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Determination of the phase difference between the Raman tensor elements
of the A,4-like phonons in SmBa,Cu3;0;_;

T. Strach, J. Brunen, B. Lederle, J. Zegenhagen, and M. Cardona
Max-Planck-Institut fu Festkaperforschung, 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 spectrd 1f)-ariented
SmB&Cu307_ 4 thin film obtained at room temperature. From our spectra we derive for {hdike phonons
the anisotropy ratio and the relative phase difference between the two independent components of the Raman
tensor as a function of laser energys. 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
YBa,Cu,0g. [S0163-182€08)02202-4

[. INTRODUCTION tively, the intensityl of a phononic Raman process is given
by*®
Raman scattering by phonons has yielded important infor- o
mation about the physical properties of the high- | ~|es R- g2 (1.9

superconductors? Phonons can be classified and |dent|f|ed|:rom the symmetry properties of the phonon one can deduce

in a Ra_lman experiment by the depend.enqgfﬁc;f their intensi%e number of independent Raman tensor components, which
on incident and scattered light polarizatiorsif several is normally much smaller than the total number of nine ele-

phonons share the same polarization behavior, as is often ﬂﬁ‘?ents. In the case of a,, phonon in a tetragonal material,

case in the highF, materials, Raman studies on isotopically ¢, example, the number of independent components is only
enginegred samples may t_)e used to determine the exact phgy, (Ry=Ryy andR,,). It can be shown that if neither the
non .e|ge5r1\éector belonging to each of the observednergy of the incoming nor of the scattered light is in reso-
vibrations”™ In addition to this, phononic Raman scattering nance with an electronic interband excitation of the solid, the
also allows one to investigate indirectly the electronic specRaman tensor may be expressed as the partial derivative of
trum of a highT. superconductor via the self-energies in- the dielectric tenso€(w) of the material with respect to the
duced by the electron-phonon interaction. From changes iphonon normal coordinat® of the vibration*
the observed frequencies, widths, and asymmetries of

phononic Raman lines, conclusions can be drawn about cor- o J€(w)
responding changes in the electronic specttih.As an W)~ Q
example, the existence of a superconducting gap with an

energy of A=(5.0-0.15KgT. was early inferred from Hereo denotes the frequency of the incoming laser ligtatt,

phononicRaman scattering experiments RBa,Cus0,_, the frequency of the phonon. Using E(L.2) the Raman
(R=Y, most rare earthg? scattering efficieny of a phonon can be calculated as a func-

Hon of laser energy and compared to results from Raman
g_cattering experiments. This has indeed been successfully
tronic system of a material than the self-energies mentionego.ne.3 for_ YBaZCU?*O?*ﬁ’ Whe_re absolute Ra”_‘a” scattering
) o : C . efficiencies for the five prominent phonons with orthorhom-
above. The main contribution to inelastic light scattering byb. h b d and d to fi
honons does not originate from a direct photon-phonon in- Ic A.g symmetry have been measured and compared to first
f tion. but f th ; hich invol " Kfrmmples calculations based on atomic sphere approxima-
eraction, but from a three-steép process which INVOIVes twe;,, (ASA) linear muffin-tin orbital (LMTO) band
virtual electronic excitations as intermediate stafeShe structured4
scattering process, i.e., the creation or annihilation of a pho- the gielectric tensofé(w) of a material is a complex
non, takes place as the transitional step between two virtug{,nction, and thus the Raman tensor, as its partial derivative,
electronic excitations. This transitional step is effected by thgg i, general also complex. This property of the Raman ten-
electron-phonon interaction. Phononic Raman scattering igor is commonly not exploited in experiments; measuring the
thus always closely linked to the electronic system of theraman intensity of a phonon with polarization vectors of
solid. . . incident and scattered light along the main axesy, or z of
The properties of a phonon with respect to Raman scatthe Raman tensor corresponds to the determination of the
tering are described by its Raman tenBp quantity which  absolutevalue of one tensor component only. The phase in-
is represented by a complex<® matrix. For incident and formation is lost in the measuring process. This is different,

scattered light with polarization vectoss and es, respec- however, in other scattering geometries, whgrande, are

1.2

However, Raman scattering by phonons incorporates

0163-1829/98/5@)/12926)/$15.00 57 1292 © 1998 The American Physical Society



57 DETERMINATION OF THE PHASE DIFFERENE . .. 1293
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not parallel to the main axes & In these cases, threlative

phase difference between Raman tensor elements influences
the strength of the scattering process. The phase difference
can therefore be determined experimentally from such types 80 7
of measurements. For a comparison with theoretical calcula-
tions, the knowledge of this quantity is, of course, desirable.

In this paper we present room temperature Raman spectra 60 | -
of a (110)-oriented SmBaCu30-_ ;s film for different scat-
tering geometries. From these spectra we derive the anisot-
ropy ratio and, for the first time to our knowledge, the phase 40 L ]

difference between the two independent Raman tensor ele-
ments for theA,4-like phonons in this material as a function
of laser energy. The results will be compared with previous
resonant Raman scattering experiments on YB&O,_; 20
and theoretical predictions obtained for the related com-

pound YB&Cu,Os.

Raman Intensity (arb. units)

0 1
Il. THEORY 0 30 60 %0
O (degrees)
The Raman tensor of a phonon with, symmetry in a . .
tetragonal material 13 FIG. 1. Calculated Raman intensity(J) according to Eq(2.3)
for a tetragonalA,y phonon measured on @10 surface of the
a |a|ei ®a material. ¢ represents the angle between thaxis of the sample
o and the polarization vector of incident and scattered light. The val-
A= a = |aje'?a ues for the parametefa| and|c| are 5 and 10, respectively, for all
9

c |c|ei v | curves. The values o, range from O(top curve to = (bottom
curve in steps ofw/6.
(2.1

where|al, ¢4, |c[, ande, represent magnitude and complex the parametep,.. Thus the function(9) is unique for any
phase of the two independent components of the tensor, regicylar choice ofal,|c|, and ¢, and allows an unam-
spectively (R, =R,,). For Raman backscattering experi- hiy,0us determination of all three parameters. This is not
ments on &110 surface the polarization vectors of incident true for 1, (9), where different sets of parametees,|c|

1 ’ l ’

and scattered light referred to the tetragonal axes may bgnd .. may produce identical line shapes. Nevertheless
written as ac ' '

I, (9) is still useful as a consistency check for parameters
obtained from an evaluation of( ).

— —sin(Y
\/E n( I,S)
él,s: 1 (9, ) ; (2.2 ll. EXPERIMENT
— Si
\/E s The sample used in this study is @10-oriented

cos 9, o) SmB&Cuz;0;_5 thin film grown on top of a
S PrBa,Cu3;0,_s buffer layer on a(110-oriented SrTiQ
where 9, s denotes the angle between tkeaxis of the substrate using pulsed laser deposifidiThe z axis of the
sample and the polarization vector of the light. We will limit film is aligned in the film plane along th01] substrate
our discussion to parallel ;=) and perpendicular direction, while thex andy axes point out of the film surface
(s=9,+90°) scattering configurations. For these two spe-under angles of 45°. The film is twinned in tkg plane and
cial cases Eq(l1.1) yields the Raman intensities thus appears pseudotetragonal in a macroscopic Raman ex-
5 4 5 periment.
Li(9)~]al? sin(8)+|c|? cosl(®) Raman spectra have been recorded at room temperature in
+2|al|c|cod @) si(H)cod(d) (2.3 2@ near-backscattering geometry. The film was Iocate_d in a
vacuum chamber to prevent Raman scattering from air mol-
and ecules. All measurements were performed either in parallel
. (9s=1,) or perpendicular 4= U,+ 7/2) polarization for
Ii(ﬁ)~[|a|2+|c|2—2|a||c|cos{goac)]sm2(1‘})cosz(ﬁ)2, 2 various angles?, between thez axis of the film and the
24 polarization vector of the incoming laser light. The backscat-
with 9=, and ¢,.= ¢,— ¢.. Figure 1 displayd(9¥) for  tered light was analyzed with a double monochromator
one particular choice of valudsa| and|c| and several dif- equipped with a liquid nitrogen cooled charge-coupled-
ferent phase angles,.. It can be seen that the dependencedevice(CCD) detector. Various laser lines of a Kr-Ar mixed
of I, on 9 varies strongly with the phase anglg.. While  gas laser were used for excitation. The laser beam was fo-
the value ofl () at 9=0° and9¥=90° is given byic|?and  cused onto a=50-um-diam spot on the sample surface and
|a|?, respectively, for intermediate angles it also depends othe laser power was kept between 25 and 50 mW.
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FIG. 2. Room temperature Raman spectra dfl&0)-oriented FIG. 3. Room temperature Raman spectra dfla0)-oriented
SmBa,Cu;0;_ 5 thin film taken in parallel polarizatione(=€,). ~ SmBaCuzO_; thin film in crossed polarizationeg=e¢,+90°).

The spectra have been measured for various arglestween the The spectra correspond to different angles ranging ffor0D° (top
axis of the sample and the polarization vecéprof the incident ~ curve to 90° (bottom curve in steps of 10°. The recording time is
laser light, ranging fromY=0° (top curve to 90° (bottom curvé 300 s and the laser wavelength is 514.5 nm for all spectra.

in steps of 5°. The laser wavelength used is 514.5 nm and the

recording time is 300 s for all spectra. We extracted the intensity of the phonons from our Ra-

V. RESULTS man spectra by means of numerical line fits. Thé2ZLuO(2)
+0(3), and Q4) phonons were fitted with Lorentzians,

Figure 2 shows room temperature Raman spectra of thehile we used a Fano profile for the Ba phorfdThe result
SmB&Cu30,_ ;s (110 film in parallel polarization for dif- of this procedure for the spectra measured in parallel polar-
ferent angles) obtained with the green laser lifi2.43 e\).  ization is displayed in Fig. 4. The intensity of the four
The Raman lines for the four phonons with tetragoAg]  A,4-like phonons in crossed polarization as a function of
symmetry are clearly visible at 114, 146, 428, and 506polarization angle? is shown in Fig. 5.
cm™ . They correspond to the motion along thaxis of the Using Eq.(2.3) we determined the three unknown param-
Ba, Cu2), O(2)+0(3), and Q4) atoms, respectively.The eters|al, |c|, ande,. from the angular dependentg9) of
out-of-phase (@)-O(3) phonon (tetragonalB,, symmetry  the Raman intensity measured for each phonon. Again a least
also shows up as a weak feature around 320 tifor angles  squares fit procedure was used to extract the parameters. In
¥ close to 90°. The appearance of this line, which is forbid-order to avoid confusion and to stress the difference between
den by symmetry in this scattering geometry for a truly te-the polarizationangle ¢ and the complex phasdifference
tragonal material, may either reflect the microscopic orthor,. all subsequent values fas,. will be given in units of
hombicity of the film or indicate the existence of a small radians, while values fof will always be given in degrees.
fraction of SmBgCu30,_ s grown in a different crystallo- The functions which yield the best fit are displayed as solid
graphic orientation. All phonons drastically change their in-lines in Fig. 4. In addition, two more lines are shown, which
tensity with angled. The Cu2), O(2)+0O(3), and G4) correspond to functionk(¥) with the same values fda|
phonons continuously lose Raman intensity with increasingnd |c|, but extremal phase shifts af,.=0 (dashed ling
angle; the @)+0O(3) phonon at 440 cm! becomes so andg,.= (dotted lind. These additional curves have been
weak that it cannot be observed aba¥e 80°. The intensity drawn to give a feeling for the sensitivity of the overall line
of the Ba phonon at 115 ciit, on the other hand, reaches a shape of ,(9) with respect to the phase differeneg;. The
minimum for 9~45° and then increases again. This phononbest fit curve can clearly be distinguished from either ex-
also exhibits a pronounced change in its line shape: While itremal curve for the Ba, G@), and Q4) phonons. This is not
has a symmetric shape with a Lorentzian line profile fortrue, however, in the case of th€Zp)+O(3) phonon. For this
9=0°, it appears strongly asymmetfiowith a Fano line phonon all phase shifts produce nearly identical intensity
shape for angles$>45°. functions| (), so thate,. cannot be extracted accurately

Raman spectra of the same film measured at room tenfrom the experimental data in this case. The reason for the
perature in crossed polarization are shown in Fig. 3. In thisnsensitivity is the very small value of the Raman tensor
polarization geometry the intensity of all fouh,y-like elementa| of the O2)+0(3) phonon. Since the dependence
phonons vanishes fotf)=0° and 90° and is largest for of I,(J) on the phase difference,. in Eq. (2.3) originates
9=45°, from a term which is proportional to the product |af and
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FIG. 4. Raman intensitie () of the four A, 4-like phonons of SmBgCu3;0;_ 5 at room temperature on @10 surface in parallel
polarization as function of anglé. Solid symbols correspond to experimental values determined from the spectra by numerical line fits.
Solid lines represent the results of a least squares fit of&8). to the data. The best fit values fey. are 2.08, 1.45, 2.58, and 2.21 for the
Ba, Cu?2), O(2)+0(3), and @4) phonons, respectively. The dashed and dotted lines show intensity functions using the sam@ajahats
|c| as determined for the best fit, but phase shiftgogf=0 and¢,.= 7, respectively.

|c|, it must necessarily vanish if one of the two componentsdetermined from these experiments and has been chosen ar-
approaches zero. bitrarily to be positive in all cases.

As a consistency check we have calculated the functions
I, () for the fourA,4-like phonons using Eq2.4) and the
parameters obtained from the fits {9). The calculated
curves agree very well with our measurements for the Ba, Besides small differences in the positions of the phonon
Cu(2), and @4) phonons, while in the case of the(Z) lines, the overall shape of the Raman signal does not change
+0(3) phonon the agreement between experiment and cawery much upon replacement of Sm by Y in
culation is better for a phase difference @f.=0 than for RBa,Cu3O;_;. We thus compare our results to Raman ex-
the phase difference found from the fit it 9). periments of Heyeret al** and Misochko and Sherméh

We have repeated the procedure outlined above for seyerformed on YBaCu3O,_;. The relative intensities iaz
eral wavelengths of the incident laser light and determinegolarization[Fig. 6(a)] as well as thela|/|c| anisotropies
anisotropy|al/|c| and phase difference,. as well as the [Fig. &b)] are in fair agreement with the ones determined in
relative strength for the fouh4-like phonons as a function YBa,Cu3O7_5. In both materials the by far largest scatter-
of laser energy. The results of our measurements are summizg intensity is found for the @) phonon inzz polarization,
rized in Fig. 6. To compare the relative intensities of thewhile the intensity of the other phonons is considerably
phonons, Fig. &) displays the Raman tensor coefficieRts ~ smaller. The largeal/|c| anisotropies of the oxygen related
of the Ba, Cu, and @)+0(3) phonons normalized with re- phonons are also found in both materials, leading to intensity
spect to the strongest coefficieR},(O(4)). The coefficients ratios | ,,/1,, of more than 25:1 at all laser energies. The
have been corrected for the Bose-Einstein thermal populatiomost prominent difference between YB2u;0;_s and
factor at 300 K in order to refer them to 0 K. Figuréop  SmB&Cu30-_ s occurs for the Ba phonon which in
shows the anisotropy ratids|/|c| obtained in this manner YBa,Cus;0_s shows almost no Raman intensity 2z po-
for all four phonons. Figure (6) displays the phase differ- larization for incident laser energies around 2.2 eV, thus
enceg,. between the tensor elemerRg, andR,, for each leading to anisotropy ratiosa|/|c| much larger than unity.
of the phonons. Since only the cosine of the phase differenc&his is not the case in SmB&u3;0,_ 5. In this material the
enters in Egs(2.3) and (2.4), the sign of ¢,. cannot be intensity of the Ba phonon inz polarization does not have a

V. ANALYSIS AND DISCUSSION
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FIG. 5. Raman intensitiek () of the four A,g-like phonons of SmBgCu;0;_ ;5 at room temperature on @10 surface in crossed
polarization as function of anglé. Symbols correspond to experimental results; the solid, dotted, and dashed lines represent intensity
profiles according to Eq2.4) with the same parametefa|,|c|, and ¢, as in Fig. 4.

pronounced minimum at this energy. Therefore taf|c]| 05
ratio remains below 1.0 at all energies in SmBa;O;_; 04
and shows only a weak maximum at 2.2 eV. —
Figure Gc) indicates that the phase differengg. for a S 0.3
given phonon does not vary strongly with laser energy. For s 02
the Ba, the @)+0(3) and Q4) phonons the phase differ- 0.1
ences range from 0bto 0.757, with a minimum at 2.2 eV. 0.0
The Cu2) phonon exhibits phase differences of less than 08 |
0.57 at all laser energies, with the maximum value around s 06|
2.35 eV. These numbers should be useful to test the results S OF
of future theoretical calculations of Raman efficiencies of £ 04y
phonons in SmBgCu30,_ s or related materials. As a first 0.2}
example we show in Fig. 7 theoretical values for the phase 0.0
difference and anisotropy ratio of Cu and Ba phonons in the T
related orthorhombic compound YB@u,Og as obtained 3n/4
recently from LMTO-ASA calculationt’ Because of the & .
orthorhombicity, the two Raman tensor elemeRts, and
Ry, have different values in this material. In the case of the w4 r 1
Ba phononR,, andR,, are comparable in magnitude. We 0 — .
display anisotropy ratios and phase shifts for both tensor 18 2.0 22 2.4 26
elements. For the Cu phonon the calculation yields values for Laser energy (eV)

R«x that are larger by at least a factor of two than the corre- ¢ 6. Relative valuefc|/|cos|, anisotropy ratiosal/|c|, and
sponding values foRy, . We have therefore only plotted the phase difference anglesp,. for the Ayg-like phonons i
anisotropy ratio and the phase difference betwBgpand  smBa,Cu,0,_; as a function of incident laser energy. The sym-
R,;. In all cases the calculated values are in qualitativepols correspond to Béircles, solid lines Cu2) (squares, dotted
agreement with the results obtained on the twinned, pseuddines), O(2)+0(3) (diamonds, dashed lingsand G4) (triangles,
tetragonal SmBgCu;0-_ 5 film. long dashed lingsphonons, respectively.
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Ba Cu anisotropy has not been addressed in this paper it would be
interesting to repeat this type of experiment on ¥yesur-

face of an untwinned crystal to determine the phase differ-
encee,— ¢p. Since the absolute values Bf, andR,, are
comparable, the influence of the interference term should be
at maximum and even small phase differences may be de-
tectable. It should also be noted that the application of this
method is not limited to any particular materials class, but
applies generally to phononic Raman scattering in any non-
cubic crystalline solid.

anisotropy ratio

VI. CONCLUSION

p4hase difference

. - - We have presented a general method to determine experi-

. S N mentally phase differences between two complex elements

18 2E0 2.2 34 26 18 Eo 22 @.4 26 of a phononic Raman tensor. The method has been success-
nergy (eV) nergy (V) fully applied to Raman spectra of a SmEU;0;_ 5 (110-

FIG. 7. Calculated anisotropy ratidal/|c|, |b|/|c| and phase Oriented thin film, and the phase difference between the two
differencese,., ¢y for the Ba and C(2) phonons in YBaCu,0,  independent Raman tensor elememisndc has been deter-
(solid and dashed linesompared to experimental values obtained Mmined for theA,4-like phonons. We have pointed out that
on a SmBaCu;0,_; film (dots. The solid and dotted lines corre- this phase difference can be used as additional experimental
spond to parameters obtainedndirection (perpendicular to the quantity to verify theoretical calculations of the Raman ten-
Cu-O chains|al/|c| and¢,.) and in they direction(parallel to the ~ sor for a given phonon using band-structure-based first-
Cu-O chains|b|/|c| and ¢,), respectively. principles calculations.
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