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Vertex corrections in nearly ferroelectric superconductors
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We investigate the effect of an incipient ferrolectric transition on vertex corrections to the superconducting
pairing interaction. The vertex corrections for small momentum transfers are largely independent of the type of
boson responsible for the superconducting transition. The electron-phonon interaction is found to be enhanced
by a nearly ferroelectric medium. We discuss application to the cuprate superconductors.

[. INTRODUCTION lattice, the lattice does not move. In contrast, the ionic di-
electric constant describes motion of the lattice. Therefore, in
High-temperature superconductivity is commonly be-order to take it into account, we must consider effects outside
lieved to be associated with the exchange of antiferromagthe BOA. This presents fandamentadifficulty, and not just
netic spin fluctuations. A unified description of antiferromag- téchnical” considerations. _ .
netism and superconductivity is given by an (SDgroup The phonon-mediated interaction considered by Bardeen
Scenarid: However, it had been previous|y shown by Birman and Pines |n the 1950s involves an effect OUt-Side the BOA.
and Solomohthat a similar group-theoretical formulation is The scattering of electron 1 causes an atomic motion, and
possible with Superconductivity associated with Chargelhis motion interacts with electron 2. The Bardeen-Pines in-
density waves, ferromagnetism, and ferroelectricity, as welferaction is given by ¥=g’[20/(»’—Q?)], where() is
as the “common” antiferromagnetic scenario. We considerthe phonon frequencyg is the Frohlich constant given by
here an effect associated with the nearness of a ferroelectritz=1/VM(, M is the ionic mass] is the matrix element
transition. A phenomenological pairing interaction has beergiven byl(q)=(k|VV|k+q) , andV is the electron-ion po-
proposed* for such a nearly ferroelectric system, and onetential. I(q) is thus calculatedvithin the BOA. This is an
purpose of this paper is to make a first step toward givingapparent paradox; this procedure is justified by Migdal's
this pairing interaction a firmer microscopic basis. theorem, which states that the correctionsl ¢q), arising
Quite generally, the pair interaction can be viewed as thérom the fact that we consider an effect outside the BOA, are
exchange of a boson between the members of a Cooper paif order Q/Eg=m/M=10 2, wherem is the electronic
Of primary interest here is the electron-boson vertex. Weband mass.
reevaluate the Bardeen calculafiasf the correction to the Pietroneroet al® suggest that in the high; cuprates
electron-phonon vertex due to electron-electron interactiond)/Er is not so small, and, as a result, the deviations from
for the case of an electron gas embedded in a dielectric meévigdal’'s theorem are significant. Here, we also question the
dium with a large dynamic dielectric constanteflecting the  validity of the BOA, but for a different reason—namely, we
nearness to a ferroelectric transition. We calculate the lowestuggest that the very large ionic dielectric constant has a very
order vertex correction that includes phenomenologically théarge effect on the electron-phonon matrix elemigaf). It
important ionic dielectric effects. This turns out to be a largerenormalizes it, and thus makes it frequency dependent; at
correction. Although we assume in the following that thevery low frequenciesl(q) is increased by a significant
boson is a phonon, it is important to note that the presenamount above the BOA value.
result is not limited to this case and indeed would also yield
a large vertex correction in the popular scenario in which the Il. CONVENTIONAL APPROACH
boson is an antiferromagnetic spin fluctuation.
Many perovskites are ferroelectrics. Perovskites like

SrTiO; and the highf, cuprates are nearly ferroelectric; 1928 in which he assumet{q) = (k| VV|k+q) , whereV is

their ionic dielectric constant is abnormally high, although . i _
they do not undergo a ferroelectric transition. The dielec—the electron-ion _potentiaZe/r . Thus |(q) =4nZe/q.

. I(qg) is seen to diverge at smaijlvalues. We denote this as
tric constant of La_,SkCu0, (LSCQ) and YB3Cuw0;—5 the “Bloch vertex” I'g|och [Fig. 1(@)]. This estimate neglects
(YBCO) was measured recently quite accurately as functlonh | | . ion th he el .
of frequency and is of the order of 100 at frequencies ofI e electron-electron interaction that screens the electron-ion
order 10 meV®’ In “conventional” calculations of the potential. This screening was first considered by Bardeen in
electron—phonoﬁ interaction, this dielectric constant is no 9377 The electron-electron interaction propagator is given

_ 2/+2 oo _
taken into account. The reason is that, although the electron? Ded(q)=4me’/q”. Bardeen took it into account by con

phonon interaction itself is a nonadiabatic contribution, it isS'derlng the potential

calculatedwithin the framework of the Born-Oppenheimer 47> 472
approximationBOA); i.e., it is assumed that during the scat- Vsardeed d) = ==
tering of the electron, while it imparts momentum to the 1+Ded@N(EF)  g?+q3

The “conventional” way to calculate the electron-phonon
matrix element (q) is based, first, on Bloch’s calculation of

@

0163-1829/2000/622)/152086)/$15.00 PRB 62 15 208 ©2000 The American Physical Society



PRB 62 VERTEX CORRECTIONS IN NEARLY FERROELECTRI. .. 15 209

k+q symmetry. What Bardeen did to deal with tliigithout say-
ing it explicitly) was to sum up random-phase approximation
Iiocn - a bubble diagrams of the form of.Fig.(U) to get the correct
screened vertex. We call this the *“Bardeen vertex”
FBardeen-
k The simplest vertex correction arising from the electron-
(@) electron interactionAT' couiomp IS Shown in Fig. Ic). We
calculate this contribution in the next section for comparison
with the vertex correction including ionic effects. In FigclL
I _ _ + we could of course replad®, . with a screened interaction of
Bardeen = T TBlesh the form of Fig. 1b). Note that Migdal’s theorem doewmt
apply here sinc® ., does not possess a low-energy cutoff.

. PSEO/\/‘ + IIl. VERTEX CORRECTION INCLUDING THE IONIC
DIELECTRIC FUNCTION

In a medium with a dielectric constast the electron-
electron interaction is given by #e?/q%s. Here ¢ is the

* >"’O“'O"\/\ + dielectric constant of the mediumxternalto the electron

gast! Thus we use a dressed electron-electron propagator:

(b) 4me?

D = 2
k+q ed 0, @) (q2+q2D)e(q,w) (2

AL — | d Diagramatically, we denot® . by a heavy broken linFig.
Coulomb * | 1(d)] that denotes the inclusion of the effect of the highly
polarizable ions on the electron-electron interaction. The
Thomas Fermi screening vectqp, is included to facilitate
Kk the numerical computations and to account for electronic
© screening. Thus we consider the vertex correcdhshown
in Fig. 1(e). For simplicity in the present calculation we take
I'gardeen t0 be a constant. We can thus writ€
=T'gardeed 1+ (AT /T gargeen | and we calculate
AT /T gardeen @Nd AT couiomb/I'Bardeens Which are to be
compared with the number 1.

We have to calculate the vertex correction as a function of
(d) g, paying particular attention temall qvalues. This is plau-
sible for several reasons. First, the ionic dielectric corrections
could also be included in the Bardeen screening by replacing

o
]

k+q ~
D With D¢ and settingyp =0 to avoid double counting of
q screening diagrams. TheniiX,, were zeraas is the case for
AL = ) an infinitee), I' would be the Bloch vertex that diverges as

|
| g—0. ThusAT' /T g4,geenWould diverge agj—0.

The necessity to consider smglivalues was also pointed
out by Pietronercet al.? for a different reason. They show
that for their(phonon vertex correction, the behavior when

(e) g—0 first, andw— 0 afterward, is entirely different from the
] ] ] ] behavior whenw—0 first, andq— 0 afterward, which was
FIG. 1. The various electron-boson vertices discussed in th‘f:)reviously calculated by Grabowski and Sh¥m.
text: (a) the bare(Bloch) vertex; (b) the Bardeen vertex which in- The relevance of smatj values for the cuprates has also
cludes electronic screeninDed(q) =4me*/q”; (c) the lowest order 1o ) pointed out previously by Sarst al,™® Perali and
i(I?l(C):Il:Jgir:b ;/oer:itsﬁi(;?;ﬁ;;it(lzogf,fgcrigl)zth?zﬂectron-electron INEEraction /4 relogiannisi# Abrikosov® Zeyher and Kulic® Bulut and
9 G- (<)l Scalapind,’ Tsuei and Kirtley'® Leggett!® and others. The
observation of stripé8 suggests the relevance qfvalues
whereqp =4me?N(Eg). This potential no longer diverges as close t00stipe=0.24 A~! (Ref. 21 and we calculate here
gd—0. The electron-phonon matrix element is given bythe vertex correction foq values in this rangéz_
1(q)=47Z€q|/(g?+ q%) . Sinceqp>kg, the dependence The dielectric constant has a sharp dispersion at a fre-
of 1(q) on g is weak and the electron-phonon scattering isquency of about 19 meV in YBC®This frequency is the
nearly isotropic:’ The Cooper potential reflects this isotropic frequency of phonons involving the displacements of barium
nature and leads to superconducting pairing wsttvave  atoms in thec direction. In LSCO, the dispersion frequency
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is about 27 meV, the frequency of phonons involving motionout as a contour integration picking up contributions from
of strontium in thec direction! A theoretical expression for the poles of the5,’'s andD .
the ioniC die|eCtI’iC constant iS giVen by the Lyddane—SaChS— Sincel is norma”y part of a |arger diagram the pair
23 . . . ’ .
Teller (LST) theory;™ namely, interaction, for example, its external momenta and energies
are integrated over. Although for such applications we re-

w?’—w? quire the full complexAT" as a function of all of its argu-
e(w)= 0’ o2 €os 3 ments, for present purposes it should suffice for a rough es-
2

timate of AT" as a function ofg=|qg| to take typical values

wherew, andwy are the frequencies of the longitudinal and for the other variables. We also neglect for now the imagi-

transverse phonon modes. Although this expression is déary part ofAI'. We assume €qo<w_ and, because the

rived forq=0, we assume that it is valid for the small values external electron lines usually represent members of a Coo-

of g of interest here. per pair, we takek|=kg and ko=0, measuring energies
The use of such a simplistic expression, however, raiseglative toEg . Thus we have

several further questions. 5

(a) There are several phonon modes, and there is no AT/T _ 1 f f dp.dpy 4me
priori reason whye(w) should be dominated by one trans- Bardeen— 5, (2m)? (p—k)?2+q3
verse and one specific longitudinal mode.

(b) We ignore the dispersion of the phonon modes for the Xil(p,q,p-q;@r, @), (6)

relatively small values ofj that we consider heréabout ~ .
1/4-1/3 of the way to the Brillouin zoneThis is justified wherek=|§,:k and. we have taken unit volu.me a”‘?' det
here since there is no softening of the modes, as manifesteg L | CONSists of six terms resulting from tipg integrations,
by the absence of a strong temperature dependence of thdffiich are displayed in the Appendix. For thentegrations
frequency?? we can set the, axis along the d|rect|onAon'1 and then the
(c) This expression applies to insulators. The cuprateglirection ofk with respect tog is given byk,=cos(). For
possess a metallic Fermi surface. the present computation we have taken as typical vajges
(d) The expression is derived for an isotropic three-=0.1k, ﬁX:O_S, 0w =0.16E;, andw;=0.04E .
dimensional(3D) system. For diagram {c) the complications due to the ionic cor-
We feel reasonably confident using E@) simply be-  rections are absent, and only two terms result from ghe
cause experiment shows that it works quite well. For ex-integrations. Them\I' couiomb/ I BardeeniS given by Eq.(6)

ample, from optical infrared measurements, it is found thatwithout the factor 1/&, and with | replaced byl couiomb
the simple LST expression applies extremely well to theyhere

c-axis component of for LaSrCuO(with w, =63 meV)’
and reasonably well for YBCQRef. 6 (there are two modes . flep)[1—f(epiq)]  flepsg)ll—1f(ep)]
that serve as», , at 40 meV and 70 meV; we can choose ' coulomb™ Eprq—Ep—Uo— 10 N Eprq—Ep—Uotid’
some average in between these two frequencies; about 50 (7
meV gives good agreement, with.=4).

Since the “metallic” layer is thin, the width being about
2a., wherea, is the Bohr radius of the oxygerpzr orbitals
in the ¢ direction,a, =0.4 A, and the average distance be-
tween electrons is approximately the lattice constant
(=4 A), the c-axis component ofe screens out the

andf(e,) is the Fermi function aT =0. The principal value
integrations ovep, andp, must be done numerically.
In Fig- 2 we ShOV\AF/rBardeenandAI‘Coulomb/FBardeen
as functions ofg/kg for qo=0.08¢ (solid curve$ and qq
=0.0Z&; (dashed curye There are two surprising results
electron-electron interaction effectively, and we can use ifiere. First, i two  dimensions - the vertex correction
_ ) ) ) ~ AT coutomn/I'Bardeen IS @lready very large and, second, the
(as determined experimentallin the expression foD.e. effect of the ionic screening is drastic: One would naively
The contributionAT’, Fig. 1(e), is given at zero tempera- gynact the inclusion of the large ionic dielectric function to
ture by greatly reduce the correction. Except very near the sign
q change just belovg=0.3kg, this isnot the cage. A similar
Po~ sign change was also found by Pietronetal
AT (k,q)=T f—D —K)Go(p)Go(p+q), 9 9 ; y : .
(k.a) Bardee'Ep 2 edP~K)Go(R)Co(PF Q) The structure iNAT couiomb/ I Bardeen deserves a brief
(4) comment. It arises from the complicated structure of the in-

, , tegrands and does not seem to have any obvious physical
wherek= (k,ko) and we assume a two-dimensional systeMglevance. It is due to the first term in E€f), which is

Substituting Eq(3) for e(w) with £.,=1 in Eq.(2) we have singular atp=p(q,do) Whengo=s,_q— &p., i-€., when the

) P o2 external frequency can excite a particle-hole pair. The inte-

0~ @t 5) grand of the principal value integration in E@) then con-

tains the singularity ap=p, and a fixed(for k fixed) peak

arising from the Coulomb factor. Ag changegfor fixed k
This form is quite plausible but, as mentioned above, has nand q,), the singularity moves through the Coulomb peak
yet been derived from a truly microscopic theo@g is the  causing alternately positive and negative contributions, pro-
usual zero order electron propagator and we assume for noducing the structure. This structure does not occur in
a free particle spectrum. Theg, integration can be carried AI'/TI'g,.qcen b€CauUse the integrand on the negative side of

4e

Do k)= .
ed k) (K2+q2) k2= w?+18
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12 L A S B B McMillan-Rowell structure in tunneling experiments in

Bi,SrL,CaCyOg. 5.2 The modew; involves the motion of

. the Ba(or Sp atoms in thec-direction. The modew, in-
_______ : volves motion of the apex oxygen, as well as motion of the

""""" 7 - ] planar oxygens. These modes are in the range 15-80 meV;

ey
3
-

w7 is in the range 15-30 meV, ang is in the range 40-80
meV. This distinction between the modes is important not
ArCoqumb only to avoid double counting, but also because it causes the
shielding of the electron-electron interactibp. by the ionic
dielectric constant to bentirely differentfrom the shielding

of the electronfl phonon interactioriby the ionic dielectric

. constant, associated with the modes,w,). We estimated
this last shielding and found that it is smallherefore we

do not introduce it into the present calculation.

While the experimental determination efw) by the IR
measurements is definitive, it is instructive to consider
possible microscopic causes for the anomalously large value
of . We believe that the large may be related to a new
1 degeneracy between the Zhang-Rice singlet and the anti-
Jahn-Teller triplet of the Cuf complex. Kamimura and
i Sand® calculated the splitting between the singlet and triplet
] as a function of the occupation of thel 3hell of thechain
P S T S S W SR copper, and found that for 0.55 holes there, these states are

AL"/ rBardeen

0 01 02 03 04 05 06 07 08 09 10 1 degenerate. This calculation is carried out using a quantum-
/K chemistry algorithm. We can characterize this splitting by an
q F effective HubbardJ, and writeU ;= Upare/€ - Upare is the

_ HubbardU in a “normal” complex, i.e., several electron
FIG. 2. The vertex correctionsAl'coyiom/I'saraeen @Nd ot Thus the splitting of about one-tenth of an eV calcu-
AT /T gargeenas functions of the external momentupfor external lated by Kamimura and Sano indicates a value aff about
';rsﬂfsncy Go=0.08 (solid curves and do=0.02 (dashed 50. Also, this calculation shows clearly thecal nature of

‘ this large dielectric constant.

. . L . Anisimov et al?® found that the singlet and triplet are
the smg_ularlty becof”es positive a short d'_Sta’_‘CG from th%lose, by a rigorous local denisity approximation calculation.
singularity and practically no negative contribution occurs. They also considered relaxation of the complex, i.e., differ-

ent Cu-O distances in the singlet and triplet states. They
IV. THE LARGE VALUE OF ATI'/Tgacqeen found a rather large relaxation, substantiating the ionic na-
_ ture of the large dielectric constant. Polinggral?’ found a
The extremely large value diI'/T'gargeenthat we find  near gegeneracy of the singlet and triplet states, near the Sr
here seems at first sight to be unphysical, sitee¢he best of j, | sco by extended x-ray-absorption fine-structure mea-
our knowledgg it was not considered before. We suggestsrements. Gt carried out a quantum-chemistry calcula-
that it is physical. We are assuming here that our lowestjon and showed the important role of theaxis motion of
order correction is not too strongly reduced by higher ordethe 4jkaline-earth atom. All these calculations show that the
vertex corrections, see discussion below. We believe that the.g that describe the shielding of the electron-electron inter-
reason why such an effect was not cc_)n5|de_red previously SctionD,, and the electron-planar oxygen interactiogocn
that, in a homogeneous system, the dielectric const@iso e of an entirely different nature, and only the former one is
enters into the expression for the bare vertex, which becom&gieatly enhanced. Therefore the very large difference in their
Z€?|ql/g®e, and not only into the expression f@r... Our  values is not “unphysical.”
ansatz considers an extremely inhomogeneous systéfn. Since the diagram, Fig.(), yields such a large result one
While we consider effects due to phonons, we considetannot rule out that further vertex corrections may also be
three entirely distinct phonon modes, namely, the m@de important. In fact, the natural class of diagrams to include is
=(o, Which represents phonons associated with the momenhe sum of “ladder” diagrams. Such diagrams represent
tum g of the bare verteX'g o, Fig. 1(a); and the modes+  nothing more than the spin susceptibility, or spin fluctuation
andw,_, which dominate the ionic dielectric constant. Sincepropagator, and describe ti@ntiferromagneticspin corre-
the modes are distinct, they involve motion of different at-lations thought to be particularly important in the cuprate
oms, in different regions of the unit cell. As mentioned pre-superconductors. Previous calculatiéh&® which consid-
viously, the mode() could also be a spin fluctuatiofor  ered the effect of these contributions on the phonon frequen-
another type of bosgnFor now we assume it is a phonon cies and on the screening of the electron-phonon vertex in
involving motion of the planar oxygen; such motion could benearly antiferromagnetic systems, could be modified to in-
longitudinal (along the Cu-O bondor transverse, in tha-b clude the ionic screening considered here. Thus the nearness
plane or in thec direction. The frequency of the transverse of both a ferroelectric as well as an antiferromagnetic tran-
motion is around 40 meV. This mode is seen as perhaps sition could perhaps be accounted for.
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Kim® first considered effects of the proximity to a ferro- 1.0
magnetic or an antiferromagnetic transition, and showed that
this can enhance the electron-phonon coupling constant. The 09l
enhancement arises both from softening of the phonon, and

from an increase of the matrix elemefk| VV|k+q). The 08|
first effect does not concern us hdiedoes not lead to an
increase irl; in the strong-coupling cageThe second effect o7k .

bears some similarity to the effect that we consider here,
except that we consider primarily the nearness to a ferroelec-
tric transition.

Kim considers the role of a sum rule that restricts the osk i
magnitude of his effect. This sum rule was also considered~ ™ ]
by McMillan®! and originally proved by Heine, Nozieres, \
and Wilkins®? It states thaV(0) = Z/N(Eg). This rule ap-
plies to ahomogeneousystem. In an inhomogeneous sys- Tgardeen / TBloch

tem, it breaks down. Its origin is that whé,, is reduced
from D, by €, the bare verteX' is also reduced by [Fig.
1(b)] and these two effects cancel each other wher0.
[Wheng>0, a larges actually diminishes/(q).]

In an inhomogeneous system, the reductiorDef, and 01 ]
the reduction ofl” are given by two different dielectric con- ]
stants. We showél®“that thee for I is close to one, while
the e for D¢, is large. This follows from théocal nature of
8.33'25’4 q / k

We note in passing that the relevant values afe on the F
order of 0.25 A 1.2 This is small enough that the use of the
¢ derived forg=0 is justified. On the other hand, the screen-
ing lengthgpy ' is about 4 A, which is small enough so the

o6f

Bardeen

1 1 L i 1 (] 1 L L

0.0
00 01 02 03 04 05 06 07 08 09 10

FIG. 3. The electronically screened vertex wiffig(, gee) and
without (I'gargeen iONIC SCreening.

dielectric constant is local. q/kg for £(0)=40 andqp=kg/2. It is clearly seen that, with

’ increasingd, I'gargeen @pproached 'z ocn much faster than
V. BARDEEN'S VERTEX FOR AN IONICALLY INsargeendoes. At theq values of interest here, the corrected
SCREENED MEDIUM vertex is quite close to the original Bloch vertex, e.g., dor
Bardeen calculated the sum over bubble diagrgfig.  =0.%&g we havel gargee™0-Mgioch-

1(b)]. The correction due to the “bubble” vertex is very

large, and negative; i.e., fas=0, the sum over the bubble VI. CONCLUSIONS

diagrams reduces the vertex from the Bloch valae&Z4?/q?

by a factor of 1+ D¢ N(Eg)]=1[1+(qp/q)?], as in Eq. We have shown that the lowest order vertex corrections

(1). For g~kg, this factor is typically about 1/3, and for including ionic dielectric effects are large. In particular, we
smallq values, it is even smaller. This reduction accounts forshow that the electron-phonon vertex for snggdind smalke

the resistivity of monovalent metals being an order smalleis greatly enhanced over the “standard” Bardeen value. In-
than the value calculated assuming the Bloch value of theleed, surprisingly, the Coulomb vertex correction,
vertex. Now, to include the ionic screening, we should re-Al'couiomn/I'Bardeens 1S @lready large. This may be related
placeDg, in Fig. 1(b) by Dee. Here we must sep=0 in  © the 2D nature of the system. We are, however, not aware
Eqg. (2) to avoid double counting the electronic screening.of any explicit calculations of this quantity either in two or in

e . three dimensions. It has apparently previously been consid-
SinceDee s so much smallefat low frequenciesthanDee, ered phenomenologically to be included in the bare vertex.

the vertex correction is much smaller, and whg, can be  \ye have also shown that the inclusion of ionic effects also
neglected, the vertex becomes the Bloch vertex; i.e., it igeatly affects the electronic screening. These corrections all
considerablylarger. Thus a very large ionic dielectric con- teng to significantly increase the maximum superconducting
stant restores the value of the vertex to the large originay yajue. This may require us to reconsider the possibility of

Bloch value at low frequenciesu(<wr~20 meV). To il- e high T, as being due, at least partially, to a phonon-
lustrate this effect we consideFgargeen replaced with  egiated interaction. At the current level of approximation,
I'sardeens Where however, one cannot make a definite statement in this re-
spect.
~ Tgioch Tgioch We point out that we have employed a “hybrid” formal-
[gardeer™ D.NE] > (8 ism in which a 3De is combined with 2 band structure and
[1+ e—} + 9o 2D integrations. This is not done to make the calculations
£(0) q2e(0) easier but to have a consistent picture in accordance with

_ experiment. We do not believe that a pure 2D or a pure 3D
In Fig. 3 we showl g, rqeen/I'Bloch @Nd 'gardeen'Bl0ch VS SCeNario is physically correct in the high-superconductors.
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There are still a number of things to be done before a trulyM. Peter, and K. Scharnberg. The work of M.W. was sup-
guantitative theory is obtained. We mentioned briefly in Secported by the US-Israel BSF.
IV that the large contribution of the lowest order vertex cor-
rection indicates that further vertex corrections may be im-
portant, in particular the particle-hole ladder diagrams that
contribute to the spin susceptibility. At the least, one must
consistently include such diagrams in the bubbles of the elec-
tronic screening diagrams as well as directly as vertex cor-
rections. If the higher order vertex corrections can be
summed to infinite order the result could turn out to be il
smaller than the large lowest order contribution. In any case,
this difficult task must be carried out before quantitative
comparison with experiment can be attempted. In addition, a
better theory must go beyond the present level of approxi-
mation in other respects, for example, the momentum depen-

APPENDIX
We display in detail the integrand of E):

_ (ol —oDf(ep)f(epsg)
(wL_Sp)(wL_8p+q+q0)
(0f =0 [1=f(ep)[1—F(epsq)]
(wL+8p)(wL+8p+q_QO)

dence ofl'g5;qeenShould also be included. More fundamen-

tally, there is at present no microscopic, field theoretic

derivation of the Lyddane-Sachs-Teller expression&adn
Eq. (5), and in general it does not hold for a polyatomic unit
cell. However, experimentally it applies extremely well for
LSCO (Ref. 7) and reasonably well for YBC®.
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(25— 0D f(ep)[1—F(epsg)]
(8p_wL)(8p+q_8p_q0_i5)
(e3—wP[1—f(ep)1f(epsq)
(8p+wL)(8p+q_8p_q0)
 [(epsq—00)*— 0TI 1—f(ep)]f (£ps)
(8p+q_q0_wL)(8p+q_8p_q0)

[(eprq—0o)°— 0F1f(ep)[1—f(epig)]

) - (3p+q_QO+wL)(8p+q_8p_QO_i5) .
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