RAPID COMMUNICATIONS

Observations of a pseudogap in the-axis electronic Raman continuum
of YBa,Cu,Og single crystals

PHYSICAL REVIEW B, VOLUME 63, 100506R)

J. W. Quilty, S. Tajima, and S. Adachi
Superconductivity Research Laboratory, International Superconductivity Technology Center,
1-10-13 Shinonome, Koto-ku, Tokyo 135-0062, Japan

A. Yamanaka
Chitose Institute of Science and Technology, Chitose, Hokkaido 066-8655, Japan
(Received 28 August 2000; published 21 February 2001

We report the results af-axis polarized electronic Raman scattering measurements on single crystals of
YBa,Cu,Og. As the temperature is lowered we find a monotonic depletion of spectral weight below a Raman
shift of around 900 cm?, consistent in character with the pseudogap, but unaffected by the onset of super-
conductivity. We also establish that theaxis continuum in YBaCu,Og can be described by a simple relax-
ational response, without the inclusion of electron-phonon scattering effects. In contrastiaxibgransport
properties, the CuO chains appear to have little influence ow-thés Raman continuum.
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The high-temperature superconducting cupratid SC) Single crystals of Y124 were grown using a self-flux
materials exhibit features that have been persistent puzzles tethod described elsewhéfeproducing crystals of typical
the solid-state community since their discovery. One well-dimensions 0.40.2x0.1 mn? and 80 KT, (onse} deter-
known conundrum is the suppression of electronic excitamined by magnetic susceptibility measurements. Our Raman
tions in the normal state of underdoped superconductors, thepectrometer consisted of a Jobin-Yvon T64000 triple mono-
“pseudogap.” The charge dynamics of these highly aniso-chromator and charge coupled device. Exciting radiation was
tropic systems have provided an equally enduring puzzle. Iprovided by the 514.5 nm line of an Ar-Kr laser, point fo-
particular, thec-axis charge transport in YB&u,Og (Y124), cussed to a spot of approximate diameter 100 and inci-
a stoichiometric and naturally underdoped member of thelent power of 1 mW. Measurements of the Stokes to Anti-
YBCO family, shows a curious crossover from incoherent toStokes intensity ratio revealed no detectable sample heating
coherent transport with decreasing temperatdrEvidence and we quote nominal sample temperatures. The light was
of a pseudogap in Y124 has been obtained by nuclear magncident on thebc face of the crystals in pseudobackscatter-
netic resonancé?c-axis OptiC&' COﬂdUCtiVit)‘i, and abplane |ng geometry andz po|arization @ para||e| to the Crysta”o-
Raman spgctroscoﬁf, amongst other techniques. graphicc-axis), selecting excitations oAy symmetry. Spec-

Meanwhile, the high-frequencg-axis electronic Raman 4 taken inyz polarization showed no significant continuum
continua of both Y124 and the related Y®a50;_, (Y123)  gcatiering. In all spectra shown, the Bose factor contribution
are accurately described by a relaxational respbiisehich o< peen removed and the intensity normalized in the region
might ar|§s4§16from either impurity or phonon scattering ;,44_1300 cmtto correct for small alignment differences
processes. In the case of Y123 it has been proposed thatbetween measurements. We assume that the high-frequency

scattering from the apical @) phonon mode gives rise to electronic continuum exhibits negligible temperature depen-
the continuum and contributes an incoherent term to the 919 P P

c-axis transport via phonon assisted interlayer hopptng? dence.

While Y123 and Y124 are closely related structurally, their Typical C_'aXi_S spectra at temperatures of 300 and 100 K
c-axis transport properties differ markedly. Underdoped®™® shown in Fig. 1 for one crystal studied. Spectra from the

Y123 exhibits insulating-axis resistivity as a function of Other crystal discussed here were in excellent agreement as a
temperature, while Y124 and stoichiometric Y123 displayfunction of temperature and Raman shift, confirming the ab-
metallic resistivity. The CuO chains have been implicated agence of sample dependent effects. Six strong, asymmetric
the source of the coherent-axis transport in these Phonon lines dominate theaxis Raman spectrum, obscur-
materials>l’ ing both the frequency and temperature dependence of the
Despite this, the low-frequency electronic Raman con-underlying electronic continuum. Weak peaks in the vicinity
tinuum, in the vicinity of the strong phonon bands, has thuof 1000 cm! are second-order phonon scattering
far not been the subject of detailed study in either Y124 oprocesses®
Y123. We were therefore interested in investigating the na- If the 300 and 100 K spectra are compared, a depletion of
ture and temperature dependence of the low-frequency Y12dpectral weight extending to around 900 chmay be ob-
c-axis electronic Raman continuum, which has received relaserved. The origin of the depletion, however, is difficult to
tively little attention. determine from the raw spectra due to the temperature de-
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FIG. 1. c-axis polarized Raman spectra at temperatures of 300 and 100 K from a single crystal ofT¥t28Q( K). The spectra have
been corrected for the Bose factor contribution. A fit to the 100 K spectrum is shown by the dashed line. Note the anomalous depletion of
the continuum observable between spectra. Inset: electronic Raman spectra at temperatures of 300, 200, 100, and 30 K with the phonon
contribution subtracted via Eql). The fit at 100 K is shown for comparison.

pendence of the phonon lineshapes. Separating a strongly We therefore considered the more complex Green'’s func-
interacting phonon contribution from the electronic con-tion description of the Raman intensityw). This approach
tinuum is a common problem in the analysis of HTSC Ra-has been used previouslyand we extend the method by
man spectra, but the often-used Fano lineshape proved to semming over the six observed phonon modes which are
inadequate for analyzing owraxis spectra. permitted to interact with the Raman active continuum thus:

6 1
l(w)=A[N(w)+1]| p(w)+ >, ———{S{?+2p(0)6V;S —V?p(w)?] ], (6]
=1 7(1+€)

where €, =(0—w,;)/y and S/=(T/+V,R(w)). Ais an  wherew is the Raman shift anH is a frequency independent
overall intensity factorn(w) is the Bose-Einstein thermal parameter which determines the position of the maximum in
factor (removed from our spectra by divisiprandR(w) and  x(w). In the original modell” is associated with a scattering
p(w) are the real and imaginary parts of the electronic re+ate arising from impurity scattering. We will demonstrate
sponse functiory(w). For each phonon T/ is the ratio of  that due to the presence of the pseudogap in this material,
the transition matrix elements for phononic and electronicequatingl” with a physical scattering rate is problematic.
excitations,V; is an electron-phonon coupling factor, apd A fit to the c-axis Raman spectrum at 100 K is shown in
& w,; are the renormalized phonon line width and fre- Fig. 1 (dashed lingand the agreement is exceedingly good.
quency. Note that a typographical error in Ref. 20 omittedThe inset to Fig. 1 shows electronic Raman spectra, obtained
the square in the denominator of Ed) and that we have by subtracting the phonon contribution calculated from fits to
slightly rearranged the original equation as a matter of conthe measured spectra, and the background fit at 100 K from
venience when performing the fits. In addition to the caveat$q. (2) (dashed ling Interference between the phonons and
and assumptions of the original approach we also assunife electronic continuum distort this simple relaxational re-
that the phonons couplsolely to the Raman-active elec- sponse in the raw spectra. A suppression of intensity with
tronic continuum. decreasing temperature, extending to slightly above 900
As a simple model of the-axis electronic response in cm 1, is clearly and unambiguously seen in the electronic
Y124, we use a form which arises from electronic RamarRaman spectra. The temperature dependences of the phonon
scattering in a dirty met&i—1¢ modes can not account for the observed depléetiatetails
of the phonon fit results will be published separafélyt-
(@)= F. @) tempts to improve the model, by accommodation of the
N-iw’ second-order phonon features and the inclusion of a nonin-
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_ ) _ FIG. 3. Thec-axis polarized Raman spectrum of Y123 at room
FIG. 2. Thel" parameter associated with the maximum of the temperature, with example fit comprising the five phonon peaks and
c-axis electronic continuum, from Ed2). Inset: the normalized the two-phonon feature. HerE~900 cni L. Inset: electronic Ra-

static response from Ramdapen circle, Knight shift (open tri-  man spectrum as in Fig. 1.
angle$, and optical conductivityopen squargsneasurements. See
text for details. tinuum might be expected beloWy., as seen in the Knight

shift and optical conductivity resuft§ plotted in Fig. 2 and
teracting background, had the predominant effect of increagrom ab-plane Raman measuremefts.As Figs. 1 and 2
ing the fit uncertainty. As the qualitative temperature depenshow, however, the superconducting state spectra are still
dence of the fit parameters was unchanged, we persisted wiiiell described by the simple relaxational response of(Ex.
the simpler expression of E¢l). and the monotonic depletion of spectral weight is unaffected.

Figure 2 shows the temperature dependence fifr two  Qur result is consistent with-axis polarized measurements
crystals studied, and the excellent agreement betweegf Y123, which show no dramatic continuum redistribution
samples. According to Eq2) an increase il shifts the  in the superconducting state.’ This might be indicative of
continuum maximum to higher frequency and reduces thecreening effectd or of incoherent charge transport along
low-frequency intensity. Therefore, the gradual increase in the c-axis which is unable to participate in any coherent Ra-
seen in Fig. 2 is implied by the observed loss of scatteringnan response, including the superconductivity induced
intensity from the low frequency Raman continuum. Noterenormalization.
that belowT. no clear superconductivity induced renormal- ~ We briefly mention one common feature between crys-
ization is evident in either Figs. 1 or 2. Although it is tempt- tals: at 10 K the static response is significantly higher, Bnd
ing to associaté’ with a physical scattering rate arising from is consequently significantly lower, than that at other tem-
impurities!*~*®it is apparent thal' is strongly influenced by peratures belovl .. It seems that a weak change develops
the observed spectral depletion and thus can not be directhapidly at low temperatures and overlaps with the pseudogap
related to a physical scattering rate. This is verified by thefeature, suggestive of a continuum renormalization. The re-
lack of a clear relationship betwedn and the results of lation between this return of spectral weight at low tempera-
c-axis dc resistivity measuremerit3. tures and superconductivity is an open question.

In order to compare our results with those of other experi-  Finally, we consider the implications of our simple model
mental techniques, we plot in the inset to Fig. 2 the ratiowith respect to the origin of the Y12&axis electronic Ra-
p(w—0,T)/p(0—0,300), i.e., the normalized static re- man continuum. Equatiof2) describes the continuum as a
sponse(open circle which is expected to scale with the relaxational response with a single frequency-independent
density of states at the Fermi surface. In the normal state, thgarameter due, originally, to impurity scattering. 1talas
temperature dependence of the Raman response is consisteatculated the Raman spectrum for a coupled electron-
with %%Cu(2) Knight shiff and c-axis optical conductivity  phonon system where both electron-impurity and electron-
results, normalized at 300 K and plotted in Fig.(@en phonon scattering processes are considered. The addition of
triangles and open squajed\ll three quantities exhibit a electron-phonon scattering to impurity scattering effectively
clear and gradual depletithwith decreasing temperature, introduces a frequency dependencd tavhich ‘creases’ the
which reveals the normal state pseudogap. This suggests rtectronic continuum near the phonon positiGhi the case
contribution from the CuO double chain conductivity to the of phonon scattering alone, the continuum displays a thresh-
c-axis Raman and optical responses, probably because tlndd at the scattering phonon energy and a frequency depen-
coherent charge excitation is located at very low frequencieslence which is superficially similar to the simple relaxational
In passing, we remark that our spectra differ from the resultgase.
of theoretical calculations of the-axis Raman continuum With reference to Fig. 1 we see that the Y124 spectra are
using the plane-chain coupling mod?l. well described by a simple relaxational response, showing

Superconductivity induced changes in toeaxis con- neither a scattering threshold nor distortions of the con-
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tinuum near the phonon positions which are the signatures aofiith a single frequency-independent parameter; phonon scat-
phonon scattering processes. Therefore we conclude th&dring processes do not contribute significantly to the ob-
phonon scattering plays no significant role in the origin ofserved continuum. As the temperature is decreased from 300
the c-axis continuum. K we find that below a Raman shift of around 900 ¢t

This result contrasts sharply with previous analyses of thehere is a gradual depletion of spectral weight which is con-
c-axis Raman spectrum in Y123-13To resolve this differ-  sistent with the evidence of the pseudogap in Y124 from
ence we applied our model taxis Y123 spectid from an  optical conductivity and Knight shift measurements. No
underdoped single crystal df. =80 K at various tempera- renormalization of the continuum is observedratalthough
tures. An example fit at 300 K is shown in Fig. 3. Notably, a return of spectral weight is observed at low temperatures.
our precursory analysis of the Y123 electronic continuumWe also find that the same model can be applied to under-
revealed a similar temperature dependence to that seen doped Y123 and observe a similar continuum dependence on
Y124: a depletion of spectral weight from the continuumtemperaturé® There seems to be no contribution to the
with decreasing temperature, unaffected by the onset of sie-axis Raman continuum from the CuO chains, which domi-
perconductivity and reversing at low temperatifeghis  nate the metallic-axis dc transport propertiés.
similarity between chain disordered Y123 and chain sto- We thank M. F. Limonov for stimulating discussions.
ichiometric Y124 provides further evidence that the chainsThis work was supported by the New Energy and Industrial
play a subordinate role io-axis Raman scattering. Technology Development OrganizatiNEDO) as collabo-

In conclusion, thec-axis electronic Raman continuum in rative research and development of fundamental technolo-
Y124 can be accurately modelled as a relaxational respongges for superconductivity applications.
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