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Electronic properties of copper oxygen planes (and chains in Y-Ba-Cu-0) were studied with Raman
spectroscopy of plane-polarized photons. The electronic continuum was found to be independent of
doping in 2:1:4and 1:2:3materials at energies above —1000 cm '. Temperature dependence at low en-

ergies differs significantly in undoped, lightly doped, and fully doped YBa2Cu306+ . A feature con-
sistent with the superconducting gap was observed below T, in YBa2Cu306 9 in all scattering geometries.
However, the gaplike redistribution was not complete, with 40—60% of states not shifted to higher ener-
gies at temperatures well below T, . Above T, the temperature dependence strongly depends on scatter-
ing geometry: the continuum is temperature independent (marginal-Fermi-liquid-like) in XX (x ) and
X'X' (x +y ) geometry; it has a Bose factor te-mperature dependence in X'Y' (x —y ) geometry, and a
weak temperature dependence somewhat smaller than the Bose factor in YY (y ) geometry. A two-

boson-like temperature dependence of the low-energy continuum is found in YBa2Cu306 l and Sm2Cu04.
It becomes one-particle-like in Y-Ba-Cu-0 once small doping levels are introduced. Constraints these
results place on theoretical models are discussed.

I. INTRODUCTION

By now it is well known that Raman spectra of copper
oxide superconductors are dominated by a broad continu-
um. It was shown in Ref. 1 that the microscopic origins
of the continuum scattering dier for c-axis- and plane-
polarized photons. The c-axis-polarized continuum is
discussed in detail in Ref. 2. The present paper presents
the results of a detailed study of the doping, polarization,
laser frequency, and temperature dependence of the
plane-polarized continuum and two-magnon scattering in
YBa2Cu306+& (YBCO) and Sm2Cu04 and compares these
results as well as results obtained by other groups to
theoretical predictions.

II. EXPERIMENTAL

A. Setup

Data shown in Figs. 3, 4, 8, 13, and 15—17 were taken
on a Spex "Triplemate" Raman spectrometer with a
CCD detector. The sample was in a flowing helium cryo-
stat. A 12 mW laser beam was focused on the sample to
a spot of -50X50 pm for Figs. 3, 4, and 8, and
—100X200 pm for Figs. 13 and 15—17. Raman spectra
of YBCO single crystals in XX, YY, XY, and YX scatter-
ing geometries were taken from ab faces of untwinned
and twinned YBa2Cu30„single crystals. [Notation: XF
means that incident photons are polarized along X, scat-
tered along Y; X is parallel to the a axis, Y is the b axis

(Cu-0 chain in YBCO), X' is a direction 45' from the a
axis, F' is perpendicular to X', and Z is the c axis. ]

Data shown in Figs. 9—12 and 14 were taken on a Di-
lor XY Raman spectrometer with a multichannel diode
array detector. Laser power in these measurements was
13 mW. Laser spot size was —100X500 pm, which gives
a power density of -2 W/cm.

B. Samples

The single crystals of YBa2Cu307 & ( T, =90, 66, and 0
K) with dimensions of -0.05 X 1 X 1 mm were grown by
a flux method using yttria stabilized zirconia crucibles.
The as-grown crystals are insulating with 0.65
«5 «0.8. The crystals were annealed in flowing oxy-
gen at 600 C for 1 h, then cooled to 400'C for another
hour, annealed at 400'C for 4 days, and then rapidly
cooled to room temperature. The resulting crystals had
transition temperatures of 91 K. Microanaiysis of these
crystals showed less than 12 ppm of Zr impurities. No
other impurities were found.

Untwinned crystals with a transition temperature of 66
K were obtained by annealing the as grown crystals in
flowing oxygen at 650 C for 10 days followed by a fast
quenching to liquid-nitrogen temperature. Transition
widths of the T, =90 and 66 K crystals in the magnetiza-
tion data are —1 and -3 K, respectively. Stoichiometry
of the T, =66 K crystals was YBa2Cu3O6

To obtain crystals with lower oxygen content than the
as-grown ones, the as grown crystals were annealed in ni-
trogen for 48 h at 650'C with a fast quench to 77 K, re-
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suiting in the stoichiometry of YBa Cu 0
Man

a2 u3
any difFerent samples grown by the method described

above were measured in the rama ttn sca ering experi-
ments. Spectra of all samples which went through the
same annealing process were identical.

The preparation procedure of the insulating Sm2CuO&
crystal used in this study is described elsewhere.
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C. Corrections for optical constants
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The optical penetration depth A. is on the order of 700 A
in the investigated materials. This is many orders of
magnitude smaller than the laser spot diameter d (-50
pm), which is in turn much smaller than th f 1 1 h
Lof h

e oca engt
o the collimating lens (-80 cm) Q, «d «L). In this

case the scattering region can be treat da e as a point source
very close to the surface of the sample. Then from Snell's

,„,/n, where n is the refractive index of the
material. 0,„, depends only on the f-number of the col-
limating lens (Fig. 1).

T- T V d, and Q depend on the optical constants,

sample air

P I T T Vg g dO

dco dQ

where IL ss the laser intensity (power per unit area); T;
and T, are transmission coefficients at the sample-air in-

c p o ons, respective-ter ace for the incident and scattered h t

~ ~

y; is the effective scattering volume Q
' 1'd

jn is a so id angle
inside the sample from which the scattered photons enter
the collection optics (see Fig. 1); d o /de dQ is the Ra-
man cross section per unit solid angle per unit volume
per unit frequency shift, and h~ is the spectral band pass
of the spectrometer.

The scattering volume depends on the absorption
coeflicients at the incident (a;) and scattered (a, ) photon

~ Ifrequencies which are proportional to the inverse of the
penetration depth):

FIG.. 2. Absorption coefFicients (in cm ') and refractive in-
ices or the in-plane photon polarizations in (1) YBa&Cu306 6 a

axis), (2) YBa2Cu306 9 (a axis), (3) YBa2Cu306 l, (4) YBa2Cu306 9

(b axis), (5) YBa2Cu306 6 (b axis).

which vary from material to matenal and need to be
corrected for to make a comparison of the Raman cross
sections in different materials meaningful. The spectra
were multiplied by the sum of the absorption coefficients,
square of the refractive index, and divided by the product
o the transmission coefficients to correct for the optical
absorption, transmission, and refraction:

do-

dco dQ Tj Tg VQjnIL

~P, (a;+a, )n /(T;T, II ) .

The optical constants were obtained from pol
'

d '-po arize in-
rare ) reAectivity and ellipsornetry measurem t .uremen s.

e index of refraction and absorption coefficients of
YBa2Cu306, (insulating phase), YBazCu306 6 (T, =66
K), and YBa,Cu, 06, (T, =90 K) at diffe«nt in-plane
photon polarizations are shown in Fig. 2, and the
reQection coefficients are published in Ref. 5. The order
of magnitude of these optical constants is the same at
different polarizations and doping levels. The correction
factor in Eq. (1) changes by less than —30% with doping
for each polarization, and by less than —60% for
different polarizations.

Intensity in all the spectra presented below is propor-
tional to the energy cross section (der/dc@) per unit
volume.

Raman spectra shown in Figs. 3(a), 4, and 8 were
corrected for the optical constants; spectra shown in oth-
er figures were not corrected.

aperture

collimating lens

FICx. 1. Re raction of the scattered photons at the l - '
a e samp e-asr

III. DOPING DEPENDENCE
OF THE TWO-MAGNON SCA'l"I'ERING

Figure 3(a) shows spectra of an "as-grown" insulating
sing e crystal YBa~Cu3063, an untwinned YBazCu3066

YBa2Cu3069 single crystal (T, =90 K). Doping depen-
dence of the two-magnon scattering in twinned single
crystals of YBa2Cu306 „YBaCu 0 YB C

K), YBazCu306 6 (T, =66 K), and YBa Cu 0
) is shown in Fig. 3(b). Spectra in Fig. 3(b)

were not corrected for optical constants, because the
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FIG. 3. (a) The continuum in untwinne Y 2 3 6 3
'

ned YBa Cu3063 (insu-
) YB Cu 0 (T, =66 K) and YBa,Cu3069 ( T =90 K)lating), Y a2 u3 —1 in de endencesing e crys a s.1 t l Resolution -50 cm. . (b) Doping ep

ntinu-of two-magnon aman scaR ttering and the background con
'

um in twinned YBa2Cu306+„. The s ectra have not eenP
corrected for the optical constants and the x -0.4 spectrum as
been smoothed.

in a stronger two-magnon peak, but no chan e in the cong
tinuum.

the two-d ndence of the continuum anoping epe
magnon pea simi ar ok

' '1 t that reported above can be ob-
served in the Raman spectra of 2:l:4 (R2Cu04 amt y
and 1:2:3 R a~ u3 6+„(R 8 C 0 family) materials published by
other groups. owev" H ever one cannot extract informa-
tion a out e opb the do ing dependence of the continuum or
two-magnonon scattering intensities, because ey
correct their data for the doping dependent optical con-

twinned crystals contain unknown rat'ois ofXand Y
oriented omains.d d

'
The results have been confirmed on

other samples.
k' we obs rvIn agreement with previous work ' we o serve a

strong two-magnon scattering peak at -2700 cm ' in
the insulating samples. The two-magnon scattering in-
tensity decreases wi'th doping and disappears completely
in YBa2Cu&06 6.
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IV. DOPING DEPENDENCE
OF THE CONTINUUM AT 300 K

In addition to the two-magnon scattering, a strong
background continuum extending abovebove 10000 cm ' was
also present in the insulating s p g .am les (Fi s. 3 and 4).
The two-magnon scattering disappears w' p' g,

~ ~

ith do in, but
the continuum in XX geometry remains unchanged Fig.
3). The FF continuum is stronger than the XX continu-
um in e suth perconducting crystals. T e - Y anisotro y
is signi can y gfi tl greater in the oxygen deficient

sam le.sam le than in the fully oxygenated (T, =90 K) samp e.
Lower oxygen content of the YBa2 3 6 I yCu 0 cr stal than of
the "as-grown" YBa2Cu3O6 3 cryst, 'g.al [Fi . 3(b)], resulted
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FIG. 5. The continuum and two-mag-ma non scattering in
YBa&Cu306+„at di eren x.'ff nt x. Room-temperature micro- aman

d b) (c), (d)taken from (a) an undoped crystal and (b), c,spectra were ta en ro
sl do ed crystal.di erent regionst ions of an inhomogeneous y ope c

Different strength of the two-mag pa non eak corresponds to
ddifferent oxygen concentrations whic varied between -6.2 an

-6.7.
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FIG. 6. The continuum and two-magnon scattering in
(La& Sr )Cu04 as a function of x (Ref. 10).

stants. In particular, the continuum in the insulating
hases was overlooked, and it was often assumed that the

two-magnon peak widens and eventually "redistributes"
into the continuum. 9

But because of a relatively small doping dependence of
the optical constants in the relevant wavelength range
(Fig. 2), Raman intensities change with doping roughly in
the same way as the cross sections. It thus becomes
meaningful to compare orders of magnitude of the inten-
sities of the uncorrected spectra directly. Figure 5 shows
another set of data on the doping dependence of plane-
polarized 1:2:3 spectra, ' Fig. 6 shows data of
La& Sr„Cu04, and Fig. 7 shows data of
S Ce CuO ." These data confirm the result that them2 —x ex u 4.
continuum cross section is roughly constant throughout
the doping range. The two-magnon cross section de-
creases, as the doping is increased, disappearing entirely
at high doping levels.

V. LASER WAVELENGTH DEPENDENCE
OF THE CONTINUUM AND TWO-MAGNON

SCATTERING IN YBa2Cu306+„

The laser wavelength dependencies of the XX and YF
continua of YBazCu306 9 at room temperature are shown
in Fig. 8. The XX and YY continua are nearly Bat at the

4579 A incident laser wavelength and decrease with Ra-
man shift at the longer laser wavelengths. The continu-
um intensity shows a weak enhancement towards the ul-
traviolet.

The two-magnon peak and the underlying continuum
in YBa2Cu306

&
and Sm2Cu04 at the 4579 and 5145 A in-

cident laser wavelengths are shown in Fig. 4. The two-
magnon scattering intensity is roughly twice as strong at
the 4579 A wavelength in YBa2Cu306 &, but the continu-
um is roughly unchanged.

The laser frequency dependence confirms the result on
the resonant nature of the two-magnon scattering report-
ed in Ref. 12. A detailed investigation of the laser fre-
quency dependence as well as doping dependence of the
two-magnon peak and the comparison to optical conduc-
tivity spectra shows that the peak can be observed only
when the incident photons are at resonance with the
charge-transfer gap feature observed in the conductivity.
The disappearance of the two-magnon Raman peak upon
doping occurs because the collapse of the charge-transfer
gap destroys the coupling of the spin-Aip excitations to
the Raman process, not necessarily because of the disap-
pearance of short-range antiferromagnetic order neces-
sary to sustain two-magnon excitations.

VI. TEMPERATURE DEPENDENCE
OF THE CONTINUUM

Although the continuum appears to weakly depend on
doping at room temperature, temperature dependence
below 1000 cm ' is different at different doping levels.

A comparison of the temperature dependence of the
low-energy continuum in YBazCu307 and YBa2Cu306 )
single crystals was made in Ref. 13. It was shown that
the continuum in YBa2Cu307 redistributes into a gaplike
structure below T„which was not observed in the spec-
tra of YBa2Cu306 &. It was also concluded that in X'
an d X'Y' scattering geometries (as opposed to XX) the

ntlcontinuum intensity at low energies was significant y
stronger in YBa2Cu307 than in YBa2Cu306, if no correc-
tions for the optical constants are made. When these
corrections (Sec. II C and Fig. 2) are taken into account,
the X'X' and X' F' continuum cross sections in
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FIG. 9. The points represent the Raman scattering spectrum
of YBa2Cu3069 at the cryostat temperature of 60 K in the
Stokes and anti-Stokes regions. Solid line in the anti-Stokes re-
gion is the Stokes experimental spectrum multiplied by a factor
exp( —co/T), where T was equal 85 K. Note di6'erent scales for
the Stokes (right) and anti-Stokes (left) spectra.

YBazCu307 are respectively a factor of -2 and —1.5
stronger than in YBazCu306, . The difference from the
XXgeometry might be due to a chain contribution.

This section presents the results on the temperature
dependence of the Raman spectra of YBa2Cu 307,
YBazCu306 &, YBa2Cu306 35 and SmzCu04 in the fre-
quency range of -20—800 cm.

Though a number of studies on the temperature depen-
dence of the continuum in YBazCu307 in the normal as
well as in the superconducting state have been performed
(for example, see Ref. 14), the results presented below
have the best signal-to-noise ratios and most reliable laser
heating estimates.

The temperature of the excited sample region (Tz) is
expected to be higher than that of the environment be-
cause of laser heating. Tz was determined from a com-
parison of the Stokes and anti-Stokes cross sections (0,
and o„), at the cryostat temperature TO=60 K from
which it was extrapolated to other temperatures.

Figure 9 shows the spectrum of the YBa2Cu3069
untwinned single crystal in the Stokes and anti-Stokes re-
gions at To =60 K. o., and O.„are related by

We At the anti-Stokes spectrum with the Stokes spectrum
divided by exp( —

caulk& Tz) using Tz as a parameter. The
best fit to the anti-Stokes spectrum is obtained when Tz
equals 85+3 K, thus implying the heating by about -25
K. This value is consistent with that reported in earlier
work, ' which showed that the laser heating of a few tens
of degrees is expected even at rather small power densi-
ties due to the small thermal conductivity of the layered
cuprates. Tz of the YBazCu306, crystal at TO=60 K
calculated by the same method was 90+3 K.

It can be shown that f T'Ir( T)dT, where x( T) is
0

thermal conductivity, is independent of To and is propor-
tional to the laser power density. ' The integral was cal-
culated using the value of T& obtained from the
Stokes —anti-Stokes ratio at T0=60 K. Tz for other To
were estimated using the value of the integral, laser
power density, and the functional form of the thermal
conductivity of ceramic samples. ' The error in Figs.
9—12, and 14 was +7 K, except for the 85 K (Figs. 9—12)
and 90 K (Fig. 14) spectra where it was +3 K. The error
in other figures was +10 K.

Energy scales affected by temperature are on the order
of kbT (-200 cm ' at 300 K); thus no temperature
dependence of one-particle Raman spectra is expected
above 800 cm. ' No temperature dependence of the
continuum in YBazCu306 9 was observed above 600 cm
at temperatures below 320 K.

Figure 10(a) clearly shows that within the experimental
error the continuum does not depend on temperature in
X'X' and XX geometries, even at the lowest energies,
whereas the YY and X' Y' continuum intensities decrease
with temperature at low energies. Phonon intensities
scale with the Bose factor [1+n(co, T)].

Further insight can be gained by looking at the
response functions. Imaginary parts of the Raman
response function Im(R) obtained by dividing the spectra
in Fig. 10(a) by the Bose factor [n(co, T)+ 1] are shown in
Fig. 10(b). The slope of the low-energy part of the con-
tinuum response function (below 100 cm ') increases
with decreasing temperature in XX and X'X' geometries.
The slope of the YY continuum response function in-
creases slightly, but not as much as in XX and X'X'
geometries. And, Anally, the X' Y' response function
shows no temperature dependence.

Figure 10(c) shows the ratios of the response functions
at T=320, 220, and 155 K to the response function at
T=110 K. Smooth lines give the ratios expected from
the marginal Fermi liquid (MFL) theory. ' The agree-
ment is good in XX and X'X' geometries. Deviations
from the MFL behavior exist in YY and especially X' Y'

geometries.
Thus, the current work does not confirm the MFL-like

temperature dependence of the continuum in X' Y'

geometry reported in Ref. 14. In agreement with Ref, 14
we do see the MFL-like temperature dependence in XX
and X'X' geometries.

Temperature dependence of the continuum across the
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superconducting transition is shown in Fig. 11(a). The
continuum intensity decreases with temperature below TC

at low energies, and a broad peak appears between 350
and 550 cm ' in all scattering geometries. Such a redis-
tribution of the continuum looks like the opening of the
superconducting gap 2A, with the gap value of 400—500
cm '. Dependence of this feature on the scattering
geometry as well as the evidence for the gap anisotropy
are discussed in detail in Ref. 13.

To separate the temperature dependence of the density
of states from that due to the Bose factor, it is necessary
to examine the response functions shown in Fig. 11(b).
Although most temperature dependence of the spectra at
low frequencies comes from the Bose factor, some de-
pletion of the low-energy states occurs below T, .

To obtain a more quantitative picture, we again look at
the ratios of the response functions below T, to the
response function at T= 110K [Fig. 11(c)].
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FIG. 12. The -330 cm ' phonon in X'Y' geometry at 55,
85, and 110K.

30

40—60%%uo, depending on the symmetry.
Temperature dependence of the continua in the insu-

lating YBa2Cu&O&, [XX, X'X', and X' Y' geometries
(Figs. 13 and 14)] and in SmzCuOz [XX geometry (Fig.
15)] is diff'erent from that in the fully doped materials.
The continuum intensity decreases with decreasing tem-
perature throughout the region below 800 cm. ' This is
quite different from the temperature dependence given
the Bose factor. This temperature dependence can be fit
fairly well, if the continuum in the undoped phases is as-
sumed to be of two-Bose-factor character. In this case, to
the first approximation, the cross section cr(T, co) is relat-
ed to the cross section at zero temperature by'

o.(T,co) = I n[T, (co/2)]+1] cr(T=O, co) .

Figure 16 shows the superimposed spectra of Sm2Cu04
divided by the two-particle thermal factor
[n[T, (col2)]+1] . Although the phonon lines do not
match up (because phonons have single-Bose-factor tem-

perature dependence), the continuum scales with the
two-particle thermal factor quite well. The results from
YBa2Cu&O~, are similar.

Temperature dependence of the continuum becomes
single-Boson-like once a small amount of doping is intro-
duced, but before the metal-insulator transition is
reached. Figure 17 shows the X'X' and X'Y' spectra of
an insulating "as-grown" crystal with an approximate
composition of YBa2Cu&OQ 35 at T=60, 240, and 340 K
divided by the Bose factor. Temperature independence of
the resulting curves clearly shows that the continuum
scales with the Bose factor, which is characteristic of
scattering off of a single-Boson-like excitation.

In addition to the continuum and phonon modes al-
lowed by symmetry, two dipole forbidden infrared-active
modes at -210 cm ' and -600 cm ' appear in the
spectra of YBazCu&O&, and of YBa2Cu&OQ 35 above 300
K in A, and 8, symmetries. As the temperature is
lowered below 240 K the 210 cm ' mode disappears
completely, and the 600 cm ' mode decreases in intensi-
ty by an order of magnitude. Observations of the in-
frared active modes in YBa2Cu~O~, and in YBa2Cu30$ 35
at room temperature suggests the existence of a distortion
of the unit cell that breaks the inversion symmetry above
300 K. As the temperature is lowered below 240 K, this
distortion is greatly reduced, perhaps disappearing entire-
ly.

The temperature dependence of the continuum in
YBa2Cu&O&+ can be summarized as follows: In un-
doped YBa2Cu&O&, the continuum scales with the two-
boson thermal factor —the same is true for Sm2CuO&, in
the lightly doped but still insulating YBa2Cu30$35 the
continuum scales with the usual Bose factor; in the fully
doped superconducting YBazCu&07 (T, =90 K) above T,
the continuum scales with the Bose factor in X' Y'

geometry. It is temperature independent in X'X' and XX
geometries. In YY geometry the temperature dependence
is somewhat smaller than that of the Bose factor. Below
T, a gaplike redistribution of the continuum occurs in all
scattering geometries. The temperature dependence of
the continuum in YBa2Cu&07 reported above is also dis-
cussed in Ref. 13.

25

20
40K

60K-

0 200 400 600 800
wave number (cm )

FIG. 13. Raman scattering spectra of YBa2Cu&Og, at 340
and 60 K in XXgeometry.

VII. DISCUSSION

Strong evidence exists that the copper oxygen planes
are responsible for the anomalous continuum in the Ra-
man spectra of the layered cuprates. Properties such as
its spectral shape, doping dependence, and temperature
dependence are very similar in different materials. More-
over, it is not observed when the photons are polarized
perpendicular to the planes. Assuming no defects in the
planes, we might assign the Raman continuum to multi-
phonon processes, ' spin-Hip scattering, intraband and
interband electronic transitions, or to acoustic
plasmons expected to arise in layered materials.

To understand constraints on the theoretical models of
the continuum we consider the undoped phases first. The
temperature dependence can be accounted for by two-
boson scattering at low energies. Under the assumption
of perfect crysta1 structures, we expect two types of exci-
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cated.
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tations below 1 eV: phonons and magnons. However,
neither two-phonon nor two-magnon scattering can ex-
plain the experimental data.

Two-phonon (overtone) scattering intensity should be
proportional to the two-boson thermal factor times the
two-phonon density of states, which typically has sharp
features. No two-phonon-like features are observed in
the spectra. Another difficulty is the fact that the contin-
uum extends up to 10000 cm ', more than ten times
greater than the phonon frequencies.

Two-magnon scattering, i.e., a low-frequency "tail" of
the two-magnon peak is another possibility. This is sup-
ported by the fact that the continuum in the insulator is
not observed in ZZ geometry, as expected from two-

magnon scattering. However, neither doping nor laser
frequency dependence are consistent with this explana-
tion. Two-magnon scattering does not account for the
crossover to one-boson temperature dependence at small
doping levels before the metal-insulator transition is
reached. The laser wavelength dependence of the contin-
uum in the undoped phases is completely different from
that of the two-magnon peak and shows no evidence for
the resonance with the charge-transfer excitation dis-
cussed in Sec. V and Ref. 12. In fact, a continuum in un-
doped La2Cu04 is clearly seen above 1000 cm ' at a laser
wavelength, at which no two-magnon scattering is ob-
served (it is obscured by dense one and two-phonon lines
at lower energies).
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FIG. 15. Temperature dependence of the Raman scattering
spectra of Sm2CuQ4 in XX geometry. The spectra were not
offset.
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FIG. 16. Superimposed Raman spectra of Sm2Cu04 divided
by the two-particle thermal factor [n[T, (co/2)]+ 1 [ at the
temperatures of 350, 300, 250, 200, 140, and 60 K.
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FIG. 17. Superimposed Raman spectra of YBa2Cu306 35

(lightly doped insulator) divided by the Bose factor
[n( T,co)+ 1] in X'X' and X' Y' geometries.
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FICs. 18. Im( —1/c) derived from reflectivity measurements
on YBa2Cu306 &

and Sm2Cu04. The onset above 10000 cm ' is
associated with the charge-transfer gap.

Thus, we have argued that perfect half-filled antiferro-
magnetic copper oxygen planes cannot produce the Ra-
man continuum observed in the spectra of the undoped
phases of the layered cuprates. Presence of the continu-
um implies an existence of localized electronic states,
perhaps resulting from plane defects, impurities, or "ex-
tra" holes (or electrons) due to imperfect stoichiometry.
Other evidence for the presence of localized states in the
undoped phases comes from the spectra of Im( —I/s)
(Ref. 26) derived from reflectivity measurements. Figure
18 shows that a broad continuum of states is present in
YBazCu306

&
and SmzCu04 below the charge-transfer

gap, which is supposed to be the lowest-energy optical-
ly active excitation for perfect half-filled copper oxygen
planes.

Theories of the continuum in the doped phases must
satisfy the following constraints imposed by experiment:
(1) small doping dependence of the continuum intensity
throughout the doping range in the 1:2:3 and 2:1:4 sys-
tems; (2) no anomaly across the metal-insulator transi-
tion; (3) two-particle-like temperature dependence in the
"almost" undoped crystals; (4) crossover to a convention-
al one-particle temperature dependence in the lightly
doped systems; (5) anomalous temperature dependence of

the continuum in the superconducting fully doped phases
above T, ; (6) an incomplete "gaplike" redistribution
below T, .

Persistence of the continuum into the insulating phase
can exclude interband transitions (there are no interband
excitations below 1.5 eV in the insulating phases) and
plasmons.

Two types of theories of the continuum in the metallic
phases are possible. Most existing theoretical models as-
sume that the continuum in the metallic phases is a result
of scattering by conduction electrons. An alternative ap-
proach is to assume that most of the continuum intensity
comes from the excitation of localized states which result
from holes (or electrons) trapped by structural imperfec-
tions, e.g. , defects, impurities, or domain walls. (The
latter case is discussed for the metallic phases by Phil-
lips. ) In this case the role of conduction electrons
would be limited to inAuencing the low-energy dynamics
or contributing some intensity to the cross section direct-
ly at low energies.

Constraints the first condition places on the conduc-
tion electron model were discussed in detail in Ref. 8.
There it was argued that the effective photon-continuum
Raman coupling constant (the scattering vertex) must in-
crease dramatically in magnitude with decreasing carrier
concentration to cancel out the strong doping depen-
dence of the number density of conduction electrons.

We consider three possible reasons for the conduction
electron-photon coupling to increase in the metallic
phases as the carrier concentration decreases.

(1) Photons couple to the effective charge density,
which is screened for electron-hole excitations in the iso-
tropic channel (i.e., screening reduces charge density as-
sociated with an electron-hole excitation). Screening is
smaller for smaller carrier densities, so as the screening is
decreased with decreased doping, the effective photon-
electron coupling in the isotropic channel is expected to
increase.

(2) Another possibility is an increase in Fermi surface
anisotropy with decreasing carrier density. This would
cause more scattering in the anisotropic channels (i.e., be-
tween different regions of the Fermi surface), which is not
screened.

(3) Finally, it is reasonable to expect an increase in the
electronic scattering rate with decreased doping, which
would also tend to increase the scattering cross section.

However, no theoretical arguments appeared to show
that the doping dependence of the square of the photon-
continuum coupling constant should scale closely with
the inverse of the density of states of conduction elec-
trons.

The density of defect induced localized states is in gen-
eral (though not always) expected to depend on doping.
This doping dependence cannot be understood without
knowing the nature of these states. In the domain-wall
model proposed by Phillips the density of localized states
is expected to increase with doping, but at the same time
their coupling to photons is expected to decrease. Thus
both models have to make similar assumptions to satisfy
the constraint (1).

The absence of an anomaly at the metal-insulator tran-
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sition [constraint (2)] automatically results from the
localized-states picture (because conduction electrons do
not have a strong effect on defects). It is unclear whether
it would be possible to obtain the same result from the
conduction-electron picture. One would have to show
that, as the metallic material becomes an insulator, (a) the
holes become localized in the antiferromagnetic environ-
ment, (b) their density never goes to zero due to imperfect
sample stoichiometries, and (c) the mobility of these
states does not have a strong effect on the Raman spectra.

To satisfy the constraints (3) and (4), both models have
to assume that carrier-carrier interactions have a strong
effect on the low-energy dynamics to produce the changes
in the temperature dependence with doping.

In contrast, many theoretical models have been pro-
posed to explain how electronic scattering can satisfy the
constraint (5). ' ' ' However, none of them predict the
differences between different scattering geometries. It is
unclear at this point whether the "localized
states+ conduction electrons at low energies" or the
"conduction-electrons-only" model is better at explaining
the observed temperature dependence of the continuum
in the fully doped materials.

And, finally, the localized states picture has an ex-
planation for the "gapless" states below T, : Both con-
duction electron and localized states contribute to the
continuum at low energies. The conduction electrons
redistribute into a "gap" structure, and the localized
states stay "in the gap" because they do not participate in
superconductivity.

The conduction-electron picture must demonstrate
that a large fraction of itinerant states does not become
gapped at T= ,'T, to satisfy t—he constraint (6). A non-
zero-temperature calculation is necessary to find out if
gap anisotropy resulting from anisotropic s- or d-wave
pairing can account for all of the observed low-energy
continuum intensity at 40 K. (The data show that ap-
proximately half the states which contribute to the con-
tinuum at low energies are gapless at 40 K.)

Thus, the conduction-electron picture does not provide
a clear and unambiguous explanation for either of the ex-
perimental results discussed above. The localized-states
picture automatically accounts for insensitivity of the in-
tegrated intensity of the continuum to doping and for a
large fraction of "gapless" states below T, and may be
the better starting point for developing a microscopic
theory of the Raman continuum in the cuprates.

VIII. CONCLUSIONS

The plane-polarized continuum was found to be in-
dependent of doping in 2:1:4and 1:2:3materials at ener-
gies above —1000 cm '. Temperature dependence at
low energies was found to differ significantly in the un-
doped, lightly doped, and fully doped YBa2Cu306+~.

A feature consistent with the superconducting gap was
observed be1ow T, in YBa2Cu306 9 in a11 scattering
geometries. However, the "gaplike" redistribution was
not complete, with 40—60% of states not shifted to
higher energies at temperatures well below T, .

Above T, the temperature dependence strongly de-
pends on the scattering geometry: the continuum is tem-
perature independent (marginal-Fermi-liquid-like) in XX
and X'X' geometry; it has a Bose-factor temperature
dependence in X'Y' geometry, and a weak temperature
dependence somewhat smaller than that of the Bose fac-
tor in YYgeometry.

A two-boson-like temperature dependence of the low-
energy continuum is found in YBa2Cu 306, and
Sm2Cu04. It becomes one-boson-like in YBCO once
small doping levels are introduced.

Two alternative explanations of the continuum scatter-
ing in the copper oxide superconductors were examined:
scattering by conduction electrons and scattering by lo-
calized states with a contribution from conduction elec-
trons at low energies. Though neither model appeared to
provide clear explanations of a11 the experimental results,
predictions of the localized states picture appear to give
the better agreement with the data.
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