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Zn doping effect on the superconducting gap in YBa2Cu3O7Àd : Raman study
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The Raman scattering spectra of twin-free YBa2(Cu12xZnx)3O72d single crystals with an optimal oxygen
content~Tc593 K at x50! have been investigated in a temperature range from 300 to 10 K inYYandX8Y8
polarizations. BelowTc , we found a low-frequency shift of the gap-related peak in the electronic response
with Zn doping, accompanied by broadening. The changes in the phonon renormalization effects are consistent
with the change in the electronic response. All the observed Zn-doping effects can be roughly described in the
theoretical model for ad-wave superconductor in a unitarity limit.
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I. INTRODUCTION

Pair breaking due to impurity doping is an important iss
to discuss when considering the mechanism of high-Tc su-
perconductivity. The effects of a nonmagnetic impurity
superconductivity were theoretically predicted for ad-wave
superconductor.1,2 The predictions were examined by man
experimental investigations such as NMR3,4 resistivity,5 sur-
face impedance,6 electronic specific heat,7 optical spectra,8,9

neutron scattering,10 muon spin rotation,11 and Raman-
scattering studies.12–15Although aTc depression with impu-
rity doping can be understood in terms of the pair break
due to strong potential scattering in ad-wave supercon-
ductor, the reduction in a superfluid density6,9,11 deviates
quantitatively from conventional theory. This is partly e
plained by assuming a local destruction of superconducti
around impurities. In fact, recent results of a scanning t
neling microscope~STM! measurement16 revealed intense
quasiparticle resonance peaks within 15 Å around Zn si
demonstrating that superconductivity is locally destroy
Such an inhomogeneous pair-breaking state is not com
ible with a conventional homogeneous picture. Therefore,
need to interpret much of the experimental data in the c
text of average information.

In contrast to the determination ofTc and the superfluid
density, it is more difficult to determine the superconduct
gap energy in high-Tc superconductors~HTSC’s!. Experi-
mental techniques by which the gap value can be determ
are limited to, for example, tunneling spectroscopy and p
toemission spectroscopy. However, there has been no
tunneling and photoemission data which includes
impurity-doping effect on the gap magnitude. Another pro
for a gap measurement is a Raman-scattering spectrosc

In a normal state, the Raman spectra of optimally dop
HTSC’s show a flat background due to the electronic scat
ing. Below Tc this broad electronic continuum redistribut
into the so-called 2D peak associated with the breaking
Cooper pairs.17 One of the major difficulties in the study o
the 2D peak is that this peak is usually superimposed
several phonon lines, which are also temperature depen
Moreover, the strong electron-phonon coupling leads t
0163-1829/2001/65~2!/024515~7!/$20.00 65 0245
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strong renormalization of the phonon line parameters be
Tc ,18,19 making the separation of electronic and phono
components in Raman spectra even more difficult. In parti
lar, for YBa2Cu3O72d ~YBCO! crystals there are severa
phonon lines near the 2D peak, and the strongestB1g-like
phonon line at 340-cm21 shows very pronounced renorma
ization effects in all parameters—frequency, linewidth, a
intensity.20 Therefore, a proper separation of electronic a
phononic components in Raman-scattering spectra is of g
importance.

Concerning Raman studies of Zn effects on the superc
ducting gap, there was a preliminary work by Maticet al.,13

although they found a clear Zn-doping effect only on theA1g
spectra but not on theB1g spectra. Altendorfet al. observed
a surprisingly huge effect of Th doping on both theA1g and
B1g spectra of YBa2Cu3O7 in spite of only a 0.5-K reduction
in Tc by Th doping.12 Therefore, a further investigation i
desirable, using well-characterized samples. In this study,
performed precise Raman measurements of the optim
doped twin-free YBa2(Cu12xZnx)3O72d single crystals in
both A1g and B1g polarizations. The Raman spectra we
investigated for various temperatures, polarizations, exc
tion energies, and doping levels. To extract uncoupled e
tronic and phonon parameters and interference effects,
improved our Green’s-function approach,21 assuming an ap-
propriate electronic response function where real and im
nary parts are connected via the Kramers-Kronig relati
Applying this model for analysis of the Raman spectra,
demonstrate the Zn-substitution effects on the behavio
the 2D peak in B1g polarization as well as on the phono
self-energy. A reduction in the gap amplitude 2D(T) by Zn
doping was clearly seen both in the electronic and phono
Raman scattering withB1g symmetry.

II. EXPERIMENT

High-quality YBa2(Cu12xZnx)3O72d single crystals with
x50 and 0.004 were grown by a top-seeded pulling te
nique, and oxygenated under uniaxial pressure in orde
obtain the orthorhombic twin-free samples, as was descri
previously.22 The Zn-free crystals have the optimalTc of 93
©2001 The American Physical Society15-1
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K with a very narrow transition widthDTc<0.2 K. The Zn-
doped YBCO was annealed in the same conditions as
Zn-free one, and therefore expected to have the optimal o
gen content. TheTc value is reduced down to 85 K by Z
doping. The Zn concentration was determined by inductiv
coupled plasma spectrometry.

The Raman spectra were studied using a T64000 Jo
Ivon triple spectrometer with a liquid-nitrogen cooled CC
detector. The typical spectral resolution was 3 cm21. The
Raman spectra were obtained in pseudobackscattering g
etry in XX and YY polarizations~A1g1B1g components are
dominant in orthorhombic YBCO crystals!, as well as in the
X8Y8 polarization ~B1g is dominant!. We used severa
Ar1-Kr1 laser lines ranging from red excitation with an e
ergy of 1.92 eV (lexc5647.1 nm) to blue excitation with an
energy of 2.60 eV (lexc5476.5 nm). The power density wa
about 1 W/cm2 on the sample surface, and, as a result,
sample heating was less than 10 K in all experiments.

III. RESULTS

Figure 1 presents theYY-polarized Raman spectra of th
Zn-free and Zn-doped YBCO crystals atT510 K. The Ag
Raman modes for the YBa2Cu3O7 lattice are dominant in the
spectra forlext5501 nm. Hereafter, we refer to the five we
knownAg lines as the 120-, 150-, 340-, 430-, and 500-cm21

FIG. 1. TheYY-polarized Raman spectra of detwinned Zn-fr
and Zn-doped YBa2~Cu12xZnx)3O72d crystals atT510 K taken
with lext5568 nm and 501 nm.
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lines. The low-frequency lines at 120 and 150 cm21 are as-
cribed mainly toZ displacements of Ba and planar Cu~2!,
respectively. The 340-cm21 mode belongs toB1g symmetry
in the tetragonal YBa2Cu3O6 structure ~point group D4h!
with out-of-phase O~2! and O~3! oxygen displacements
along theZ direction. The 430-cm21 line is mainly due to the
in-phaseZ displacements of the O~2! and O~3! oxygen at-
oms, and the 500-cm21 one is associated with the apic
oxygen O~1! displacements along theZ axis.

In the YY polarization there are several additional lin
associated with the oxygen-deficient Cu~1!O~4! chains along
the Y axis. The most intense line at about 230 cm21 is as-
signed to vibrations of Cu~1! atoms. It is well known that the
resonance effect is dramatic in theYY polarization,23,24 in
particular forlext5568 nm the ‘‘defect’’ lines are noticeably
enhanced. For example, the 230-cm21 line exhibits a sharp
resonance effect, suggesting the existence of a narrow e
tron band with an energy of about 2.2 eV.

Comparing the two spectra of Zn-free and Zn-dop
samples, we found that only the 340-cm21 line decreases its
intensity by Zn doping, but all other lines show no Z
doping effect on the intensity and the resonance behav
Since the resonance behavior of the ‘‘defect’’ lines is ve
sensitive to the oxygen content,24 the results of Fig. 1 pro-
vide evidence that the annealing procedure was identi
giving almost the same oxygen content in the Zn-free a
Zn-doped YBCO.

The Raman spectra in theX8Y8 polarization consist of an
electronic continuum, the 340-cm21 B1g-like phonon line
and several weakA1g-like phonon lines. To simplify the
analysis, we subtract the minorA1g-like phonon lines. Figure
2 shows theX8Y8 spectra for Zn-free and Zn-doped crysta
after this subtraction. In the normal state, there seems to
slight difference between the spectra of the Zn-free and
doped crystals. In contrast, belowTc the superconductivity-
induced spectral changes are strongly modified by the
doping. In Zn-doped crystals, the 340-cm21 line becomes
small and broad, while the peak in the electronic backgrou
shifts toward lower frequencies and the Raman intensity
low 300 cm21 becomes larger.

IV. ANALYSIS

To discuss the Zn-doping effects in the Raman spe
quantitatively, we need to separate the electronic a
phononic components which couple with each other. Th
are several approaches for extraction of the electronic ba
ground from the Raman spectrum.20,25–30The first one is the
widely used ‘‘standard Fano procedure.’’ This approach
lows us to extract renormalized phonon parameters with
determining electronic parameters~see the Appendix!. To ex-
tract electronic parameters together with bare phonon par
eters, a more complicated approach is needed, e.g., one b
on a Green’s-function analysis. In the following analysis,
extract the electronic response functionx(v)5R(v)
1 ir(v), and phonon parameters such as frequency and l
width. Based on the Green’s-function operator approach
5-2



:

ta

ib
fre

e
om

ight
an

oper

bes

n
nse

and

h is

ians
he

at-

n

the
fit-
s

nic

c-
h

It

ee
is-
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expression is proposed for the coupled Raman spectrum25

I ~v!5@11n~v!#H r~v!1
1

G~11«2!

3F S2

V2 12r~v!«S2r2~v!V2G J , ~1!

where 11n(v)5111/@exp(\v/kBT)-1# is the Bose factor,
«5(v2V)/G, and S5S01V2R(v)5VTp /Te1V2R(v).
Here V is the electron-phonon coupling,Tp is the Raman
matrix element ascribed to transitions from the ground s
to a one-phonon excited state, andTe is the Raman matrix
elements ascribed to the transitions to a continuous distr
tion of the excited electronic states. The renormalized
quencyV and the linewidthG of the phonon are given by
V5V01V2R(v) and G5G01V2r(v), whereV0 and G0
are uncoupled values. The first term in Eq.~1!, r~v!, repre-
sents the pure electronic continuum, the second term refl
the phonon contribution, and the last two terms result fr

FIG. 2. The Raman spectra of the YBa2~Cu12xZnx)3O72d crys-
tals at temperatures above and belowTc in the B1g polarization
after subtraction ofA1g-like phonons. Open~solid! symbols show
experimental data for Zn-free~Zn-doped! crystals; thick curves are
the fitting results. The thin curves showr~v!.
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the coupling effects. The resonance character of the l
scattering is taken into account in calculation of the Ram
matrix elementsTp andTe .

For a complete analysis, it is necessary to assume a pr
function of the electronic responsex(v)5R(v)1 ir(v). In
the normal state, the imaginary partrn(v) is determined by
an incoherent electronic background. Forrn(v), Bock
et al.29 proposed a phenomenological expression tanh(v/vT).
We examined several other formulas forrn(v), and found
that the following simple expression successfully descri
the spectra:

rn~v!5Cn

v

Av21vT
2

, ~2!

where Cn and vT are the fitting parameters. This functio
satisfies the requirement for the normal electronic respo
function, i.e., rn(v)5const at v→` and rn(v)}v at
v→0.

At temperatures belowTc , it is convenient to write down
the total electronic response as a sum of the normal
superconducting contributions,r(v)5rn(v)1rs(v). The
superconducting contributionrs(v) should reflect the ap-
pearance of a superconducting gap leading to a peak whic
accompanied by a suppression ofr~v! at lower frequencies.
Both the peak and suppression are described by Lorentz
with opposite signs similar to those proposed in Ref. 29. T
real partR(v) is directly linked to the imaginary partr~v!
via the Kramers-Kronig relation~for details, see Ref. 15!.
Note thatR(v) also enters the basic Equation~1! throughV
andS; thus our procedure allows a fully self-consistent tre
ment of the spectra.

This procedure based on Eq.~1! was used to fit the
present Raman spectra in theXX and X8Y8 polarizations
~A1g- and B1g-like scattering channels!. We used four
v-independent fitting parametersV0 , G0 , S0 , andV, as well
as two functionsr~v! and R(v) which are connected via
Kramers-Kronig relation. Hereafter we will mainly focus o
the Raman spectra in theB1g polarization, since thed-wave
gap amplitude is maximized in this symmetry, and thus
Zn-doping effect must be most sensitively detected. The
ting results for theA1g spectra were reported in our previou
paper.14

V. DISCUSSION

First we consider the Zn-doping effect on the electro
component in the Raman spectra. TheX8Y8 spectra were
analyzed on a basis of Eq.~1!. The fitting curves at 100 and
10 K are shown in Fig. 2. In this fitting procedure, the ele
tronic responsex(v)5R(v)1 ir(v) are determined at eac
temperature. In the normal state, the slope ofr~v! at v→0
gives the inverse of the carrier scattering rate. From Eq.~2!,
it is expected thatvT /Cn represents the scattering rate.
was found that the obtained parametervT /Cn is about three
times larger in the Zn-doped YBCO than in the Zn-fr
YBCO at all temperatures. This is consistent with the res
5-3
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FIG. 3. ~a! Real and imaginary parts of th
electronic responsex(v)5R(v)1 ir(v) at T
510 K. Dashed~solid! curves correspond to Zn
free ~Zn-doped! crystals.~b! The temperature de
pendences of the frequency for the maximum
the electronic response functionr~v! in the B1g

polarization for the Zn-free and Zn-dope
YBa2~Cu12xZnx)3O72d crystals. The solid lines
are guides for the eye.
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tivity data, which shows aT-independent increase with Zn
doping due to potential scattering.

When the temperature is lowered belowTc , a broad peak
appears in the Raman spectra as a result of the supercon
tivity induced redistribution of the electronic continuu
r~v!.17 This electronic peak is associated with a breaking
Cooper pairs, and, depending on the scattering polariza
is located at frequenciesv<2Dmax, whereDmax is amplitude
of the superconducting gap. In the case ofB1g polarization
the peak is located at 2Dmax.

31

In Fig. 3~a!, the obtained spectra ofR(v) andr~v! at 10
K are presented. At 10 K, the peak is centered at a freque
of about 490 cm21 (;7.5kTc) for the Zn-free YBCO and a
about 460 cm21 (;7.7kTc) for the Zn-doped YBCO. This
result suggests that the gap amplitude 2D(T50) roughly
scales withTc , as was pointed out by Maticet al.13 The
temperature dependence of the peak frequencyVmax is pre-
sented in Fig. 3~b!. A difference in the gap amplitude 2D(T)
between Zn-free and Zn-doped crystals can be clearly see
all temperatures, in as much as this electronic peak is
solved in the Raman spectra. Nearly the same
substitution effect on the response functionr~v! was ob-
served for theA1g channel, as reported in our previou
paper,14 while the gap amplitude in theA1g polarization is
smaller than in theB1g polarization.

Next we discuss the phonon parameters, which also
flect the electronic changes. In Fig. 4 we plot temperat
dependencies of the coupled~V, G, and S! and uncoupled
~V0 , G0 , andS0! phonon parameters for the 340-cm21 line.
In the normal state, all phonon parameters of the 340-cm21

line are nearly the same for the Zn-free Zn-doped YBC
crystals. However, belowTc phonon self-energy effects ar
different between these two samples because of the we
renormalization effects in Zn-doped crystals.

The uncoupled frequenciesV0 show a smooth tempera
ture dependence, following the curve described by a sim
two-phonon-decay model:32

V0~T!5V~T0!2C1@112n~v/2,T!#,

where ~3!

n~v/2,T!51/@exp~\v/2kBT!21#.
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This result indicates that electronic and phononic contri
tions to the spectra have been separated successfully.

The renormalized frequenciesV5V01V2R show a small
softening (uV2Ru;2 cm21), due to interaction with the elec
tronic background even in the normal state. The superc
ductivity induced effect manifests itself in a rapid decrea
of the renormalized frequenciesV belowTc . The magnitude
of softening of the 340-cm21 line is appreciably changed
with Zn doping, reflecting a change inR(v) as shown in Fig.
3~a!. For the Zn-free crystal, a step like softening of t
renormalized frequencyV occurs between 90 and 50 K, an
almost saturates below 50 K. The total softening is abou
cm21 @~Fig. 4~a!#, which is in good agreement with the ea
lier Raman studies of YBCO crystals with an optimal oxyg
content.21,33 In a Zn-doped crystal, the softening becom

FIG. 4. Temperature dependences of the fitting parameters o
340-cm21 phonon for Zn-free and Zn-doped single crystals.~a! The
uncoupled frequenciesV0 and renormalized frequenciesV5V0

1V2R. ~b! The uncoupled linewidth 2G0 and renormalized line-
width 2G52(G01V2r). ~c! The uncoupled parameterS0 and
renormalized parameterS5S01V2R. The solid lines in~a! and~b!
are the fitting curves calculated by a two-phonon-decay model@Eqs.
~3! and ~4!#.
5-4
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smaller, being about 4 cm21, which implies thatuRu at v
5340 cm21 becomes smaller. This is consistent with the
sult in Fig. 3~a!.

As to the linewidth, we find that the uncoupled linewid
G0 shows a smooth temperature dependence. As show
the solid curves in Fig. 4~b! this temperature dependence c
also be described by a two-phonon-decay model:32

G0~T!5G~T0!1C2@112n~v/2,T!#. ~4!

In the normal state, the renormalized linewidth (G5G0
1V2r) shows a small additional broadening (V2r
;2 – 3 cm21). The value ofG0 is slightly larger for the Zn-
doped crystal than that for the Zn-free one. This might
due to the appearance of a new phonon scattering chann
a result of violation of thek sum rule by Zn-substitution
while we cannot rule out the possibility of a simple inhom
geneity broadening. BelowTc , the 340-cm21 line exhibits
broadening with different temperature dependences for
free and Zn-doped crystals. For a Zn-free crystal, the li
width G reveals a broadening just belowTc , reaches a maxi-
mum at T;75 K, and turns to narrowing with furthe
cooling below 75 K. For a Zn-doped crystal, the linewidthG
strongly increases just belowTc and this additional broaden
ing does not disappear with further cooling down to the lo
est temperature 10 K.

The difference inG~10 K! between Zn-free and Zn-dope
YBCO can be explained by the difference inr~v!. That is, as
demonstrated in Fig. 2, in the case of a Zn-doped crystal
maximum of ther~v! function is located closer to 340 cm21

and the peak profile is broader, in comparison with the c
of a Zn-free crystal. This leads to a larger broadeningV2r
(v5340 cm21) at low temperatures in a Zn-doped crys
than in a Zn-free crystal.

In Fig. 4~c! we plot the temperature dependence of a
other phonon parameterS5S01V2R. The uncoupled value
S0 shows similar temperature dependences for Zn-free
Zn-doped crystals, except for a small bump at;75 K for the
Zn-free case. In contrast, the renormalized parameterS in the
superconducting state is quite different for Zn-free and Z
doped crystals. This difference, due to the termV2R, is about
2 cm21 at T510 K which is approximately equal to the di
ference in the renormalized frequencyV5V01V2R
@Fig. 4~a!#

Finally, we examine whether the observed Zn-doping
fect can be understood by a conventional pair-break
theory or not. As demonstrated above, all the changes in
phonon parameters are consistent with the changes in
electronic response shown in Fig. 3, which supports that
spectra are correctly analyzed. The extracted electronic
sponse r~v! can be compared with the theoretic
predictions1,34 in which strong potential scattering in a un
tarity limit is assumed in ad-wave superconductor. Th
low-v shift of the r~v! peak, accompanied by the pea
broadening, and the increase in the residualr(v→0) quali-
tatively coincide with the theoretical predictions.1,34 Estimat-
ing the value of 2Dmax from a frequency of ther~v! peak in
the B1g spectrum, the reduction rate of 2Dmax is
460 cm21/490 cm21'0.94 for the 0.4% Zn doping. Com
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paring this value with theTc reduction rate 85 K/93 K
'0.91, we may conclude that 2D scales withTc , just as
predicted in a low impurity concentration range by Sun a
Maki,1 although data for many other impurity concentratio
are required for a definite conclusion.

Recently, STM measurements revealed that the introdu
Zn impurities destroy superconductivity locally around Z
atoms.16 ~Note that this does not mean that superconductiv
is not suppressed at all at the sites far from Zn, because
authors in Ref. 16 did not compare the gap values of Zn-f
and Zn-doped samples.! From nuclear magnetic resonanc
measurements, it was reported that the local magnetic
ment is induced around Zn.4 In contrast to these local probe
the Raman measurement probes an average electronic
in a crystal, mainly the electronic state of the matrix far fro
the impurity sites because the impurity concentration is v
low in this study. The present Raman results therefore d
onstrate that the superconducting gap is also modified at
other than the Zn site, which cannot be explained by a sim
summation of the spectra for the gap-destroyed area aro
Zn and the unaffected area far from Zn. The gap suppres
at the sites far from Zn was not clear in the STM results
Bi-2212 of Panet al.,16 but strongly supported by the rece
STM measurements on YBa2Cu3Oy by Yehet al.35 As far as
the gap value andTc are concerned, the conventional pa
breaking theory for ad-wave superconductor is applicabl
on the assumption that Zn acts as a scattering center wit
any magnetic pair-breaking mechanism.

VI. CONCLUSIONS

We have presented a precise Raman study of the
doping effect on the superconducting gap and phonon re
malization in the twin-free YBa2~Cu12xZnx)3O72d single
crystals. Using a phenomenological expression for the e
tronic response functionx(v)5R(v)1 ir(v), we success-
fully separated the coupled and uncoupled phonon par
eters and the electronic response function. All the obtai
parameters are quite consistent with each other, includinT
and the impurity dependence.

In the normal state there is no remarkable Zn-doping
fect on the Raman spectra except for an increase of the
rier scattering rate observed in the low-v behavior ofr~v!,
while below Tc an appreciable change appears even b
small amount (x50.4%) of Zn doping. The main change
the low-frequency shift of ther~v! peak from;490 to;460
cm21, together with broadening, giving a long tail towa
low v. This electronic change by Zn doping can also be s
in the superconductivity effects on the self-energy of t
340-cm21 line, namely, in the changes of the phonon para
eters such as the reduction of softening, the increase
broadening and the decrease of intensity enhancement b
Tc .

All these Zn-doping effects can be understood within
framework of the conventional pair-breaking theory for
d-wave superconductor in a unitarity limit. Although supe
conductivity may be most strongly destroyed around the
site, the present results indicate that the gap amplitude
5-5
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from the Zn site~or the average gap amplitude! is also re-
duced, roughly scaling withTc .
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APPENDIX: COMPARISON OF THE GREEN’S-FUNCTION
FITTING APPROACH AND FANO FITTING

APPROACH

By simply rearranging Eq.~1!, one can easily obtain the
following expression for the Raman intensity based on
Green’s-function operator approach:

I ~v!5@11n~v!#H r~v!
G0

G

1
V2r~v!2

G~11«2! F S S

V2r~v!
1« D 2G J . ~A1!

If only renormalized phonon parameters are of intere
then a simpler formula for the coupled Raman spectrum
be used:20

I ~v!5@11n~v!#H ~Fano background!

1
I 0

~11«2!
@~q1«!2#J . ~A2!

This formula describes the case of the interaction of a sh
state with a broad continuum first considered by Fano36

Here «5(v2V)/G is the same as in Eq.~A1! and q
5(VTp /Te1V2R)/G is called the Fano parameter. We fitte
the spectral region around the 340-cm21 phonon line using
the Fano approach@Eq. ~A2!#, with a ‘‘Fano background’’
5C01C1v1C2v2. To calculate the temperature depe
dence of the total phonon intensity based on the Fano
proach, one uses the following formula:37,38

I p5pI 0Gq25pI 0~VTp /Te1V2R!2/G;S2. ~A3!

Equation~A3! shows that the phonon intensity is determin
by an interband electronic excitation via the matrix eleme
Tp ~bare phonon intensity!, as well as by a coupling to the
Raman-active electronic continuum via the termV2R.
ute
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By comparing Eqs.~A1! and ~A2!, one can see that the
formulas based on the Green’s-function approach and on
Fano approach become equivalent if

~Fano background!5r
G0

G
, I 05r

G2G0

G
,

S5qV2r5q~G2G0!. ~A4!

In Fig. 5 we show a set of the Fano fitting paramete
together with the Green’s-function fitting parameters. We c
see a strong correlation of the results obtained by the
approaches. The temperature dependencies of the renor
ized frequencyV and 2G, as well as ofS andqV2r param-
eters, are essentially the same for the Fano and Green
proaches, as expected from Eq.~A4!. Therefore, both
approaches give the same renormalized phonon param
~frequency, linewidth, and intensity!, if we assume an appro
priate background function. A disadvantage of the Fano
ting approach is that the electronic parameters cannot be
termined.

FIG. 5. Comparison of the 340-cm21 phonon line parameters
obtained from the Fano fitting procedure and from the Green fu
tion fitting procedure for the Zn-free crystal.~a! The renormalized
frequenciesV5V01V2R. ~b! The renormalized linewidth 2G
52(G01V2r). ~c! The renormalized parameterS5S01V2R, and
the qV2r parameter.
,
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