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We have measured optical reflection spectra for the alkali-metal fullerides K;Cgy, Rb3Cqy, K4Cqp,
Rb,Cqp, and RbgCq, grown by a cosublimation method in an energy region of 0.08-6 eV. A gap struc-
ture peaked at 0.5 eV was observed in K,Cg, indicating that this compound is an insulator. This result
is in good agreement with other kinds of experiments, but contrary to a simple band theory. The metallic
conductivity spectra of K;C¢, and Rb;Cgy were formed of a Drude part and midinfrared absorption. The
energy of the latter contribution was close to the optical gap of K,Cg,. The infrared-active molecular vi-
brational T',(4) mode shows an anomalous dependence on the alkali concentration x, and a large split-
ting (about 30 cm™!) in the x =4 phase. These results suggest that the interaction between the doped
electrons and the T',(4) vibration mode is extremely strong. The relation between the anomalous pho-
nons and the midinfrared absorption in K,Cg, and K;Cg, is discussed.

I. INTRODUCTION

The electronic structures of alkali-metal ( 4) fullerides
(A4,C¢) have been a subject of considerable interest be-
cause high T, superconductivity has been discovered in
this class of materials.! A number of theoretical and ex-
perimental studies have been made on these materials to
clarify the electronic structures. For the superconduct-
ing 4;Cq( 4 =K and Rb), a Fermi liquid theory seems
to work.”? A simple band calculation explains the elec-
tronic properties qualitatively, but not quantitatively. In
several experiments, an enhancement of the density of
states N (ey) at the Fermi energy ey is observed.>* For
instance, Ramirez et al. reported that the magnetic sus-
ceptibility [ *N(egr)] is enhanced by the factor of
1.4-2.3 comparing to the band model, and suggested the
possibility of Stoner enhancement.®> On the other hand,
Degiorgi et al.’ measured the far-infrared (ir) reflectivity
and claimed that the true plasma edge exists at
significantly lower energy than the value predicted by the
band theory.® However, the relation between the N (ep)
enhancement at zero frequency and the high frequency
electrodynamic response remains an open question.

In contrast to the superconducting A4;C¢y compounds,
the nature of the nonsuperconducting compounds
ACg, A,Cgqp, and A4,Cq (A=K, Rb, or Cs) is poorly
understood. Band theories predict that all these com-
pounds are metallic.””® However, most of the experimen-
tal results suggest that 4,Cg, is insulating.’”!? As for
ACg, it is reported that the low temperature electronic
state depends on the cooling rate: Quenched samples
behave like an insulator, while annealed ones are metallic
above 50 K.!»* Among these, the absence of metallic
behavior in the x =4 system is particularly important,
since the failure of the simple band theory is experimen-
tally established. This subject is also important in the
context of the proximity of superconductivity and insu-
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lating phases. The microscopic mechanism of the insu-
lating state is not understood yet.

In this paper we report optical spectra for
K;Cqp, Rb3Cgy, K4Cgp, and Rb,Cy, to clarify the low en-
ergy excitation and phonons in these compounds. Spec-
tra for the undoped C¢, and fully doped Rb(Cq, are
shown in comparison. Although a large amount of work
has been done on the optical properties of doped
Ceor > 718319721 most of these works were done on thin
film samples. Instead, our sample for the optical mea-
surement has been grown by a cosublimation method,'®
in which both alkali metal and Cg, are simultaneously va-
porized. The advantage of this method over in situ mea-
surements on thin films is that the samples can be charac-
terized by both x-ray diffraction and Raman spectra.

We found that the optical conductivity spectra of Cg,
and RbgC¢, are characteristic of insulators, in accord
with other experiments and band calculations. However,
for K4Cg,, we observe insulating behavior with the lowest
conductivity peak at about 0.5 eV. This is in contradic-
tion to the band theory, but in agreement with other ex-
periments, such as photoemission,”"” NMR,'° muon-
spin resonance (uSR),!! and spin susceptibilities.!*> The
plasma energy wp was derived by a spectral analysis for
K;C¢o and Rb;Cy,. To explain the precise features of the
conductivity spectra, a simple Drude model is not
sufficient, but we must assume a Lorentz oscillator cen-
tered at 0.4-0.5 eV in addition to the Drude part.

We also investigated the molecular vibration modes.
We determined the x dependence of the wave number,
linewidth, and intensities of the infrared-active T,(4)
mode. This mode shows an anomalous softening upon
doping and is split into two in 4 ,C,.

II. EXPERIMENT

The A,Cg4, samples described in this study were grown
by a cosublimation technique in a temperature-gradient
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furnace.'® An evacuated quartz tube is placed in a fur-
nace having two temperature zones, a hot end
(550-590°C) for the sublimation of Cg, and a cooler end
(200-450°C) for the vaporization of alkali metals. The
growth conditions of K;C¢, and K,Cq, differ from each
other. For K;Cgy, the hot and cold ends were kept at
570°C and 350°C, respectively. In the case of K,Cg, the
temperatures at both ends were a few tens of degrees
higher than those for K;C¢,. Rb compounds were grown
by the same method. The temperature at the cold end
was about 200°C, and the hot end was about 550°C for
Rb;C4. Higher temperatures were also necessary for the
growth of Rb,Cq, and RbsCq,. After a few days of reac-
tion, flakelike samples were formed in the middle part of
the tube. The x =4 phase samples (K,Cq, and Rb,Cg,)
were usually obtained as a mixture with x =6 phases. A
deintercalation process was necessary to get pure samples
of A4,Cg.

The sample surfaces were slightly round since they are
a trace of the inner wall of the quartz tube. Therefore an
optical microscope was used for the measurement of the
optical reflection spectra. On the scale of the micro-
scope, the sample surfaces were flat and shiny, showing
sufficient optical qualities.

For characterization of the cosublimated samples, we
measured x-ray diffraction patterns. The x-ray data
confirmed that the obtained samples were polycrystalline
but in a single phase. A contamination of impurity
phases was several percent at most, which does not seri-
ously affect the quality of the optical reflection data. For
another characterization, Raman spectra of the pentago-
nal pinch A4,(2) mode were measured. Figure 1 shows
the Raman spectra around the A4,(2) mode for pristine
Ceo» K3Cqg, RbyCqy, and RbeCq,. In contrast to the x-
ray measurements, the Raman spectra probes the surface
on the scale of the penetration depth of light. According-
ly, the Raman measurement is an important characteriza-
tion of the samples for reflection measurements. The sin-
gle peak feature is further evidence for the absence of
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FIG. 1. Raman scattering spectra of Cgy, K;Csp, RbsCsg, and
RbCs. The Raman shifts of the 4,(2) mode are shown.
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phase separation on the surface of cosublimated samples.
The A4,(2) mode has been known as a useful probe for
the molecular valence of Cgy. Since this mode is known
to shift almost linearly with the alkali-metal concentra-
tion x (see Fig. 9), we can determine the x value from the
wave number of this mode. (The Raman shift of the
A,(2) mode in RbeC is slightly smaller than the report-
ed values.?*~2® The reason for the difference is not clear.)

Optical reflection measurements were made at room
temperature only for the samples which were confirmed
to be in a single phase by these characterizations. The
samples were sealed in a hand-made vacuum cell having
an appropriate optical window in order to prevent degra-
dation by air.

III. RESULTS

A. Electronic transitions

Figure 2 shows the reflection spectra of
Ceor K3Cgp, K4Cgp, and RbgCqy. The spectrum for Cgq
was taken for the (111) as-grown surface of single crys-
tals. The reflectivity in the mid-ir region is small for Cg,
and Rb¢Cy, indicating that these materials are insulators.
For K;Cg4, and KCq, the reflectivity at low energy is rel-
atively high, indicating that there exist excitations in the
lower energy region. The small structures in the ir region
in pristine Cg are attributed to the intramolecular
tangential vibration mode. One of the modes [T,(4)]
shows a drastic increase of intensity upon doping.

Figure 3 shows the optical conductivity spectra of
Ceo» K3Cq0, K4Cgpo and RbeCgq, derived by a Kramers-
Kronig transformation. In the undoped Cg,, the onset of
electronic transition is observed at 1.7-1.8 eV, consistent
with the reported values. In the doped materials, the
spectral weight is shifted to lower energy. The spectra
below 2 eV in doped Cg, are attributable to the contribu-
tion from the introduced electrons. According to molec-

Reflectivity

Photon Energy (eV)

FIG. 2. Reflectivity spectra of Cgy, K3;Cgy, K4Cq, and
RbCop.
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FIG. 3. Optical conductivity spectra of Cgy, K;Cgp K4Cs,
and Rb¢Cgp.

ular orbital calculations,?”?® the excitations below and
above 0.7 eV are ascribed to the inter- and intra-
molecular transitions, respectively.

The spectrum of K;Cy, is sharp, compared to the pre-
vious reports. Considering the similar spectral shape of
C¢o and K,;Cq,, our tentative interpretation is that each
peak is shifted to lower energy by about 1 eV in K;Cq,.
This trend is qualitatively, but not quantitatively, in ac-
cord with the electron energy loss spectra (EELS) by Soh-
men and Fink?® and theoretical calculation.’® In K,Cq, a
broadening of the spectra above 2 eV makes peak assign-
ment difficult. In RbsCg¢,, only a weak structure is ob-
served near 2.5 eV, where a strong peak was found both
in the absorption'’ and the EELS.? The reason for the
disagreement is not clear. The surface quality might
affect the reflection spectra in the high energy region.

Figure 4 shows the conductivity spectra in the lower
energy region. In the doped materials, a peak near 1 eV
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FIG. 4. Infrared conductivity spectra of Cgy, K3Csp, K4Coo,
and Rb&Cw
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is commonly observed. According to the calculation of
molecular orbital and band structure of Cg,, this peak is
assigned to the transition from the lowest unoccupied
molecular orbital (LUMO) (¢, ) to the next LUMO (z,, ).
In addition to the 1 eV transition, we observe a Drude-
like conductivity spectrum in K;Cgy,. Detailed features of
the spectrum are discussed later in comparison with the
spectra of Rb;Cq, and K,C,.

In contrast to the metallic features of K;Cg,, the con-
ductivity of K,Cg, at low energy decreases with the pho-
ton energy, indicating that K,Cg, is an insulator. The
lowest absorption peak is located at around 0.5 eV. This
behavior is not understood in the framework of the sim-
ple band picture, which predicts that the x =4 compound
is metallic since the triply degenerate ¢;, LUMO is still
partially filled. In fact, the band calculation’ shows that
the metallic state is maintained in K,Cq, although the
symmetry of the bct structure is low in comparison with
the fcc structure.

When we compare the present result with other experi-
mental results, on the other hands, we find fairly good
agreement. The uSR measurements found that both
K,Cy, and K(Cq, are insulators. It is interesting to point
out that the energy gap (~0.3 eV) of K,Cq, estimated
from the temperature dependence of the relaxation time
T, of uSR (Ref. 11) is close to the lowest peak energy in
the optical conductivity spectra. The T; of NMR
displays a non-Korringa-like behavior in Rb,Cgy, sup-
porting an insulating state of the x =4 phase.® A
Curie-like spin susceptibility!? and photoemission spec-
tra?>23 also confirm the insulating state of K ,Ceo.

In Rb¢Cy), the mid-ir region becomes silent again, be-
cause the #;, band is fully occupied by the electrons
transferred from the alkali metal. The lowest electronic
excitation is the ¢;, —1,, interband (intramolecular) tran-
sition. These features are in reasonable agreement with
the previous results.!’

Figure 5 shows the conductivity spectra of K;C¢, and
Rb;Cy. Drude-like excitation at low energy and the
lowest intraband transition around 1 eV are commonly
observed in both compounds, indicating that these com-
pounds have similar electronic structures. As shown
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FIG. 5. Infrared conductivity spectra of K;C¢, and Rb;Cg.
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above, the peak at 1 eV is the lowest intramolecular exci-
tation, and the excitation below 0.7 eV is ascribed to the
intermolecular transition.

Apparently, the spectral weight below 0.7 eV is smaller
in Rb;Cg4, than that in K;Cq. This trend qualitatively
agrees with the band picture, which predicts a smaller
bandwidth (larger effective mass) in Rb;Cg,. It is also ob-
vious that both spectra deviate from a simple Drude
model. As we showed in previous reports, a single Drude
excitation can roughly fit the mid-ir data,'® but not com-
pletely. Here we assume that the spectrum below 0.7 eV
is composed of a single Drude excitation and a Lorentz
oscillator centered at around 0.5 eV. In view of these
features we model the dielectric function with the follow-
ing expression:

fa 1—fq

- +
o(o+ivp)  o?—o’—ioy,

elw)=€, +wb{—

2
@
b (D
;" —iwy,

€, is the high frequency dielectric constant. The
second term is the mid-ir excitation, and the last term
corresponds to the 1 eV interband transition. The second
term is divided into Drude and Lorentz parts. Here, the
expression of the second term is exactly the same as that
used in Ref. 5, but the energy of the Lorentz part is
different. The third term is the lowest intramolecular ex-
citation (¢,, —t,,) at about 1 eV.

The best fit curves are shown in Fig. 6 for
K;Cgqp Rb3Cq, and K,Cg by thin solid lines. In the case
of K,Cg,, we assume that the Drude component is zero,
considering the insulating nature of this compound. A
fair agreement is obtained in the range of 0.08 <7iw =1
eV for these materials. The parameters used in the fit in
Fig. 6 are tabulated in Table I. To obtain a satisfactory
fit to the mid-ir spectra of K;C¢, and Rb;Cq;,, a Lorentz
oscillator centered at 0.4—0.5 eV was necessary. In other
words, the simple Drude model does not work in the
mid-ir region. Note that the energy of the Lorentz part is
similar to the gap in K,Cq,. This band is not ascribed to
an effect of contamination of the x =4 compounds, be-
cause the amount of impurity phases is estimated to be
negligibly small from the Raman and x-ray data. There-

800

TABLE 1. Parameters derived from the fit of the conductivi-
ty spectra in Fig. 6 using Eq. (1).

@p Yp fa (241 71 (27 2/} Y2
ev) (eV) eV) (V) (V) (eV) (eV)

KiCe 1.34 0.18 0.65 042 056 082 096 0.34
Rb,Ce, 1.14 030 0.61 048 062 060 091 0.31

K.Ceo 1.34 1 0.54 0.77 0.73 095 0.24

fore, we conclude that the mid-ir Lorentz part (absorp-
tion) in K;C¢, and Rb;Cg, is intrinsic.

The parameters for the Drude parts should be checked
by dc-resistivity measurement. According to the recent
experiment on crystalline films by Palstra et al.,’ the
room temperature conductivity is 800 and 360 S/cm for
K;Cg and Rb;Cq, respectively. The parameters in Table
I, on the other hand, give the dc conductivity of 870 and
355 S/cm, in good agreement with Palstra’s data. This
result supports the appropriateness of the fit in Fig. 6.

The plasma energy of the Drude term V/ f,wp in Eq.
(1) is estimated at 1.08 and 0.89 eV for K;Cg4, and Rb,Cy,
respectively. Erwin and Pickett® derived the plasma en-
ergy of 1.2 eV for K;C¢,. The ratio of the plasma energy
for K;C¢, and Rb;Cqj is 1.21. In the free electron model,
the plasma energy is proportional to V'n/m* (n is the
carrier density, and m* is the effective mass). Since 7 is
almost the same for the two compounds, it is concluded
that the effective mass ratio is 0.69. This value is in ac-
cord with the band calculation.’! [The plasma energy of
K ;Cq, obtained in the present work is considerably small-
er than the value (1.5 eV) determined by our previous pa-
per.!® This is because the mid-ir data were analyzed in
terms of a single Drude excitation in the previous work,
and the 0.5 eV Lorentz part was included in the plasma
energy.]

Degiorgi et al.’ measured the reflection spectra for sin-
gle crystals and polycrystals of K;C¢, and Rb;Cg,. They
estimated the wp value at 1.17 and 1.14 eV for K;C¢, and
Rb;Cq), respectively. These values correspond to
vV fyop in our analysis. While the agreement between
the present results and Ref. 5 is good in K;Cgy, it is not in
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FIG. 6. Conductivity  spectra  of
K;3Cqo, Rb3Cgo, and K,Cgo. The best fit curves
based on Eq. (1) are shown by thin solid lines.
Contributions from the Drude and two
Lorentz parts are shown by thin broken lines.
The parameters are summarized in Table. 1.
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Rb;C¢,. In Ref. 5 the plasma energies of K;C¢, and
Rb;Cq, are almost the same, in contrast to our results and
the band calculation. They also found a conductivity
peak at 0.05 eV, and showed that the mid-ir spectra
which we are discussing are the tail of a large Lorentzian
oscillator. The far-ir data by Degiorgi et al.> may sug-
gest some mechanism of renormalization of wp.

In this subsection, we showed the optical conductivity
of alkali-metal-doped C¢, compounds, and found an opti-
cal gap in K,Cq. We also showed that the conductivity
spectra of K;Cqy and Rb;Cq in the 0.08-0.7 eV region
are composed of Drude and mid-ir absorptions.

B. Phonons

Figure 7 shows conductivity spectra of the ir-active in-
tramolecular vibration modes for Cgy, K3Cqy, K;Cgp, and
Rb¢Cg,- The peaks at 1182 and 1428 cm ™! for Cg are as-
signed to the T,,(3) and T;,(4) modes, respectively.
These modes are tangential vibrations of Cg, skeletons.
A drastic increase in peak intensity and decrease in wave
number are observed in the T,,(4) mode. In contrast,
the T';,(3) mode does not show a remarkable change be-
tween Cg, and RbgCq,, although we did not observe any
well-defined peak of T';,(3) in the x =3 and x =4 phases.
These results indicate that T,(4), having more double-
bond-like character, has an extraordinarily strong cou-
pling constant with the electrons introduced in the #,,
conduction band.

In the spectrum of K,C¢, we see a clear splitting of 30
cm™ ! in the T,,(4) mode. The peak of the lower com-
ponent is at 1320 cm ™! lower than that for RbsCg,. This
is a strong indication that the lower component observed
in K,Cq, is not attributable to extrinsic effects such as
phase separation in the sample, but is intrinsic in origin.
The splitting was not found in the T',(2) mode. Similar
results were recently found by Pichler et al.?!

For more precise discussion, we made a spectral shape
analysis on the T;,(4) mode assuming a Lorentzian line
shape
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FIG. 7. Optical conductivity spectra of phonons for
C60: K3C60, K4C60, and Rb6C60-
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Here, the broad background electronic contribution
€,(w) is approximated by a smooth function in the vicini-
ty of the T,,(4) phonon. The third term was zero
(wy,=0) except for 4,Cq,. The best fit curves are shown
by thin lines in Fig. 8 for 4;C¢, and A4,Cy( 4 =K and
Rb), and the parameters are summarized in Table II.
From these data, we conclude that the phonon spectra do
not depend strongly on the alkali metal. A small
difference is seen in the width and intensity ratio of split
bands in x =4 compounds.

The wave numbers w,; and w,, of the T';,(4) mode are
plotted against the alkali-metal concentration x in the left
panel of Fig. 9. The x dependence of the Raman-active
A,(2) mode is also plotted for comparison. Although
both of these modes originate from the C=C stretching
motion, the symmetry is different. In sharp contrast to
the A4,(2) mode which shifts almost linearly against x,
the T,,(4) mode shows a strong downward bending.
This result suggests that there exists an anomalous
electron-molecular vibration (EMYV) coupling in this
mode. Another interesting feature is, as was pointed out
earlier, the splitting of 30 cm™! in both K,C¢, and
Rb,Cyp.

The right panel of Fig. 9 shows the x dependence of
the linewidths y,; and y,,. This parameter goes through
a maximum at x =4. We can attribute this broadening to
an intrinsic property. First, the reproducibility of the
peak width was good for both K,C¢, and Rb,Cg.
Second, the possibility of poor crystallinity is excluded,
since the x-ray diffraction peak width is as small as that
of x =3 and 6 compounds (only slightly larger than the
experimental resolution). This result indicates that there
exists an unknown mechanism which broadens the
T,,(4) mode except for a conduction-electron—phonon
interaction. The nonlinear shift in wave number and the
large width in A4,C¢, suggest that the Rice and Choi

Optical Conductivity (S/cm)
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FIG. 8. T,,(4) phonon spectra of K;C¢ and Rb;Cg, (left
panel) and K,Cg and RbCy, (right panel). The fitted curves
based on Eq. (2) are shown as thin solid lines. The spectrum of
K,Cq is shifted upwards. The parameters are summarized in
Table II.
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ing the splitting of the mode. In the left panel, the wave number
of the 4,(2) mode is plotted as triangles for reference.

theory>? should be improved for a full understanding.

As shown in Table II, the intensity of the T',(4) mode
is about 40 times larger than that of pristine Cg,. This
trend is consistent with the previous reports.'>!71%21
This phenomenon is explained by Rice and Choi,*? who
assumed that the oscillator strength is borrowed from the
intramolecular electron excitation (¢, —#,,).

1V. DISCUSSION

A. 4,Cq

In the previous section, we have shown the spectrum of
K,Cyo, in which the conductivity decreases with photon
energy below 0.4 eV, indicating that this compound is an
insulator. To explain the insulating state of A4,Cg,
several mechanisms have been proposed.

(1) There may be electron localization due to the
strong electron correlation.

(2) There is the possibility of charge density wave
(CDW) formation along the c axis of the bct structure.

(3) The orientational disorder may result in the locali-
zation of electrons.

TABLE II. Parameters obtained from the spectral analysis in

Fig. 8 using Eq. (2). All values are expressed in units of cm ™.

T,,(4) Dr1 Wiy Yu (% @ Ye2
Ceo 233 1428 5.7 0
K; Cq 85.7 1360 15.7 0
Rb;Cy 85.7 1360 15.7 0
K.4Cq 176 1351 30 118 1320 25
Rb,Cqo 160 1351 20 86 1322 18
RbsCyo 146 1340 7.95 0
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(4) Jahn-Teller distortion may cause the triply degen-
erate LUMO to split into two.

While the model (1) predicts a magnetic ground state,
the other three mechanisms result in nonmagnetic
ground states. Magnetic measurements are good tests for
these models. Electron spin resonance measurements
show that only a Curie-like spin susceptibility is observed
with a small spin density (on the order of 1/10 per Cq).!?
Other experiments such as NMR and uSR failed to find
any magnetic ordering above 4 K. Therefore, the ob-
served Curie-like susceptibility is possibly attributable to
localized spins due to the nonstoichiometry of alkali met-
als, indicating that the ground state of K,C¢, is a non-
magnetic insulator. Thus it seems unlikely that only the
strong correlation effect can explain the insulating state
of 4,Cg.

The model (2) predicts a period doubling along the ¢
axis,” which has never been observed.’> As to the model
(3), the structure of A4,C¢ is well explained by
merohedral disorder®® analogous to the model for 4;Cqgp,
in which the metallic state is maintained. Accordingly,
the orientational disorder cannot be a dominant mecha-
nism for the gap opening in A4 ,Cyg,.

These considerations exclude the models (2) and (3). In
this manner, there is no experimental evidence that posi-
tively supports any of the above models. But the splitting
of the T';,(4) mode that was shown in the previous sec-
tion may be a clue to resolve this puzzle. Now we discuss
the model (4).

In the Jahn-Teller model, the Cq, molecules undergo a
static distortion in the intercalated compound. The dis-
tortion occurs when the electronic energy gain by degen-
eracy lifting overcomes the energy loss due to molecular
deformation. In the case of 4,Cg, the ¢,, LUMO splits
into two and only the lower two levels are occupied by
four electrons. This makes 4,Cg4, a nonmagnetic insula-
tor. If C¢, molecules undergo a static Jahn-Teller distor-
tion in A4,Cg, the degeneracy of the T';, phonon is lifted.
The 30 cm™! splitting in the T,(4) mode observed in
A4C¢ (Figs. 7 and 8) might be evidence for the Jahn-
Teller distortion. The intensity ratio of the two split
peaks is expected to be 2:1, which is not far from the ob-
servation (Fig. 8 and Table II).

However, there is an alternative interpretation. The
crystal structure of 4,Cq is bect. In the tetragonal crys-
tal field, the T';, mode also splits. This type of splitting
was observed in the fivefold degenerate H, mode in the
Raman spectrum of bec RbgCyy.2® To identify the origin
of the phonon splitting, a quantitative argument is neces-
sary.

Among the four models presented for the insulating
state of 4,Cg, only the Jahn-Teller model (4) can explain
the phonon anomaly in 4,Cq,. However, this model is
not conclusive yet. We should explore more experimen-
tal evidence for explaining the gap opening in 4,Cq,. In
the real system, the electronic gap might open by a com-
bination of the above mechanisms. In fact, a recent
theory®* shows that the gap opens as a combined effect of
the electron correlation and Jahn-Teller-type electron-
phonon interaction. This theory predicts a static molecu-
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lar distortion which is detectable by a careful structural
study.

B. 4,Cq

The analysis of the spectra of 4;Cq, shows that the
spectral weight of the Drude part is only 60-65 % of the
total ir weight and that the remaining part is a contribu-
tion from a Lorentz oscillator peaking at 0.4-0.5 eV.
There are two possible interpretations for this mid-ir ab-
sorption in K;Cg, and Rb;Cyg,.

(1) One is the intra-¢ |, -band transition which is expect-
ed from band theory. According to the band calcula-
tions,?®¢ there are two peaks in the density of states
(DOS) of the t,, conduction bands with a separation of
0.2-0.3 eV. Since the Fermi energy is located between
these peaks, an intraband transition is expected to appear
in the mid-ir region. In real crystals, due to the orienta-
tional disorder of C4, molecules, the sharp peaks in the
DOS are smeared out.>> This is in accord with the struc-
tureless feature of the observed conductivity spectra
below 0.7 eV.

(2) The second interpretation of the 0.5 eV absorption
is a pseudogap or an incoherent band. We propose the
hypothesis that the origin of the gap in K,Cq, is related
to the pseudogap opening in A4 ;Cq,, because the gap en-
ergy in K,Cq, is close to the mid-ir absorption peak in
A;Cg. In the simple Drude model, the ir conductivity is
composed only of a Drude oscillator with the spectral
weight of w%/8. Due to an electron-phonon interaction
or some other mechanism, the Drude spectral weight is
reduced and the remaining weight is shifted to higher en-
ergy to form an incoherent band. If we assume that the
0.5 eV absorption is ascribed only to the pseudogap, the
Drude weight is f;~0.6 of the total ir spectral weight.
If we take the theoretical value of wp=1.2 eV, the
weight reduction is 0.8.

Since the Drude spectral weight is proportional to
n/m* in the free electron model, the weight reduction
corresponds to a decrease in n or an enhancement of m*.
To distinguish these two possibilities, the zero-frequency
response of free carriers is helpful. The experimentally
determined N (e), which is proportional to n!*m?*, is
large compared to the calculated values from band
theories by several authors.>* For instance, Ramirez
et al. reported that the magnetic susceptibility
X[ < N(ep)] is enhanced by a factor of 1.4-2.3 compared
to the band model.? Therefore the enhancement of m * is
a more reasonable interpretation. If this is the case, the
observed Drude weight reduction corresponds to mass
enhancement by a factor of 1.4-1.2.

We cannot conclude which is the dominant contribu-
tion to the 0.5 eV absorption band. The mass enhance-
ment by a factor of 1.4 by the mechanism (2) is the upper
limit. When the contribution (1) is taken into account,
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this factor is smaller. Accordingly, the mass enhance-
ment determined from the ir spectra is smaller than the
observed Y enhancement.>* Other mechanisms, such as
the Stoner enhancement,’ are necessary for a quantitative
understanding of the large Pauli susceptibility.

Up to now, no direct evidence has been found for the
Jahn-Teller effect in 4;C¢,. This is consistent with the
above considerations, because the deviation from the
band picture is not so significant and therefore the molec-
ular distortion in A4;Cg, is expected to be small. Even if
the Jahn-Teller effect exists, it might be dynamical rather
than static. This makes the experimental observation
more difficult. However, it is to be noted that a pseudo-
gaplike feature was observed also in the photoemission
spectra of A3C¢.2% These authors observed a sharp
Fermi edge accompanied by a broad band. They present-
ed different interpretations for the broad band; an in-
coherent band?? and a plasmon satellite.*

V. SUMMARY

Optical spectra for 4;C4, and 4,Cq, (4 =K and Rb)
are presented in comparison with those of Cg and
RbgCg. Discussion was focused on the mid-ir excitation
in A;C¢ and 4,Cq. We found an insulating conductivi-
ty spectra in K,Cq, with a lowest peak of 0.4-0.5 eV.
The mid-ir conductivity in K3;C4 and Rb;Cq, is com-
posed of a Drude part and a mid-ir absorption. Since the
energy of the latter oscillator is close to that in K,Cg,, we
proposed a hypothesis that the origins of the gap in
K ,C¢p and pseudogap in K;Cg, are similar to each other.
The Drude spectral weight is slightly reduced (by a factor
of 0.6-0.8 at most), and is shifted to the higher energy
peak centered at 0.4—0.5 eV. The observed reduction of
w} corresponds to the lower limit of the enhancement of
N(ef) found by Ramirez et al.

The infrared-active T';,(4) phonon was found to show
an anomalous dependence on the alkali-metal concentra-
tion x, a fairly large splitting (30 cm™') in K,C¢ and
Rb,C¢,. We proposed that this splitting is due to the
Jahn-Teller distortion of C¢y molecules which also results
in the breakdown of the band picture in 4 ,Cq,.
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