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Landau damping and lifting of vibrational degeneracy in metallic potassium fulleride
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Raman spectra are presented for single crystal metallic potassium fulleride at low temperatures. As com-
pared to the undoped material dramatic changes in line posit\an=80 cm ') and linewidth (=60
cm™ 1), particularly for the two highest and the two lowesy modes, were observed. The lowest frequency
Hy modes were found to be asymmetric but structured and could be fitted with five components which exhibit
a line shift-linewidth relation. The experimental results are discussed in a model of single-particle excitation
(Landau damping Electron-phonon coupling constants were determined for all eightl; modes using
Allen’s formula. The total for all\; was found to be 0.9 for a density of states at the Fermi level of 12
eVl

I. INTRODUCTION metric A; modes and to the fivefold degener&tg modes.
The coupling to the former is expected to be weak because of

One of the many exciting properties of fullerene materialsan efficient screening effett. The coupling to the latter is
is the possibility to obtain a metallic state after doping withexpected to be quite strong since it allows a Jahn-Teller
strong electron donors like alkali or earth alkali metdls mechanism. For the low frequengy, modes linewidths up
with typical Fermi wave vectorkge of the order of 16  to 35 cmi! have been reported from the inelastic neutron
cm™ 1, corresponding to free carrier densities betweefi 10 experiments and up to 25 crhfrom Raman experiments but
and 16 cm™3. Some of these metals become superconductthe spectra were of low resolution, in particular in the case of
ors with transition temperatures as high as 33%at present  neutron scattering where the limit in energy resolution is of
most of the experimental results indicate that the mechanisrthe order of 5%. High frequendyly modes could be identi-
for reaching the superconducting state is pairing mediated bfjed neither by neutron nor by Raman scattering because of
phonons with weak or intermediate coupliy. the low neutron flux at high energies in the former and be-

The questions to be discussed in this paper extend, howsause of the low scattering cross section combined with a
ever, beyond the problems related to superconductivity. Theyery large bandwidth at least as evaluated from local density
are rather concerned with the general single-particle excitaapproximation(LDA) and frozen phonon calculatiofis” in
tion and its coupling to vibrational modes as visualized fromthe latter case. Indirect evidence for the very large linewidths
an electron-phonon interaction induced line shift and lineand very strong electron-phonon coupling induced shifts was
broadening. Such changes of the self energy of phonons ambtained from vibrational structure in IR spectfd?
an important problem in solid systems with free carriers. Asymmetric line shapes have been reported for the low
They have been reported to some extent for heavily dopettequencyH, modes from light scattering experiments and
semiconductors like Si or G&® but are rather small, of the were suggested to originate from a Fano interference effect
order of a few wave numbers, in these cases. Also, in thbetween scattering from the discrete phonon and a con-
case of the classical semiconductors the change in phondimuum of electronic transitions coupled by an electron-
self energy is very often explained by a strain induced shiftphonon interactioR’~?? However, since these experiments
ing of band minima and consequent repopulation rather thawere performed on polycrystalline material with rather broad
by a decay of the phonon into an electron hole pair. Fredines it could not be excluded that the asymmetry resulted
carrier induced changes of the self energy has been observéidm an unresolved superposition of several split compo-
to an even lesser extent in metallic systems. The best knowments.
example is a line broadening observed by neutron scattering Under the described circumstances it was highly desirable
in Nb;Sn in the normal state as compared to the linewidth into obtain high resolution and high intensity Raman spectra
the superconducting stat&Such indirect evidence for a con- from single-crystal KCqo. We present a detailed study of
tribution of free carriers to the self energy was also found insuch spectra as excited with two different laser lines at low
oxidic superconductord:** Most recently an explicit line temperatures. Several dramatic results were obtained, par-
broadening and line shift was reported from a comparisorticularly for theHy modes.
between undoped L&aQ, and the corresponding Sr doped (1) The Raman response for a; and all H; modes
compound-? could be observed which allowed us to evaluate the electron-

Several attempts have been made to determine the cophonon coupling constants for all directly coupling modes.
pling constants between electrons and phonons in metallic (2) The observed linewidths and line shifts are indeed
fullerides from an analysis of the linewidths in vibronic spec-much larger as compared to results reported so far for some
tra excited either by lighf (Raman scatteripgor by  of the modes. They reach values beyond 60 trand 80
neutrons:* From thet;, symmetry of the electrons in the cm™?, respectively.
conduction band a coupling is only possible to the total sym- (3) The low frequencyHy, modes lose all degeneracy and
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1400 1450 » 1500 FIG. 2. Raman spectra from 100 to 1700 ¢chrfor the K;Cq
Raman shift [ecm ] phase at room temperatu(@ and at 80 K(b), and(c) as excited
with 514.5 nm. Spectrdb) and (c) originate from two different
FIG. 1. A4(2) pinch mode of the KCq phase as excited with a crystals.

laser at 514 nm at room temperature and at 754 nm at 80 K, respec-

tively. The dashed line indicates the response of an undoped crystaipectral resolution of 3 ciit. Decomposition of the spectra
into individual lines was performed with a peak-fit routine

split into five components, each of which couples differentlyafter a careful subtraction of the background originating

to the electrons. Linewidth and lineshift for the componentsfrom the laser.

of each mode are clearly related. The increase in line width

by the doping process is up to a factor of 60. . RESULTS

(4) Raman intensities are reversed for red and green laser _. .
excitation. Strong coupling components are enhanced in the, Fi9ure 2 shows Raman spectra for the single-phase crystal

red and weak in the green and vice versa for the weak coll K3Ceo @s excited with the green laser at room temperature
pling components. (RT) and at 80 K in the full frequency range of the first order

As reviewed above the shift and broadening of vibrationafnternal vibrational modes. For the room temperature spectra
lines due to a coupling to free carriers is of great interest if’€ dominance of the line for the pinch mode, the lack of
various fields of solid state physics. The extremely strongpizable contributions from the high frequeridy modes, and

effect as described here for the fullerene metaCl is, € two low frequency features from tig(1) and from the
however, exceptional and so far unique. H4(1) mode are as known from previous experiments. There

is a dramatic change in the spectra if excited at low tempera-
ture. The two spectré) and(c) are shown in the figure to
demonstrate the amount of reproducibility of the scattering
Single crystals were grown from highly purifiedsgby  response. Several characteristic features are remarkable in
the sublimation techniqué. Doping was performed in a the low temperature spectra. There exists a considerable os-
stream of hot potassium vapan, situ in front of the Raman cillator strength on either side of the pinch mode which can
spectrometer. Two electrical contacts were applied to contrdbe assigned to contributions from the high frequerty
the doping process situ by measuring the overall resistance modes 8 and 7. At lower wave numbers two strong and
between the contacts. During the whole experiment theartly split features appear around 1220 ¢mand 1100
vacuum was kept to a level of better than fQPa. cm~ ! which may be assigned to thé¢, modes 6 and 5.
The single-phase condition was checked by finally cool-Then, a bunch of lines appears around 700 twhich are
ing the sample to liquid nitrogen temperature and measuringikely to be assigned to thiely modes 4 and 3 and the sharp
the Raman response for the pinch mode which appears aeak at 500 cm! is the well knownA,(1) mode. The two
1450 cm' ! for K4Cq. Since this mode is known to be very features at and below 400 crhdeserve particular attention.
sensitive to the charge on thgd3@noleculé! its observation They are characterized by a strong peak at the high fre-
and analysis can be used to check on impurity phases. Figurpiency edge and a long tailing structure towards lower fre-
1 shows the Raman response in the spectral range of tlgpencies. More details about these structures can be seen in
pinch mode for excitation with a green laser and with a muchthe spectra excited with the red laser as discussed below.
deeper penetrating red laser. The dashed line marks the po- The low noise of the spectra allowed a detailed analysis of
sition where the line for the undoped material is expectedthe various spectral ranges. Figur@3gives a detailed pre-
From the lack of any signal at this position a phase purity ofsentation of the 1400 cnt spectral range as a whole
about 95%(resolution of the experimenat least to the pen- whereas partb) of the figure is the rest of the response after
etration depth of the lasers is proved. subtraction of a Voigtian profile for the contribution of the
Raman spectra were excited with an argon laser at 514.pinch mode. The full drawn lines ifb) are fits with Voigtian
nm and with a TiSa laser at 754 nm with 60 W/cand 90  profiles. The broad components to the left and to the right of
Wi/cn?, respectively. The scattered light was analyzed andhe central dip are considered to represent the response from
detected with a Diloxy multichannel spectrometer using a the modesH (7) andH y(8).

II. EXPERIMENT
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FIG. 3. Raman response of the pinch mode from single-crystal Raman shift [cm_1]
K3Cgp as excited at 80 K with 514.5 nf@) and 10 times magnified
signal after subtraction of the central pinch mode contributmn FIG. 5. Raman spectra of théy(2) mode at 80 K as excited
Full drawn lines are oscillator fits. with a green laseta) and with a red lasefb). The full drawn lines

are computer fits which add up to the line on top of the experimen-
The next interesting part of the overall spectrum is thetal results.

spectral range of the modes 3 and 4. It is shown in an en-

larged presentation in Fig. 4 in comparison to previous regssed below. The second column in the table gives center of

sults from polycrystalline materi_al at room temperature. Th ravity frequency for the two modes in the undoped crystal,
low temperature spectrum consists of a large number of line Iso measured at low temperatures

vr;/]rgggsare obviously splited components of the tid At a first glance the spectra excited with the red laser

The two lowest frequenciy modes are of particular in- [par_ts ) _in Figs. 5 and § look very different from those
terest. They are shown in Figs. 5 and 6 as excited with e>§C|t_ed with the green Iaser._A detall_e_d Inspection shows that
green and a red laser. As can be seen in particular from th Is is not so. The Ra_ma_n line positions and linewidths are
excitation with the green laser both lines again consist of &€ Same for both excitations as can be seen from the values
set of components with the striking character of a continu/N Parentheses in Table I. The rather good agreement be-
ously increasing linewidth with increasing downshift of line fWeen the line parameters as obtained for the two lasers is
position. The quantitative results from the line-fit procedure€vident. Only the relative intensities for the individual com
completely confirmed the first impression and are summa-
rized in Table I. The table also includes similar results for the
excitation with the red lasdiin parenthesgsas will be dis-
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FIG. 4. Raman response in the spectral range oHjienodes 3
and 4 from a polycrystalline material RBg, at room temperature FIG. 6. Raman spectra of théy(1) mode at 80 K as excited
(after Ref. 2] (a) in comparison to the present results from a singlewith a green laseta) and with a red lasefb). The full drawn lines
crystal at 80 K(b). have the same meaning as in Fig. 5.
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TABLE I. Positions and linewidths foH, modes in KCs, as related to ¢. Positions and widths are as
measured with 514.5 nm and 754 r{im parenthesg@sexcitation.

Mode Go K3Ceo
80 K 0} 0} v
(em™1) (em™1) (cm™1)
Hg(1) 275 (275 5 3
270 (270 8 (4)
270 262 (263 10 (4)
244 (242 27 (25)
215 (214 54 (63
H g(2) 425 427 8 (10
414 (414 9 (8)
432 404 (405 14 (10
386 (386 18 (20
346 (335 60 (55

ponents are reversed. What is strong for the green laser egoncerning the ratio between bandwidthand phonon fre-
citation is weak for the red laser excitation. quencyw is not very well satisfied. However, it was shown
recently by Rice and da Costa that for high enough disorder,
weak coupling, and a constant density of states the relation
should hold as long as9w=<W/2.28 In this case the total
A rather strong shift of vibrational modes as a conse-coupling which enters, e.g., the BCS relations or the Mac-
guence of charge transfer is not unusual in molecular organidlillan relation is given by the sum of the coupling constants
material. Such shifts have been observed in the tetrathiofufor the individual modes. Thus the results given below
valene (TTF) salts to reach values up to 100 cmper should be valid to the extent thatw/W=< 0.15 is< 1.
charge?* These shifts are, however, not accompanied by a According to the arguments given above Allen’s formula
line broadening and can therefore not be correlated to frewill be used in the following to derive the coupling constants
carrier effects. In contrast, for the case reported here a cledor the eightH, modes. For the evaluation frequencies for
relation between line shift and line broadening is found as ithe undoped system were used as the bare frequencies. This
required for an interaction with free carriers. may not be a good approach for the weakly shifted modes
A problem for the decay of the phonons into an electronbut reasonable for shifts as high as several tens oflcm
hole pair may arise from the rather large mass of the carrierSince the coupling constants obtained for the weakly shifted
in K3Cgg, Which is expected to be several times the freemodes do not contribute significantly to the overall coupling
carrier mass. Considering the smalvector of the phonons the approach seems well justified.
involved in the light scattering process momentum conserva- Particular attention has to be paid to the two low fre-
tion conditions for the decay of a phonon into an electronquencyHy modes. This part of the spectrum will be consid-
hole pair may not be fulfilled for a perfectly ordered lattice. ered under the assumption that the fivefold degeneracy of the
However, the intrinsic merohedral disorder in the systemsnodes is lifted and each component couples with a different
studied here may help to overcome this problem as was restrength to the, carriers. The splitting of the modes can be
cently discussed by Scher etal?® Accordingly, the understood from the merohedral disorder well known for the
electron-phonon interaction may well be considered in oukK, Rb, and Cs derived metallic fulleridé$This disorder is
case as the reason for the broadening and for the shift of thef low enough symmetry to allow only one dimensional rep-
lines and electron-phonon coupling constants may be deesentations for all modes. Experimental evidence for the
duced. splitting can be deduced from the line shape pattern in the
For the description of the relation between phonon line{frequency range of thel; modes 3 and 4.
width and electron-phonon coupling constants for a single- Alternative explanations for the splitting are based on a
particle excitation Allen’s formula may be used in the f6fm Jahn-Teller type interaction. It was shown recently that this
interaction can give rise to a new vibrational system with a
rather large number of components, even more thanfive.
7’i=a_N(o))‘ “’bl 1) Also, a contribution to the splitting from an internal strain
between the doped part of the crystal and the undoped part of
where for each of the modeg is the full width at half the crystal cannot be excluded even though in this case a
maximum(FWHM) of the line,N(0) the density of states at more continuous effect like a general line broadening would
the Fermi level per spin and molecule, andand g; the  be expected.
dimensionless electron-phonon coupling constants and the Since the electron-phonon coupling constants are very
mode degeneracy, respectively,; is the bare phonon fre- sensitive to even small changes in the normal coordinates, as
qguency which means the frequency before any coupling tevas shown recently from an explicit calculation by Gunnars-
the electrons. The applicability of Allen’s formula to metallic son et al,! different coupling constants for the different
Ceo Was questioned several times, since Migdal's theorentomponents of the modes are not unreasonable. Further evi-

IV. DISCUSSION
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70 : : . (Table | are plotted in Fig. 7. Again, the result obtained for
50 the undoped crystal is used as the bare phonon frequency. In
agreement with Eq(2) the relations betweeAw and y are
< 50 linear and thus support our model. The slope of the lines
€ 40 should yieldN(0). Thevalues obtained are 8 €V and 16
= eV 1 for the twoH, modes, respectively. Even though these
~ 30 two values are quite different, both of them are within the
20 range of reported values fdd(0). The discrepancy may
10 arise from the fact that we could not use the real bare phonon
frequencies for the evaluation. Geometry effects may also
0_60 _40 —-20 o' contribute to the shift and may be different for the two
Ao [cm—1] modes, thus giving a straightforward explanation for the dis-
agreement. For the evaluation of the coupling constants as
70 discussed below a value of 12 eV¥is used forN(0) in
60 agreement with the most often reported results in the litera-
ture. Since we are finally only interested in the overall cou-
— 50 pling constants for each mode and for all modes together the
T 40 averaged linewidths for the split modes were evaluated and
E. 30 compiled in Table I, together with the frequencies for the
~ pristine crystal.
20 The procedure for the evaluation of the linewidths was
10 similar but more straightforward for the othidy modes. For
o split modes a weighted average was used if not all five com-

ponents could be determined explicitly. This is not a serious
problem since the narrow lines observed for the modes
Hg4(3) to Hy(6), where not all the components could be de-
termined, hardly contribute to the coupling. Similarly, split-
ting for the modes in the undoped crystal is neglected and an
average value for these frequencies was assumed. The values
for A; have been evaluated using Efj). Results are shown

in column 4 in Table 1.

dence for this interpretation comes from the relation between R€cently coupling constants for tié, modes have been
the observed linewidths and line shifts. In the framework ofdetérmined from photoemission  experiments on singly

Allen’s theory there should be a linear relation of the form charged molecules in the gas phé’s%lso, coupling con-
stants were reported by Varmet al™® and by Schliter

et all’ from theoretical models. Sets of these results ob-
tained for theHy modes are included in Table II. The total
coupling constant as it is, e.g., responsible for superconduc-
between the two quantities whetew is the difference be- tivity is given by the sum of the individual coupling con-
tween the bare phonon frequency and the observed frestants and shown in the last line of the table. According to
guency. The experimental values as determined for the rethis the results from the photoemission spectrosc@®iy9

and for the green laser excitation for the twdy modes experiment appear too large which may be either due to the

-120 -80 —-40 0
-1
Aw f[em ]

FIG. 7. Plot of linewidthy versus observed frequency shift
Aw for the individual components of the modey(1) (a) and
Hy(2) (b). Open circles and full squares are for excitation with the
green and the red laser, respectively.

w
y=—5NO)wpdo @

TABLE II. Positions, linewidths, and electron-phonon coupling constants normalized to the density of
states at the Fermi level for the eight fivefold degenerfjenodes. The values foy are for excitation with
514.5 nm. The columns PES, Varma, and Sthluefer to experimental results obtained from photoemission
(Ref. 31 and to calculations from Varmet al. (Ref. 16 and Schiter et al. (Ref. 17.

Mode ) y NN(Eg)
(cm™h (em™ b Raman PES Varma Schiar
Hg(l) 270 20 0.048 0.019 0.003 0.008
Hg(2) 432 21 0.020 0.040 0.001 0.007
Hg(3) 709 8 0.002 0.013 0.001 0.004
Hg(4) 773 10 0.003 0.018 0.000 0.007
Hg(®) 1100 11 0.001 0.012 0.006 0.001
Hgy(6) 1248 10 0.001 0.005 0.000 0.003
Hg(?) 1425 46 0.004 0.017 0.034 0.013
Hy(8) 1572 42 0.003 0.023 0.011 0.009
> 0.081 0.147 0.056 0.052
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fact that in these experiments in effect the uncharged moleess. The result suggests that the high transition temperature
ecule instead of the triply chared molecule was investigatedan be obtained for characteristic electron energies of the
or, even more likely, due to the fact that a smaller value fororder of 2 eV which is beyond the width of the, band.

N(0) of only 7 eV'! was used? Normalizing all results Thus, scattering across the whole valence band is required as
from the last line in Table Il to the same density of states ofwas discussed in Ref. 26.

12 eV ! and considering a contribution of the spectral reso- The values obtained foe*, X, and wjeg allow us also to
lution of 3 cmi ! to the experimentally determined linewidths calculate the isotope effect as a logarithmic derivative of
in the case of Raman scattering yields for the total couplingl'; from Eq. (3):

constants the values 0.075, 0.086, 0.047, and 0.061 for the

four examples given in the table, respectively. Now, both ~ dInT, 1 . Wjog 2(1+0.620)
experiments appear in rather good agreement and give *~ " 5 inm 2|~ In 1.XgT, 1N
slightly higher values foik than the calculations. (4)

Looking at the contributions of the individual modes to ) ) . )
the total coupling a remarkable discrepancy remains betwedfserting the obtained values yields = 0.36 in excellent
experimental and calculated results. Whereas from the R@greement with the directly obtained result of 0.37 from ex-
man experiments the strongest contrubution comes from theeriments with isotope substitutedC’
two lowestHy, modes and the two highebt; modes con-
tribute only moderately, the calculations reveal the strongest V. CONCLUSION
contributions from the two highest modes and only a small _ . .
contribution (Varma et al) and a moderate contribution Experimental r_esults from Raman scattering on single-
(Schiiter et al) from the low frequency modes. The PES cryst_al KsCeo Obtained at low temperatures were used to de-
experiments distribute the contributions about equally to thd€mine the response of all eight Raman actiyg modes.

two highest and to the two lowest frequencies. This discrep:rhe spectra revealed a strong broadening and a characteristic

ancy between experiment and calculation seems to remafPWnshift of the modes, particularly for the two lowest fre-
unsolved so far. There is, however, agreement between tfi#ency and for the two highest frequency vibrations. The

two different experiments and the calculations that the interiofmer are split into five components with a characteristic
mediateH, modes do not contribute essentially to the cou-relation between line shift and linewidth in agreement with
pling. g an origin for the change of the phonon self energy by an

From the observed frequencies and the evaluated Coup”ngecgon-phlonqn intcferﬁction process. | h is of

constants the logarithmically averaged phonon frequency |N€ evaluation of the experimental data on the basis of a
was determined asq,=390 e L. With this value and the decay of the phonons into an electro_n-hole pair revealed the
rather strong overall coupling obtained from the Raman re_electron-phonon coupling constants in the framework of the

sults the transition temperature to superconductivity of 18 K’appllcablhty .Of Allen’s theory fpr this interaction. The ob-
can be evaluated from the McMillan relation tained coupling constants are in good agreement with recent

results from photoemission experiments on singly charged
@iog L{ 1.041+\) molecules but slightly higher than calculated values.

1k TH T N = —0.620°n @

for the screened and retarded Coulomb repulsion

w*=0.18= u/l+ u In(we/wog). This is not an unusual value Valuable discussions with O. Gunnarsson, M. Cardona,
for u*. w is the unretarded but screened Coulomb interacand E. Tosatti are gratefully acknowledged. We also thank
tion which has the approximate value of 0.5 for a simplethe Hoechst AG for supporting us withggand M. Haluska
jellium model® w, is a characteristic electron energy which for growing the crystals. Work supported by the FFWF in
covers the scattering range for the Coulomb interaction proAustria, Project No. P09741.
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