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Isotope effects on the optical phonons of YBgCu 30 ;:
Eigenvector and infrared charge determination
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Using Raman spectroscopy and far-infrared ellipsometry we have investigated seves@lugBa ceram-
ics which were made from different isotopically pure Cu or Ba precursors. The observed shifts of Raman- and
infrared-active phonons reveal insight into their relative Ba and Cu normal mode content. This allows us to
examine mode eigenvectors obtained from lattice dynamical calculations. Our Raman results demonstrate that
the 121 cm* and 153 cm'* Aq phonons are only very weakly mixed and represent almost pure Ba and Cu
vibrations, respectively, whereas they suggest considerable Ba-Cu-O mixing in the caseBgf trel B;,
phonons at 140 cm! and 142 cm®. The analysis of the infrared-acti®,;, modes yields a substantial
contribution of Cu to the 150 cm' and the 280 cm* phonons and of Ba to the 150 crhmode. Making use
of proposed eigenvectors, which are shown to be compatible with the observed isotope shifts, we determine
effective charges for all ions from measured infrared oscillator strengths on aC(B®, crystal. We find
that the proposed eigenvectors are compatible with earlier experiments of the oxygen isotope effect as well as
the replacement of Y by rare earth elemef&0163-18207)02205-4

[. INTRODUCTION the electronic properties of the solid.
In the simplest scenario only ions of one sublattice par-

The chemical complexity of the high-temperature superdicipate in a harmonic lattice vibration; the mass dependence
conductors makes the determination and assignment aff the mode frequency is then given by/i. In the case of
phononic features in these materials a difficult task. As armixed vibrations, where ions of several sublattices partici-
example YBaCu30-, with 13 atoms in its unit cell, has 39 pate in the phonon motion, one expects only a partial isotope
phonon branches. Group theory predicts that the 36 opticalhift when ions of one sublattice are replaced by another
phonons at the center of the Brillouin zone fall into six sym-isotope. In addition to this “harmonic” shift there may be
metry classes (8Ag, 5XByg, 5XBgg, 7XByy, 7XByy, smaller contributions due to anharmonicity and isotopic
and 7x By, in D, symmetry, with all phonons being either disorder® These effects, which might also influence the pho-
Raman(the 15 “g” modes) or infrared(the 21 “u” modes) non linewidth, can be observed in single crystals of very high
allowed! The symmetry class of a phonon can be deterquality. However, they are usually quite small and likely to
mined experimentally by its dependence on light polarizatiorbe too weak to be observed in the high-materials.
in infrared or Raman spectra. If several phonons with the There have already been several reports about isotopic
same symmetry exist any of these phonons may be a lineghonon shifts in highF, superconductors. The majority of
combination of all atomic vibrations of its symmetry class. Itthese reports deals with the replacement6® by *O
is thus not clear priori, whether these phonons correspondwhich can even be substituted in a site-selective Hfay.
to the motion of atoms of a single type or of several types ofFor the heavier elements Y, Ba, and Cu the number of re-
atoms in the unit cell. In fact, infrared-active modes mustports is scarce. Mascarenhessal® and Irwin et al!! have
always be mixed modes to fulfill the requirement of zerocompared Raman spectra of YB4Cu;O; and
motion of the center of mass of the unit cell. As a conse-YBa,®*Cu;O; ceramics. They found that only the 151
quence, experimental information beyond the polarizatiorem ™! Ay mode shifts in frequency and that it therefore in-
dependence of each mode is required for a proper eigenveeolves mostly Cu displacements. In a previous study we
tor assignment. However, experiments addressing the deteguantitatively investigated the coupling of Ba={21 cm
mination of phonon eigenvectors are rare. For the relatively 1) and Cu vibrations for twé\y modes and found that the
simple situation(compared to highF, compounds in the  mixing does not exceed 20%, both at 300 K and at 18 K.
diatomic compound GaAs, neutron scattering has been denf-o our knowledge no infrared measurements on Ba or Cu
onstrated to be useful for the eigenvector determination oisotopically substituted YBgCu3;0- have yet been reported.
the modes at th& point2 Concerning eigenvectors of opti- In this paper we present Raman measurements on ceram-
cal modes in highF, compounds, most experimental infor- ics with different Ba isotopes and results obtained by far-
mation is obtained by replacing certain elements in the unitnfrared ellipsometry on ceramics with different Ba and Cu
cell by other chemically equivalent elements and analyzingsotopes. We confirm our earlier Raman results for the effect
the effect of this on the optical mod&8 Easiest to interpret of Cu substitution. The experimental results compare well
is the special case of isotopic substitution, since one cawith eigenvectors obtained from semiempirical lattice dy-
study the influence of the mass of a certain element in th@amical calculation$®** Making use of these eigenvectors
unit cell on the vibrational spectrum without any change ofwe determine effective charges for all atoms in the unit cell
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TABLE I. Isotopic composition and average mass of Ba and Cu in the,€Bg0-, ceramics used in this

study.

Cu Ba
Sample Isotopic composition Av. mass Isotopic composition Av. mass
Cu63 99.9%%Cu, 0.1%°%Cu 62.93 nat. 137.33
Cu65 0.3%°%3Cu, 99.7%°%Cu 64.92 nat. 137.33

83.1% '%“Ba, 7.62%%Ba,
Bal34 naf 63.55 1.64%"3%Ba, 1.35%%3Ba, 134.30
6.29% 13%Ba

Bal38 naf 63.55 0.04 %'%Ba, 0.07 %*3%Ba,
0.19 % ¥Ba, 99.7 %'%8Ba 137.91

%nat. Cu consists of 69.1%Cu and 30.9%°°Cu.
bhat. Ba consists of 0.19%%Ba, 0.1%32Ba, 2.4%!3Ba, 6.6%3Ba, 7.8%3Ba, 11.3%Ba, and 71.7%
13835,

from measured oscillator strengths of the infrared-actived=rom their positions we conclude that all samples are fully
B, modes of a YBaCu30- crystal. oxygenized YBaCu;0;_5, with 6 close to zero
(<0.05)18

Il. EXPERIMENT B. Measurements

A. Sample preparation Raman measurements were performed with a multichan-

In contrast to oxygen, which diffuses easily in and out of "€l Spectrometer equipped with a charge-coupled device
YBa,Cus0, ceramics at temperatures far below the melting{CCD) detector. We used the 647.1 nm red laser line of a
point, the incorporation of Y, Ba, or Cu is only possible Kr/Ar-ion mixed-gas laser as excitation source. With this

during the growth process. Thus for a comparative studf'etlJp the spacing between adjacent pixels on the CCD cor-

several samples have to be synthesized from different isot esponds to an energy difference of 0.5 c This ensures

ically pure starting materials. YB&U;O ceramics hat the observed phonons are dispersed over a large number
picatly p g male . 3-7-9 .of CCD channels and that their position and width can be
were produced from stoichiometric amounts of the appropr

i- .
; ) . determined accurately. The samples were mounted on the
17
ate oxide§” using standard techniqués.”We prepared four o finger of a closed-cycle He cryostat allowing measure-

different samples. Two, which were also used in our previhents in the temperature range from 10 to 300 K. The diam-
ous investigation of the Cu-Béj-mode coupling con-

. X . . B 65 eter of the laser spot on the sample was aroung®0 much
tained either isotopically puré°Cu or ®Cu, and natural Y, |arger than the average grain size of the ceramics. Therefore

Ba, and O. The CuO source material was obtained by oXithe recorded spectra always represent an average over all
dizing sheets of Cu metal in flowing oxygen at 890 °C. For

homogenization the procedure was stopped three times, the

product ground, and annealed again. Two samples were pro- ' )
duced from precursors containing isotopically pur&Ba
and ¥%Ba. Again, the remaining constituents were natural
elements. Because of the small available amounts of isotopic - -
source materials, the constituenfSuO, BaCQ, Y ,03) Cu65
were manually ground for 2 h. All samples were prepared
under identical growth conditions, sintered, ground and
pressed into cylindrical pellets of 8 mm diameter and 2 mm
height. The average grain size of the microcrystals was
around 2 um. The isotopic characteristics of the four
samples are summarized in Table 1. In the following we shall
label the samples as in Table I.

In order to exclude the possibility of phonon shifts due to
different oxygen stoichiometry, an effect which could easily
obscure the small shifts expected as a result of isotopic ex-
change, Raman spectra were taken for all four samples in the 400 4éo 5(')0 550
energy range from 400 cnt to 550 cm  (Fig. 1). In this Raman Shift (cm™)
region all four samples show two oxygen-related peaks with
A4 symmetry at 440 cm* and 505 cmi * which do not shift FIG. 1. OxygenA, phonons at 10 K of YBgCu;0- ceramics
in energy to within=1 cm™?! for both pairs of samples. with different Cu and Ba isotopic compositions given in Table I.

Cu63

Intensity (arb. units)
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FIG. 2. Raman spectrum of samples Ba138 and Cu65 at 10 K 0 100 200 300
excited with the 647.1 nm K¥ laser line. The triangles indicate Temperature (K)

plasma lines. The inset shows the same spectra at higher frequen- )

cies. The phonons investigated in this work are marked with arrows. I_leG 3. Frequency, width and asymmetry parameter of the 121

The peak at about 230 cm (marked with an asterigkis most cm™ - phonon as function of temperature for the four ceramic

likely related to traces of the impurity phase BaGu(®ef. 23. samples under study. The data correspond to Gof8n circleg,
Cu6b5 (filled circles, Bal34 (open diamonds and Bal38(filled

possible scattering configurations; spectra taken on differerﬁﬂamonds' respectively. The lines joining the points are guides to

spots of the same sample are identical. For absolute wavdl® eve:

length calibration and to correct for small drifts of the spec- .
trometer during the experiment, we used the very sharp an gnal. In order to cover the whole frequency range from 100

71 . .
strong plasma lines of the Kr/Ar laser below 100 ¢th This Loe;%Oscrpttervsveeu::je?I:rgg()s pggga;g(t)h %8 ggf]lerz?teziﬁ of
method allowed us to limit deviations in Raman shifts be- Pl ! O - )

tween any two spectra to less than 0.1 ¢ temperature. All infrared spectra were taken with the resolu-

Far-infrared ellipsometric measurements were performe(gOn of 0.5 cm ™.
with a homebuilt ellipsometer attached to a Bruker 113v
Fourier transform infrared spectrometéBy applying this IIl. RESULTS
novel techniqu® we can overcome two main problems in-
herent to the competing reflectance technique: the reference )
problem and the related phase probEnEllipsometry is Figure 2 shows a typical Raman spectrum of an
self-normalizing and reveals directly the complex dielectricY Ba2CUsO7-s ceramic measuregl at 10 K in the energy
function without requiring any Kramers-Kronig analysis. f@nge from 100 cm™ to 400 cm~. The th_rlee strongest
The samples were mounted on the cold finger of a continu‘:’e"%klS with energies of 121 C“J'-.153 cm -, and 337
ous He flow cryostat and their temperature could be varie§M ~» correspond to three of the five expectégd phonons
between 10 and 300 K. The quantity measured in ellipsomof the YBaCu;0; structure, as observed in polarization-

A. Raman spectroscopy

etry is the complex reflectance ratio dependent Raman measurements on single crystaladdi-
tion to these peaks some smaller structures at 108, 140, 142,
_ To(w,®) 158, 215, and 308 cm' can also be seen. The two sharp
plw,d)=——""0, (2.1)  features at 108 and 158 cm are laser plasma lines, the
Fs(w,¢) others correspond to YB&u3;O; phonons withB,, and
where ¢ is the angle of incidencén our experiment 80°, Bag symmetry>®
with a beam divergence of 2.0°) and’Fp andT are the For an exact determination of the positions and widths of

Fresnel reflection coefficients fqu- and s-polarized light, the strongAg phonons at 121 cm* and 153 cm * we fitted
respectively’? The inversion of Eq(2.1) yields directly the them with a Fan@' and a Lorentzian line shape, respectively.
complex dielectric function: Additionally a linear background was included. As seen in
the figure, the fits describe the experimental spectra very
1-p(w,) 2 ) ] well, except for the asymmetry of the 153 crhpeak which
m tarf ¢sin’p+sife, (22 s not reproduced by the fit. The uncertainty in the values
pLe, determined for the peak positions caused by signal noise and
where an isotropic, clean, and homogeneous sample surfatigitations in determining the drifts in the energy scale be-
is assumed. This assumption is reasonable since for ceranfiween spectra is arountt0.15 cm ! for the 10 K spectra
grains all possible orientations contribute to the measure@recording time 5 h At higher temperatures we chose

?(w)=<
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FIG. 4. Position and width of the 153 cm phonon as function FIG. 5. Frequency, width and asymmetry parameter of the 337

of temperature for the four studied ceramics. The data correspond m™! phonon as function of temperature for the four studied ce-

Cu63(open circleg Cub5(filled circles, Bal34(open diamonds ramics. The points correspond to Cu@en circleg Cu65(filled

and Bal38(filled diamonds, respectively. The lines joining the circles, Bal34(open diamonds and Bal38filled diamondsg, re-

experimental points are guides to the eye. spectively. The lines joining the experimental points are guides to
the eye.

shorter accumulation timed ), a fact which increased the gamples where it appears to be identical at all temperatures.
uncertainty of the fitted values for the peak positions totne Jarger width probably corresponds to an increased lattice
+0.3cm - ) disorder in this ceramic caused by an additional preparation
Figures 3 and 4 summarize the results of least-squares fIE%/de of grinding, pressing and sintering which was applied
to these phonons. In Fig. 3 the position, width, and Fangnly to this sample.
asymmetry parametey of the 121 cm * phonon are plotted One should note that the results presented in our previous
as a function of temperature for the four samples studiedpublicatiort? were obtained on a different spectrometer using
This phonon shows a pronounced anomaly in width as welh different laser line as excitation source. This makes a de-
as asymmetry below the superconducting transition temperaailed comparison of our new data with the previous spectra
ture T, which is close to 90 K in these samples. This difficult. In particular, the high relative positional accuracy
effect appears to be identical in all four samples. This is nobf 0.1 cm™! between two spectra can only be achieved by
the case for the frequency of the phonon: at all temperaturesalibrating to specific laser plasma lines. These lines are dif-
it is about 1.5 cm! higher in sample Bal34 than in the ferent for different laser wavelengths. Also, the observed
other three specimen which show identical values within thegphonons show strong changes in lineshape and intensity
experimental accuracy. Position and width of hgphonon  when the laser wavelength is changédhus theabsolute
at 153 cm ! are recorded as a function of temperature for allvalues of the phonon frequencies reported here differ slightly
samples in Fig. 4. The position of the phonon is highest ifrom our results in our previous report. The conclusions
the Cu63 sample and lowest in the Cu65 sample, with théased on the observedlative shifts, however, remain unaf-
positions in the other two samples being close to, but sysfected.
tematically below that in the Cu63 sample. The phonon is In addition to the twoA, phonons at 121 cm! and 153
clearly broader in sample Cu63 than in the other threeem~! we have also fitted tha, phonon of the plane oxygen

TABLE II. Fitted positions of the Raman phonons observed at 10 K in the four samples studied. All
phonons were fitted with Lorentzian profiles, except for the first one which was fitted with a Fano line shape.

Frequency(cm™1)

Sample Ay Bsg Bog Aq Bog Bsg Aq Aq Aq

Cu63 120.6 140.2 141.6 153.8 215.1 307.6 338 437 503
Cu65 120.4 138.9 140.9 151.7 215.1 307.5 336 439 502
Bal34 121.9 139.7 141.9 153.4 215.3 308.0 337 442 504

Bal38 120.6 139.8 141.5 153.3 2151 307.5 337 440 504
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within experimental uncertainty.

In total we observed nine Raman active phonons. Their
positions at 10 K are summarized for all four samples in
Table 1.

B. Infrared ellipsometry

The real and imaginary parts of the dielectric function of
the sample Bal34 measured by far-infrared ellipsometry at
300 and 10 K are shown in Fig. 6. The spectra look very
similar for all ceramic samples discussed in this work and
agree with the well known reponse of YB@u;O;
ceramics’® Clearly visible are two contributions to the spec-
tra: a broad electronic continuum with phonon-related struc-
tures on top of it. Five phonons at 150, 190, 280, 310, and
565 cm ! can be identified. It is well established, that the
modes appearing in the spectra of Yfai;O, ceramics
correspond to thec polarized modes havingBq,
symmetry*?® Comparing the room and the low-temperature
data, the phonons are more pronounced at low temperature, a

Bal138 (circles and simultaneous least-squares fit of Lorentzianresult of the increased phonon lifetime. Therefore fits to the

profiles (as described in the texto e,(w) and e;(w) (solid lines

for the modes at 155, 190, 280, 310, and 565 ¢ém

low-temperature data are more reliable. The electronic back-
ground shows a temperature dependence as well. The de-



3290 R. HENN, T. STRACH, E. SCHEHERR, AND M. CARDONA 55

315. 4 ' ' ' I N ' ' 4 I ' N i v i 314_ T T N N 1 v ' ' i I i ' ' i ]
e ? : _ssf ¥ ; :
TE 313F %{ TE 312 F %’—
Sk ; Sanf ¥ :

i ] ] i ]
0311 (3 @O 3 o310 | 3
ST O Cub5 ] LT e ig O Ba138 ]

310 |F s Cub3 . 309 | = Ba134 3

309: L . L L | L L L 2 | L L L L I: 308: L 2 . L ! 2 L L L | L : L L I:

] — - ———
! d o e -;
I_ 278 F 3 ' s é ]
€ : ] € 193fF ]
S 277 : S
o276 ; ] .9192-_ ¥_
3 [ ] 3 991 L ]

275:—83(:); 5 ] :

iy Sl E N 190 £~ ' ' '

156 lil T T | T T T T I T T 1 T l: 155_i':'§' T I T T T T I T T T 1] |_
~155F * § 3 ~ s f0 ° 51 ¢ ]
'c 154099 o ] ! - ? ]
Sk § E Sassf 3 =

153k 3 C [E

= N ] |C—> B ]
3 152 é_: d152F é__

;b T C oo L

0 100 200 300 515 100 200 300
T (K) T (K)

FIG. 9. Temperature dependence of the TO frequencies for the F|G. 10. Temperature dependence of the TO frequencies for the
155, 280, and 310 cm' By, modes obtained for the Cu@Bpen 155 190, and 310 cm' By, modes obtained for the Bal38pen
circles and the Cu63 samplgsolid squares circles and the Bal34 sampi@olid squares

crease ofe,(w) at low temperatures in a wide frequency  _ 30.31 . . .

regime is at least partially related to superconductivity: Thec™ ' phonczr11. ' Becagse of this complicated I|ne.shape,
contribution of superconducting carriers to the optical con-the 565 cm® mode will not be further analyzed in this
ductivity [ o1(@) = we,(w)/4r] is represented by dpeak at ~ WOrk:

»=0. Because of sum rules, which require the overall con- 1€ temperature dependence of the phonon parameters
servation of spectral weight;; (), and thuse,(w), mustbe @70 F :_;mdS is shown for the Ba138 sample in Fig. 8 itis
suppressed at finite frequencies. The steeper drog (af) very similar for all other samples. The TQ frequencies and
with decreasingw in the superconducting state is directly their temperature dependence, including the observed
related to thes peak ino(w) by causality and therefore anomalies, agree well with those obtained on cerathias
provides a direct experimental observation of the supercoriell as on single crystal$** again confirming the good
ducting carriers. The electronic response is not the topic ofiuality of all our samples. The absolute values obtained for
this paper and will not be discussed further, nevertheless thi8 and S differ from values determined on crystals, a well-
observation underlines the quality of the samples investiknown fact which can be attributed to the averaging over

gated. different oriented grains, the porosity of the samples and
In order to determine the TO frequencies of the observedbcal field effects in the composite ceramic samples.
modes (ro), we fitted Lorentzian profiles of the form In the following we will focus on the TO frequencies of
the modes, which are expected to show small isotopic shifts.
Sw%o In Fig. 9 temperature dependent TO frequencies for the 150,

€(w)=€t+ —

—wTO_ w’—iwl 3.9 280, and 310 cm! modes are displayed for samples Cu63

and Cu65. For the 150 cit mode a systematic shift in

to €,(w) and e,(w) simultaneously, were describes the frequency(the TO frequency for sample Cu65 is about 1
oscillator strength and I/ the phonon lifetime. Each mode ¢m™* lower than for sample Cu63s detected. Also for the
was fitted separately, representing the background by 280 cm ' mode the TO frequencies obtained for sample
Drude term. The quality of the fits is demonstrated in Fig. 7,Cu63 seems to be slightly highéry about 0.5 cm?) at low
where the fitted curves are given by the solid lines. Exceptemperatures than the ones obtained for sample Cu65. The
for the phonon at 565 cm® all modes can be well described 190 cm ! phonon has not been included, since even at the
by the Lorentzian profile. Even for YB&u;0, crystals a lowest temperature this mode is too weak in these samples to
non-Lorentzian line shape is well established for the 56%btain reliable TO frequencies.
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TABLE Ill. Fitted TO frequencies determined by far-infrared ellipsometry at 10 K for all samples studied.
Besides the values obtained by fitting Lorentzians{fw) and e,(w) simultaneously, the position of the
maximum ofe,(w) (bracket$ and the position of the inflexion point ef,(w) (square bracketsare given.

Sample Cu63 Cu65 Bal34 Bal38

wro, (cm™t) 155.30 154.42 154.79 154.41
(155.69 (154.36 (154.76 (154.33
[156.00 [154.44 [155.08 [154.39

wro, cm™1) - 194.48 194.30 194.10
(194.59 (194.43 (194.44
[194.57 [194.09 [194.44

w10, (em™1) 274.88 274.36 273.84 274.73
(274.5) (274.09 (274.67 (274.80
[275.63 [275.07 [274.8] [274.6]

w70, (cm™h 310.97 311.29 309.65 309.74
(311.13 (311.26 (309.79 (310.53
[311.15 [311.2] [311.39 [311.10

w0, (M~ 564.72 565.88 560.53 560.27
(565.29 (566.96 (567.39 (566.87
[564.56 [569.96 [568.39 [568.19

For samples Bal34 and Bal38 the temperature dependeioipe (Bal38§ are shifted slightly to lower frequencgby
TO frequencies of the 150, 190, and 310 thmodes are about 0.5 cm'1). For the other two modes, as well as for the
given in Fig. 10. Again for the 150 cit mode the TO 280 cm ! phonon(not shown no shift is detectable.
frequencies determined for the sample with the heavier iso- As discussed above, the most reliable fits were obtained

TABLE IV. Orthonormal eigenvector§ for all 15 Raman-active modes of YB&u;0- obtained from a
shell-model calculatiorfRefs. 13 and 14 The Y, Cyl), and Q1) atoms do not contribute to these even
parity modes because they are located at a center of inversion. Their eigenvector components are therefore
zero for all modes and they are not listed here. Besides the calculated frequencies we have given experimen-
tally obtained frequencies for sample Bal38 which comes closest to the natural composition of
YBa,Cu3;05. The frequencies of modes not observed in the spectra are given in brackets. The dominating
contributions to the eigenvectors are underlined.

s w5338 €a écuza éo2) €o3) £og
Symmetry (em™1) (ecm™Y) “Plane” “Apex”
Ag||C 115.3 120.6 —0.706 0.005 —0.029 —0.029 —0.005
156.8 153.3 0.007 0.703 —0.033 —0.042 0.053
353.1 337 0.013 —0.022 0.317 —0.632 —0.015
376.8 440 —0.038 0.045 0.630 0.312 0.046
509.4 504 —0.003 —0.056 —0.032 —0.031 0.703
Bzg||a (69.6 - 0.598 0.278 0.014 0.145 0.210
142.4 141.5 0.332 —0.556 0.010 —0.284 —0.015
345.8 215.1 0.179 "0.107 —0.045 0.035 —-0.673
(427.8 - —0.005 —0.019 0.703 0.059 —0.048
(564.9 - —0.002 0.306 0.061 —-0.627 0.013
B3g| |b (91.9 - 0.640 0.251 0.130 0.011 0.098
137.0 139.8 —0.287 0.575 0.294 —-0.014 0.009
410.9 307.5 0.022 0.039 —0.088 —0.699 —0.045
(489.9 - 0.085 0.059 —0.009 0.052 —0.698

(544.9 - 0.006 —0.318 0.624 —0.093 —0.041
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TABLE V. Normalized eigenvectorg for the infrared-activeB,,, modes in YBaCu;O, determined
from a shell-model calculatiofRef. 13 and 14 The frequencies of the modes not observed in the spectra,
most likely because of their weak oscillator strength, are given in brackets. The dominating contributions to
the eigenvectors are underlined.

calc.

0T &y ga Ecu €cuzy $o(1) £o2) $oe3) Eoa)

(ecm™h “Chain”  “Plane”  “Chain” “Apex”’

(94.7 0.05 —0.263 —0.165 Ej —0.149 —0.090 -0.113 -0.075
150.9 0.134 —0.450 Oi67 —0.022 0.131 0.141 0.163 &69
196.2 &75 —0.138 —0.449 —0.099 —0.053 &22 &41 —0.183
(307.9 —0.119 0.001 —0.073 0.039 0.096 —0.446 &34 —0.002
317.4 —0.196 —0.057 —0.285 0.068 &12 0.126 —0.023 —0.014
370.2 &74 —0.019 0.180 —0.093 0.291 —0422 -0.296 -—0.041
531.1 0.092 0.007 —0.485 —0.028 —0.091 -0.074 -—0.072 &02

for the data taken at the lowest temperature. In order to con- IV. ANALYSIS AND DISCUSSION

firm the small shifts, we extracted TO frequencies from the
10 K data applying two additional methods: we determined
the maximum ofe,(w) by fitting a fourth-order polynomial In an earlier publication the effect of tHéCu— °*Cu sub-

to the maximum of the absorbtion peak and we determinedtitution on theA; modes at 121 and 154 cm has been
the inflexion point ofe; (w) by fitting a fourth-order polyno- analyzed with a model of two coupled modes involving Ba
mial to the region arround the inflexion point. Within the &nd CU2,3), respectively” This analysis, which will not be
approximation of Lorentzian oscillators with a small damp- repeated here,_ revealed the 154 chmode tp be an almost
ing, the maximum ok, (), the inflexion point ofe; () and pure Cu vibration(Ba admixture<20%), while the Cu ad-

; =1
the TO frequency should coincide. In Table 1l the 10 K mixture to the 121 cm" mode was shown to be very small.

values of the TO frequency determined from a Lorentz fit tOThis confirmed the qualitative results of earlier Raman mea-
N y surements on the Cu isotope effect by Mascareretas°

€1(w) and ex(v) simultaneously, the maximum frequency and Irwin et al!* and is also consistent with the resonant
of e;(w) (bracket$ and the inflexion point ot (w) (Square  paman scattering results of Heyemal.?’” With our new
bracket$ are given for all modes and all samples . Except foryaia we are able to give slightly improved values for the
the 565 cm ! mode the frequencies determined with differ- Ba-CuA, mode coupling: Using the coupled two-mode
ent methods agree well, indicating that Lorentzian profile§yggel a%d the experimental frequencies at 10 K of the two
provide a good description of the measurements. A4 phonons of all four measured samples a least-squares fit

A. Frequency shifts and eigenvectors

TABLE VI. Experimental shifts of Raman phonon frequencies obtained by isotopic replacement of Cu
and Ba, compared to predictions based on lattice dynamical calculations.

Experiment Theory
o Aw(Cufcu)  Aw(3BalBa)  Aw(PCuffcu)  Aw(Bal¥Ba)

Symmetry  (cm™ 1) (ecm™h (cm™h (ecm™1) (ecm™h
Ag 115 0.2t.2 1.3+.2 0 15
Ag 157 2.1+ .2 0.1+.2 2.4 0
Ag 353 a1 01 0 0
Ag 377 a1 01 0 0
Aq 501 01 0=1 0 0
Bog 142 0.# .5 0.4+.5 1.0 0.3
Bag 137 1.3.5 0+.5 1.0 0.2
Bog 346 0+1 01 0 0

Bag 490 01 0+1 0 0
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TABLE VII. Experimental shifts of the infrared activ&,,, phonons of YBaCu3;0O- obtained by isotopic
replacement of Cu and Ba in comparison with predictions from lattice dynamical calculations. The error bars
of the experimental shifts are estimated to$8.25.

Experiment Theory
AwTO(63Cu/65Cu) AwTo(134Ba/138Ba) AwTo(63CU/65CU) AwTo(134Ba/l3sBa)
Mode (cm™ (cm™ (cm™ (ecm™h
150 cm ! 1 0.6 0.77 0.71
190 cm ! - 0 0.68 0.08
280 cm ! 0.5 0 0.45 0
310 cm?! 0 0 0.28 0.02
565 cmi ! - - 1.98 0

of the eigenvectors yields a Cu admixture lower than 15%Details of the lattice dynamical calculation as well as a com-
for the 121 cni'! phonon and a Ba admixture smaller than parison of the calculated frequencies with those observed for
15% for the 153 cm* phonon. This mixing does not appear the Raman- and infrared-active modes of ¥Ba;0, are
to change with temperature and thus remains weak in thgiven in Ref. 13. The orthonormal eigenvectors are given in
entire range from 10 K to room temperature. Table IV for the Raman-active modes and in Table V for the
_If more than two unequivalent atoms are involved in ajnfrared-activeB;, modes having polarization. We use the
vibrational mode, the situation becomes more complex. Apfo|iowing (standardl nomenclature for the different sites in
plying first-order perturbation the'ory, the frgquency shift dueyhe YBa,CusO- unit cell: The Cu atoms located in the
to the change of the mass of tith atom is shown to be  cpaing are denoted by (1), whereas the Cu atoms in the
proportional to _the square modzjlus of tith component of planes are given by G@B) and Cy3). O(1) denotes the chain
the corresponding eigenvectt® oxygen atoms, @) and 3) are those in the planes, located
on thea and b axis, respectively. The apical oxygens are

Jd e .
©n_ _ ﬂﬂ £ 2+ & 12+ € 2. (4.1)  represented by @). A schematic view of these eigenvectors
om; 2m is given in Ref. 13.
Herew, represents the frequency of modem, corresponds A first test for the calculated eigenvectors of the Raman-

to the mass of atoriy andé; ;(n) gives theith component of ~active modes are the 121 crh and 154 cm ! modes dis-
the orthonormal eigenvector of modealong the direction cussed above. The Ba and Cu eigenvector components, re-
j. From Eq.(4.1) it becomes immediately clear that the ob- spectively, are close to {2, which is the value one would
servation of phonon frequency shifts when changing theexpect for a pure vibration of one sublattice having two at-
mass of certain atomisprobes the mode eigenvectors. oms in its primitive cell. The calculations of Ref. 13 thus
In the following we take phonon eigenvectors obtainedpredict only a very weak coupling between these vibrations.
from a shell-model calculatiol?'* We compare the ob- In Table VI the experimentally observed shifts of the Raman
served frequency shifts with those predicted by E41). mode frequencies are given together with the ones calculated

TABLE VIII. Experimental shifts ofB,, phonon frequencies in YB&u3;0, obtained by rare earth and
oxygen replacement taken from Ref. 7, compared to predictions of lattice dynamical calculations.

Experiment Theory
A(DTO (Y/Er) A(L)To(16o/180) AwTO (Y/EI’) A(.UTo(lGollgo)
Mode (ecm™ (em™h (em™h (em™h
150 cmi ! 4.1 2.9 0.75 2.38
190 cm ! 31.2 1 23.78 3.46
280 cm! 5.2 13.5 3.35 16.72
310 cm? 7.3 12.6 32.27 14.07

565 cm ! 0.9 20.4 1.24 24.48
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TABLE IX. Comparison of experimental TO frequencies tion is seen on the TO frequencies of the 150 and 280
(#78) and oscillator strengthsSP®) of the By, vibrational modes  ¢cm~! modes which is again in good agreement with the
of YBa,Cuz0; crystals(Ref. 38 with values obtained from lattice  ca|culation. The Cu contributions to these modes extracted

dynamical calculations. The oscillator stren§i°was determined from the eigenvectors are 32% for the 150 <hmode and
from Eg. (4.2) making use of the charges assumed for the calcula-g% for the 280 cnmi! mode. The fact. that no shift is ob-

tion. served for the 310 cm! mode is, within the experimental
&Pt gexpt PRe geale. error, compatible with the calculated eigenvectors. For the
TO TO ) 1 . .

(cm™1) (cm™b) 190 cm™ - and 565 cm - modes it was not possible to ex-
tract reliable frequencies from the data. Shifts of these modes

155.0 10.2 150.9 3.78 for 83Cu— ®5Cu substitution are, however, predicted from the
eigenvectors.

195.6 1.0 196.2 0.40 Some experimental data have been reported concerning
the effects of oxygen isotopic exchang€Q«— %0) on in-

286.2 14 317.4 1.04 frared active modes and the effects of replacing yttrium by
other rare-earth elemerft§.” The assignment of th®,,

314.9 2.8 370.2 1.07 modes is mainly based on these experiments: the rare earth
atoms were shown to contribute considerably to the 190

565.0 0.5 5311 0.23 cm™~ ! vibration, whereas the 280, 310, and 565 cihmodes

were shown to be mostly oxygen related. In particular the
. _ phonon at 280 cm? was concluded to be mostly due to a
from the eigenvectors. The agreement between _Calcmat'o\r/ﬁbration of chain oxygen atoms. In the following we will
and experiment f_or the two low frequer_wé%_ modes IS VETY " show, that the guantitative results of these experiments are
ggﬁibmg Sprr:gﬁn;St ?Lsg Eer’%lleinzst'gqggsm rigdcgrgtr Ibuc’:ompatible with the set of eigenvectors presented here. For
29 39 the rare earth substitution we focus on the replacement of Y

140 cm . The behavior of thd,, mode is well described by Er. Since the change of lattice parameters is very $mall
by the calculated eigenvectors which yield a Cu contribution y £l 9 P ry

of about 60%. The effect of Cu substitution on Bg mode (leaé%u3g7' g_ls'?lsggl'g"?b}ii'f?;é' C}; 13?16626 Aé
is even better described by the eigenvectors and yields a C}F g Lustz: a=o. ;b=3.8785 A,c=11.665¢
contribution of 66%. All other observed modes have fre-~\), the effect on the phonon modes should be most likely
quencies above 300 crt and show neither a shift with related to the change of mass. Neglecting chemical effegts_on
63c U 85Cu nor with 13%Ba<s 1388a substitution: because of Pond It_angths and f_orce constant_s, one can perform a similar
the larger mass of the cations only the much lighter Oxyge@nalyms as for the isotope experiments. However, because of
atoms contribute to these high frequency modes. The experibe large change of the massi(=88.91;mg,= 167.26) it is
mental observations are consistent with the calculated eigeguestionable whether the problem can still be handled within
vectors which contain only small contributions of Ba and Cufirst-order perturbation theory.
to the higher frequency Raman modes. In Table VIII experimentally observed shifts of thg,
Concerning the infrared-active modes, the data which almodes for the ¥Y-Er and the ®0— %0 exchange, deter-
low the determination of the TO frequencies with the highestmined by Crawfordet al,’” are displayed together with val-
accuracy are the ones taken at the lowest temperétQr).  ues calculated from the eigenvectors of Table V. For the
The shifts of the TO frequencies of tiiy,, modes at 10 K 160,180 substitution a good agreement between theory and
are given in Table VII together with the shifts calculated experiment is found. However, most measured shifts are
using the eigenvectors of Table V. Only the 1560'chmode  glightly smaller than the theoretical ones. This may indicate
is found_to be affected by _the Ba substitution; the apsolutqhat oxygen was not fully replaced in these samples. Quali-
shift estimated from the eigenvector agrees well with thetively the agreement between theory and experiment for
measured one, indicating that the calculated Ba contributiofne rare earth substitution is good, however, the quantitative
of 40% to this mode is correct. An influence of Cu substitu-gjiscrepancies are larger than for the substitution experiments
discussed above. In particular, the shift for the 3107ém
TABLE X. Effective chargesef of atomsX calculated from  mode is strongly overestimated by the calculation, while that
measured oscillator strengths using the eigenvectors of Taliie V of the 150 cni 't phonon is much too small. As mentioned
units of e). In order to estimate the uncertainties of the effective earlier, this might have its origin in the failure of the pertur-

charges given, we varied the oscillator strengths*h0%. Most  pative approach used because of the large change of mass.
sensitive turned out to be the values for Y and Ba. From this we

conluded the errors of the numbers to be given&g{*YmiO.S;

Aef =~+0.5; Ae' ~+04, and Ae’ =~Ae’ ~Ae€f
tga tey ton) to23

toa) B. Effective charges

~=0.25. The oscillator strengths of infrared active phonon modes
. are related to the dipole moment arising from the displace-
Effective charges - . . . . .
" o o o o o ment of the ions mvolyed in a ylbratlon. In part.lcular, the
Gy 'Ba tcu to) to3 toe) oscillator strength §) is proportional to the ratio of the
2.84 3.94 2.23 ~-1.71 —251 —284 electric polarization energy to the mechanical energy of the

modej:*®
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- [Eie;*iuij]2 V. CONCLUSION

(4.2 We have investigated the effect df*Ba—1*%Ba and

83Cu—5°Cu isotopic substitution on the optical phonons in
YBa,Cu;0-, ceramics using Raman spectroscopy and far-
In this relationefi andm; correspond to the effective charge infrared ellipsometry. The observed shifts of the phonon fre-

and mass of atori respectivelyy;; represents the displace- quencies agree well with predictions based on eigenvectors
ment of particlei in modej with the TO frequencywro obtained from lattice dynamical calculations and reveal their
J-!

relative Ba and Cu content: the 121 ch (150 cm™t) A,

S= 7 =—7-
v wTOjEimiuij

while the unit cell volume occupied by the atoings given . L
by V (the displacements are related to the eigenvectafs m_ode was cpnﬁrmed to be an almost pure(Ba) vibration

by u=¢/\/m;, wherem, is the mass of the atom under con- with a contribution of Cu(l?a) to the eigenvectors of less
sideration). By inversion of this relation effective charges of thaf‘lls%' For the 142 cf By, mode and for the 140
the atoms can be extracted as has been recently demonstrafé ~ Bsg mode a Cu contribution of the order of 60% was
for the La,CuO, systent’ In the following we determine found, whereas for the 353, 376, and 509 cim, modes
effective charges by making use of the eigenvectors whicf@nd for the 210 cm* B,y and 308 cm * Ba phonons nei-
have just been shown to describe rather well the isotop&er @ Cu nor a Ba contribution to the vibration was detect-
shifts of the phonon frequencies in Y@U3O7. As experi- able. For the infrared-active 150 cm B1i, mode a Ba con-
mental input we use the phonon parametessq andS) of tribution on the order of 40% is observed, while for this
the five observed,, modes of a(natura) YBa,CuzO;, mode a Cu admixture of 30% and for the 280 thmode a
crystal, which we have published earlfThese parameters, Cu admixture of about 10% was found. Neither a shift of the
obtained at 300 K, are given in Table IX. The primitive cell 190, 280, 310 cm* modes for Ba substitution nor a shift of
(V=173.27 A%) contains one formula unit. The analysis pre-the 310 cmi* mode was detectable with Cu substitution,
sented accounts for six different effective charﬁstor the indicating that the Ba and Cu admixtures, respectively, are

v atom,et*Bafor the Ba atomSefC for all Cu atomse?o(l) for  hedligible for these modes. Earlier experiments concerning
u

he chai 5 forthe inpl the %0~ 80 substitution and ¥-Er exchange are compat-
the chain oxygen atong  ,  for the in-plane oxygen atoms, e ith the same set of eigenvectors. Using this set of

ande;*o(A) for the apical oxygens. Equati¢d.2) appliedto all  eigenvectors we extracted dynamic effective charges for all
five observedB,, modes, together with the electric charge a'toms in the unit cell frolm previously measured infrared os-
neutra”ty Conditionzie: :O, y|e|ds a set of six linear equa- cillator Strengths._ We find that the absolute value of the

' charge of the chain oxygens is smaller than that of the apical

tions for the six unknown effective charges. oxygens. This is compatible with results extracted from

. The_ effective charges obtaine_d from this_procedure A"UMR and Missbauer spectroscopy data as well as with re-
given in Table X. The value obtained for Ba is much Iargersults obtained from the interatomic distances determined by

than its nominal valence charge 2, sometimes called static elastic neutron scattering. If the transverse charges are attrib-
charge. Those of @2,3) and Q4), which are related to Ba . 9. 9
uted to a static charge, we can conclude that holes are also

by charge neutrality, have also charges with absolute valu Scated at the chain oxygen sites
larger than 2. However, dynamic contributions to these '
charges are expected to occur. In view of this fact and of the
experimental uncertainties, the values obtained seem reason-
able. Significantly lower values aﬁo(l) compared toe{‘w)

were also observed by Master@t al*° from NMR and We are grateful to W. Kress for providing us with the
Mossbauer spectroscopy and by Catal,*° where elastic numerical results of the calculations presented in Ref. 13.
neutron scattering revealed interatomic distances which aré&/e thank D. Bime, H. Hirt, and M. Siemers for technical
measures of the amount of charge in the chemical bond bessistance. We would like to acknowledge the assistance of
tween the atoms. This observation was interpreted as an ire. Winckler in the sample preparation. Thanks are also due
dication that holes are placed mainly at the chain oxygero J. Humlitek and T. Ruf for a careful reading of the manu-
sites. A calculation of dynamical effective charges based oscript, and E. Sherman for pointing out additional theoretical
the electronic band structffewould be highly desirable. work related to the topi¢Refs. 42 and 48
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