PHYSICAL REVIEW B VOLUME 62, NUMBER 9 1 SEPTEMBER 2000-

Phonon self-energy in superconductors: Effect of vibrating impurities
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The phonon self-energy due to the interaction with electrons is studied for superconductoss avith
d-wave pairing. Addition of impurities not only changes the electronic states, but it also generates a channel of
the electron-phonon interaction due to electron scattering from vibrating impurities. Impurity-induced electron-
phonon coupling results in significant modifications of the phonon self-energy. &evave superconductor
the phonon attenuation coefficiefihe imaginary part of the phonon self-enerdgyas been calculated in the
Born approximation and in the unitary limit for electron-impurity scattering. In the case of weak electron-
impurity potential, the attenuation decreases if temperature reduces Bglomhile an increase of the attenu-
ation in the superconducting state has been found in the unitary limit. The theory shows a good agreement with
measured disorder-dependent coupling of Byg phonon mode to superconducting electrons in high-
samples: the Born approximation well describes temperature dependence of the attenuation in YBaCuO single
crystals, the unitary limit corresponds to polycrystals and twinned crystals.

[. INTRODUCTION d-wave superconductor, where the density of electron states
is very sensitive to the electron-impurity scatterihg.

Since the discovery of high-temperature superconductors, The effect of vibrating impurities on phonon damping was
the interaction of optical phonons and electrons in these mzstudied in Ref. 10. If all impurities vibrate with the phonon
terials has been attracting much attention. Due to the lovinode under consideration, it is convenient to treat the
concentration of charge carriers;axis polarized optical €lectron-phonon interaction in the frame of reference, mov-
phonons can be observed in Raman scattering and infrarddd together with the lattic&! In this frame, impurities are
reflection. Raman and IR spectroscopy make it possible tghotionless and therefore calculations are simplitfeHow-
determine the spectrum and the attenuation of phonogVer, such an approach is not applicable in the general case,
modes, the superconducting gap position, and also son@hd we should return to the description of the electron-
characteristics of electron statésich as electron scattering Phonon interaction in the ordinary frame.
rate. These measurements turned out to be a very useful In the present paper we study the phonon self-energy due
probe of phonons, the electron-phonon interaction, and sifo inelastic electron-impurity scattering fe& and d-wave
perconductivity. Up to now there are many papers devoted t§uperconductorgthe modification of electron states is also
these and related topiés® taken into account The paper is arranged as follows. In the

In this paper, we will focus on impurity-induced coupling Next section we consider the impurity-induced interaction of
of optica| phonons and electrons. Because the mgbxides normal electrons and optical phOI’]OﬂS. In Secs. lll and IV we
become superconducting under doping, the electron-impuritgalculate phonon attenuation due to vibrating impurities-in
scattering generated by the substitutional disorder is vergnd d-wave superconductors, correspondingly. In the Con-
important even in single crystals. Impurities play a twofold clusions, we summarize our main results and suggest an in-
role in the electron-phonon interaction. First, addition of im-terpretation of experimental data. In the Appendix, we show
purities modifies the electron states in a superconductor. Thi#at a set of results may be reproduced in the comoving
modification of electron states results in significant change&ame.
in the superconductivity-induced phonon self-energy
effects? Second, electron scattering from vibrating impuri- Il. NORMAL STATE

ties (inelastic electron-impurity scatteringienerates a new . . . .
channel of the electron-phonon interaction. Note, that in theS crIiEbn;Filr?glglzcttr;gnKselg{esnﬁ g'a?hrgrr?]n;ﬁitfé?ggg'?uunec’ti\évﬁ v(\j/ﬁh
normal state impurity-induced coupling of acoustical Y y

— R — A H 5
phonons and electrons drastically changes all transport coe _c;[arEeC(;IK G21=G"), ?dvl?ncl:edt_ Gllz_tG )'_ and i kmet';
ficients (temperature-dependent resistivity, thermopower, 2'2_t k) cgn:ponen S.t ?a? Ic eC;ac ronf—lmptl_Jrly scatter-
thermal conductivity and electron-phonon dephasing rafe. Ing 1S taken Into account, electron Green functions are

Due to the two different effects of impurities, one should R _reA *—(e— E4if27) L 1
distinguish between impurities vibrating with a given phonon Go(p.€)=[Co(p.€)]" =(egpti/2r) 7, @
mode, and impurities, which are external with respect to this Gg(p €)= So(e)[Gé(p €)— Gg(p )] )

phonon mode. External impurities may only change electron

states due to elastic electron-impurity scattering. The effecivhere §p=(p2—p§)/2m, and Sy(e)= —tanh(/2T) is the

of modification of electron states on optical phonons hasquilibrium distribution function, andr is the electron-
been considered for a superconductor veithairing in Refs.  momentum relaxation time due to elastic electron-impurity
2-4. This effect is expected to be more significant in ascattering. We will calculate the phonon-electron self-energy
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FIG. 1. Vertexy, taking into account electron scattering from  FIG. 2. Effective verteX’, taking into account electron scatter-
vibrating impurities. In self-energy diagrams the solid, wavy, anding from vibrating impurities.
dashed lines represent the electron, phonon, and impurity propaga-

tors, correspondingly. pe,
=—a:. (6)
. . . . . 1/2
in the first order in the electron-phonon interaction, there- 27(pw)
fore, phonon corrections in the electron Green functions may, e we express the electron-impurity potential through the

be ignored.
Inelastic electron-impurity scatterin@lectron scattering
from vibrating impuritie is described by the

corresponding electron-momentum relaxation rate

Hamiltoniart?*® T = m(0)NimVa_ iy, )
where v(0) is the two-spin electron density of states, and
Hine= X %in(k.@.n)cicoi(bgntb’op) N, is the concentration of impurities vibrating with the pho-
planRo non mode under consideration.
xexd —i(k—q)Ry], (3) The phonon attenuation coefficieatis given by the re-

tarded phonon self-ener@®f asa=—2 Im PR. We will cal-
wherec; is the creation operator of an electron with momen-cyjate the attenuation coefficient of phonons with a small

tump, bq » Is the creation operator of a phonon with a waveyg|ye of the wave vectoq<qo— wlve . Due to the vector
vector g and polarization index, R, are the equilibrium — cparacter of the vertef, it is not renormalized by the
impurity positions. The vertex of the inelastic electron- gjecron-impurity interaction and also is not screened.
impurity scatteringsee Fig. 1is The phonon self-energy diagrams generated by electron
scattering from vibrating impurities are shown in Fig. 3. The
yin(K, @)= —iVe_im key (4) contribu;ion of th_e_first_di_agram in the normal state to the
(2pw)*? attenuation coefficient is independent on the parameter

whereV,_in, is the impurity scattering potentiag, is the and it is given by’

phonon polarization vectop is the density. In the Keldysh

technique the vertex;,(k,q,n) is multiplied by the tensor = FV(O) ®)
KiS [Ki= 8 /2, andK{ = (0);; /1/2] with an upper pho- - 37p
non index and lower electron indices. Note, that the inelastic

electron-impurity scattering is characterized by a large valudn the normal state the second diagram with effective verti-
of the transferred momentunk(» PE), whlle the transferred cesI is formally given by

energy is the same as in the “pure” electron-phonon inter-
action. It is convenient to introduce the effective veriéx PR ) f dp
=—2i

€
—T3,(q,0)GH(p,€)

shown in Fig. 2, with the matrix components (2m)3 27

F%zz_rh:_r’ XGg(p—}—q,e-l-w)F%l(—q,—w). 9
F§1=[So(e)—so(e+ w)]T, Evaluating Eq.(9), we find that the contribution of the sec-
ond diagram is

[L=So(e)T,
131 1%m0, s iD>
I's=—Sy(e+ o), (5)

FIG. 3. Phonon self-energy diagrams due to vibrating impuri-
and ties.
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Thus, the attenuation coefficient given by both diagrams is

T
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In the pure casep7>1, a5, is negligible and the phonon
attenuation due to electron scattering from vibrating impuri-
ties is given by Eq(8). If w7<<1, and all impurities vibrate
with the phonon mode under consideration=(7), the at-
tenuation coefficient is
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FIG. 4. Frequency dependency of the attenuation coefficient in

the Born limit for swave symmetry of the order parameter.

3 p,Z:V(O) Tw?

-, (12)

*
an

For completeness, we mention that, if impurities do not vi-

brate with the phonon mode under consideration, the self-
energy of optical phonons has the Drude form, i.e., it is pro-

portional to— »(0)/(1-iw7).2™*

Ill. ISOTROPIC s-WAVE SUPERCONDUCTOR

In the superconducting state the electron Green function i
given by

~RA

GH (— €0~ RAap+ARAG), (13)

1
T2 :RA2
£2—(£7H)
whereo’s are the Pauli matrices in the Nambu space.
For ans-wave superconductor, electron-impurity scatter-
ing is taken into account by the equations
eR=e+ief(27ER),
AR=A+iAR/(27€R),
(£%)2=(M)?— (AR (14)

As in the normal state, in the pure caseA>1/7, the

main contribution to the phonon attenuation is given by the
first diagram in Fig. 3. In the superconducting state the ver-

tex vy;, carries the Nambu matrix,. Therefore, the corre-
sponding equation foPR in the superconducting state has
the form

1 dp dp’ de
R_ _ |2
Im PR=Sp Reif 2?23 2 S 9l

X0 GhoAGH) .~ GRa(Gf). ], (15)
where Go) . =G(p', e+ w), andS, =S(e+ w).

Taking into account that®/éR=¢/¢ and AR/ER=A/¢,
where £é=(e2—A?)Y2sgn(€)O(Je|—|A|), we find the at-
tenuation of the optical phonon in @wave superconductor
Ag,

z—:z(f_wwA+f;+ 6(w—2A) _:A)de
S-S, E_A_Z) (16)
20 \ &, €)'

wheree, = e+ w, ¢, =&(e+ w). The attenuation coefficient
in the normal statev,, is given by Eq.(8).

As it is seen from Eq(16), the impurity-induced attenu-
agtion of optical phonons is described by the same equation as
the high-frequency ultrasonic attenuati§rEor comparison
with d-wave pairing, which will be discussed in Sec. IV, we
present the ratio o&/«,,, as a function of frequency in Fig.

4. A discontinuity in the attenuation of phonons appears,
when the frequency is equal to the energy gap.

Now we consider the impure case,A<1/r. Here we
have to take into account also the second diagram in Fig. 3.
The matrix elements of the effective vert€xin the super-
conducting state are

T'3,=(1/2)(T  +T),
r2,=0,
[1=So(e)T,
%=(12(T 1),
3= —So(et o),
2= —(12)(T ~T),

1=~ (1/2)(T~T),

I4=T1,+T3, (17
where
€. Al pe,
I'le)=|=0pg+ =0y | =———, 18
(© (50'0 fUX)ZT(pw)llz 18

andl’ , =T'(e,).
Therefore, the contribution of the second diagram
found to be
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FIG. 5. Frequency dependency of attenuation coefficient in the FIG. 6. Temperature dependency of attenuation coefficient in

Born limit for d-wave symmetry of the order parameter. the Born limit for d-wave symmetry of the order parameter.

R 1 dp de A oA AR=A,
ImP5=Sp Re—J ———(S=S)[(T+T)
4) (2m32m R_ s (i
=&+ (il27) (el §)(el &), (21
X G’S(l"+ Jrl“)(éff)+ —(I',-T) where( ) stands for averaging over the direction of the elec-
. . tron momentum.
X GCF,*(I“+ —F)(G§)+], (19 In the pure case, again the attenuation coefficient is deter-
R R mined by the first diagram in Fig. 3. For a phonon with
where Gg) . =G(p, e+ w). polarizatione, parallel to thec axis, it may be presented as
In the general case the equation fay is complicated. If
all impurities vibrate with the phonon mode under consider- Qg T d (S=S;)
. =~ - o 5| de———(p+ytpys), (22)
ation (r= 1), the large contribution of the first diagraiqg. an @

(15)] is canceled by the leading term of the second diagran\Nherey:
The rest of the second diagram is

ag —w—A © —A
—*=U +f +0(w—2A) )de
oy —x A —w+A

Im €, andp=Re(e"/£R) is the dimensionless su-
perconducting density of states. In the Born limit, we obtain
the attenuation coefficient given by

ay 1
—=2—f de(S=S;)p(e)p(et+w), (23
an 1)
S-S, [ee, A?
X—— o+t | (200 where the density of states fordawave superconductor is
2w \E& &4
wherea? is given by Eq(12). As it is seen, Eq(20) differs p(e)= E[ (eAo)K(edo), ff €<4g (24)
only in a sign in the coherence factor from E@6). So the | K(Age), if €>Ao,

impurity-induced attenuation of optical phonons in the lim-yyarek () is the complete elliptic integral of the first kind.
iting cases is described by BCS relations with different coeq,ency and temperature dependencies of the attenuation
herence factors. The function given by EQO) is well  cqefficient are presented in Figs. 5 and 6. The kinks in the
known (see Ref. 1k frequency and temperature dependencies correspond to
=2A,(T).

IV. d-WAVE SUPERCONDUCTOR For resonant electron-impurity scatteringhe unitary
limit), the phonon self-energy diagrams are shown in Fig. 7.
The self-energy may be presented again by (28) through
the eIectroFlg density of statgs and the electron damping
. : v(e€)=Im €™ where one has to take into account that the
d-wave symmetryA(p)=A,c0s(2$) in planes, which are resonant electron-impurity scattering results in the residual

perpendicular to the axis. superconducting density of states at the Fermi engtgy:
In this model the angular averaged value of the order P 9 y Gy:

parameten\ is zero, andA is not renormalized by electron-

impurity scattering (ImMA=0). This simplifies the calcula-
tions significantly. The Born approximation for electron-

impurity scattering results in the relatidfis

Keeping in mind that the momentum relaxation rate in
high-T. oxides corresponds to the pure casg X > 1/7),
we consider here only this limit. We assume pairing of

FIG. 7. Phonon self-energy diagrams in the unitary limit for
e"=e+(i127) (el §), electron-impurity scattering.



5900 A. SERGEEV, CH. PREIS, AND J. KELLER PRB 62

4.0 T T T superconducting state. Moreover, we find a nonmonotonic
&—=a T=0T, T=0.014 i i i
T08T, r0.01A, temperature dependence of the attenuation in the unitary
A—T=08T, T=0.01A, limit.

*—# T=0.99T, T=0.014, ¢A

V. CONCLUSIONS AND COMPARISON
WITH EXPERIMENT

o/ o

To summarize, we have studied the effect of vibrating
impurities on the attenuation of optical phonons especially in
the superconducting state. Inelastic electron scattering from
" * . vibrating impurities creates a channel of the phonon attenu-
0.0 0.5 1.0 1.5 2.0 ation. Vibrating impurities result in significant change of the

®/A phonon self-energy and provide an important channel of

honon attenuation. This effect is thought to be relevant for
igh-T. copper oxides.

We have found that in the normal state the attenuation

induced by the vibrating impurities depends on the parameter

FIG. 8. Frequency dependency of attenuation coefficient in theﬁ
unitary limit for d-wave symmetry of the order parameter.

p(0)=(2yo/mAo)IN(4A0/y0), (25 w7 [Eq. (11)] due to elastic electron-impurity scattering. In
the pure casap7>1, the attenuation coefficient is indepen-
where dent on the phonon frequengyAttenuation decreases with
addition of external impurities. If all impurities vibrate with
y§=(wFAOIZ)/In[4(2A0/7TF)1’2], (26) the phonon mode under consideration, the attenuation coef-

ficient is proportional tow? in the dirty limit w7<1 [Eq.
and X" is the electron-momentum relaxation rate in the nor-(12)].

mal state in the unitary limit. In the energy scat€ y,, the Our calculations show that for threewave superconductor
self-consistent solution of the Dyson equation gives the impurity-induced attenuation in the limiting cases is de-
scribed by BCS relations with different coherence factors
eR=(1/2)e+iyo—i(€¥/8yp). 27y  [Egs.(16) and (20)]. In the pure case the coherence factor

corresponds to the sound attenuation in the BCS theory. Pho-
For higher energies= y,, the self-consistency is not impor- Non attenuation in the impure case depends on the character

tant, andy(e) =T'/p(€), wherep(e) is approximately given @nd position of impurities. If all impurities vibrate with the
by Eq. (24). The energy dependence of the electron densitphonon mode under consideration, the coherence factor is
of states for different values df has been calculated nu- theé same as for electron interaction with an electromagnetic
merically in Refs. 18 and 19. Using results for the electronfi€ld- In the ordinary frame of referen¢8ec. lll), it is non-
density of states, we obtaip(e), and calculate frequency trivial consequence of the quantum mterfergnce between
and temperature dependencies @f/«,. The results are eleqtron—phonon and _electron—lmpurlt}I.scattenng._Transfor—
shown in Figs. 8 and 9, respectively. mation to the comoving frame.5|mpllf|es calculatiofsee

For small values of the electron-momentum relaxation® Appendix. The corresponding vertex of the electron-
rateT, the regione< v, gives the main contribution te,. phonon_ interaction l_:mngs the same matrix in Nambu space
At T=0 we obtain the ratio ofry/e, to be larger than 1, as the interaction with an electromagnetic field.

which means a broadening of the phonon linewidth in the N @d-wave superconductor the impurity-induced attenu-
ation strongly depends on the value of the electron-impurity

potential. In the case of weak electron-impurity scattering
(the Born approximationthe attenuation coefficient at low
temperatures decreases due to the superconducting transition
18} 1 (Figs. 5 and & Therefore, the phonon should acquire narrow
linewidth in the superconducting state. However, in the case
of strong electron-impurity scatteringhe unitary limiy this
161 l result is altered. Strong scatteringdrwave superconductors
simultaneously creates an impurity-induced channel of at-
tenuation and modifies the electron states. In the unitary limit
the attenuation increases in the superconducting gtajs. 8

and 9.

The main features of our theoretical curves are supported
by available data. The most significant changes in the pho-
non self-energy in the superconducting state are observed for

19,0 0. 0.4 0.6 0.8 10  @340-cm® By -like mode in YBaCuO samplésThis is not
/T, surprising, since 02-03 plane-oxygen vibrations dominate
in this mode. It is expected in our model that coupling of the

FIG. 9. Temperature dependency of attenuation coefficient ir840-cm * mode with superconducting electrons is extremely
the unitary limit ford-wave symmetry of the order parameter. sensitive to disorder. Raman measurements do show such

2.0

oo,

1.4 |

1.2 |

oo [=0.05A , ©=0.5A
+—a [=0.01A , =0.5A
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) ol induced phonon attenuation in the superconductor wlith
' ' ' ol pairing (Figs. 6 and @ As seen, the temperature dependence

L e it of the phonon linewidth in the perfect crystal is well de-
e o scribed by our model with weak electron-impurity scattering
(the Born approximation Note that we choose the value of
A, to be 200 cm? that was reported in many papers. We
do not use any fitting parameters for this theoretical curve.
As we discussed, heavily twinned samples should be de-
scribed by the unitary limit for electron-impurity scattering.
According to our resultgFigs. 8 and 9 in the unitary limit

the linewidth depends on the parameler The theoretical
curve withT'/A;=0.06 is in good agreement with data ob-

0.5 y ' y y 1 tained afT>0.5T.. At the same time, with this value df,

TIT, we cannot explain low-temperature data. In the frame of our
~ model, the nonmonotonic temperature dependence rohy

FIG. 1Q. Tempera_ture dependency of attenua_ltion coefficienhe gptained only fow=<A, (see Figs. 8 and)9This leads to
m(_easured in the detwmned_ crys_tOI, the crystal with large un- relatively large values of\,. Although such values have
twinned areas(()), the heavily twinned sample&) (all data from 00 venorted, most experiments give the valua gfn the
v ston o vt < TaNGE fOM 170 0 250 cri. A s seen i Fig 10, ou
gnd 9 P g (H1gs- model describes the transition from sharpening to broadening

' of the 340-cm * phonon line due to disorder enhancement; it
gives a correct scale of the observed effects. More detailed
intriguing behavior. The phonon linewidth in single crystalstheory should take into account energy dependence of scat-
exhibit tremendous sharpening beldw,**** while a sig-  tering and density of states in the normal state of High-
nificant broadening is observed in polycrystalline samplesnaterials.
and twinned crystals’! (see Fig. 4 in Ref. 21 The next important fact in favor of the impurity-induced

Our interpretation of experimental results is as follows. Inelectron-phonon coupling in highs materials is that the
single superconducting YBaCuO crystals electrons scattesxygen disorder in chains has a very similar effect on the
from the oxygen vacancies in CuO chains. The oxygen vaphonon linewidth as an introduction of heavy-metal impuri-
cancy is known to present a weak scattering potential foties substituting Cu in the chaifé??
electrons confined in the Cu-O plah&herefore, we expect To the best of our knowledge, there is no theory connect-
that our results obtained in the Born approximatfig. (23) ing the observed sharpening and broadening of phonon lines
and Figs. 5 and Jpare applicable to this case. As we men- with quality of superconducting samples. The broadening of
tioned, the measured attenuation of Big mode drastically lines in the superconducting state is usually related to the
decreases below the superconducting transition. TemperatuZeyher-Zwicknagl theory, which predicts superconductivity-
dependencies observed in Refs. 20 and 21 are in a goddduced coupling of thé;, mode with electrond > As-
agreement with our curves on Fig. 6. Note also, that accordsuming zone-center photons witfx= 0, this theory does not
ing to Figs. 5 and 6 the effect of superconductivity on high-allow any phonon line to sharpen beldly. In Ref. 6 the
frequency modes is negligible. For this reason,Ahgplane  sharpening of some lines in single crystals is associated with
oxygen mode (440 cimt) in single crystals does not change nonzero wave vectors of phonons measured in Raman ex-
within the precision of measurements. periments.

Polycrystals and twinned crystals of YBaCuO are well We would like to note that in the current paper we have
described by the resonant electron-impurity scattetifgr ~ considered only the imaginary part of the electron-phonon
such samples our theory predicts the significant enhancemesglf-energy in the superconducting state. Addition of impu-
of the attenuation below, (see Figs. 8 and)9which is in  rities also significanly changes a spectrum of the lattice
agreement with numerous experimental resuis the same  vibrations®® Calculating the phonon linewidth, we assume
time, a relative change of the attenuation and a form of thehat the effect of impurities on the phonon spectrum is al-
temperature dependence show considerable changes framady taken into account. We also ignore additional modifi-
sample to sampl&?* In our formalism, this sensitivity to the cation of the phonon spectrum in the superconducting state.
sample quality results from the strong dependence of th&xperiments show that the relative spectrum changes due to
superconducting density of states on elastic electron scattesuperconductivity are small; in particular, for the 340-¢m
ing in the unitary limit(Fig. 8). line, the shiftAv is 8 cm !. Additional corrections to the

By way of illustration we apply our model to experimen- imaginary part of the self-energy due to the shift of phonon
tal data from Ref. 21, Fig. 4. We rebuilt the experimentalfrequency may be obtained in first order in small parameter
temperature dependencies of the YBaCuO 340tphonon  A/v~0.02.
linewidth, a(T), in dimensionless coordinates «,, versus The vibrating potential of impurities, defects, and bound-
T/T., where a,=a(T;). Figure 10 shows the relative aries plays an important role in many nonequilibrium and
change of the attenuation coefficigphonon linewidth for ~ transport phenomena, such as electron cooling and
different samples: the perfe¢tletwinned crystal @), the  dephasing>?° electrical conductivity, Kapitza resistancg,
crystal with large untwinned areagl{, the heavily twinned and thermopowet Arguments presented in this section show
sample @), and a few theoretical curves of impurity- evidence about significant electron-phonon coupling due to
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vibrating dopants and defects in high-superconductors. In optical phonons is given by the phonon self-energy with two
order to differentiate between different mechanisms ofverticesl',. The corresponding equation has the form
electron-phonon coupling in copper oxides, more theoretical dp
and experimental investigations have to be done. In particu- R_ ue 2/ a
lar, study of the phonon linewidth depending on the electron- ImP™=Sp Reff J’ (2m)3 waz(p,q) (S=S4)
momentum relaxation rate and the residual superconducting
density of electron states would be useful to evaluate param- X[GH(GR, —GRGY .. (A4)
eterI” and impurity-induced electron-phonon coupling. . ) i

Integrating the products of Green functions in E44)
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APPENDIX: COMOVING FRAME Spf de GRGR), = RW' 1 S€x A AR+)
PROTTOI @A R T R R/E

As we discussed in the Introduction, using the comoving (A6)
frame provides us with a convenient description of the
electron-phonon interaction in an impure system, if all impu- For a swave superconductore®/¢R=€/¢ and AR/¢R
rities vibrate with the phonon mode under consideration ( =A/¢, therefore, Eqs(A5) and (A6) may be presented as

=~7") i/ -1
The bare vertex of the electron-phonon interaction in the Spf dé, Go(GY . = ; + ;) ( 1+ g j§> ,
comoving frame has a forffi*! + + (A7)
I'(p,a)=T1(p.a)+T2(p,q), (A1) mife, € i/r \-1
oof ae, 565~ - 1 )
(Po@e. PJ 8 CoCo) =l g\ g
I(p.g)=— W 25 (A2) (A8)
“@a Then calculating InPR [Eq. (A4)] we obtain the phonon
w(p-8,) . attenuation coefficient given by Egd.6) and (20).
I'y(p,q)=— — 3 (A3) To calculate the phonon attenuation coefficient in the
(2 )2 d-wave superconductor it is convenient to simplify EGs5)

and (A6), using the following relations, which are valid in

VerticesI'; andI', carry different matrices, and 1in the the case of I =0-

Nambu space due to their different symmetry under the

transformationp— — p. For acoustic phonons the vert&x el A? e R—gh
is small compared with';. However, for optical phononis, 1+ §A§ W: ( R gA) R A (A9)
gives the leading contribution, whep< qo= w/ve (v is the * - *
Fermi velocity. ERGE A2 R R\ R4 R

Due to the vector character of the vert€, it is not “RoR WZ(—R_ —R)ﬁ. (A10)
renormalized by the impurity ladder, ¢f<q,. For the same § §+ £ & &lei—e

reason, screening of the interaction described pyesultsin ~ Using Eqgs.(A9) and (A10), one can obtain the attenuation
small corrections. Therefore, whepR< qg, the attenuation of coefficient given by Eq(22).
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