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Optical conductivity in A3Cgy (A=K,Rb)
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We study the optical conductivity iA;Cgo (A=K,Rb). The effects of the electron-phonon interaction are
included to lowest order in the coupling strengtht is shown that this leads to a narrowing of the Drude peak
by a factor I+ \ and a transfer of weight to a midinfrared peak at somewhat larger energies than the phonon
energy. Although this goes in the right direction, it is not sufficient to describe experiment.
[S0163-182698)01704-4

[. INTRODUCTION to lowest order. This is sufficient if Migdal's theorénis
valid. It is, however, questionable if this is true for the

The optical conductivity iPA;Cqo (A=K,Rb) has an un- fullerenes, and we should keep in mind that higher-order
usual and interesting behavibr® The weight of the Drude effects may be important. To obtain the optical conductivity
peak is reduced by one order of magnitude relative to th&ve calculate the current-current response function. We can
weight for free electrons with the appropriate band massheglect vertex correctiortd,since the electron self-energy is
Much of the missing weight appears instead in a “midinfra-d independent in our approach. The current-current response
red” structure at about 0.06 eV. This suggests very Stron%unct!on is then reduced to a product of two electron Green’s
interaction effects, e.g., electron-phonon or Coulomb interfunction. We find that the electron-phonon coupling leads to
action. The understanding of the optical absorption could@ narrowing of the Drude peak by about a factor oft(X),
therefore, contribute much to the understanding also of othé¥herex is the is the electron-phonon coupling constant. Al-
properties ofA;Ceo. though this goes in the right direction, it is by far not suffi-

A3sCqp has orientational disorder, with thegOmolecules ~ Cient to explain the experimental data.
taking, more or less randomly, one out of two preferential In Sec. Il we present the f(_)rmallsm and th_e model. In Sec.
orientations This orientational disorder leads to a substan-|ll we show the results and in Sec. IV multiplet effects are
tial modification of the optical conductivity in one-particle briefly discussed. The results an_d other p(_)ssmle explanations
calculations. For an ordered system, the Drude peak coff the narrow Drude peak are discussed in Sec. V.
lapses to a5 function, while the disorder leads to a broad
Drude peaK. The calculated optical conductivity, further- ll. FORMALISM AND MODEL
more, shows a structure at somewhat larger energies than the
experimental midinfrared structufeglthough the structure is
less pronounced and at higher energy than in the experimen- i
tal spectrum. More serious is, however, that the weight and Reo,z(w)=Re lim —7,4(q,w), (D)
width of the Drude peak are much larger than the experimen- a-0 ¢
tal results. Although it is hard to separate the theoretical, hqre
results in a Drude and a midinfrared structure, it may be

The optical conductivity is given By

estimated that the theoretical Drude width is more than a i (= _ + .
factor of ten too large. Tap(tho) =~y f dt €“0|[j(a,1),jz(a,0)]/0).
The strong reduction of the Drude width suggests very 0 2

strong renormalization effects, e.g., due to the electron-

phonon or electron-electron interactions. The fullerenes havelerej is the current operatof0) is the ground state, and

phonons with an energy of about 0.06 eV that show a strongs the volume. Below, we use a formalism where the electron

coupling to the electronsSince these phonons may transfer self-energy igy independent. It can then be shoWthat the

weight from the Drude peak to a midinfrared structure, wevertex corrections in the current-current response function

here study the effect of phonons. vanish forq— 0, due to the odd parity of the current opera-
We limit ourselves to calculating the electron self-energytor. We can then write the optical conductivity as a product
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of two Green’s functions, only keeping a simple bubble ofHere we only consider the number of electrons on a given
dressed Green'’s functions in the diagrammatic expansion afite, and neglect the possible polarization of the charge on

o. If we express the current operator as this Gso molecule. Due to this assumption we obtain no terms
in the current operator describing on-site transitions. Since
_E 2 a _t 3 the transitions between, orbitals on the same site are for-
- UnnCnoCnros ( )

bidden, Eq.(10) is sufficient for our purposes. Imposing
charge and current conservation,

o nn/

the optical conductivity is given by

» do’ q-j(a)=—e[H,p(q)], (11)
Reoaﬁ —Re% mEm Unn,vmm,J7OO Z .
we obtain
XGpm(w+ o )Gpy(w'), (4)
whereG is the electron Green’s function. This can be rewrit- .
ten ad? gi@=——= 2 tjmmd (Ri—R)) (12)
\/N ijmm’
Re aaﬁ— 2 > vkl (5) inthe limit g—0. HereR; is the position of molecule. We
nn’ mm' then obtain the current matrix elements
xf_xdw'Anm«mw')Amn,(w»[f(w')—f(w’+w>]. 08 = i€t (RE—RY). (13
© he el If Iculated to | d
_ P . . The electron self-energy is calculated to lowest order in
}ﬁ?]i;ﬁ)ﬁ”m(w) IM Gon(w=107)/m and f(w) is the Fermi the electron-phonon interaction.
We consider the threg, orbitals of Gy which are con-
nected by hopping matrix elemertts l-ph o'
Y opping 3 PO ) = |Z xﬁmemm(w © D (0 N,

14
HEl_z E &y, Nime T 2 tijmm'd’iTm(rwjm'(r- (7) (14)

m= (ijyomm’

whereG{%) andD?) are the zero-order electron and phonon
Green’s functlons respectively. The electron-phonon cou-
pling is described by, which is expressed in terms of the
coupling constantS/(m) and the one-particle solutions. The
interacting electron Green s function is then obtained from
Dyson’s equation,

The orientational disord®rhas been built into the matrix
elementstjpm .*~*° Deshpandest al. have used a similar
model for calculatlng the phonon self-enef§ywe want to
describe the coupling to the intramolecular fivefold degener:
ateHy Jahn-Teller modes. Due to the intramolecular charac
ter, the coupling has a local form. To describe the electron
phonon interaction, we use the Hamiltonian
G(w)=Gw)+G9(w)3(w)G(w), (15)

where a matrix notation has been used.

We next discuss qualitatively how the optical conductiv-
> 33 + ity may change due to the electron-phonon interaction. If the
2 > Z Z lﬂm'/fw (bm+bp), (8) bandwidth is much larger than a typical phonon frequency,
Tt mhE Migdal’s theorem is valid. For states with an energy smaller
where wy, is the a phonon frequench,, annihilates a pho- than the phonon energy, the quasiparticle energy is then re-
non with quantum numbem, V(" are dimensionless cou- duced by a factéP
pling constants!8 given by symmetry ang is an overall
coupling strength. The electron-phonon coupling constant
is then given by 1+

5
HehPh= wphmE:l (b;bm"' %)

I\JILQ

NIH

(16)
2

A=3$N(0)—, (9)  where is the electron-phonon coupling. Furthermore, the
@ph quasiparticle weight is reduced by the same fattdror
where N(0) is the density of states per spin at the FermiA;Cyq, it is very questionable if Migdal's theorem is valid,
energy. and interesting effects happen due to the fact that the band-
We now construct a consistent current operator, esserwidth is not much larger than the phonon frequenétdsev-
tially following Ref. 19. We write the density(i) at a sitei ertheless, we can expect to obtain some insight into the effect
as of the electron-phonon interaction by making the above as-
sumptions, i.e., assuming that the electrons can be treated as
o T noninteracting but with weights and energies that are re-
p()=2 Vi timo (10 duced by a factof1+\). For >0 we then have
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FIG. 2. The same as in Fig. 1 but far,,=0.05 eV.
FIG. 1. Optical conductivityo(w) for the phonon frequency

wpr=0.15 eV and for different electron-phonon coupling constants . 93 . .
\. The figure illustrates how the Drude peak becomes narrower angeutron Scattemﬁ it has been estimated that the strongest

how weight is transferred to a midinfrared peakiais increased.  COUpling is to the segond lowesghode at apout 0.054 eV.
The inset shows as a function ofw/Z, whereZz=1/(1+\). This  From Raman scattering the strongest coupling was found for
illustrates how the width of the Drude peak is reduced by a factor othe lowest mode at about,,=0.033 eV The value

1+ due to the electron-phonon interaction. wpr=0.05 used in Fig. 2 should, therefore, be more realistic
then the one in Fig. 1, and one might even argue for a still
unocc occ [(n]j o(a)|m)|? smaller value ofw,,. This would then tend to give an energy

of the midinfrared structure of the right order of magnitude,

although it is still larger than the experimentally observed

(17 value 0.06 eV. The electron-phonon coupling is of the order
8 . .

We replace &, by Z&®@ and (n|j(q)m) by A~0.5-10. The width of the Drude peak is then reduced

Z(n|j (q)|m>(°), where the suffix O refers to the noninter- by a factor_ of 1.5-2. This reduction goes in t_he right direc-
acting; system. This leads to tion, but it is much too small to explain experiment.

O a( @)~ lim %Im > >

40 = w—en,ten—i0t’

)
Uaa(w)—tf(ai(z : (18 IV. MULTIPLET EFFECTS

where ¢(© is the optical conductivity without the electron- AN alternative mechanism for transferring weight from
phonon interaction. For zero frequeneyis unchanged, as it the Drude peak_to_the midinfrared peak is prowded.by mul-
should be, since the resistivity(0) is not influenced by the fiplet effects. Within thet,, system, these are described by
electron-phonon interaction at zero temperature, considerd® exchange integrek between twot,, orbitals and the
here. We can see, however, that the energy scale is reduc@iferencesU=U,,—U,, between the direct Coulomb inte-
by a factor of(1+\), and that the weight of the Drude peak 9ral for equal and unequal orbitals. Here we @&é=2 K.

is reduced correspondingly. For larger frequencies these colhe G molecule has a ground state with spin 3/2 and states
siderations are of course too simple, since we then have toith the spin 1/2 &3 K and 5 K above the ground state. The
consider the whole Green’s function including phonon satelvalue of K has been estimated to be 0.05 @and 0.024

lites and not just the quasiparticle. eV.?® The unscreened value has been found to be
K=0.15 eV and within random-phase approximation screen-
Il RESULTS ing K=0.030 eV’ The experience from atomic multiplets

is that these are only weakly reduced Z0%) relatively to

In Fig. 1 we show the optical conductivity for a phonon what is predicted by the unscreened Coulomb integrals, both
frequencyw,,=0.15 eV. Without electron-phonon coupling for free atoms and for solid8.We also find that to describe
(A=0) the spectrum shows a broad Drude peak.M&  the multiplets in theh,—t;, exciton, unscreened integrals
increased, the Drude peak becomes narrower and weight ¢gve a splitting of the right order of magnitude. Due to the
transferred to a structure in the energy range 0.2-0.4 eV. Ifack of extensive experience for the largg,@olecule, we
the inset in Fig. 1 the same results are shown as a function efevertheless consider the whole range of estimates for the
w/Z. The curves now essentially fall on top of each other formultiplet integrals below. If the lower values of these esti-
small w. This illustrates the resultL8) that the width of the mates are used, the multiplet splitting is of the same order of
Drude peak is reduced by a factdrt\). Figure 2 shows the magnitude as the energy of the midinfrared structure, and it
results for a lower phonon frequenay,,=0.05eV. The is then interesting to study to what extent these effects can
spectrum is similar to that in Fig. 1, but the midinfrared explain this structure.
structure has moved to lower frequencies. We have added a multiplet interaction to the Hamiltonian

From photoemission for a freeggmoleculé? and from  in Eq. (7),
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, . essential part of the correct explanation of the optical con-
Hu=3 5U% Nim{Nim| — 3 5U_2, 2 NigmNio’m’ ductivity. We observe that the self-energy was calculated
loo m=m under the assumption that Migdal’s theorem is valid. Since
Migdal’s theorem is questionable for these systems, higher-

+ 3K E E wﬁgmwfg,m,ww/mwwmr order corrections could modify these conclusions.
ioo’ m#m’ It is interesting that Liechtensteiet al?® found a rather
narrow Drude peakwidth ~ a few hundredths of an g\Vin
+ 3K 2 Wt omti— om Yiom - (19  aone-particle calculation. As mentioned before, tggraol-
17 mAm’ ecules inA;Cgo have primarily two different orientations. It
The simple Coulomb interaction has been found on theoretical grounds that it is energetically

favorable if neighboring g molecules have differert‘an-
tiferromagnetic’) orientations->!° The system can then be
H(L)J:UE > NN o (20) mapped onto a frustrated .Ismg model,_for which the ground
T (om)<(o'm’) state has a frustrated antiferromagnetic ordetinghis or-
should also be added but is not considered here, since Icriﬁrmgzgleads tq the narrowing of the Drude peak men“tlon.ed
above” Experimentally, a tendency to a short-range “anti-

simple treatments it does not give a contribution to the mid-f i lation has b fourftbut und
infrared structure. erromagnetic” correlation has been fourtdhut under nor-

We have estimated the self-energy to second ordétin mal experimental conditions the samples are apparently
andK and obtained cooled too fast to develop the long-range partial order as-
sumed in Ref. 29. It therefore does not seem likely that the
partial ordering assumed in Ref. 29 explains the narrow

Mult K2 Drude peak in experimental samples used so far.

Shne ™ W (21) It is interesting to ask what other effects may contribute to
the explanation of the optical conductivity. We have illus-
drated that multiplet effects are unlikely to explain the experi-
mental results, at least if they are treated to lowest order.
These systems have a strong coupling to a charge carrier
plasmon at 0.5 eV due to the oscillations of the thtge
3 EPON N . (22)  electron$*22Yn analogy with the coupling to the phonons,

one may argue that the plasmons have a coupling constant

If we put K=0.03 eV, W=0.5 eV,\=1 andwy,=0.1 eV, )\p,~2.5.33 Taking over the arguments from the electron-
we find that3EP"°" is more than one order of magnitude Phonon coupling one might then expect a substantial narrow-
larger than3 M. This suggests that although the multiplet ing from the coupling to the plasmons. This picture is, how-
effects may transfer weight to the midinfrared peak, the efever, too simple, and a calculation of the electron self-energy
fect should be very small. If, on the other hand, we use an the so-calledGW approximatior* shows only a modest
large value K=0.15 eV for the multiplet integral, the reduction of the bandwidtf? Actually, estimates of the spe-
second-order self-energy due to the multiplet integrals beeific heaf®3® do not show an enhancement compared with
comes comparable to the electron-phonon contribution. Ithe result obtained from band-structure calculations, apart
this case, however, the multiplet splitting is much larger tharfrom the enhancement expected from an electron-phonon in-
the energy of the midinfrared peak. It therefore seems likelyferaction with ax~0.5— 1. If these estimates are correct,
that the multiplet effects treateq in second-o.rd'er theory CaNthey suggest that many-body interactions do not reduce the
not explain the energy and weight of the midinfrared pea_kdispersion iNA3Cso (A=K, Rb). This is also consistent with
We observe, however, that the second-order perturbatiof,e gysceptibility’® which shows a very weak temperature
theory used here is not sufficient Fo describe the atomic I'm'tdependence, implying that there is no narrow peak in the
and that a better treatment conceivably could change the Co'ai'ensity of states. We should then not expect an explanation

clusions somewhat. of the narrow Drude peak in terms of a mechanism that re-
duces the dispersion beyond the reduction due to the
V. DISCUSSION electron-phonon interaction. Instead we should search for a

We have calculated the optical conductivity, including themechanism that influences a two-particle spectrum, like the
effects of the lowest-order self-energy diagram due to théptical conductivity, without increasing the effective mass.
electron-phonon interaction. This coupling reduces the width  The strong Coulomb interactidhtogether with the orbital
of the Drude peak and transfers weight to the midinfraredlegeneracy leads to a substantialdependence of the
structure at an energy somewhat larger than the phonon freelf-energy®® The inclusion of this in the formalism above
guency. This leads to a midinfrared structure with an energyvould require the introduction of vertex corrections to sat-
of the right order of magnitude, but a bit too large. We thusisfy charge and current conservatithit would be interest-
find that the inclusion of the electron-phonon interactioning to study how this influences the optical absorption and
changes the optical conductivity in the correct direction, butother electronic properties. THe dependence of the self-
that the changes are much too small to explain experimenenergy further implies that there must be a compensating
Nevertheless, the electron-phonon interaction should be aslependence to obtain the experimental result for the specific

This has to be compared with the self-energy due to th
electron-phonon energy, which is of the order
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