of underdoped cupfdtésthe  Raman spectrum of the cuprates and other anomalous
normal state below a characteristic temperatiite, a gap  normal-state properties were forwarded some time*agb
forms in the electronic excitation spectrum. This gap, com-but the origin of the electronic Raman continuum, both in the
monly referred to as the pseudogap, may be observed with@ormal and superconducting states, remains the subject of
variety of experimental techniques including angle-resolvedsome controvers§?3233
photoemission spectroscoRPES,*® NMR,”® and elec- Recent electronic Raman-scattering measureriferifs
tronic specific heat measuremeft¥he ARPES measure- have added to the evidence of a pseudogap in the normal
ments indicate that the pseudogap has the sme,. sym-  state of underdoped high; superconductors. Those mea-
metry as the superconducting gap, and a number ofurements on Bi221@Refs. 34, 36, and 3&how a depletion
suggestions have been made regarding the source of tlod spectral weight in the normal state of underdoped crystals
pseudogap and its relationship to the superconductingshich appears to be maximal in i, scattering symme-
gap®~*3In common with explanations of the origin and na- try, analogous to the pseudogap indicated by ARPES mea-
ture of the pairing state in the highs superconductors, there surements. Most recently, a feature Bf; symmetry, ap-
is little consensus amongst theoretical descriptions of th@earing at 600 cmt, has been reported in the normal-state
pseudogap and no single explanation seems appropriate @ectronic continuum of underdoped Bi2212 crysfalslere
light of the sometimes contradictory experimental evidencewe confirm the existence of this feature in the underdoped
However, it is clear that any description of superconductivitymaterials and show that it is also present in spectra taken
in the cuprates must provide an understanding of the detailsom an optimally doped crystal. We observe the temperature
of both the pseudogap and the superconducting gap. and doping dependent changes in the normal-state spectra of

Raman scattering from electronic excitations has beeithe underdoped samples, consistent with the formation of a
used to directly probe the magnitude and symmetry of theosseudogap reported previously in the literature, while the
superconducting gap in a variety of high-materials*~** 600 cn ! peak shows only weak doping dependence in both
By selecting appropriate polarizations of the incident andposition and width.
scattered light, Raman scattering may be made sensitive to Single crystals of Bi2212 were prepared by a traveling
scattering from different portions of the Fermi surface. Mea-solvent floating zone method using an infrared imaging
surements have revealed the formation of a broad peak in tHarnace® Oxygen was unloaded by high-temperature an-
superconducting state, the shape, magnitude, and position néals in low oxygen pressures, with rapid quenching. The
which exhibit a strong dependence on both doping and scatf each crystal was determined via magnetic susceptibility
tering symmetry. In BiSrL,CaCyOg, 5 (Bi2212) the peak po- measurements. Raman spectra were measured with the 514.5
sition and magnitude are maximal in tBeg symmetry?>~2*  nm line of an argon ion laser with a typical incident power of
which selects those portions of the Fermi surface aroun&0 mW and area of 0.025 dmMeasurements using lower
(0,£7) and (=,0). These measurements are consistentaser powers indicated that the sample was heated locally by
with the available ARPES data indicating a superconductindess than 10 K at 50 mW incident power. This minimal
gap of predominantlyd,z_ 2 symmetry>>~?’ The normal- sample heating will be ignored when sample temperatures
state Raman spectrum of the cuprate superconductors shoage quoted. Scattered light was collected in the backscatter-
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ing geometry, with a Jobin Yvon U1000 double monochro-
mator and a charge coupled device used to disperse and de
tect the scattered light. A Rayleigh line rejection filter was
used, restricting the spectra to Raman shifts of 200'camd

above. Polarization resolved Raman measurements were pe!
formed in theX X, XY andX'Y' geometries, wher¥ andY

are parallel to the Cu-O bonds, aid andY’ are at 45° to

X andY. Here we will quote all symmetry selection rules
with reference to the tetragonBl,;, point group of the Cu-O
planes, rather than the orthorhombic unit ¢&#° The XX
polarization selecté\;+ B;4 symmetry XY polarization se-

lects B, symmetry andX’Y' polarization select8;, sym-

metry excitations. TheB;4 channel selects excitations of
dy2_y2 symmetry and hence should detect the maximum
magnitude of the pseudogap and the superconducting ]

gap*>?22332|n common with previous measurements on = Son . W,
Bi22121% we observed only a weak superconductivity- g o _‘H;‘aﬁ.« RS 2
induced redistribution of the electronic continuum beldw 3 s 10K 1 @’9 ) j
in the XX(A14+B1g) and XY(B,y) geometries for the un- & [ 1 L 4
derdoped samples and no evidence of a pair-breaking peak™ S I - f A {

As pseudogap and superconductivity-induced changes in th(d>J ~(c) ] —(d) _
continuum for the underdoped regime were of greatest inter-~= v e s B R s .
est, the measurements presented here are those performed g Z?'F ¥ YRR P

the X"Y'(B,4) geometry. D b ~ 250K~
Electronic Raman spectra from four Bi2212 crystals col- £ r o ‘ . o d
lected at temperatures between 300 and 10 K are shown ir a‘*tgt 7 f'".i"i' A .

Fig. 1—they are, respectivelya) overdoped (b) near opti-
mally doped,(c) and(d) underdoped. In order to emphasize
the temperature dependent changes, the spectra shown ha

'l1

%.
P

|||l|’

%

been divided by their respective 300 K spectra and adjustec |- B
for the thermal Bose occupation factor at the appropriate & L 150K"
temperature. As we are interested only in the magnitude of o C i
change from the 300 K spectrum, the distortion of the con- - e 8
tinuum shape resulting from the division procedfiis not : WW
of concern. The resulting relative spectra were then normal- .
ized to unity at 1000 cm* and offset by equal amounts C s i, ™
along the vertical axis. The zero for each spectrum is shown AQW'%M%
as a thick mark on the vertical axis. KRR 10K 1
The overdoped crystal of Fig.(d has aT,. of 83 K. ’l Ll L ]
Those spectra taken at 200, 100, and 80 K show little change 544 600 1000 200 600 1000
with temperature, exhibiting the broad, featureless con- Raman Shift (cm.1)

tinuum characteristic of the highz cuprates, even at a tem-
perature very slightly below.. A common feature of these  FIG. 1. Relative Raman spectfir)(v)/1300 ()] for an overdoped, a
three spectra is the slight increase of spectral weight towarf2" oPtimally doped and two underdoped single crystals of Bi2212, taken
. . . i . In the B, 4 scattering symmetry. The spectra have been normalized to unity
!OW e”erg_'es extending from approximately 350 cmThis at large frequencies and are offset along yhexis for clarity. The zero for
increase is expected from the temperature dependence of tBgeh offset spectrum is indicated by a heavy dash on the right of the frame.
low energy w—0) part of the normal-state response func-Sample details area) overdoped,T.=83 K; (b) near optimally dopedT,
tion, predicted by phenomenological models of the normalF89K; (c) underdoped,T.=80K; and (d) underdopedT.=68 K. The
statel®29:3080th the 50 and 10 K spectra exhibit the Charac_underdoped _samples exhl_blt a normal-state depletion of spectral weight at
.. . . . ._low frequencies not seen in the optimally doped or overdoped samples.
teristic depletion at low energies and formation of a peak in
the superconducting state. The near optimally doped sample
(T.=89K) shown in Fig. 1) displays different of the sample and the weakness of the pair-breaking peak at
temperature-dependent behavior to that of the overdope@mperatures only slightly belowW, .
crystal. At 150 K, the increase in spectral weight toward low Figures 1c) and Xd) both show spectra from underdoped
energies now extends from approximately 700 ¢érwvhen  crystals withT.’s of 80 and 68 K, respectively. Considering
compared to the level at 1000 ct In contrast, the 110 K the moderately underdoped sample first, the 200 K spectrum
spectrum shows an almost flat spectrum over the entire rang# Fig. 1(c) is flat, in contrast to the higher-temperature spec-
up to 1000 cm®. The 80 K spectrum shows greater deple-tra from the overdoped and near optimally doped samples of
tion at low energies, but no evidence of the peak which apFigs. Xa) and(b). At 100 K a very slight depletion between
pears clearly in the 10 K spectrum. The absence of a pair300 and 500 cm' is observed, which is seen to deepen and

breaking peak at 80 K is most probably due to laser heatinggroaden in the 80 K spectrum. Below, the 60, 50, and 10
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K spectra show the evolution of the pair-breaking peak from T
the continuum. There is no evidence of this peak persisting
aboveT,, rather it appears beloW, and increases in mag-
nitude as the temperature is reduced. Turning next to the
most heavily underdoped crystal, the normal state behavior
of Fig. 1(d) is qualitatively similar to that of Fig. (), but is
observed at substantially higher temperatures. Considering
the normal state spectra of Figid], the 250 K spectrum is
flat while the 150 and 100 K spectra show a small but defi-
nite depletion at low energies extending up to around
600 cm L. In the superconducting state, the 10 K spectrum
shows the formation of a broad, weak peak in the region of
600cml. This decrease in the magnitude of the
superconductivity-induced peak in the underdoped regime
has been reported previousiyand corresponds to a doping
region where pair-breaking peaks in thg, and B,y con-
tinua are typically not observed. ' ' ' ' '

This depletion of normal-state spectral weight in Big 200 400 600 800
scattering symmetry is consistent with reports from ARPES Raman Shift (cm™)
measurements of the pseudodapln these measurements, a

gaplike feature is seen to open at a temperatdref around and an optimally doped sampléc), in By, symmetry. The spectra have
. 1 19 .
170 K for crystals of moderate underdopirif. (=83 K) and been scaled so that the 280 chphonon peak is of equal intensity. Spec-

is present at 300 K for an extremely underdoped sample afum (a), taken at 250 K, is from the underdoped sample Wiith- 68 K
T.=10K. An overdoped sample near optimal dopinf. ( [Fig. 1(d)]; spectrum(b), taken at 300 K, is from the underdoped sample

=87 K) showed the persistence of a very small, if not van-with T.=80K [Fig. 1(c)]; and spectrunic), taken at 300 K, is from an
ishing, gap into the normal state to a temperature of 95 KoPtimally doped sample witfTc=90 K. The By, symmetry phonon at

. 80 cnmi L is clearly visible, as is a relatively sharp peak near 600%rfihis
Very recent ARPES measurements on an optlmally dope nomalous 600 cnt peak both softens and narrows slightly as the hole

Bi2212. crystal also proyid(_e evidence of a depletion Oflspectjoping is increased from underdoped to optimally doped. The overdoped
tral weight along the principal axes (0#) and (= ,0) in  sample[Fig. 1(a)] did not exhibit a discernible peak in this region.

the normal staté.In common with these measurements, we
do not observe any reduction in spectral weight abovéthe of these features would appear as relatively sharp peaks
temperatures determined by ARPES, nor was any normatroughs in the regions of 300 and 600 ¢rh which are not
state depletion observed in scattering symmetries other thageen in the spectra of Fig. 1. Blumbesyal. (Ref. 37 ob-
the B,4 symmetry. The depletion of the spectral weight isserve an increase in the integrated 600 &mpeak intensity
seen to increase with temperature bel®d and to merge of about a factor of 2 on cooling from 300 to 100 K in an
smoothly with the superconductivity-induced continuumunderdoped crystal 6f =68 K. A doubling of intensity of
changes belowT, in both ARPES(Refs. 3-5 and the the 600 cm? peak at 100 K would be clearly visible in the
present Raman measurements. spectra of Figs. (b), 1(c), and 1d), where the relative spec-
Figure 2 shows typical unnormalized spectra from twotra are seen to be quite flat, indicating that any temperature
underdoped crystals and an optimally doped crystal in thelependence of the peak intensity in our data must be some-
normal state. The raw spectra have been scaled such that tiMaat weaker than a factor of 2. The feature appearing here in
intensity of the 280 cm' phonon are identical in each spec- Fig. 2 does appear to have some weak dependence on dop
trum. An anomalous peak appears at around 600'dmall  ing, although much less than the pair-breaking peak in the
spectra and shows very little doping dependence, in contrasuperconducting state. Our data show that as the doping is
with the pair-breaking peak which appears in the bellgw- changed from underdoped to optimally doped, the peak shifts
spectra of Fig. 1. The spectrum shown in Fige)2vas taken in position from around 600 to approximately 580¢tm
at 250 K from the underdoped crystal 3£=68 K. The  while simultaneously becoming narrower and less intense.
600 cmi ! feature is quite broad in contrast to the other spec-Over a similar doping range, th , pair-breaking feature in
tra. The 300 K spectrum, Fig(®), of the moderately under- the superconducting state shifts monotonically from 600 to
doped sample witd.=80 K shows a definite narrowing of around 510 cm® while becoming narrower and more in-
the anomalous peak and a shift in position to slightly belowtense. Taking this behavior into account, the correspondence
600 cm L. Figure Zc) shows the 300 K spectrum of an op- of the positions of the two peaks in the underdoped crystals
timally doped crystal withT.=90 K. Here, the peak lies is most likely coincidental.
around 580 cm® and has narrowed significantly compared  Blumberg et al. establish that the anomalous 600¢m
to the spectra of Fig. (@) and (b). The overdoped crystal feature is most unlikely to be phononic in origin and attribute
shown in Fig. 1a) did not exhibit any discernible normal- it to a coherent bound state, which they associate with the
state peak in this vicinity. pseudogap and antiferromagnetic ordering in the underdoped
That neither the 280 cnt phonon mode nor the anoma- materials®’ The occupancy of this bound state increases as
lous 600 cm?® peak show significant temperature depen-the temperature is reduced, leading to a depletion of spectral
dence is demonstrated by the relative spectra of Fig. lweight at low frequencies and the observed pseudogap. They
Temperature-dependent changes in the position or intensitglso raise the possibility that this anomalous peak is evidence

Raman Intensity (arbitrary units)

FIG. 2. Raman spectra taken from two underdoped sam(aleand (b),
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of the preformed Cooper pairs proposed as an explanation efnderdoped crystals, while it becomes weak and broad in
the pseudogap by some authdt$! Arguing against this in-  momentum in the overdoped regime. There are two difficul-
terpretation is the presence of the peak in the 300 K spectruities in identifying the 600 cm' peak with such a collective

of the moderately underdoped and optimally doped crystalgnode. First, the energy scales indicated by ARPES are much
In the first instance, the anomalous peak is present welftigher than the observed peak: 100—-200 meV corresponds to
above the temperature where spectral weight begins to k& Raman shift of 800-1600 cth Second, the 600 cnt

lost, as observed both in the Raman data of Fig. 1 and thBeak is relatively sharp and is present only in Big sym-
ARPES measurements® In the second instance, the magni- Metry (which selects scattering from the Fermi surface
tude of the pseudogap at optimal doping is very streafid arounq the prmcu_oal axeswhile the proposed collective
significant changes in the low-frequency Raman spectrdl0de is comparatively broad and peaked arotmer).

which could be identified as a pseudogap, are absent frondl In cont_:lusmn, _electronlc Raman scattering from _under-
our spectra. If the appearance of the anomalous 600 cm oped Bi2212 single crystals shows the formation of

peak was a pair-breaking feature, due to the Cooper pairin seudogap below a characteristic temperaﬂ'u”r@Tc, evi-
enced by a depletion of spectral weight at low frequencies.

of holes abovél; without long-range phase coherence, the . )
changes to the low-frequency spectral weight would be eQ:r he near optimally doped and overdoped crystals studied

pected as a function of temperature and the positions of th@howed no evidence of pseudogap formation at temperaiures

normal state and superconducting state peaks should Coiﬁi_gnificantly aboveT, . The results are consistent with pre-

cide. Neither of these expectations are fulfilled by the beha vious reports of the pseudogap by ourselves and others using

37 .
ior of the anomalous 600 cm peak. Fawan srée_gtéoslcoi? an?] obs?rya5|ons made dby tpt_rger
Another explanation of the 600 crhpeak is that it is the echniques. “Below 1, a characterstic superconductivity-

collective mode proposed by Shestal. to explain the nduced reorganization of the electronic continuum
anomalous temperature and lineshape dependence of tR&°US " ‘Wwith the formation of a pair-breaking peak.
normal-state ARPES spectra of underdoped Bi2¥18.the e also observe an anomalous peak appearing at 608 cm
normal state, below*, the ARPES spectra observed at the!N the spectra of the underdoped and optimally doped crys-
tals. This relatively sharp peak is present at 300 K, shows no

(77,0) to (ar,7r) Fermi level crossing show an edgelike shaped. ible t A d q d onl K dobi
with a broad maximum in the region of 100—-200 meV and adlscergl € empfira_ure edpen ence an ?Q y (\i/vea oping
leading edge shifted to higher binding energies—the ependence, softening and narrowing as the doping 1s in-

pseudogap. In contrast, t6,0) to () crossing spectra creased from underdoped to optimally doped. The peak does

show a relatively sharp quasiparticle peak at the top edge df°t aPPear in. spectra fro”.‘ th_e overdoped crystal and its
the step and ng pseu?jggap.pln theirpmodel the br%adgpeaqpange in position with doping is much less than that of the
y air-breaking peak in the superconducting state. There is no

seen in thg,0) to (a,7) spectra is due to collective excita- P . -
tions, which couple strongly to the photohole, suppressin&Iear correspondence in position of these peaks.

the quasiparticle peak observed alof@y0) to (m,7). The We wish to thank J. L. Tallon for many helpful and stimu-
spectral function of the collective mode peaks nearr) in lating discussions.
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