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Absolute electronic Raman-continuum cross sections have been measured for orthorhombic single-
domain Y-123 and Bi-2212 crystals and a tetragonal T1-2223 film on a MgO substrate (T. = 120 K)
in different polarization geometries. They agree well with effective mass fluctuations obtained for
Y-123 from Fermi-surface averages of the dispersion calculated from the full-potential linear muffin-

tin orbital band structure of Andersen et al.

The results suggest that anisotropic mass density

fluctuations involving various sheets and regions of the Fermi surface are indeed responsible for
the electronic Raman continuum and predictable with realistic local-density-approximation band-
structure calculations. Decomposition into contributions from the four sheets of the Fermi surface
permits separation of interband and intraband mass fluctuations. Anisotropies corresponding to the
orthorhombicity and the purely tetragonal Ay, Big, and Bz, symmetries are determined for the

three superconductors.

The largely temperature- and frequency-independent
electronic Raman-scattering continuum observed in all
cuprates,’™ as well as in the copperless Ba;—,K;BiO3
and Sri_,La,TiO3 compounds,’® has been studied ex-
tensively, and is considered to be an essential part of
their unusual normal-state electronic properties and cor-
relation effects. A phenomenological marginal Fermi-
liquid theory” has been proposed, as well as some micro-
scopic models, like the nested Fermi liquid,® the electron-
phonon strong-coupling model,® and the collision-limited
scattering of light by mass-density fluctuations.!® The ef-
fects of strong inelastic scattering and interband transi-
tions have also been considered.!! Aside from the ori-
gin of the frequency-independent behavior, the relative
strength of the continua observed in different polariza-
tions is an important fact to be compared with theory. In
metals this quantity is mainly determined by the Raman
vertex for electronic scattering, which is given by the ef-
fective mass tensor contracted with the incident and scat-
tered polarization vectors. The microscopic scattering
mechanisms which lead to electronic Raman-scattering
have been extensively studied in doped semiconductors
(see Ref. 12 and reviews in Refs. 13-15). Common to all
mechanisms are density fluctuations on different parts of
the Fermi surface with a multicomponent plasma pro-
ducing variations of zero net charge but a net coupling
to the scattering Hamiltonian since the sum of the scat-
tering vertices does not cancel. In a metal only charge
fluctuations which carry zero net charge are observable,
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because charge-carrying fluctuations are screened out. In
the case of a single-sheeted Fermi surface the chargeless
fluctuations must involve Fermi-surface harmonics with
L > 0.1% Nonzero charge fluctuations corresponding to
L = 0 symmetry can also be obtained in the case of mul-
tisheeted Fermi surfaces.!” Here L denotes Allen’s Fermi
surface harmonics,'® not {I,m} of the angular harmon-
ics. For instance, in the case of n-sheeted Fermi surfaces
L = 0 corresponds to a function constant on all sheets,
while L = 1,...,n— 1 harmonics are linear combinations
of constants on each sheet, different for different sheets
and carrying no net charge.

In order to obtain a better understanding of the elec-
tronic Raman-scattering vertex and its microscopic ori«
gin we have measured absolute Raman cross sections of
the electronic continuum of Y-123, Bi-2212, and T1-2223
at room temperature in different polarizations and com-
pared them to mass fluctuations, calculated for Y-123
from the local-density-functional (LDA) full-potential
linear-muffin-tin-orbital (LMTO) band structure of An-
derson et al.l® The high accuracy of the band structure
is important for the calculation of mass tensors and their
anisotropies in k space.

Figures 1-3 display the spectra. for a Y-123 single-
domain crystal, a Bi-2212 single crystal, and a T1-2223
epitaxial film taken in several polarization geometries at

. 300 K. The results were confirmed with multiple mea-

surements on different spots of the samples. The polar-
ization geometries are denoted according to the crystal
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FIG. 1. 300 K Raman spectra of a YBayCusOr—s sin-
gle-domain crystal taken with nine different polarizations in
the a-b plane at A, = 514 nm (T = 300 K). The spectra are
displayed in absolute units but include consecutive offsets of
(0,1,2, ..., 8) x 2.5. The electronic Raman cross sections were
determined at & 700 cm ™" frequency shift.

axes, i.e., z || @ and y || b, with a, b being parallel to the
CuO bonds in Y-123 and TI-2223 and at 45° in Bi-2212.
The absolute Raman-scattering efficiencies were deter-
mined by comparison with the known cross section of
BaF,, whereby the optical constants of the superconduc-
tors and BaF,, and also the instrument response, were
taken into account.'® The absolute electronic Raman-
scattering efficiencies, shown in Table I, were determined
at high-frequency shifts where they are not affected by

-~ 50
£
o -
'“ 40 -
/2]
€
o 30
~ i
o
Z 20
[y x+y,x+y
o 10 - xx
o i /f\'mw
E x+)y(yx -y
[§¥] 0 r T
500 1000 1500

Raman Shift (cm™")

FIG. 2. Raman spectra of a BiaSraCaCuszOs single crystal
taken in different polarization geometries at A\, = 488 nm
(T = 300 K). The data are displayed in absolute units with
consecutive offsets of (0,1,2, ..., 4) x 2.5. The electronic
Raman cross sections were determined at 1200 cm™t.
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FIG. 3. Raman spectra of a T1;BazCazCusO;o epitaxial
film on a MgO substrate, T. = 120 K (A = 488 nm, T =
300 K) displayed in absolute units. The electronic Raman
cross sections were determined at 1200 cm™?.

phonons.

The orthorhombicity is produced in Bi-2212 [approx-
imate space group Fmmm (D2})] by a strong incom-
mensurate [010] modulation and in Y-123 [space group
Pmmm (D3,)] by linear chains also along [010]. TI-
2223 is close to ideally tetragonal [space group I4/mmm
(D). In the tetragonal case the zx and yy scattering
configurations yield equal scattered intensities which cor-
respond to excitations of Ay, (22 +y2) plus By, (22 —y?)
symmetry (Dsn point group) while the zy configura-
tion corresponds to excitations of By, symmetry. Hence,
three independent parameters are needed to represent
scattering with in-plane polarizations. We chose these
parameters in the form of Raman-tensor elements

"TABLE I. Absolute polarization-dependent Raman effi-
ciencies for electronic scattering in Y-123 (A = 514 nm,
w = 700 cm™'), Bi-2212 (A = 488 nm, w = 1200 cm™?),
and TI-2223 (Ay = 488 nm, w = 1200 cm™') in units
of (10™® cm™'sr™'cm). The data {accuracy *+ 30%) in-
clude corrections for optical constants. Fits to these data
yield Raman tensors (assumed to be real) in units of
(10* cm™/3gp—1/3 cml/z) for tetragonal Ai,, Blg, and B,
symmetry and orthorhombicity, i.e., (“a), ( _b), (c‘:),

(0 ) Additional Y-123 data (Fig. 1) are included in the

e

fits butinot listed. _

Polarization Y-123 Bi-2212 T1-2223
er, es Data Fit Data Fit Data Fit
vy ~ 27 28 12 12 14 13
Tty +y 7 17 11 11 1w 11
Tz 14 15 9.0 8.8 14 13
zt+yz—y 9.0 8.5 3.5 4.0 6.1 6.8
Ty 34 39 53 48 54 47

Aig a=23.1 a=24 a=2.5

By, b=23 b=18 b=26

Ba, c=2.0 c=22 c=2.2

Orthorhombicity e=3.6 e=1.38 e =0.06
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If the crystal is orthorhombic (Dg, point group), the
Raman-tensor By, of Eq. (1) lowers its symmetry to A4
while the By, symmetry must be labeled By,. The exis-
tence of two Raman tensors of 4;, symmetry demands
the introduction of an extra parameter to represent the
scattered intensities for in-plane polarizations which be-
come proportional to averages of the squares of each one
of the A; -tensor component and also of their cross prod-
uct. We introduce this additional parameter in a form
which has a clear physical significance: the contribution
of the strongly asymmetric chains with only m,, nonva-
nishing masses. This can be represented by an additional

Raman-tensor
C ).

In order to permit a comparison between the com-
pounds of orthorhombic and tetragonal symmetry we
have extracted the orthorhombic contribution, i.e., I, —

Iz, in Y-123 and Bi-2212, together with the scattering .

intensities which can be attributed to purely tetragonal
Raman-tensor elements of A;,, B1g, and Bag symmetry
for all materials. The measured polarization-dependent
intensities yield the fitted values for tensor elements con-
tained in Table I. They represent all measured inten-
sities with an error of less than 20%, thus justifying the
reduction performed above in terms of only symmetric
Raman-tensors. Note that for T1-2223 the orthorhombic
term e ~ 0.06 is negligible, as expected for a tetragonal
compound. In the presence of electronic resonances with
either incident or the scattered polarizations antisymmet-
ric Raman-tensor components are possible. In view of
the fact that there is one more experimental data than
adjustable parameters, the level of agreement between
measured and fitted intensities indicates that effects of
antisymmetric tensors are not pronounced and we ne-
glect them in the context of this paper. Absolute cross
sections predicted under the assumption of & conserva-
tion are lower than the observed ones by about one order
of magnitude.!® This discrepancy is lifted in the non-k-
conserving collision-limited regime.'%*3:2° Thus, due to
the strong scattering cross section observed in Y-123 (Ta-
ble I) only the latter, i.e., the collision-limited case, will
be considered here.

In the collision-limited regime the Raman-scattering
efficiency is given by2°

dzs wI'B ]
Tode = [1+n(W,T)]L—2—:'_—f:§, (3)

)

(4)

with I' representing the scattering rate and
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Here ¢, is the energy of the electron in band & with mo-
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mentum fik and N{ep), the density of states at the Fermi
level per unit volume and unit energy. The brackets ()
denote the Fermi surface average, (fx) = >, fud(er —
€k, )/ Ek‘, d(er — ek, ). Equation (4) can be also rewrit-
ten in a more illustrative form

5= 2N (Jou (57 = (7)) vesf Y5 @

where

CHaE (@) .es|2>
=(Jor#7 es ) = (Jes it es])" s @

i.e., the observable unscreened mass fluctuations are the
difference between the bare and the screened-out ones
(the latter are labeled as screened in Tables II and III).

A widely used but possibly not unique way to ex-
plain the frequency independence of the Raman effi-
ciency, known as marginal fermi-liquid (MFL) theory, is
to introduce a linear dependence of the relaxation rate on
the frequency w. The microscopic origin of MFL behavior
is not clear yet. Some associate it with electron-phonon
interaction®! while others relate it to peculiarities of the
electronic structure.® We do not discuss this topic here
and refer the interested reader to the vast literature on
MFL theory.” In our calculations we used the above ex-
pression with I' = 0.5w, which is consistent also with the
large electron-energy-loss-spectroscopy (EELS) damping
width.22 We should note at this point that Eqs. (4) and
(5) are derived within & - p perturbation theory provided
ws and wy, are away from strong interband optical tran-
sitions. The latter is not true for the usual experimen-
tal conditions. Nevertheless, calculations in Ref. 11 at
two wr's (1.9 and 2.7 e€V) show that the effect of the
resonance-enhancement factors by which Egs. (4) and
(5) have to be corrected is approximately the same for
all scattering configurations. We shall come back to this
point later.

The electronic mass tensor of YBasCuzO7_s was
calculated from the full-potential LMTO-LDA band
structure!® by linear tetrahedron interpolation of the sec-
ond derivative of the energy bands computed by direct
numerical differentiation of the electronic energies at a
k mesh of 845 inequivalent points. The absolute accu-
racy for the Fermi-surface average in Eq. (4) was es-
timated by the fulfillment of symmetry relations to be

2
better than 0.04("%6)

components to (3-10)% relative accuracy. Using these
results the bare, screened-out, and unscreened mass fluc-
tuations in each scattering configuration and correspond-
ing cross sections were calculated. They are presented in
Table II.

The agreement between the normalized data and the
ab initio calculated relative intensities is good. The yy-
zz and yy-(z+y, £ +y) anisotropies are reproduced well.
The ratios between calculated and measured =z +y,z —y,

and zy intensities are similar even though the relative in-

, which corresponds for different
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-TABLE II. Calculated electronic Raman efficiencies in the collision-limited regime [Eq. (3)] (Ref. 21) produced from the
Fermi-surface averages of the masses from LDA full-potential calculations for YBazCusOr. Bare, screened, and unscreened

mass fluctuation results are given in the yy, z+y, z+y, =z, z+y, £—y, and zy polarizations. The units are (10™° cm

~“lsr~'cm).

The unscreened predictions and data have been normalized to their yy values to facilitate comparison with experimental ratios.

~ Calculations Experiment
Polarization Bare Screened Unscreened Unscreened Normalized
geometry <(e[, E&-es) > ((eL %%esy) <(3L (T—’"n-% - <Lm"_!_l )es)2> normalized data Data
vy 6.9 1.1 5.8 ) S B 1 1 27
z+y,x+y 4.0 0.64 34 0.59 v 0.63 17
T 3.9 0.31 3.6 0.62 0.52 14
rty,z—y 3.0 0.05 2.9 0.50 0.33 9.0
zy 1.6 0 1.6

0.27 0.13 34

tensities of both crossed polarizations are somewhat low.
The effect of screening, which is expected to be present
in the parallel and absent in the zy crossed polarizations
(and very small in z + y,z — y), is reproduced well by
the calculation. The screened-out components (A4;4 sym-
metry), which correspond to the electron-density fluctu-
" ations carrying net charge, are small compared to the
remaining unscreened density fluctuations of zero net
charge. This may arise from the strong angular depen-
dence of the electronic mass or the strong difference of
the masses in different bands (involving most likely pos-
itive as well as negative masses). We thus performed
the calculations for the four sheets separately, with the
results given in Table III. The hybridized chain band
[Cu(1l) dya_y2 O(1) py] and antibonding plane bands
[Cu(2) dz2_y2 O(2) p. O(3) py] were relabeled at the
crossover points so as the preserve their dominant plane
or chain character. Intraband screened components are
given for each band and polarization. These single-sheet
fluctuations would be screened, as indicated, if there were
no other bands in the system. An investigation of Ta-
ble III yields the following: Intraband mass fluctuations
for the chain band are almost completely screened as ex-
pected for a nearly one-dimensional band. Mass fluctua-
tions from the antibonding plane band dominate over the
ones from all other bands, which is understandable due to
the strong dimpling of the corresponding Fermi surfacel®

Aleading to small average mass and in view of the strong

extended Van Hove singularities present in this band near
the Fermi level also partially reflected in the density of
states. As opposed to the antibonding sheet the largely
flat pieces of the bonding Fermi surface, and the nearly
linear (i.e., zero second derivative) dispersion in direc-
tions perpendicular to these flat portions,!® lead to small
inverse mass fluctuations of this band. For yy polariza-
tions intraband screening of the bare mass fluctuations
amounts to about 50%, whereas only about 15% of the
bare total is screened out. This suggests that about 45%
of the observed unscreened scattering originates from in-
terband mass fluctuations for this polarization configu-
ration. Similarly for the other polarizations the fractions
of intraband screening, unscreened total, and unscreened
interband scattering are for (zz), 31%, 8%, 25%; for
(z + v,z +y), 46%, 16%, 35%; and for (z + y,z — ),
21%, 2%, 22%, respectively. Thus, interband mass fluc-
tuations are significant but not solely responsible for the
zz-yy anisotropy. For (z + y,z — y) polarization intra-
band screening is only non-negligible in the chain band,
consistent with its strong orthorhombicity. Investigating
Table I the orthorhombicity in the electronic Raman in-
tensities is found to be about twice as large in Y-123 as in
Bi-2212. The A,, intensities decrease while the By, and
By, intensities increase from Y-123 to T1-2223. If the By,
and By, intensities in Bi-2212 are exchanged (i.e., equiv-

TABLE III. Mass fluctuations produced from individual sheets of the YBazCusO+ Fermi surface (i.e., intraband) in com-

parison to the total fluctuations produced from the whole multisheeted surface (i.e., intraband + interband) in units of ("%.)2
The individual mass fluctuations have been multiplied by their partial contribution to the total density of states at the Fermi
surface (70 states/unit cell/Hartree including both spins), i.e., chains, % = 0.16; antibonding planes, 2 = 0.41; bonding
planes, % = 0.17; and apical oxygen, % = 0.26. The hybridized chain and antibonding plane sheets have been separated
and relabeled at the crossover points. Results for bare and screened-out individual intra- and total intra- and interband mass
fluctuations are given. Interband mass fluctuations are derivable by subtracting the sum of the unscreened individual from the
unscreened total results. ’ '

Polarization Chain '_ Antibonding Bonding Apical Total
' ) planes planes oxygen
Bare Screened Bare Screened Bare Screened Bare Screened Bare Screened
vy 0.79 0.62 0.88 0.29 0.06 0 0.10 0.07 1.82 0.28
zt+y,zt+y 0.25 ' 0.15 0.47 0.25 0.20 001 014 0.05 1.06 0.17
oz 0.02 0 0.66 0.23 0.29 0.05 0.06 0.04 1.03 0.08
z+y,z—y  0.20 0.16 0.46 0 0.10 0.01 0.02 0 0.78 0.01

Ty 0.05 0 0.16 0 0.13 0 0.08 0 0.42 0
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alent to redefining the a and b axes along Cu-O bonds as
in Y-123 and TI-2223), the By, and Bz, Raman-tensors
increase continuously.

These effects can be understood qualitatively from the
shapes of the Fermi surfaces of Y-123, Bi-2212,%% and
T1-2223.2¢ Similar to Y-123 the Fermi surface of Bi-2212
displays two closely spaced flat and dimpled sheets origi-
nating from the bonding and antibonding O p, Cu dya_,z
O p, bands. The smaller orthorhombicity in Bi-2212 (as
measured by Raman scattering) as well as the overall
smaller A, intensity can be attributed to the absence of
the chain band and of the corresponding intra- and inter-
band mass fluctuations predicted for Y-123. In T1.2223
there are three closely spaced CuQO;-plane Fermi-surface
sheets.?425 They suggest the presence of very similar and
more isotropic masses than in the case of YBayCugOs.
Thus, the small A,  intensity in spite of the third CuO,-
plane Fermi-surface sheet can be understood as resulting
from stronger interband screening of the A;4 mass fluc-
tuations than in Bi-2212 while the higher intensities in
B,y and Bj, symmetry, where no screening is present,
can be attributed to the additional band.

The absolute cross sections measured for the electronic
Raman spectra of Y-123 are about four times larger than
the ones calculated from the band structure (Tables I
and II). This can possibly result from an interband ex-
citation resonance involving the proximity of bands ap-
proximately ZfAwjagey away from the Fermi energy. The
measured anistropies do not seem to be affected by res-
onances, a fact which is already suggested by the cal-
culations of Ref. 11 (see also the measurements in Ref.
4) for Aw = 1.9 and 2.7 eV excitation. The broad na-
ture of the intermediate-state resomances may help to
reduce resonant-anisotropy effects, as borne out in an
orthorhombic crystal by the near equality of the zy and

yz electronic Raman cross sections in Y-123 which dif-
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fer by less than 15%, well within the range of experi-
mental error. In addition to resonance effects reduced
masses resulting from correlation effects, as implied by
the marginal Fermi-liguid phenomenology,” would also
enhance the Raman cross section. In view of the fact
that absolute cross section determinations, when we con-
sider all sources of error, may be off by a factor of 2, a
discrepancy between the nonresonant theory and exper-
iment by a factor of 4 is not to be regarded as serious.
The overall agreement of the calculated mass fluctuation
averages around the Fermi surface with the measured
anisotropy of the electronic scattering continua for all po-
larization geometries and the correct prediction of screen-
ing effects suggest that the electronic Raman continua are
indeed produced by electronic mass-density fluctuations.
These fluctuations are of intraband as well as interband
nature.?® The important implications of the interband
fluctuations for scattering in the superconducting state
have been discussed recently.'”

In summary, we have measured absolute Raman cross
sections of the electronic continua in Y-123, Bi-2212, and
T1-2223 and compared the Y-123 results to the corre-
sponding unscreened mass fluctuations at the Fermi sur-
face calculated from the LMTO full-potential band struc-
ture. The relative scattering cross sections for various
polarizations agree well with the calculation, suggesting
that the Raman continuum arises from density fluctua-
tions of conduction electrons. The absolute Raman inten-
sities are reproduced by the calculation in the collision~
limited regime especially if some enhancement due to res-
onance of either the laser or the scattered frequency with
electronic interband transitions is taken into account.

We would like to thank C. Kendziora for making avail-
able the BisSrpCaCaysQOs crystal used in this work.
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