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Coexistence of spin singlets and metallic behavior in simple cubic Cg§
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We present a detailed nuclear magnetic reson@Né&R) study of simple cubic Csgg, the only metallic
cubic fulleride known so far besidégCgy, Obtained by quenching from high temperatulf&Cs NMR signals
the presence of about 12—15 % of “anomalougBalls, characterized by a 15-meV gap. We present different
experimental observations supporting the idea that a spin sifigleta Cgoz_) is localized on these latter balls
and stabilized by a Jahn-Teller distortion. A splitting of tH&Cs spectrum into three different lines, with
distinct electronic environments, is observed, which emerges naturally from such a situation. Quadrupole
effects on*3%Cs confirm an inhomogeneous distribution of the charge betwggma@lecules. Analysis of the
relative intensities of thé33Cs lines show that the spin singlets do not form clusters at the local scale, but are
diluted within the lattice. This is probably to avoid the occurrence of neighbor'gaﬁ_cand minimize elec-
trostatic repulsion between these balls. Through spin-lattice relaxation measurements, we detect chemical
exchange between the Cs sites above 100 K. From this, we deduce that the lifetime of a spin singlet on a given
ball decreases exponentially with increasing temperatinoen 15 s at 100 K to 3 ms at 130)Kwith an
activation energy of 320 meV. The implications of the presence of such spin singlets for the nature of the
metallic state is discussed, in relation with a decreaseTofT1for 13C at low temperatures, which indicates a
deviation from a simple metallic model.
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[. INTRODUCTION band calculations, must be important here. The fact that these
two interactions are strong and have similar orders of mag-
To investigate the electronic properties of fullerides, onenitude is actually one of the most interesting aspects of the
would wish to vary freely the number of doped electronsphysics of fullerides. In view of the contrasted experimental
between 0 and 6 in the triply degenergfgband. It is rather situation, it seems important to extend investigations to other
difficult with chemical doping because only a limited num- stoichiometries to estimate the relative importance of the dif-
ber of phases appear to be stable. The field-effect transistéerent parameters. This paper is a second of a series of three
devices recently synthesiZethight offer a more convenient papers devoted to this task, called hereaftetl),and 111.°
way to do this, if the number of charge carriers injected in  Certain stoichiometries are more difficult to obtain for the
one Gy monolayer can be controlled through an applied gatdollowing reasons.
voltage. However, although transport measurements are eas- (1) n=1 is stable(with A=K, Rb, C9 but spontaneously
ily accessible, all investigations cannot be performed orpolymerizes below 350 K,leading to a rich but different
these systems. Furthermore, it is not yet clear whether thphysics, where low dimensionality could play a role. To
properties of “bulk G, are similar to those of its surfaée  avoid this problem, the cubic fcc phase* 350 K) has been
and a careful comparison between the two systems is exquenched to obtain metastable phases with cubic symmetry.
tremely desirable. A noncubic phase is usually formed with2limers® In the
The conventional chemical doping is obtained by insertcase of Csg,, however, a cubic phase can be obtained by
ing n alkali ions (A) in the G structure, leading t&\,Cs;  quenching to liquid nitrogen, and the detection by electron-
compounds, where the charge state of thg f@olecule is spin resonancéESR of a Pauli-like susceptibility suggests
very close to—n. The direct influence of the alkali atoms on it is metallic’ The purpose of this paper is to study in detail
the electronic properties are thought to be negligible, althe electronic properties of this phase, called hereafter CQ
though it could be a complication in some cases, mainlyfor cubic quenched. On the other hand, the properties of the
through structural modifications. Usually, only phases withhigh-temperature cubic phase will be discussed in paper IlI.
an integer number of electrons per ball are formagCs, (2) n=2 is not obtained with large alkali ior&, Rb, C9
and A,Cg, were discovered firdtand were consequently the that first fill the large octahedral sitéorming A;Cso) and
most studiedA;Cgo are metals and superconductors at lowthen the two tetrahedral sité®rming A;Cqg). Na,Cqy is the
temperatures, whilé,Cg are insulators. As both should be only case wher@=2 can be studied. As is the electron-hole
metals in a simple band-structure approAchich a differ- symmetric of the insulating\,Cg in the t;, band, similar
ence raises fundamental questions. Electronic correlatioproperties of these compounds would ensure that the insulat-
and/or electron-phonon interactions, both neglected in simpléng state is an intrinsic feature of these stoichiometries. This
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is indeed the conclusion of a detailed comparative nuclear Ceo
magnetic resonand®MR) study of NaCgp and K,Cgg, pre- [
sented in paper .
(3) n=5 cannot be reached by inserting only alkali ions.
A charge transfer of five electrons peg®as been observed
in ABa,Cgo (A=K, Rb, C9 because Ba gives two electrons
Ceo- 19 We note that the first investigations indicate a metallic
state; a Korringa law has, for example, been observed by Cs 2S
NMR,* although more studies are still necessary because the ‘ \
t,, band might be modified in this case by some hybridiza- \
tion with Ba orbitals. CsS Cs NS
This short review suggests that, beyond the opposition of £ 1 structural model of cubic quenched Gg@escribing
A3Cgo andA,Cq, compounds with aevennumber of elec-  the electronic properties as revealed by NMR. Spin singlets are
trons per (g are insulators, while those with add number  |ocalized on a fraction of the & balls (about 10% leading to
of electrons are metals. This is puzzling as, if the band picdifferent types of Cs sites. They are called, respectively, 819y
ture fails because the Coulomb repulsida=1 eV is larger  2S when zero, one, or two of the sixsgEneighbors of one Cs site
than the bandwidthv~0.5 eV, all compounds with an inte- bears a singlet. The remaining electrons are delocalized over the
ger number of electrons should be Mott insulators. The studther Go balls.
presented here reveals the presence in CQggsfCa small Il. THREE Cs LINES
number of G, . This implies that there must ke effective ) )
attractive interactionat the local scale that helps to over-  In the **Cs spectrum of Fig. 2, obtained at 120 K and
come the strong Coulomb repulsion. Understanding the ac{ T» three different lines are clearly resolved-ai5 ppm,
tual mechanism for the formation of such pairs is then likely800 PPM, and 1800 ppm, which we call by reference to their
to shed light on how some of these phases can become mBQ_S't'()n with respect to a _chemlcal refererj_tée,e.,_thelr
tallic despite the large Coulomb repulsion. We will argue thatSh'ft’ N.S (not shifted, S (_shn‘ted and 25 (twice Sh'f.ted' .
a Jahn-Teller distortiofJTD) of the Gy, molecule, which is a respectively. The latter line has a much smaller intensity

L 6+ 2% of the total than the two main lines and was not
consequence of the electron-phonon coupling in these sys: X . )
. . BT ; detected in Ref. 13. As shown hereafter, its detection allows
tems with a degenerate band, is the missing ingredient r

sponsible for this behavior. S confirm and refine the model of Fig. 1.

Finding three Cs lines contradicts the expectations of

The difficulties introduced by the quench necessary (Qcryral studies, for which there is only one site for Cs in
produce CQ Csgg have limited so far experimental investi- ;g phase, namely, the octahedral $%&Vith one site, only

gations, for example, there are no reported transport meégne NMR line should be observed, as in the high-
surements. Also, the temperature range is restricted tmperature fcc phadé.The particular phase diagram of
T<135 K, above which the CQ phase transforms irreversCsG,, allows to convince oneself rather directly that all these
ibly into the dimer phase. Its structure is known to be orien-ines are intrinsic, because they all disappear irreversibly at
tationally orderedsc Pa?symmetry,12 As for its electronic  the transition to the dimerized structure. In addition, SEDOR
properties, in addition to the Pauli-like ESR susceptibility, experiments reported in Ref. 13 demonstrate that the differ-
13C NMR spin-lattice relaxation follows a Korringa law ent Cs sites are mixed on the microscopic scale.

down to 50 K, reinforcing the probability of a metallic

charactet® By analogy t0A;Cg,, a superconducting ground A. Local electronic environment of the three Cs lines

state could then be expected, but no superconductivity has To understand the origin of the three different Cs sites, the

been detected down to 4 KWe have suggested in Ref. 13 study of the local electronic environment, as probed by the
that it could be due to a competition with alternative ground

states. Indeed, clear anomalies in tHéCs NMR spectrum
indicate thatthe electronic properties of CQ Cggare not
homogeneous on the local scalkhe situation can be sum-
marized by Fig. 1. Within a predominantly metallic phase,
we proposed that two electrons get localized on sorgge C
balls (about 10% and paired into a spin singlet. We will give
in this paper experimental observations which support this
scenario(Sec. l). To get more detailed information on this
charge segregation phenomenon, we particularly focus our —L . .

attention in this paper on some features that were not ad- 1000 o 1000 2000 3000

dressed in our previous report on this ph&sthe distribu- Shift (ppm)

tion of the G, within the metal(Sec. Il) and their lifetime FIG. 2. 133Cs NMR spectrum at 120 K in the cubic quenched

(Sec. IV). Finally, we discuss the implications of the pres- phase showing the different Cs lines. The repetition time was 200
ence of ('28_ for the nature of the metallic statSec. \). ms.
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00 R ' 02 80 K, we measure’>T;=43 ms-11 ms to be compared
00l = Shift (NS line) with 5T1=11Qt 10 ms for thesS line, which definitively
e Shift S line) validates this interpretation.
T 600[ © ITT(Sline) °0 | ol = Figure 3 alsq shows that there is a scaling betweeamd
& T oA 1/T,T for the Sline up to 110 K, which ensures that they are
& 400+ -3 both dominated in this temperature range by the same elec-
= ool 8 tronic excitations. This common behavior represepjsand
100 & is fitted in Fig. 3 by an activated lawA({T)exp(—E,/kgT)
ol gn” - with E;~15 meV. This means that the anomaloug, Cor-
afsas " n u = gupnu"""® responds to a molecular arrangement with a ap and
-2000 a0 0 100 Do 140 theref_ore electrons must be localized on these balls. The sim-
plest idea would be that one electron is “trapped” by some

Temperature (K . h .
P ®) defects, but in this case we should observe a paramagnetic

FIG. 3. %Cs NMR shifts with respect to a CsCl solution as behavior of this localized spin 1/2 at low temperatures,
a function of temperature for the two main Cs lingéS andS) which we do not. The most plausible way to explain the
in cubic quenched Csg. For theSline, 1/T,T is also displayed vanishing susceptibility at lowr is that two electrons are
by open symbols(right scalg. The line is a fit to a lawA localized instead of one and paired up intsiglet Molecu-
+B/T exp(~E,/kgT) with E,=15 meV. lar calculationt® indeed predict that the singlet state wins
over the triplet staté¢favored by Hund's rulesfor Cg?~ in
NMR shift K and the spin-lattice relaxation rateTd/ is very  the presence of a JTD. In our opinion, this gain of energy
helpful. Figure 3 shows the shift for the NS a®llines  associated with JTD is at the origin of the formation @§‘C
together with 1T, for the Sline, as a function of tempera- within the metal. We note that there might be an additional
ture. These data demonstrate ttta inequivalency between temperature-independent contributig to K as its low-
the Cs sites results from a local perturbation and that thetemperature value is very different from our estimation of
three lines emerge from the coupling with zero (NS), one (S)y=—300 ppm or from the shift of the NS line.
or two (2S) “anomalous G."” Usually, the shift of one line Na,Cqg is a natural reference for the NMR behavior of the
is expected to reall = o+ 6AYx,.., Whereo is the reference JTD (%02— 17 The gap measured on C3 sites is much
chemical shift,y,o. is the local electronic susceptibility, and smaller than the 140 meV singlet-triplet gap of a’C mea-
Alis the hyperfine coupling between Cs and one of its $x C syred through T, relaxation in NaCgp. The limited stabil-
first neighbors. If there are two types of balls, the shift will ity of the CQ phase in temperaturd <135 K) does not
depend on the number of neighbors of each type. Calling  really allow to probe the existence of molecular excitations
and xn, the susceptibilities of, respectively, one anomalousyf this high energy. This 15-meV gap more likely corre-
Ceo and one metallic g5, Aq andA, the hyperfine couplings  sponds to excitations of the singlets towards the metallic
between them and Cs, we expect the following relations. pand. We have seen in paper | that the low-temperature be-
havior is governed by such band excitations fopSlg. The
Kns=0+6AXm, fact that the spin singlets cannot be viewed as an isolated
entity might also explain wh and 1T, seem to tend to a
Ko o+ 5A A cons}ant _value Qiﬁere;nt from zero at' low temperaturgs. More
S mXm™ AgXg: details will be given in Sec. V of this paper on the interac-
tions between the singlets and the band.
Kos= 0+ 4AnXmT 2Agxg -
B. Confirmation of local charge segregation

The small shift of the NS line, yielding This inhomogeneous distribution of the charge among the
Am xm=30 ppm, is expected for Cs in metallic fullerides Cg, balls will create electric-field gradientEFG) at the CsS
because electrons are almost completely transferred to thghd 2S sites and, sincé®Cs is spin 7/2, it should sense
Ceo balls. In addition, Fig. 3 shows that it is almost tempera-them through its quadrupole mome@t Actually, we show
ture independent according to a metallic susceptibilibe  hereafter that the larger linewidth of theS line
upturn above 100 K will be discussed in Sec. I\ Bn the (Av~16 kHz at half-width compared to the NS line
contrary, the two other lines exhibit unusually large Shif’[S(Ay~5 kHz) is due to larger quadrupole effects on these
with large temperature dependences inconsistent with a mejtes.
tallic environment. This is because they are dominated by In the presence of quadrupole effects, the different nuclear
Xg Which turns out to be much larger thag, x,,. Fromthe  transition (7/2-5/2, 5/2—3/2, etc) acquire different fre-
shift of the S line, we deducéy x,=700 ppm at 120 K, quencies, which results in a splitting of the spectra into a
which impliesK,s~2Kg as observed in Fig. 2. central line (1/2>—1/2 transition and satellites for the

On the other hand, T4 is proportional to the imaginary other transitions. The position of the central line is unaf-
part of the local susceptibility|,.(wo) at the nuclear Lar- fected to first order by the EFG, while satellites are shifted
mor frequencyw, throughA? (for *3%Cs, wo=40 MHz at  proportionally to a quadrupole frequeney,, related to the
7 T). Similar reasoning predicts that ) ,s~2(1/T1)s. At strength of the EFG and the value of the quadrupole moment.
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FIG. 5. Relative intensity of thé3*Cs NS line compared to that

FIG. 4. 13%Cs spectrum at 80 K in the CQ phakick line). The  of the Sline. This gives the percentage of NS sites as a function of
other lines are quadrupole simulations of Bigne shape explained temperature. The different symbols refer to different samples and/or
in the text. The theoretical line shape is convoluted by a Gaussian d@fifferent quench, showing a good reproducibility of this measure-
linewidth 0.1 kHz(dotted ling and 3 kHz(thin line). ment. Error bars are larger at low temperatures when the two lines

begin to overlap.

The precise line shape of the satellites depends on the sym- ) o
metry of the EFG and on its orientation with respect to theShould double. The quadrupole broadening for a 2S site in
NMR applied field. Whenvq, is very large, the satellite tran- Our model depends on the relative position of t_%zc‘_"”th _
sitions sometimes become too broad to be observed. This [§SPect to this Cs site. If they are on a straight line with
not the case here, the lengths of the NMR pulses optimizingeSPect to their common Cs neighbor, the point-charge cal-
the signal show that all nuclear transitions are detetted. ~culation predicts thatq[ 2S]=2vo[ S], while if they are in

The shape of the spectrum expected for Srites in our different d|rect|_onSVQ[28]: vol S]. Th|_s latter case would
model can then be estimated by calculating the EFG, assuniparently be in better agreement with the data but, as al-
ing a simple point-charge model in which the charge gf C ready mentioned, the caIcuIatlon of the EFG is somewhat
is localized at the center of the ball. Vis the electrostatic rough and the lack of structure in ttand 2S line shape
potential, the EFG is defined by its second derivatite doe; not allpw a reﬂned.analy.5|s. Actyally, the foII.ow_lng
= 92V/4i2, wherei=x, y, z. The quadrupole frequenay, section provides more reliable information on the distribu-

is then deduced form the largest component of the EFdion of the G~ , which does not favor the arrangement, in

(called V,, by convention, which singlets are localized on the neighboring, ®alls.
The detection of quadrupole effects @&and 2S sites is
3(1-7y.)eV,Q however essential to ensure a qualitative agreement with the
"= 3 2I=1h (1) model of Fig. 1.
wherel is the nuclear spin and (1y.,) is the Sternheimer Il DISTRIBUTION OF C ;™ WITHIN THE METAL

antishielding factot® The distribution of charges around one

S site yieldsvo~6 kHz. Furthermore, we obtain an axial C2, can be deduced from the relative intensities of the three

EI\'/:”C; mltg ;\Jlésv:d\e/rygm_ pllfa 2\/i'fzﬁa§ ?(I)n?atgzghor?mn?;éhgv??zlzltrgos!ines’ the area of one line being proportional to the number
sible orientatior) is shown in Fig. 4 with two different of sites resonating at this frequency. As can be seen in Fig. 5,

. . . the ratio betweers and NS sites is nearly constant as a
broadenings of the theoretical curve. For the dotted line, function of temperature, NSE45/55. It is reproducible
very small broadening is used, so that all satellite transi'[ion‘sm,[h different samples énd/or diﬁerént quench, so that it
are clearly visible; for the thin line, a realistic experimental X

. . : . must correspond to a well-defined equilibrium. As there are
broadening of 3 kHZsimilar to the NS linewidthallows a six Cyo neighbors to one Cs site, there must be roughly 10%

direct comparison with the experimental spectrum. The > ) . ] .
: : fCgo~ to produce this ratio. With such a number, there is a
agreement is very good, which should only be taken as & Tl L oibie” robability of finding a Cs site with two

proof of the consistency of our analysis. It is known that the =, ™=~ . :
EFG could vary significantly from this rough point-charge Ceo  neighbors, which correspond to ouS3ites.

estimate, when a more realistic situation is considered, for
example, an inhomogeneous distribution of the charge over
the Go molecule. More precisely, a closer look at the relative intensities,
As for the 25 line, the linewidth is similar to that o§  and especially the number oSXites, can help us to address
(Av~18 kHz). This is consistent with the idea that thethe question of thedistribution of Cg,2~ balls within the
broadening is not of magnetic origifior example, arising metal. In Fig. 6, we show the results of the calculations of
from a distribution of shift, in which case the linewidth the number of Cs sites as a function of the concentration of

Following the model described in Fig. 1, the number of

A. Structural arrangement of the C35
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P > experimental are more stable thangG , there should be a total charge
ercentage of C values . . 2 .
oo’ 2 4 6 8 10 12 14 16 dismutation between gand G, . One problem with such

*e DRandommodel a dismutated ground state is that it cannot be realized in this
PR )| e phase because of the inherent frustration of the fcc lattice.
z Te s s e o Furthermore, if first neighboring g* are excluded, the
g Or " . 1 'y maximum number of g~ is reduced to 25%. This would
g * .. i correspond to a completely ordered structure with a singlet
8 40F T astr g — NS . :
g L ad on each corner of the cubic cell and none on the faces. With
a 20l ot o some disorder, this number would rapidly drop.

L LR ::: J s Maybe the G, do not order collectively, because they

are preferentially formed on some defects of the structure. A
particular feature of the orientational order characterizing the

100} ii) Diluted model

8 .. ] sc phase is that there are two orientations for thg r@ol-
% 80F ., ] ecule. They are defined by an angiefrom which G, are
& 6 .. b rotated with respect to the so-called “standard orientation”
s L e Pl B around one diagonal axt8.The value minimizing the
8 aoF —t LI . J—NS interactions occurs fop=98° but a second minimum for
Lt * * e ¢=138° is nearly degenerate. The fit of the x-ray spectra can
00 o] be improved in all sc phases {§ NaACqq, and CQ Csy)
N mrerarararare .. oo by allowing 12—20 % of the balls at low T to be in a “minor
0 2 4 6 8 10 12 14 16 orientation” corresponding t@=38°. For CQ Csg, 16%
Percentage of C,,” gives the best fit at 4.5 K The closeness of this value with

FIG. 6. Simulation of the number of NS, 2S, and 35 Cs sites  the number of singlets found here is such that one is tempted
as a function of the percentage ofZ in two different situations: ~ t0 consider that a ball in a minor orientation might be viewed
(i) the distribution of G,>~ is assumed to be randofi) a “diluted ~ @s @ disorder potential efficient in trapping BC . Itis
model” where two neighboring & molecules in a singlet state are indeed known that the overlap integrals between neighboring
excluded(in this case there are nS3ites. Experimental values at  Cgq are very sensitive to their relative orientations. In addi-
120 K are given by horizontal lines for comparison and the agreetion, in pure Gy, no correlation between the positions of the
ment with 12% (" in the diluted case by a vertical line. Ceo in minor orientations could be found by x r&yThis is
in agreement with the diluted model favored here for the

Cso  in two different cases(i) with a random distribution singlets, which does not require an ordering betwe&ﬁ‘c

of Cg?~, (i) when neighboring g2~ are excluded“di-
luted” cass.

To compare with the experiment, the numberSfNS,
and 25 sites at 120 K are reported in Fig. 6. In the random  The observation of three different lines indicates that the
case, the calculated intensities never quite reach the expekpin singlets are nearly static on well-determineg Balls
mentally observed values. The fraction d 8ites is rapidly  on the time scale of the NMR signé@ughly the inverse of
hjgher than in the experiment and there. are always more Ng o spectrum width, typically 10s herg. However we
sites thanS sites, contrary to the experiment. Furthermore,g o\ hereafter that other experimental observations, such as
thezl_ntenfsny of a 3S line co_rrespondmg tQO@Y'th three the NMR spin-lattice relaxation tim&,, allow to determine
Ceo  neighbors would be sizable, although it is not Ob'the lifetime of the spin singlets, which decreases with in-

served. :
. - creasing temperature.
In the diluted case, 12% of & almost exactly corre- g P

spond to the experiment at 120 K, as shown by the vertical
line. In this situation, the 8 configuration is forbidden, ac-
cording to the experimental finding. Therefore, we conclude As can be seen in Fig. 7T; for the NS line changes
that cég are diluted within the lattice to avoid a situation dramatically between 110 K and 130 K, getting shorter by
where they are first neighbar§hey do not segregate in su- two orders of magnitude. At 130 K although the two main
perstructures that could be reminiscent of the formation of'33Cg lines are perfectly resolved, they have almost the same
stripes. This last point is consistent with SEDOR experi-T,. This finding suggests that the natuféS, S, or 2S) of
ments that rule out the formation of “clusters” ofs&~ .  any Cs nucleus is changing with time, so that the properties
This dilution could be favored because it minimizes the elecof these sites become identical on the large time scale of the
trostatic repulsion betweensgé_ . As a function of decreas- T, measurementmore than 50 mis Such a chemical ex-
ing temperature, comparison between Figs. 5 and 6 suggesthange between th® and NS lines could occur if a singlet
an increase of the number of£" to about 15%. jumps from a G ball to one of its neighbors.
o _ This idea could, in principle, be directly tested by a two-
B. What limits the number of Cgo™ to 10-15%7 dimensional NMR exchange experiment, similar to that used
The experimental concentration og(ﬁ‘f appears a little in Ref. 21. Here, we examine whether it could explain the
bit puzzling at first, since one could expect that, if thg’C ~ variation of T, for the S and NS lines quantitatively. We

IV. MOTION OF SPIN SINGLETS ABOVE 100 K

A. Relaxation behavior
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FIG. 7. T, for the two main'®Cs NMR lines between 80 K and /T (K)

135 K. The reduction of the N$, for above 100 K is attributed to _—
. . . : FIG. 8. Logarithmic plot of the value of the exchange parameter
chemical exchange between the two sites. The straight lines ex-

. . p used to obtain the line of Fig. 7 as a function of the inverse of the
trapolate the temperature evolutionTof if there were no exchange. ) .
) ) . temperaturep can be fitted by an activated law as shown by the
The other lines are a fit to our model of chemical exchafspe solid line
text). ’

assume that there is a probabilgyer unit time that such an

electronic jump induces a change of a s&ten NS and vice

versa?? On the other hand, we suppose that for each situation B. Static spectrum

(Cs neighboring a gg or nod, there is a well defined relax- . S )
ation rate W, (Wy9). Letng (nyo) be the number o8 (NS) This character|§t|c time is still long com.pared to the_ time
sites excited at the time=0 by the saturation pulse of the Scale of the experiment, therefore the motions of the singlets
T, experiment, the relaxation of the two spin species obey&0 not show up clearly on the static spectra. However, in the

the following coupled system: range of temperatures for which tfig become identical, the
scaling between the shift and the relaxation for Séne
dng does not hold anymoréFig. 3), which suggests that the

gt~ (Wstpinstpnys, jumps of the singlets begin to affect as well the resonance

frequencies. If we could increase the temperature further, we
dnys could expect thap will become short enough to yield a
gr ~ Pns— (Wnstp)nys. motional narrowingof the static spectrum with three lines
ultimately merging into one. From the data of Fig. 8, we can
For an infinite lifetime of the singlets, that is, fer=0, extrapolate that the two main lines would merge together at
we recover the expected exponential decay withT{}l{ 150 K, when the frequency jump is comparable to the
=Ws and (17;)ns=Wys. When Ws<p<Ws, the relax- 30 kHz frequency separation of the two lines. This is a first
ation rate of the NS line is strongly reduced and tends to thatep to reconcile the properties of Gg@ its CQ and high-
value (Ws+Wyg)/2 asp increases. By extrapolating the temperature phases, where only one Cs line is observed. The
variation of W and Ws by straight lines(see Fig. 7, we  relation between these two cubic phases will be discussed in
calculate with this model the value neededidp obtain the  greater detail in paper Ill. The upturn of the NS shift above

experimentall; values. We can indeed reproduce the experi-110 K that can be noted on Fig. 3 might be a precursor sign
mental results, as shown by the dashed lines in Fig. 7. Fasf this effect.

each temperature, the value pfthat we have used is re-
ported in Fig. 8. It follows an activated temperature depen-
dence withp=>5x 10"exp(—37001), which sets a new en-
ergy scale for the sytem of about 320 meV, characterizing the
energy barriers that trap the singlet. This magnitude is quite
comparable with the activation energies usually found for the . L
molecular rotations inA,Cs, compounds. The temperature Nov_v that the existence of the ellectronlc singlets has been
range where we start to observe the motion of the spin Sin@stat_)llshgd, one of course would like to u.nderstand _how they
glets also roughly corresponds to the usual range for thg(_)emst vv_|th the metallic band. Actually, in a metal!lc state
onset of molecular motions. This reinforces the idea that th&ith nominally one electron pergg, one expects to find on
trapping of the singlets could be related tg,@h a minor ~ €ach G either zero, two, or one electron, either with spin up
orientation. or down, all states having equal probabilities if the on-site
From the frequency of jumps between the two sites, weCoulomb repulsion is negligible. A 25% concentration of
can deduce the characteristic lifetime of a spin singlet on aloubly charged g, or less if we include some Coulomb
particular Gg ball. It changes from 15 s at 100 K to 3 ms at repulsion, is then quite natural. The particularity of CQ
130 K. CsGyo is the increased lifetime of the electronic pairs, which

V. INTERPLAY BETWEEN THE SPIN SINGLETS
AND THE METALLIC STATE
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VI. CONCLUSION

0.4
2 00200, sonmr ol We have shown that many independent NMR observa-
2 oolsl "¥Cs NMR - S line 103 2 tions support the idea that spin singlets are present in the CQ
;— ‘ f phase of Csg on a small fraction of the £ balls
= om0l 102 = (10-159%. The lifetime of these spin singlets on a given ball
e =] increases exponentially with decreasing temperattrem
% 0.005| {01 & 3 ms at 130 K to 15 s at 100)KWe believe that they are
< o) formed randomly by hopping within the metallic phase and
o000l eaaad” ., . gy become trapped at low temperatures, maybe by the disorder
0 20 40 60 8 100 120 potential associated with the existence of two different ori-
Temperature (K) entations for the g molecules in the sc phase.

FIG. 9. 1,T as a function of temperature fdfC NMR (left The most important consequence of this study is that it
scalé and 33Cs NMR S line (right scalé in the CQ phase of eveals anattractive interaction at the local scalevhich
CsGy,. While the 133Cs Sline behavior mainly reflects the proper- allows to form spin singlets despite the large Coulomb repul-

ties of the gapped &~ ion, 3C NMR is dominated by the metallic ~ Sion that should forbid a double occupancy of the same site.
behavior, which becomes anomalous below 50 K. We propose that this interaction is mediated by Jahn-Teller

distortions. Because the gain of energy associated with a JTD

is larger for an evenly charged molecule, these configurations
we assign to the stability of the JTD;E ™ . The pairs could  could be stabilized even in compounds with odd stoichiom-
then become trapped in the presence of any disorder poteetries. It is natural to wonder whether this also plays a role in
tial, which seems to be the case in CQ g&C the case 0A;Cqg.

An important question that has been left aside so far is As a matter of fact, the splitting of th&>Cs spectrum,
whether there is also 12% of static neutrg}, Or if the un-  which directly results from the presence of,€ , inevitably
paired electrons are delocalized on the 88% remaining ballgefers to theT’ line observed in many fcAs;Cg, Systems for
Although hypothetic, the possible “nonstoichiometrly” of the alkali in the tetrahedral site, albeit with a much smaller
the CQ phase is reminiscent of the discussions about the ro|atensity?® Despite the large amount of work devoted to this
of vacancies iM3Cqo. The physical model behind this idea problem, the origin of this line is still unclear. By analogy to
was thatA;Cgo would be a Mott insulator for integer filling  CQ CsG,, where the splitting is much clearer, it is tempting
because of the strong electronic correlations and that only thg argue that th&" line could correspond to a small fraction
deviation from 3, introduced by a reproducible number ofof apout 3% localized 62 or Gyt~ in AsCqy, Maybe
vacancies, allows the formation of a metallhe same argu-  trapped by some defects. This would mean that the peculiar

ment could be discussed for CQ GgCnamely, the metal-  properties of CQ Csgg actually reveal a common trend in
licity at T=0 of this phase might arise solely from the holes 5\kali fullerides.

induced by the nonstoichiometry associated with the local- |ydeed. we will develop in paper Il the idea tha,goé

ization of singlets if the g, are not stabilized. and G 4~ are also formed iMCqo Systems, but on very
From the experimental point of view, we are not able ©short tiome scales of the order of 1¥ s. The’ main differ-
distinguish by *C NMR the signals of differently charged ence between CQ Csgand these other compounds then
Ceo balls, neither the signal Offg_ nor that of possig!e resides in thédifetime of the G,,>"~ . The fact that neutral &
neutral G, from that of the dominant fraction of . is not stabilized by JTD could favor localization, because a
This is not surprising as it is well known that the spectra arg,;m, of one electron is less likely to lead to a stable configu-
broadened at low temperatures by an orbital contribution thaftation than inA;Cqo. The quasilocalization of&z— in CO
dominates the electronic oR&Nevertheless, we do observe CsGy, at low tém%oérature could also explain why it is not
an anoma}Iy in**C NMR, which could help us to.understand superconducting. The difference of behavior should vanish
th_e coupling between the pand and the formation ch’ as the singlets start to move more freely with increasing tem-
Figure 9 shows that TAT is not constant below 50 K, as peratyre. Above 300 K, Cggean be studied again in a cubic
would zbe expected for a simple metal, whereT. 1 gy cture, but, unexpectedly, it appears to be insulating. We
*n(Ey) '1,?‘“ decreases. As emphasized by the comparaisqg;|| show data at high temperature in paper Ill that allow to
with the ***Cs Sline in Fig. 9, this decrease is not related 10 conclude that this behavior is in fact similar to that of some

the gap detected by the*Cs S line and then most likely o ¢, systems and can be explained by the presence of
reflects a change in the metallic properties. A decrease 2-

n(E;), corresponding to the increase of the number@ft

at low temperatures detected in Fig. 5, would give a qualita-
tive but not quantitative explanatidthe decrease af(E;)
would be at most=5%]. To explain the strong decrease of
1/T,T, one has to assume that the change in the number of We thank E. Tosatti for useful discussions. Financial sup-
CGOZ‘ dramatically affects the properties of the band, asport from the TMR program of the European Comission is
could be expected for a strongly correlated metal near halfacknowledged (Research network “FULPROP” ERBM-
filling. RMXVT970155.
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