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Li-Cgo compounds LiCgo were studied for average Li concentratios 1 using photoelectron spectroscopy.
Strong evidence is found for the formation of lg§@limers, as well as a second phase. The study suggests that
the smallest alkali-metal Li bonds to;gargely ionically for certain configurations. An investigation of the Li
1s level shows that under certain conditions the energetics favor a backdonation of the transferred electron to
the Li ion.

It is now well established that alkali metals angh€an be  for low dopant concentrations using photoelectron spectros-
combined in a range of concentrations to form variouscopy (PES, and find for LiG, strong evidence that a dimer
phases with interesting properties. For exampaCso, phase and a second phase are formed at room temperature.
whereA is K, Rb, or Cs, is an ionically bonded supercon- Simple estimates of the relevant energetics show that com-
ductor, wherea#\,Cqq and AgCqq are insulating phases, the plete charge transfer from Li toggis allowed at very low Li
former due to strong electron-electron correlations, &Gg,  concentrations, as it is for the heavier alkali metals. The level
are polymers in the ground state. The casé&@f, is some- of covalent interaction is more difficult to ascertain for the
what complex, in that a metastable dimer phase and highground state, as in, e.g., the case ofC,'? but Li 1s
temperature-stable rocksalt phase can also be obtained, sigectra suggest a strong L$2C 2p overlap. Our results can
well as the fact that the transport properties of these phasd® taken as a confirmation that the level of charge transfer to
vary somewhat depending on the size of the alkali-metaCq is determined by a subtle balance of screening, Made-
atom? The significantly smaller Li and Na are interesting for lung, and covalent bonding energies for the smallest alkali-
their deviations compared to the heavier alkali metals, e.gmetal Li.

the ability to form compoundsA,Cqy with Xx>6 The experiments were carried out at Beamline 22 at
(NayoCao, Li1,Cs0),> " and the lack of an ordered=3 phase MAX-Lab.'®* A thick Cg film was evaporated onto a
when intercalating solid &.° Cu(111) surface for each measurement, with the film thick-

Focusing on the superconducting phases, it has been esess determined by the requirement that the spectra did not
tablished that a charge of close t63e per fulleride is re- contain any contribution from the substrate. Li was evapo-
quired to obtain superconductivity® Na induces a polymer rated onto such films from a well-outgassed SAES getter
structure in NaRbGCs, and the superconducting critical tem- source. Evaporation times varied from 25 to 120 s, and an-
perature T,) is reduced for this compound., is also low nealing a representative sample at 100 C for 3 min was found
for Na,KCqo compared to a general scheme obeyed\pgs, ot to change the LUMO-derived portion of the spectra. The
compounds containing only heavier alkali metals, in whichO 1s region was checked to exclude contamination of the
T, varies with lattice constant in a simple manféiSuper- sample. The base pressure in the sample preparation chamber
conductivity has not been detected in Li-containingwas <2x10"'° Torr, and in the measurement chamber
Li,RbCyso and LLCsGso.° It has recently been shown that <7X 10" Torr. Valence PES was recorded at a photon
higher concentrations of Li in the latter material energy of 80 eV with a total resolution of0.1 eV. The
(LizCsGyp, Li,CsGy) lead to measurable superconductivity. Spectra are given on an absolute binding engigyization
This is ascribed to a nontotal charge transfer from Li topotential(IP)] scale, determined with reference to the spec-
fullerene, so that a charge donation -eBBe per G is still trum low-energy cutoff in the standard manner, with special
required for superconductivity to be supporfeNa, on the precautions due to the nominally insulating character of the
other hand, does donate very close to one electron per alkaleo films.** The IP of pristine solid €, agreed within 20
metal atom for concentrations< 6.3 The completely excep- MeV with the previously reported valdé.
tional behavior for Li surmised from the observations above In Fig. 1 two valence spectra of samples containing dif-
has been attributed to Lis2C 2p hybridization!! ferent amounts of Li in the low Li concentration region are

The previous discussion suggests thgf €lts containing  displayed. The lower spectrum is at the lowest Li concentra-
Li [as already shown for Né&Ref. 5] may be expected to tion studied. The ratio of the Li-induced peak area to the
exhibit novel structures/properties far<6, in addition to HOMO (at an IP of 7.1 eYis consistent with an average
those discovered at high concentratiéns.To investigate concentratiorx in the vicinity of 1 and lower? It is clear
this idea, we have studied the interaction of Li and solig C that for Li,~,Cgy two peaks appear in the fundamental gap,
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FIG. 1. Valence spectra for the indicated samples; the Li con- FIG. 2. Density-of-state€DOS) and IP’s for the indicated &
Eentration increases towards the top of the figure. The spectra f%[nd Lii systems. The curves for pristine soligy@omprise PE spec-
x<1 represent mixtures of phases, as described in the text. Thea for the occupied and inverse PE spectra for the unoccupied part
spectrometeE is indicated by a vertical mark for each spectrum. of the DOS taken from Ref. 22 and calibrated as in Refs. 14 and 23.

The gas phase results have also been published previgRsfs.
located at about 0.4 and 1.2 eV beldy of the PES spec- 24 and 25. 5IP is the polarization-induced reduction of the IP. The
trometer. Also clear is that the HOMO and other bandsjght gray curves show the Madelung-stabilized LUMO’s for gas
broaden as a result of Li intercalation. We are able to crudelynd solid phase &, and the light gray marks the polarization

model the spectra as composed of subspectra from thregodified Li IP’s. See the text for more details.
phases—two separate LggEphases(see discussion belgw

and pristine G,. For this reason we have chosen to distin- o) forx =1, at least in the surface region of the sample to
guish between average compositior) @nd formula compo-  which PES is sensitive.

sition (x), the latter being the default. To better assess this issue, we evaluate the energetics of
The double structure fox~1 has been observed for all charge transfer for Lig, in terms of a Born-Haber cycfé.
other alkali-metal fullerides at room temperatite!® For  Starting with the LiG, complex in the gas phase, charge
RbG,, Poirier et all® were able to isolate the two features transfer entails first the cost of ionization of atomic[Bi4
using temperature protocols modeled after x-ray-diffractioreV (Ref. 2%], at which we place the “unscreened” Lis2
results?® and showed that they correspond to differentlevel shown in Fig. 2. However, this cost is reduced by po-
phases, namely the metastable dimer ptaggher binding larization of G by the resulting Li ion, which is estimat&t
energy and stable orthorhombic phaglewer binding en- to be §IP;~1 eV. Upon transferring the electron to;{C
ergy). Two-phase assignments were also made for PES speone expects stabilization corresponding to thg €ectron
tra of Na, K, and Cs fullerides, where it was found thataffinity (EA) of?*? 2.8 eV, plus the Coulomk*“Made-
samples prepared by evaporation at room temperature shawng”) energy,M, of isolated LiG, of about 2.6 eV, which
two characteristic LUMO-derived structures for=1, with ~ in @ one-electron picture shifts the now partially occupied
the high-binding-energyinsulating component assigned to LUMO as shown in Fig. 2. Thus the overall energy balance
dimeric'® or polymeri¢® ACq,. The assignment of the low- gives AE=IP—§IP-EA—M~—1 eV. From those num-
binding-energy component has also variéd?® but there is  bers it is clear that polarization plays a crucial role in the
significant evidence that it isot due to a polymer phase— stabilization of the charge-transfer complex.
the oxygen sensitivity for Kg, is strong, as opposed to the ~ The picture is not changed qualitatively when considering
dimeric phasé? and the reversible temperature variation of Li-intercalated solid . In the first approximation of a
the relative population of the two phaseleszQO sug- single Liion inside a & crystal, we estimate as follows: the
gests that the low-temperature peak might be due to a phaé,é atom is placed in a tetrahedral site within the fcc lattice,
with a rocksalt structur&® The dimeric structure was ob- Which has been shown to be the preferred site for Na at low
served in the first stud? of LiyCgs, Whereas the low- concentrations. The distance to the four nearesgyGnol-
binding-energy component was not, which could be due t@cules is thus/3/4 times the lattice constaft4.17 A (Ref.
oxygen contamination as suggestefbr the Na data in the 29)]. SIP is then 0.9 eV per & molecule, i.e., 3.6 eV total.
same study. The characteristic dimer-induced PES structur® more realistic calculation should give a somewhat higher
observed here and common to all other alkali metals stronglgontribution3° if our assumptions about the geometry are
suggests that Li bonds very similarly to any larger alkaliadequate. The EA of solidggis 3.5 eV (Refs. 14 and 23
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e (NESEEEE— the EA slightly via the Madelung term. Additionally, quan-
Li1s tum chemical calculations of the structure of LigGcom-
plexes indicate gz LUMO character for the orbital contain-
ing the least-bound electron in the Lggnolecular complex,
as well as others with higher Li conteft.

Examination of the Li % level further clarifies the ener-
getics(Fig. 3). The binding energy is about 9 eV too low to
correspond to a polarization-screened doubly ionized Li
atom in a Gy matrix. Much better agreement is achieved if
one assumes the Li atom to be singly ionized as shown by
the following analysis: The binding energy of the électron
in atomic Li is about 64.5 eV for the Litriplet final state
3337 polarization reduces this value ByP=3.6 eV for the

FIG. 3. Li 1s spectrum corresponding to the lower spectrum intetrahedral andlP=3 eV for the octrahedral sites to yield
Fig. 2. The binding energy is close to the one fodRef. 37 for  Ef '°=60.9 eV and 61.5 eV, respectively. This is in rela-
the 1s level in atomic Li minus a polarization-screening term, astively good agreement with the experimental value of 61.8
described in the text. eV and suggests a backtransfer of an electron into thesLi 2
) level upon Xk ionization. The fast transfer process implied b
and the Madelung energy 2.3 eV for this sfteThus the o phgtoemission measurement points a?t alarge oserlap)k/)e—
equation corresponding to total charge transfedB=IP  yeen the Li 2 and the G, LUMO-derived orbitals in the
—6IP-EA-M~—4 eV. For higher concentrations one g.,,nq state. This confirms the observation from transport
would expect a decreased contribution due to polarization Ofyeasurements that Li exhibits unique charge-transfer charac-
the one hand, with an increase of the Madelung contributione istics, with a greater propensity toward forming covalent
on the other. The cohesive energy of Li of abiéuit.6 eV/ bonds, and suggests that even for &j@he system is not far

atom is small enough to permit Li bonding ted&ccording  m the borderline between the charge-transfer and covalent
to this scenario as well, at least for low concentrations. Thu%onding regimes.

total charge transfer would appear to be permitted from en-
ergetic considerations for the Ligcomplex to a similar ex-

Intensity

65 64 63 62 B1 B0 59
lonization potential (eV)

Thus, we have shown thatjGs, compounds fok~1 are
tent as for other alkali metaf in both the aas and solid characterized by largely ionic bonding as for all other alkali
' 9 metals. In particular, a dimer phase for lgihas been iden-

phases. o . S :
Figure 2 also shows that our rough estimate of the LUMOt'f'ed' An investigation of the Li & Ievel_has shown that a
fast electron transfer back onto the Li ion can take place

IP for the monomer complex lies in the energy range ob- . . . :
served for L ;Cqo. An increase of this IP due to dimeriza- under suitable circumstances. This behavior lends support to

tion is to be expected due to the opening of a §a,but the interpretation of the finding that there is a disparity be-

extraction of this parameter from our data is not motivated a ween Liand Na in their effect on superconductivity for, e.g.,

present. On the other hand, the insulating character of thi 12CsGgo and NaCsGy, and the fact that Li appears able to

phase is a strong indication of a filled band, suggesting onate less than one electron per alkali-metal atom in such
dominatingly C 2 character for the states involved. Comp"?r.‘dg-Those reSl_JIts would therefore appear to be due
to specifics of the location of the smaller alkali-metal atoms,

N aglscgr'ﬁu:;igésl\lf:rg‘ne; Eiuf]gsge;mﬁérﬁgzcd:;:mfg{ertgea suggestion also motivated by recent theoretical Woik.
0 piex- could be worthwhile to revisit the problem of the,Cgg

and IP’s, so that the case of Ng&hould bear directly on ghase diagram at low concentrations in detail.
our results. The close agreement between the cases of free

Ceo » NaGy, , and KG, is readily apparerf®3>2* A We acknowledge stimulating discussions with K. Pras-
Born-Haber cycle analysis along the lines of Fig. 2, and in-sides, L. Forro, G. Oszlanyi, and E. Tosatti, kind permission
cluding the extra electron for the negative ions, is quite conby the authors of Ref. 24 to use their data, and financial
sistent with total charge transfer for molecular &@°and  support from Naturvetenskapliga forskningsra(eER) and

the shift in EA from KGg to NaGy is consistent with the the Consortium on Clusters and Ultrafine Particles, which is
change in ionic radius from K to Na, which should increasefinanced by Stiftelsen foStrategisk Forskning.
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