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Determination of the phase difference between the Raman tensor elements
of the A1g-like phonons in SmBa2Cu 3O 72d

T. Strach, J. Brunen, B. Lederle, J. Zegenhagen, and M. Cardona
Max-Planck-Institut fu¨r Festkörperforschung, Heisenbergstr. 1, 70569 Stuttgart, Germany

~Received 8 August 1997!

We describe a general method to determine the relative phase difference between the complex components
of a phononic Raman tensor from the measured angular dependence of the intensity of light scattered inelas-
tically by the phonon in a Raman process. The method is applied to Raman spectra of a~110!-oriented
SmBa2Cu3O72d thin film obtained at room temperature. From our spectra we derive for the A1g-like phonons
the anisotropy ratio and the relative phase difference between the two independent components of the Raman
tensor as a function of laser energy\v. We point out that our results can be used to verify theoretical
calculations of Raman tensors and compare our data with values calculated for the related compound
YBa2Cu4O8. @S0163-1829~98!02202-4#
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I. INTRODUCTION

Raman scattering by phonons has yielded important in
mation about the physical properties of the high-Tc

superconductors.1,2 Phonons can be classified and identifi
in a Raman experiment by the dependence of their inten
on incident and scattered light polarizations.3,4 If several
phonons share the same polarization behavior, as is often
case in the high-Tc materials, Raman studies on isotopica
engineered samples may be used to determine the exact
non eigenvector belonging to each of the observ
vibrations.5–9 In addition to this, phononic Raman scatterin
also allows one to investigate indirectly the electronic sp
trum of a high-Tc superconductor via the self-energies i
duced by the electron-phonon interaction. From change
the observed frequencies, widths, and asymmetries
phononic Raman lines, conclusions can be drawn about
responding changes in the electronic spectrum.10,11 As an
example, the existence of a superconducting gap with
energy of 2D5(5.060.15)kBTc was early inferred from
phononicRaman scattering experiments inRBa2Cu3O72d

~R5Y, most rare earths!.12

However, Raman scattering by phonons incorporate
more subtle connection between the phononic and the e
tronic system of a material than the self-energies mentio
above. The main contribution to inelastic light scattering
phonons does not originate from a direct photon-phonon
teraction, but from a three-step process which involves
virtual electronic excitations as intermediate states.13 The
scattering process, i.e., the creation or annihilation of a p
non, takes place as the transitional step between two vir
electronic excitations. This transitional step is effected by
electron-phonon interaction. Phononic Raman scatterin
thus always closely linked to the electronic system of
solid.

The properties of a phonon with respect to Raman s
tering are described by its Raman tensorRJ , a quantity which
is represented by a complex 333 matrix. For incident and
scattered light with polarization vectorsêl and ês , respec-
570163-1829/98/57~2!/1292~6!/$15.00
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tively, the intensityI of a phononic Raman process is give
by13

I;uês•RJ•êl u2. ~1.1!

From the symmetry properties of the phonon one can ded
the number of independent Raman tensor components, w
is normally much smaller than the total number of nine e
ments. In the case of anA1g phonon in a tetragonal materia
for example, the number of independent components is o
two ~Rxx5Ryy andRzz). It can be shown that if neither th
energy of the incoming nor of the scattered light is in res
nance with an electronic interband excitation of the solid,
Raman tensor may be expressed as the partial derivativ
the dielectric tensoreJ(v) of the material with respect to th
phonon normal coordinateQ of the vibration:13

RJ~v!;
] eJ~v!

]Q
. ~1.2!

Herev denotes the frequency of the incoming laser light,not
the frequency of the phonon. Using Eq.~1.2! the Raman
scattering efficieny of a phonon can be calculated as a fu
tion of laser energy and compared to results from Ram
scattering experiments. This has indeed been success
done for YBa2Cu3O72d , where absolute Raman scatterin
efficiencies for the five prominent phonons with orthorho
bic Ag symmetry have been measured and compared to
principles calculations based on atomic sphere approxi
tion ~ASA! linear muffin-tin orbital ~LMTO! band
structures.14

The dielectric tensoreJ(v) of a material is a complex
function, and thus the Raman tensor, as its partial derivat
is in general also complex. This property of the Raman t
sor is commonly not exploited in experiments; measuring
Raman intensity of a phonon with polarization vectors
incident and scattered light along the main axesx, y, or z of
the Raman tensor corresponds to the determination of
absolutevalue of one tensor component only. The phase
formation is lost in the measuring process. This is differe
however, in other scattering geometries, whereêl and ês are
1292 © 1998 The American Physical Society
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57 1293DETERMINATION OF THE PHASE DIFFERENCE . . .
not parallel to the main axes ofRJ . In these cases, therelative
phase difference between Raman tensor elements influe
the strength of the scattering process. The phase differe
can therefore be determined experimentally from such ty
of measurements. For a comparison with theoretical calc
tions, the knowledge of this quantity is, of course, desirab

In this paper we present room temperature Raman spe
of a ~110!-oriented SmBa2Cu3O72d film for different scat-
tering geometries. From these spectra we derive the an
ropy ratio and, for the first time to our knowledge, the pha
difference between the two independent Raman tensor
ments for theA1g-like phonons in this material as a functio
of laser energy. The results will be compared with previo
resonant Raman scattering experiments on YBa2Cu3O72d
and theoretical predictions obtained for the related co
pound YBa2Cu4O8.

II. THEORY

The Raman tensor of a phonon withA1g symmetry in a
tetragonal material is13

RJA1g
5S a

a

c
D 5S uaueiwa

uaueiwa

ucueiwc
D ,

~2.1!

whereuau, wa , ucu, andwc represent magnitude and comple
phase of the two independent components of the tensor
spectively ~Rxx5Ryy). For Raman backscattering expe
ments on a~110! surface the polarization vectors of incide
and scattered light referred to the tetragonal axes may
written as

êl ,s5S 2
1

A2
sin~q l ,s!

1

A2
sin~q l ,s!

cos~q l ,s!

D , ~2.2!

where q l ,s denotes the angle between thez axis of the
sample and the polarization vector of the light. We will lim
our discussion to parallel (qs5q l) and perpendicular
(qs5q l190°) scattering configurations. For these two sp
cial cases Eq.~1.1! yields the Raman intensities

I i~q!;uau2 sin4~q!1ucu2 cos4~q!

12uauucucos~wac!sin2~q!cos2~q! ~2.3!

and

I'~q!;@ uau21ucu222uauucucos~wac!#sin2~q!cos2~q!,
~2.4!

with q5q l and wac5wa2wc . Figure 1 displaysI i(q) for
one particular choice of valuesuau and ucu and several dif-
ferent phase angleswac . It can be seen that the dependen
of I i on q varies strongly with the phase anglewac . While
the value ofI i(q) at q50° andq590° is given byucu2 and
uau2, respectively, for intermediate angles it also depends
ces
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the parameterwac . Thus the functionI i(q) is unique for any
particular choice ofuau,ucu, and wac and allows an unam-
biguous determination of all three parameters. This is
true for I'(q), where different sets of parametersuau,ucu,
and wac may produce identical line shapes. Neverthele
I'(q) is still useful as a consistency check for paramet
obtained from an evaluation ofI i(q).

III. EXPERIMENT

The sample used in this study is a~110!-oriented
SmBa2Cu3O72d thin film grown on top of a
PrBa2Cu3O72d buffer layer on a~110!-oriented SrTiO3
substrate using pulsed laser deposition.15 The z axis of the
film is aligned in the film plane along the@001# substrate
direction, while thex andy axes point out of the film surface
under angles of 45°. The film is twinned in thexy plane and
thus appears pseudotetragonal in a macroscopic Raman
periment.

Raman spectra have been recorded at room temperatu
a near-backscattering geometry. The film was located i
vacuum chamber to prevent Raman scattering from air m
ecules. All measurements were performed either in para
(qs5q l) or perpendicular (qs5q l1p/2) polarization for
various anglesq l between thez axis of the film and the
polarization vector of the incoming laser light. The backsc
tered light was analyzed with a double monochroma
equipped with a liquid nitrogen cooled charge-couple
device~CCD! detector. Various laser lines of a Kr-Ar mixe
gas laser were used for excitation. The laser beam was
cused onto a'50-mm-diam spot on the sample surface a
the laser power was kept between 25 and 50 mW.

FIG. 1. Calculated Raman intensityI i(q) according to Eq.~2.3!
for a tetragonalA1g phonon measured on a~110! surface of the
material.q represents the angle between thez axis of the sample
and the polarization vector of incident and scattered light. The v
ues for the parametersuau anducu are 5 and 10, respectively, for a
curves. The values ofwac range from 0~top curve! to p ~bottom
curve! in steps ofp/6.
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IV. RESULTS

Figure 2 shows room temperature Raman spectra of
SmBa2Cu3O72d ~110! film in parallel polarization for dif-
ferent anglesq obtained with the green laser line~2.43 eV!.
The Raman lines for the four phonons with tetragonalA1g
symmetry are clearly visible at 114, 146, 428, and 5
cm21. They correspond to the motion along thez axis of the
Ba, Cu~2!, O~2!1O~3!, and O~4! atoms, respectively.1 The
out-of-phase O~2!-O~3! phonon ~tetragonalB1g symmetry!
also shows up as a weak feature around 320 cm21 for angles
q close to 90°. The appearance of this line, which is forb
den by symmetry in this scattering geometry for a truly
tragonal material, may either reflect the microscopic orth
hombicity of the film or indicate the existence of a sm
fraction of SmBa2Cu3O72d grown in a different crystallo-
graphic orientation. All phonons drastically change their
tensity with angleq. The Cu~2!, O~2!1O~3!, and O~4!
phonons continuously lose Raman intensity with increas
angle; the O~2!1O~3! phonon at 440 cm21 becomes so
weak that it cannot be observed aboveq580°. The intensity
of the Ba phonon at 115 cm21, on the other hand, reaches
minimum forq'45° and then increases again. This phon
also exhibits a pronounced change in its line shape: Whi
has a symmetric shape with a Lorentzian line profile
q50°, it appears strongly asymmetric16 with a Fano line
shape for anglesq.45°.

Raman spectra of the same film measured at room t
perature in crossed polarization are shown in Fig. 3. In
polarization geometry the intensity of all fourA1g-like
phonons vanishes forq50° and 90° and is largest fo
q545°.

FIG. 2. Room temperature Raman spectra of a~110!-oriented

SmBa2Cu3O72d thin film taken in parallel polarization (ês5êl).
The spectra have been measured for various anglesq between thez

axis of the sample and the polarization vectorêl of the incident
laser light, ranging fromq50° ~top curve! to 90° ~bottom curve!
in steps of 5°. The laser wavelength used is 514.5 nm and
recording time is 300 s for all spectra.
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We extracted the intensity of the phonons from our R
man spectra by means of numerical line fits. The Cu~2!, O~2!
1O~3!, and O~4! phonons were fitted with Lorentzians
while we used a Fano profile for the Ba phonon.17 The result
of this procedure for the spectra measured in parallel po
ization is displayed in Fig. 4. The intensity of the fou
A1g-like phonons in crossed polarization as a function
polarization angleq is shown in Fig. 5.

Using Eq.~2.3! we determined the three unknown param
etersuau, ucu, andwac from the angular dependenceI i(q) of
the Raman intensity measured for each phonon. Again a l
squares fit procedure was used to extract the parameter
order to avoid confusion and to stress the difference betw
the polarizationangle q and the complex phasedifference
wac all subsequent values forwac will be given in units of
radians, while values forq will always be given in degrees
The functions which yield the best fit are displayed as so
lines in Fig. 4. In addition, two more lines are shown, whi
correspond to functionsI i(q) with the same values foruau
and ucu, but extremal phase shifts ofwac50 ~dashed line!
andwac5p ~dotted line!. These additional curves have bee
drawn to give a feeling for the sensitivity of the overall lin
shape ofI i(q) with respect to the phase differencewac . The
best fit curve can clearly be distinguished from either e
tremal curve for the Ba, Cu~2!, and O~4! phonons. This is not
true, however, in the case of the O~2!1O~3! phonon. For this
phonon all phase shifts produce nearly identical intens
functions I i(q), so thatwac cannot be extracted accurate
from the experimental data in this case. The reason for
insensitivity is the very small value of the Raman tens
elementuau of the O~2!1O~3! phonon. Since the dependenc
of I i(q) on the phase differencewac in Eq. ~2.3! originates
from a term which is proportional to the product ofuau and

e

FIG. 3. Room temperature Raman spectra of a~110!-oriented

SmBa2Cu3O72d thin film in crossed polarization (ês5êl190°).
The spectra correspond to different angles ranging fromq50° ~top
curve! to 90° ~bottom curve! in steps of 10°. The recording time i
300 s and the laser wavelength is 514.5 nm for all spectra.
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FIG. 4. Raman intensitiesI i(q) of the four A1g-like phonons of SmBa2Cu3O72d at room temperature on a~110! surface in parallel
polarization as function of angleq. Solid symbols correspond to experimental values determined from the spectra by numerical li
Solid lines represent the results of a least squares fit of Eq.~2.3! to the data. The best fit values forwac are 2.08, 1.45, 2.58, and 2.21 for th
Ba, Cu~2!, O~2!1O~3!, and O~4! phonons, respectively. The dashed and dotted lines show intensity functions using the same valuesuau and
ucu as determined for the best fit, but phase shifts ofwac50 andwac5p, respectively.
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ucu, it must necessarily vanish if one of the two compone
approaches zero.

As a consistency check we have calculated the functi
I'(q) for the fourA1g-like phonons using Eq.~2.4! and the
parameters obtained from the fits ofI i(q). The calculated
curves agree very well with our measurements for the
Cu~2!, and O~4! phonons, while in the case of the O~2!
1O~3! phonon the agreement between experiment and
culation is better for a phase difference ofwac50 than for
the phase difference found from the fit toI i(q).

We have repeated the procedure outlined above for
eral wavelengths of the incident laser light and determin
anisotropyuau/ucu and phase differencewac as well as the
relative strength for the fourA1g-like phonons as a function
of laser energy. The results of our measurements are sum
rized in Fig. 6. To compare the relative intensities of t
phonons, Fig. 6~a! displays the Raman tensor coefficientsRzz
of the Ba, Cu, and O~2!1O~3! phonons normalized with re
spect to the strongest coefficientRzz„O~4!…. The coefficients
have been corrected for the Bose-Einstein thermal popula
factor at 300 K in order to refer them to 0 K. Figure 6~b!
shows the anisotropy ratiosuau/ucu obtained in this manne
for all four phonons. Figure 6~c! displays the phase differ
encewac between the tensor elementsRxx andRzz for each
of the phonons. Since only the cosine of the phase differe
enters in Eqs.~2.3! and ~2.4!, the sign ofwac cannot be
s

s
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l-
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d

a-

n
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determined from these experiments and has been chose
bitrarily to be positive in all cases.

V. ANALYSIS AND DISCUSSION

Besides small differences in the positions of the phon
lines, the overall shape of the Raman signal does not cha
very much upon replacement of Sm by Y
RBa2Cu3O72d . We thus compare our results to Raman e
periments of Heyenet al.14 and Misochko and Sherman18

performed on YBa2Cu3O72d . The relative intensities inzz
polarization @Fig. 6~a!# as well as theuau/ucu anisotropies
@Fig. 6~b!# are in fair agreement with the ones determined
YBa2Cu3O72d . In both materials the by far largest scatte
ing intensity is found for the O~4! phonon inzz polarization,
while the intensity of the other phonons is considera
smaller. The largeuau/ucu anisotropies of the oxygen relate
phonons are also found in both materials, leading to inten
ratios I zz/I xx of more than 25:1 at all laser energies. T
most prominent difference between YBa2Cu3O72d and
SmBa2Cu3O72d occurs for the Ba phonon which in
YBa2Cu3O72d shows almost no Raman intensity inzz po-
larization for incident laser energies around 2.2 eV, th
leading to anisotropy ratiosuau/ucu much larger than unity.
This is not the case in SmBa2Cu3O72d . In this material the
intensity of the Ba phonon inzzpolarization does not have
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FIG. 5. Raman intensitiesI'(q) of the fourA1g-like phonons of SmBa2Cu3O72d at room temperature on a~110! surface in crossed
polarization as function of angleq. Symbols correspond to experimental results; the solid, dotted, and dashed lines represent i
profiles according to Eq.~2.4! with the same parametersuau,ucu, andwac as in Fig. 4.
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pronounced minimum at this energy. Therefore theuau/ucu
ratio remains below 1.0 at all energies in SmBa2Cu3O72d
and shows only a weak maximum at 2.2 eV.

Figure 6~c! indicates that the phase differencewac for a
given phonon does not vary strongly with laser energy.
the Ba, the O~2!1O~3! and O~4! phonons the phase differ
ences range from 0.5p to 0.75p, with a minimum at 2.2 eV.
The Cu~2! phonon exhibits phase differences of less th
0.5p at all laser energies, with the maximum value arou
2.35 eV. These numbers should be useful to test the re
of future theoretical calculations of Raman efficiencies
phonons in SmBa2Cu3O72d or related materials. As a firs
example we show in Fig. 7 theoretical values for the ph
difference and anisotropy ratio of Cu and Ba phonons in
related orthorhombic compound YBa2Cu4O8 as obtained
recently from LMTO-ASA calculations.19 Because of the
orthorhombicity, the two Raman tensor elementsRxx and
Ryy have different values in this material. In the case of
Ba phonon,Rxx and Ryy are comparable in magnitude. W
display anisotropy ratios and phase shifts for both ten
elements. For the Cu phonon the calculation yields values
Rxx that are larger by at least a factor of two than the cor
sponding values forRyy . We have therefore only plotted th
anisotropy ratio and the phase difference betweenRxx and
Rzz. In all cases the calculated values are in qualitat
agreement with the results obtained on the twinned, pseu
tetragonal SmBa2Cu3O72d film.
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FIG. 6. Relative valuesucu/ucO(4)u, anisotropy ratiosuau/ucu, and
phase difference angleswac for the A1g-like phonons in
SmBa2Cu3O72d as a function of incident laser energy. The sym
bols correspond to Ba~circles, solid lines!, Cu~2! ~squares, dotted
lines!, O~2!1O~3! ~diamonds, dashed lines!, and O~4! ~triangles,
long dashed lines! phonons, respectively.
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As mentioned above the calculation of absolute Ram
scattering efficiencies for phonons in YBa2Cu4O8 predicts
that there is an appreciable anisotropy between the Ra
tensor elementsRxx andRyy . While the problem of in-plane

FIG. 7. Calculated anisotropy ratiosuau/ucu, ubu/ucu and phase
differenceswac ,wbc for the Ba and Cu~2! phonons in YBa2Cu4O8

~solid and dashed lines! compared to experimental values obtain
on a SmBa2Cu3O72d film ~dots!. The solid and dotted lines corre
spond to parameters obtained inx direction ~perpendicular to the
Cu-O chains,uau/ucu andwac) and in they direction~parallel to the
Cu-O chains,ubu/ucu andwbc), respectively.
s

.

y,

.

J

B

M.
er
n

an

anisotropy has not been addressed in this paper it would
interesting to repeat this type of experiment on thexy sur-
face of an untwinned crystal to determine the phase dif
encewa2wb . Since the absolute values ofRxx andRyy are
comparable, the influence of the interference term should
at maximum and even small phase differences may be
tectable. It should also be noted that the application of t
method is not limited to any particular materials class, b
applies generally to phononic Raman scattering in any n
cubic crystalline solid.

VI. CONCLUSION

We have presented a general method to determine ex
mentally phase differences between two complex eleme
of a phononic Raman tensor. The method has been succ
fully applied to Raman spectra of a SmBa2Cu3O72d ~110!-
oriented thin film, and the phase difference between the
independent Raman tensor elementsa andc has been deter
mined for theA1g-like phonons. We have pointed out th
this phase difference can be used as additional experime
quantity to verify theoretical calculations of the Raman te
sor for a given phonon using band-structure-based fi
principles calculations.
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