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Electronic Raman scattering in underdoped YBaCu3Og 5
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The polarized Raman spectra of underdoped XBg0Oq 5 (T.=61 K) have been measured. Ther(Byg)
spectrum exhibits a superconductivity-induced redistribution and a frequency dependence that suggests the
presence of nodes near thie1,=1) directions ink space. TheX'Y'(B,y) spectrum is unaffected by the
transition to the superconducting state and the interigBy ) is significantly reduced relative to the level
found in optimally doped compounds. This drop in intensity occurs because of a loss of spectral weight from
the regions of the Brillouin zone ned#r,0), which is associated with the opening of a pseudogap in the
underdoped compounfiS0163-182807)51426-3

It is now generally acceptédhat the superconducting change in unit cell dimensions induced for example by anti-
state of the optimally doped highs cuprates is character- ferromagnetic correlations. As yet however the origin and
ized by an anisotropic order parameter witp_,> symme-  hature of the pseudogap are not well understood.
try. This consensus has been reached with the input of dif- TO obtain additional, complementary information on the
ferent theoretical approacted and the results from many underdoped phase we have carried out Raman experiments
different experimental techniqués’ Raman scattering has ©n high quality underdoped YB&u;Os 5 single crystals. The
proved to be valuable in this regard and has provided impor€ffécts of underdoping on the scattering intensity, low-
tant contribution&*2 to the development of the present pic- freduency behavior, and polarization dependence of the elec-
ture. When interpreted within the conventional mé@iéfof ~ fronic continua have been studied. The low temperature
light scattering from a superconductor the polarization de—BZ@J spectra su_ggest the presence of an anisotropic gap W't.h
pendence of the Raman continua can be used to directl odes. In addition the magnitudes of the measured intensi-

probe the nature of the superconducting order parameter. | Fs, relative to those in the optimally doped compounds, can

particular scattering from selected parts of the Fermi surfacQe |nt§rpreteq in terms of a spectral weight loss that could be
(FS can be studied'® by choosing appropriate scattering associated with the.for.matlon ofca(z_yzspseudog:?\p as .sug-
geometries. Such experiments, carried out on optimallygested by photoemission experimetfts? The B, intensity
doped samples, have shown that the peak frequency in tHB€asurements also suggest that ther_e is an associated FS
By, Spectrum, which sampl¥s portions of the FS near evolg’gon, perhaps analogous to that discussed by Chubukov
(0,=m) and (£,0), provides a measure of the maximum etal™ _ _ o
value of the gap. Also, the low frequency behavior of the The high quality YBaCu;Og 5 single crystals used in this
continua indicated that the superconducting gap has line Study were grown by a flux method in yttrium stabilized
nodes near thé=1,+1) directions in thek space. These Zirconia crucibles as des_crlbed in detail elsewlf&Ehe qle-
features, which are consistent withwave symmetry, are Siréd oxygen concentration of the samples was obtained by
common to several of the optimally doped cuprates. contrpjllng the annealing con(_j|t|oﬁ§.The supe_rconductlr_lg _

More recently, attention has shifted to experiments on uniransition temperature determined by magnetic susceptibility
derdoped and overdoped compounds where the situation f8€asurement is 61 K and the transition width is 3 K. The
certainly not as cledt'®as it is in the optimally doped case. Raman spectra were obtained in a quasibackscattering geom-
For example, recent angle resolved photoemis$kRPES et_ry using 'Fhe 42}8 nm'and 514.5 nm lines of an Ar-ion laser
experiment¥ '8 on underdoped compounds have found that,W'th an incident mftensny of about 20 W/énTThe laser heat-
relative to optimally doped compounds, there is a loss ofnd effect was estimated to be about 20 K and the tempera-
spectral weight from large regions of the Brillouin zone tures re_ported in this paper are the resultant temperatures in
(BZ) near(m,0). It has been suggested that the observed los§'€ excited region of the sample. In the present study, Raman
of spectral weight from these regions of the BZ is due to thespectra_ were measured in th&(XX)Z, Z(X'X")Z,
existence of al,2_,2 gap that persists to a temperatdre ~ Z(XY)Z, Z(X"Y')Z scattering geometries, wheke and Y
>T.. Evidence for such a normal state gap has also beeare parallel to the Cu-O bonds axd denotes theg1,1,0
obtained using other experimental technigtiedt and it is  polarization andY’ the (—1,1,0 polarization. Considered
commonly referred to as a pseudogap. Mechanisms thatithin the tetragonal point group,,, the X'Y’ geometry
might lead to the formation of such a pseudogap include thallows coupling to excitations witf8,, symmetry, theXY
occurrence of precursor pairiffgwithout phase coherence, geometry to theB,4 component, and th¥X (X'X’) geom-
d-wave pairing of spinorf§?*at T> T, with charge conden- etry to a combination of theA;; and Big (Byg)
sation atT., or a Fermi surface depletibhcaused by a components?
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FIG. 1. The Raman response functiofg) of YBa,Cu;Oq 5 o . .
obtained at 85 K and 35 K in th¥'X' (Ayg+ Bag), X'Y'(Byg), FIG. 2. Schematic illustration of the FS for optimally doped

XX(Ag+Big), andXY(B,) scattering geometries, which are ob- Y123 (solid thin line and polar plotgsee Ref. 28showing thek

tained by dividing the original spectra by the Bose-Einstein thermafl€Pendence of the magnitude of &Y’ (B, (thin solid ling and
factor. TheXY andX'Y’ spectra have been scaled by a factor of 3 XY(Bz) (thick solid ling components of the Raman tensa). For
to place them on the indicated scale. The 85 K spectra have bedhc@lculation of the spectra in the underdoped compotses Fig.

displaced upward and the zero level is indicated by the horizontaf) it Will be assumed that spectral weight is present only on the

bar at the left. dashed portions of the FS.

The Raman response functiof)¢) for the different scat-  detailed discussion of the spectra and their relative intensities
tering geometries, which are obtained by dividing the origi-will be presented later in the paper.
nal spectra by the Bose Einstein factor, are shown in Fig. 1 For convenience we will discuss our results in terms of
for the two different temperatures, 85 R T.) and 35 K the conventional mod&l~3of light scattering from a super-
(T<T,). If we first consider theB,, spectra shown in the conductor. In this model, for nonresonant scattering, the Ra-

lower right panel of the figure it is evident that there is aman vertexy(k) can be representéclj'lz by the reciprocal
superconductivity induced redistribution of the electroniceffective mass tensor:

continuum when the sample temperature is lowered below
T¢. In this casey’(B,,) increases linearly at small and a
broad gaplike peak, centered at about 230 tnappears in s
the 35 K spectrum. This type of redistribution is qualitatively y(k)<e>:
similar to that observed in spectra obtained from optimally
doped compounds:?®
If we now consider th&'Y’(B;4) geometry, we find that where &> and € denote the polarization directions of the
the 85 K and 35 K spectra appear to be essentially identicakcattered and incident light, respectively, an@ the crystal
That is theB,4 spectrum is apparently completely unaffectedaxes. A spectrum taken in the/) scattering geometrgin-
by the transition to the superconducting state and there is nddent light polarized alongr and scattered light along)
superconductivity induced redistribution. The low frequencywill select the corresponding component of the Raman ver-
portion (w<300 cnm?) of x'(By,) increases approximately tex y,4(k). It has been showft'*?*that, based on symme-
linearly from the origin in both spectra to intercept the hightry considerations, theB;y(X"Y’) component and the
energy continuum level at about 200 ¢ Although the Bg(XY) component of the Raman vertex have complemen-
data are not shown, we have found that this linear behavidtary k dependence. In particular, th# ; Raman spectrum
at low energies is present in all th&, spectra we have samples the FS near t@ 1) and(=,0) directions whereas
obtained for 35 KKT<290 K. It should also be noted that we the B,4 spectrum samples a region near thel,=1) diago-
have not found any evidence of peak formation near 50Mals, as illustrated by the polar ptdshown in Fig. 2.
cm ! as observed by Slaksst al,'® but this could be due to Referring again to Fig. 1 we find that the intensities of the
differences in the concentration and/or homogeneity of thd,y continua at 35 K and 85 K are about the same as the
oxygen content of the samples. B¢ continua at the same temperatures, which is in direct
The spectra obtained in the diagonal geometries appear tontrast to what is observed in optimally doped
parallel the observed behavior of tBg (in XX) andB,, (in YBa,Cu;O, where theB,, continuum is much weaker than
X'X') spectra. That is, at low energies there does not appedine B4 continuun?®® at all temperatures. By comparing
to be a significanf\,4 contribution to these spectra and they with optimally doped samples(=6.93, we find that as the
are dominated by th&,, and B,y contributions. A more doping level is reduced ta=6.5 the B,y continuum be-

7%e(k)
Al S
¢= maz,ﬁ Ca K, IKg

e, (6
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FIG. 3. A comparison of the Raman spectra of Y123 measured
in the B4 (thin lines and By (bold lineg geometries ofa) opti-
mally doped andb) underdoped samples.

FIG. 4. CalculatedB,4 and B,; Raman response functions
(solid lineg obtained by integrating over the full FS of Fig. 2 and
the modified response functioribeavy dashed lingsobtained by

. restricting the integration to the dashed region of the FS in Fig. 2.
comes somewhat stronger, whereas g, continuum

weakens significantly, and thB,,/B,4 intensity ratio in-
creases by about a factor of aboutsge Fig. 3. A similar
doping dependence in tiy, /B4 Raman intensity ratio has

changes in the band structure that might ottand which
would be required to explain the observed enhancement of
; . the B,, response function in the underdoped compound. In
32 2g
zeen re(f:ently obsered n La?i 2 (ilven Lhek depen-f this regard the present results can also be understood quali-
ence ofy(Byg) and y(Byg) (Fig. 2) the enhancement of iqively in terms of a FS evolution, analogous to that dis-

X(B2g)/ x(B1g) in the underdoped samples can be under( sseq by Chubukogt al?® or observed in ARPEE,

stood to be due mainly to a loss of spectral weight from g theB,, spectrum(Fig. 1) is the only one that is
regions of the BZ n.ea(rﬂ-,O), which in tu_r2r11 could be assoCi-  ggnsitive to the transition to the superconducting state it is
ated with the opening of a pseudogdp” Such a spectral o only geometry that can be used to gain information on
weight loss and an associateglz_y2 (or Byg) pseudogap e symmetry of the superconducting gap. Fortunately, how-
havg be_en found in recent ARPE_S experiméitS The re- ever, among all the investigated scattering geometiigsis
duction in strength of thé,4 continuum that we have 0b-_yhe most important for testing thiz_ > gap symmetry since
served here is thus in accord with this aspect of the ARPEg, o B, Raman spectrum samples the FS near(thé,+1)

measurements. diagonals where the gap nodes might be located. If one ex-

. To illustrate these con3|.derat|ons We can use the' converbandsy andA in the integration in Eq(2) for angles near the
tional model of light scatterind to produce a schematic rep- diagonal directions one finds that (B,g) should increase

resentation of the spectra. The unscreened response funcnﬁﬂearly with w. Since the low temperatur@,, spectrum in
. 29

O 3
is given by Fig. 1 exhibits a linear frequency dependence at low tem-
perature, the presence of the nodes along the diagonal direc-
1/ v(k)|?Ak)|? tions is suggestetf. The magnitude of the superconducting
x"(a=0w)~— (w2—4|A(k)|2)1’2>’ (2 gap (A is of course also of interest but since tBe,
spectrum is not sensitive td. we cannot obtaim\ ,,,, di-
where(:--) denotes an average over the FS with the restricrectly from the spectra. Als@(B,4) cannot be used in this
tion that w>2|A(k)|. The results shown in Fig. 4 were ob- regard since it could be influenc¢gig. 4) by the nature and
tained withA (k) =A,(cok.a—cok,a) and a second neigh- magnitude of the pseudogap or the mechanism responsible
bor tight binding model with parameters used previodsly. for the observed redistribution of spectral weight.
The spectra obtained by integratif®) over the full FS(Fig. From Fig. 1 it is evident that th8,4 response function
2) are indicated by solid lines in Fig. 4. Assume now that allrises linearly at low energies. The origin of this linear in-
the spectral weight is lost from regions of the FS negb) crease is not clear. It is tempting to use this feature of the
which are represented by the solid lines portions of the F$8,4 spectrum to speculate on the nature of the mechanism
shown in Fig. 2. To obtain a representation of the spectra imesponsible for the observed loss of spectral weight. It must
the underdoped case we then restrict the integration in Edpe remembered, however, that the low-energy portion of the
(2) to the portions of the FS shown by the dashed liieg. B4 continuum could be altered by the presence of the strong
2). In this case we obtain the spectra shown by the heavis;4 phonon and scattering contributions from the chéms.
dashed lines in Fig. 4. It is clear from this schematic illus-These aspects could be responsible for the low energy linear
tration that a loss of spectral weight in regions near the axedependence that appears to be observed at all doping
could result in a situation where th;, and B,, spectra  levels’ On the other hand, disordérand the orthorhombic
have approximately equal strengths. This picture is, ofdistortion in Y123(Ref. 35 can also produce a lined
course, overly simplistic and does not take into accountesponse at low frequencies even in the presence of a
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d-wave gap. In view of these comments the observed linear In summary, theB,y/B,4 intensity ratio of the Raman

dependence of thB;4 spectrum cannot be used to rule out continua in underdoped YB&uOs 5 at temperatures above

d-wave symmetry for the normal state gap. and belowT, is found to be approximately three times as
Finally both theX’ X’ andX X spectra at 35 K also exhibit large as that in the optimally doped Y&2u;0q 93, Which is

a linear dependence at low energies. AlthoughAhgspec- attributed to a loss of spectral weight, or FS depletion, in the

tra might increase linearly in the presence ofdwave gap, (*m0) and(0,-m) regions of the BZ. This depletion could

we can note that in the present case Ahg components of ~eSult from the presence of @2 pseudogap’™*® The

the spectra are also significantly reduced because of the dRW-frequency linear behavior of thB,q spectrum at tem-

fective depletion of the FS. Thus, as is suggested by thBeratures belowl; indicates the existence of line nodes in

spectra, the low energy portion of theX andX'X’ spectra € Superconducting gap near thel,+1) diagonals, which

in Fig. 1 appear to be dominated by tBgy and B, contri- Is consistent with the gap havirtgz_.,> symmetry.

butions and hence do not provide additional information. It The authors would like to thank Dr. T. P. Devereaux and
should also be noted that the simple model used to obtaipr. G. A. Sawatzky for helpful discussions. The financial

Fig. 4 also yields resufté that are in qualitative agreement support of the Natural Sciences and Engineering Council of
with this statement and the spectra shown in Fig. 1. Canada is gratefully acknowledged.
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