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Gaps and excitations in fullerides with partially filled bands: NMR study of Na,Cg, and K,Cgg
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We present a nuclear magnetic resonaf®IR) study of NaCgg and K,Cgo, two compounds that are
related by electron-hole symmetry in thg,@iply degenerate conduction band. In both systems, it is known
that NMR spin-lattice relaxation rate (I/) measurements detect a gap in the electronic structure, most likely
related to singlet-triplet excitations of the Jahn-Teller distotfD) C,,2~ or Cg,' . However, the extended
temperature range of the measurements presented @€ to 700 K) allows one to reveal deviations with
respect to this general trend, both at high and low temperatures. Above room temperatudevidtes from
the activated law that one would expect from the presence of the gap and saturates. In the same temperature
range, a lowering of symmetry is detected by the appearance of quadrupole effects ONatmpectra of
Na,Cqp. In K,Cqo, modifications of the'®C spectra line shapes also indicate a structural modification. We
discuss this high-temperature deviation in terms of a coupling between JTD and local symmetry. At low
temperatures, T4T tends to a constant value for Mgy, both for °C and 2Na NMR. This indicates a
residual metallic character, which emphasizes the proximity of metallic and insulting behaviors in alkali
fullerides.
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[. INTRODUCTION the substructure of the band. In addition, these systems are

close to a metal-insulator transition, as shown by the transi-
Soon after the discovery of fullerides,Cqo was found to  tion to a metallic state observed by NMR at 12 kbars in
behave as an insulator rather than the metal expected in 4Ceo (Ref. 7) and by the fact that the system with the

band picturé- The first indication for this was the detection Smallest @O'CGOSiSta_rllce’ N%O' mightleven Eedmetallic i“d
by muon-spin resonance in,Kg, of 2 muonium precessién Its monomer phase (>e51993 .)’ namely, a body-centere
at 5 K, which is known to be quickly suppressed in thetetragonal(bct) structure;~° isostructural to otherd,Cgg

. el . systemg:
presence of unpaired electrons. This signal disappears a Understanding the origin of the insulating state is a nec-

higher temperatures suggesting the presence of thermallyssary step to describe the physics of fullerides. Although the
populated states. This has been confirmed by subsequegystal field due to the bct structure is not sufficient to lift the
measurements of magnetic properties, electron-spin reséhreefold degeneracy of thg, band(the G, lowest unoc-
nance(ESR detects an activated susceptibility in®gg with cupied molecular orbital, filled with electrons brought by the
E,=60 meV? and superconducting quantum interferencealkali ions," it has been suggested that this particular struc-
device (SQUID) measurements in RBg, yields E, ture might explain whyA,Ce is insulating contrary to tpe
=60 meV* An activated component has also been found inMetallic and face-centered-cubifcc) A3Ceo compounds:

the nuclear magnetic resonan@¢MR) relaxation rate 7, ~ £sPecially, the bct lattice is bipartitcontrary to the fcc

in K,Cqo With E,=55 meV (Ref. 5 and RhCq, With E, one), which could play a role by enhancing antiferromag-

—70 meV® Oth s al t an insulati netic correlations, hence favoring a Mott insulating state.
—romev. er measurements aiso suggest an Insulalting, ,vever, we have shown recently that Jg,, which is

ground state; no Fgrmi edge is visible by phqtoemission il}:ubic,lﬁ exhibits a behavior similar té,Cq, with an acti-
K4Cgo and RCyy films® and no Drude peak is found by yated temperature dependence &f,1#* Electron-hole sym-
optical conductivity’ However, in this latter study, the gap to metry then applies in thg,, band and the detection of a gap
the lowest conductivity peak is significantly larger than inis an intrinsic feature of fullerides with two or four electrons
magnetic measurements, around 500 meV. A more recent ifper ball rather than one of the bct structure.

vestigation by electron-energy-loss spectroscpgLS) in There is a growing consensus that Jahn-Teller distortions
transmissiol also revealed a gap of the order of 500 meV in (JTD) of the Gy, molecule are an essential ingredient for the
K4Cso and RhCq,. Therefore, two different gaps are neces-insulating state ofA,Cgo, although they have never been
sary to describe these systems, a small “spin” gap of thejetected directly in these compourids. Molecular
order of 50-100 meV and a larger “optical” gap of about calculationd’ indicate that the two most stable JTD corre-
500 meV. As no magnetism has ever been reported at lowpond to the squeezing or elongation of thg Golecule
temperature, the ground state fog,C must be singlet and around one of the three equivalent axes of the quasi spherical
the small gap has been associated to singlet-triplestructure. This lifts the degeneracy of thg levels by an
transitions>’ ! The large gap is presumably a direct gap inamount ofU,;~0.5 eV, as sketched in Fig. 1. The most
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FIG. 1. Schematic representation of the structure of the three ::
levels for two electrons perggand for the two most stable distor- ) ‘AQnA o
tions (called JTD 1 and JTD )2without spin degeneracthick 0 . . . . . Q"R.““‘
lines) and with spin degeneradyhin lineg. The various gaps are 0 50 100 150 200 250 300 350

indicated by arrows, the Jahn-Teller splittiidy, the exchange

splitting J, and the singlet-triplet gap (adapted from Ref. 7 Temperature (K)

FIG. 2. 3C NMR linewidth as a function of temperature for
stable JTD corresponds to a singlet ground state @BFC Na,Cgo and K,Cyo. The broadening of the spectra due to the slow-

(see the case JTD 1 in Fig) &And cga (case JTD P as ing down of the G, molecular motions is visible around 150 K.
observed experimentally. The first excited state 068 2 gorimetallic environment is actually an important issue to

triplet corresponding to JTD 2. It lies about=100 meV'  ciarify. This paper is the first of a series of three papers
higher in energy, which is consistent with the experlmentally[ca"ed hereafter I, If° and Il (Ref. 23] focused on this

measured spin gap. problem.

In the solid, two different situations could occur, either a
cooperative JTD or independefaind possibly dynamjcJTD Il. ANONMAGNETIC GROUND STATE WITH GAPPED
for each molecule. In the first case, a band gap would open if EXCITATIONS

the cooperative distortion is commensurate with the lattice.

S ; . In this section, we show that th€C NMR spectra shifts,
The second scenario is considered to be the most likely foénd line shapes, as well as the dynamic susceptibility moni-

fullerides due to the unusually_large quantum fluctuations intored by the spin-lattice relaxation ratel1/ exhibit similar

the G, molecule!®® Another kind of excitation could take features in NaCey and KsCay. Both compounds are charac-
place between thet,, levels split by the JTD, and (gi;64 py a nonmagnetic ground state and a gap in their
U,="500 meV would correspond to the large “direct” opti- |o\y.energy excitations. We present measurements above

cal gap. Let us emphasize that,dgr has the same order of yoom temperature that allow to investigate this behavior in
magnitude as the bandwidilV, the gap in other directions greater detail.

could be much smaller. This is why Fabrizio and Tosatti have
proposed that strong electronic correlations are necessary in A. C NMR spectra

addition to JTD to understand the insulating state, which Let us detail first that the evolution of tH8C NMR spec-
could be called a Mott-Jahn-Teller ground stdtés we a4t low temperatures, shown in Fig. 2, clearly demon-
have seen, this model is supported by the large body of €Xsyrates that no magnetic transition occurs in,Gg and

periments in NgCqo andA,Cqo, because it explains the oc- k,c.,. To understand this, let us first recall the interactions
currence of two gaps and predicts the correct order of mageontributing to the shifk of one NMR line,

nitude for them. o

In this paper, we will first introduce the basic NMR facts K=o+Ay. )
indicating that NaCgq and K,Cgg are insulators with similar — —
properties and are in good agreement with the Mott-JTo represents a chemical shift tensor ag the contribution

model described previousl§Sec. I). We then present data from unpaired electrons called the Knight shitis the hy-

up to very high temperaturg§00 K) that call for a more perfine coupling tensor betweériC and unpaired electrons
refined model than a simple thermal population of an excitechnd y the local electronic susceptibility. All these quantities
state. We suggest in Sec. lll that subtle changes in localave both isotropic and anisotropic parts. In the caseqgf C
symmetry detected by NMR near room temperature could beompounds, the anisotropic part is usually the largest, be-
a relevant parameter to explain the high-temperature evolwzause electrons reside mainly in orbitals with a pronoumced
tion of the physical properties. The structural modificationscharacter. As these orbitals have nodes at the nuclear posi-
likely couple to the JTD and might modify the equilibrium tion, the electrons do not interact directly with thHéC
between singlet and triplet states. In Sec. IV, we will study innuclear spin through the so-called contact interaction, and
detail the question of a possible coexistence of metallic bethe hyperfine coupling is mainly of dipolar origif.As a
havior in NaCgo with the aforementionned molecular exci- consequence, the shift is a function of the orientation of one
tations. As explained previously, this is not inconsistent withorbital with respect to the NMR applied field. At high tem-
the Mott-JT scenario. The status of JTD in a metallic orperatures, when the molecules are rapidly rotating, the aniso-
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FIG. 3. Temperature dependence of the shifith respect to
TMS) of the center of gravity of thé3C NMR spectra in NgCq

and K,Cg,. The accuracy is lower at low temperatures because of
the broadening of the spectra.

tropic contribution is averaged out and narrow lines are ob-
served. They broaden when the motions slow down and

appear static on the NMR time scale few milliseconds  _100 0 100 200 300 100 500
This has been observed in many fullerides and Fig. 2 shows Shift (ppm)

that this takes place at 150 K in the case Q0 and 160 K

for Na,Cgqy. We note that the time scale of thggGnotion FIG. 4. ®C NMR spectra at low temperatures for,®g,

appears to be similar in both compounds, despite the diffeNaCqo, and NaCsGy, (thick lines. Fit to a powder pattern of the
ent structures and presumably different interactions betweeanisotropic NMR shif{Eqg. (2)] are also presented with parameters
Cgo and K or Na. indicated on the figure. The thin solid line is obtained by a convo-
There is no further broadening of the spectra below thidution of the theoretical line shape with a Gaussian of half-width at
temperature, which means that therents magnetic transi- half maximum 35 ppm. A convolution with a 10-ppm-large Gauss-
tion at least down to the lowest measured temperature, 10 &N i also showrtdotted ling that reveals more clearly the under-
in Na,Ceo and 50 K in K,Ceo. Indeed, static magnetic mo- 'Ying structure of the spectra.
ments would create a large local magnetic field*d@ nuclei ) ) )
and cause a large broadening of the spectra in these powder At low temperature, the anisotropic part of the shift,
samples. This finding is a key element for involving Jahn-Wh'Ch is also pr_opolrtlon_al to the susceptibility, can be_stud—
Teller distortions in the description of these materials, bei€d as well. Typical'*C line shapes are presented in Fig. 4,
cause they explain naturally the singlet ground state. Othefhey are similar in NgCqo and K,Cqo with & shoulder on the
wise, one could have rather expected a magnetic ground sta@v-frequency side, characteristic of the chemical shift an-
for localized electrons, because Hund's rule should favor asotropy found in pure 6.2 This can be stated more quan-
high-spin state in the,, levels. t!ta}tlvely if one extracts the parameters for the shift tensor by
Relevant information about the insulating state should bditting the spectra to the theoretical powder patférbefin-
found in the temperature dependence of the static spin su¥19
ceptibility, which could, in principle, be extracted from the
isotropic part of the Knight shift. Figure 3 shows that this is
difficult because the isotropic shiftlefined as the center of
gravity of one spectruinis small with respect to the line-
width, especially at low temperature. In purg,Can isotro- whered and ¢ are the spherical coordinates for the orienta-
pic chemical shifto=143 ppm is observe®, characteristic tion of the principal axis of the tensor with respect to the
of the orbital currents flowing in the filled orbitals. This is applied magnetic field, one can compute the actual line shape
expected to be of the order of magnitude of the reference foby averaging on all possible orientations. The values found
the Knight shift in alkali fullerides. This idea was confirmed for Na,Cgo and K,Cg, are reported in Fig. 4, together with
by the close value of 156 ppm found in the band insulatothe fit of the experimental spectra. A convolution with a
AsCq0,2* which suggests an empirical correlation ferof ~ Gaussian function of width 35 ppm has been used to take
+1.5 ppm per added electrdnin K,Cq, and NaCgo, the  into account an experimental broadening and reproduce the
shifts are, however, much larger than what would be exspectra. Because the parameters are not independent, we es-
pected with such a contribution fer alone. At room tem- timate an error of=5 ppm for each of thenK,, andK sy,
peratureK =175 ppm for NaCq, and 179 ppm in KCsy, are very similar to the parameters found in purg, C
which is comparable to shifts measured in metafigCsy  [Kax=—110 ppm andK,s,,=35 ppm (Ref. 23] even
(189 ppm in K;Cqp, for examplé®). This sizable Knight shift though the spectra are shifted by about 20 ppm. In contrast,
indicates the presence of electronic excitations giving rise tit has been observed that for metaligCqo compounds, the
a large electronic susceptibility at room temperature. addition of the Knight shift anisotropy leadsnarrowerand

3cosh—1
K= Kisot Kax T

+Kasynsin?0 cos 2p, (2)
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more symmetriclines. This is illustrated by the spectra in T T
Na,CsGs also shown in the figure. Therefore, the observa- 12

tion of the typical G line shape in NgCgy and K,Cqq is @

sign that the contribution of conduction electrons is weak at
low temperature. The relatively large value found for the
isotropic coupling K= 165 ppm) might be due to a slightly
larger value ofo than that estimated previously.

The susceptibility then increases from a small value at &
low temperature to a sizable one at room temperature, which ™
is consistent with the presence of singlet-triplet excitations
proposed in the Introduction. We will see in the course of
this paper that we can confirm the presence of these excita-
tions more accurately using other NMR probes.
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1. Detection of a gap in the electronic structure FIG. 5. 1*C NMR 1/T; in Na,Cgo and K,Cgq from 10 to 700 K.
Solid lines are fitted to an activated law below room temperature.
SThe dashed line for kCq, is an extrapolation of the electronic

contribution to 1T, given in Ref. 5 based on data below 300 K and
assuming a contribution from molecular motion peak.

The most efficient way to detect these excitations i
through spin-lattice relaxation measurementsT ()l which
measure the imaginary part of the electronic susceptibility
that is, if no particulaig dependence is expected,

2. Realistic parameters for the molecular motion peak
1 _keT ,X"(wo) P P

= A . (3 contribution
Tl fL wo ) .
Indeed, molecular motions have been found to contribute

to 1/T, in different fullerides, most notably pure g
{Ref. 23 and KsCeo.28 This is due to the fact that the local
magnetic fieldH,,. sensed by*C nuclear spin depends on

As can be seen in Fig. 5, Tlf increases steeply with
temperature for both compounds; the increase starts arou

150 K in KqCeo and 200 K in NaCgo. This has been ob- . 5o oion of thep, orbital, nearly perpendicular to the

served previously(see Ref. 5 for KCqz, and Ref. 11 for X . .
NayC )pand cany(be attributed to E Soap related to singlet-cﬁo ball at one carbon site, with respect to the NMR applied
a6 < ; , ¥~ field. Rotation of the ball wilmodulatethis local field. If the
triplet transitions between two different JTD’s, as explained . ) . .
in the Introduction. The lines in Fig. 5 correspond to acti_t|me scale of the motions is such that they create fluctuations
vated laws withEg=70 meV for K,Cg, and E4=140 meV of Hyqc at the nyclear Larmor frequenay,, the_y can relax
for Na,Cqo and they describe the data correctly up to roomtheI NMIR nucleld For fulle_zrldes, tt)hedfast rgt%t'%n offthgoc
temperature. At higher temperature, deviations are observe 70 ?ﬁute. artoun ﬁ)ne fa>:|hs cand € ;)SC]E' et ya :equency
which will be discussed in the last paragraph of this section;’” 32650 %p'ZgOyKOA BF or ber 0 OP or ﬁrgperadUégsk
In Rb,Cqp, the activated part of T below 250 K is almost aroulr; t_d in this © oem ?rgen- urce _-thoun a
quantitatively identical to that of ¥Cqo.” This could mean can be expected In this temperature range wi

that the 70 meV gap is characteristic of a J%C while it is

nearly twice as large for & . However, we will argue in 1 27
this paper that the gap extracted fronT jLtould be slightly 7= a(YHio)? —, (4)
different from the molecular value, because it is sensitive to ! 1+ (wo7)

the details of the local structure. Besides stoichiometry, one

similarity between KCgy and RRCg, that contrasts with wherey is the gyromagnetic ratio for the nuclei aadis a
Na,Cq is precisely that they both have a bct structure anchumeric prefactor of order unity, which depends on the de-
this could also explain the different gap values. tails of the molecular motion.

In a previous study, Zimmer et al. have proposed a To determine the actual value ef, the anisotropy of
smaller gap in KCqo (50 meV), because they assign part of H,,., measured from the low-temperature spectra, should be
the increase of I/; to a molecular motion peak. They sug- used and the molecular motion should be modeled in an
gested that 17, would follow the dashed line of Fig. 5, once appropriate way, for example, a uniaxial rotation along one
this peak is substracted. By extending the measurement wiagonal axis, following Ref. 30. The maximum valuecofs
higher temperature, we show thaf1/on the contrarysatu- 1 if the local field is assumed to fluctuate randomly between
ratesabove 250 K towards T4 =cst, which invalidates this two value$’ +H,. but it can be much smaller, for example
analysis. As for a molecular motion peak, Fig. 5 shows that i6/40 in the case of random molecular reorientation for an
is unambiguously resolved at 180 K for )&, but it does  axial symmetry of the shift tensdt.Here, we want to esti-
not appear clearly for kCs. In the following section, we mate a from the experiment rather than from a theoretical
study this contribution in greater detail, to determine to whatmodel; to do so, some typical molecular contributions to
extent it could modify the shape of Ty vs T. 1/T, are shown in Fig. 6.
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14— r . . . 3. High-temperature behavior
12-"“3 ::Eif:ﬁg 2 —a—C,, | The 1m,;=cst law observed at high temperatures in
' 5;3 2é w Fit Cy, 8¢ K4Cgo is then intrinsic. It is somewhat unusual as most re-
1.0—22 $f ;. —e—NaC, ()] laxation mechanisms give an increasing relaxation rate with
e 1 N‘ i —0—Na,C,(2) increasing temperature. Such a flat behavior is reminiscent of
2 o8t %100 200 300 a0 . the relaxation observed in dense paramagnets, which is
= Temperature / caused by a coupling to localized paramagnetic centers.
2 06t . . Within our model of singlet-tripletST) excitations of JTD
— [ balls, we do have such centers at high temperatures, namely
0.4 l the triplet states. Nevertheless, our first expectation would be
to observe such a law only when the population of these
levels saturates, for temperatures above the ST gap,Ti.e.,
>800 K. More correctly, as T4 measures the imaginary

0.0 150 200 250 300 350 400 part of the electronic susceptibilifigee Eq.(3)], it is sensi-
tive to both thenatureand thedynamicsof the relevant elec-
tronic excitations. In our case, this means that both the num-
FIG. 6. Comparison of the molecular motion peak contribution€r and the lifetime of the triplet states contribute t@,1/so
to /T, in pure G, (Ref. 23 and two NaCg, samples. The dashed that an abrupt change in the temperature dependence of one
line is a fit of the molecular motion in the sc phase of,C Of these quantities could explain the change iif;1/In
(T<260 K) given in Ref. 23. Inset: Tj as a function of tempera- N&Cgg, We observe a similar deviation from the activated
ture in the two NaCg, samples. law before the expected saturation fyT=Egy, although it
is not constant like in KCgq, but keeps increasing slightly
) ) up to 700 K. As the deviation is present in both systems, it
From Eq.(4), it can be seen that the maximum off/ st contain some insights of their physics.
occurs forwyr=1 with a valuedepending uniquely on the  The first possibility is that the activated law fails to de-
linewidth Av=yH/27. It is given by (1T;)na=a  scribe the data over the full temperature range because there
(yHi0c)?/ wo. We have shown in the preceding section thatare other thermally accessible excitations, for example the
K4Ceo, NayCso, and G, exhibit roughly the same linewidth, singlet state of JTD 2 in Fig. 1, i is small enough. A
so that similar contributions should be expected. Pyggisc ~ Variant of this idea is that the arrangement of the molecular
the simplest case because the relaxation is dominated by m{vels could be modified with increasing temperature. JTD
lecular motions, and the field dependence predicted b eing sensitively coupled to the crystal field of the structure,

t is likely that even small structural modifications could af-
Eq. (4) has been successfully check€drhe data from Ref. fect the equilibrium between different JTD. A second possi-

23 are reported in Fig. 6, and yield Th)ma=0.8 seC 1;‘ bility that goes beyond this “molecular approach,” is related
Let us note that these authors have extrapolated a “truet, the fact that we deal here with solids that are very close to
maximum (1) ma,=1.2 sec * (dashed ling assuming that 3 metal-insulator transition, where hopping is certainly not
the peak is “cut” by the orientational transition at 260 K. strictly forbidden. The introduction of a hopping term in the
This order of magnitude is consistent with the peakJT Hamiltonian mixes different molecular states and can also
(1/T) max=0.6 sec ! found in NgCso. When looking at Fig.  affect the nature of the ground state. An estimation of the
5, it is clear that a contribution of the order of 1 Séevould  temperature dependence of the lifetime of the triplet state is
not severely affect our discussion of,@gy. obviously a complicated problem, as it probably involves
The width of the peak depends on the variationrafith both the dynamics of the Jahn-Teller distortion and hopping
temperature and an Arrhenius law: 7,expE,/T) is usually ~ rates as a function of temperature. As an example, if a static
used, whereE, is the activation energy for the molecular cﬁstoruon, for example dug to a cooperguve effect is stabi-
motion and 1#, the attempt frequency. These parameters ardZ€d at low temperatures, it could certainly affect 1/
probably similar for different compounds and a typical width " @ny case, the evolution of T{ at high temperature

of about 50 K can be deduced from Fig. 6. Interestingly. Wecannot be understood with a model of isolated molecules,

have found a significant difference between two,Sia and forces us to take into account interactions between the

samples, calledl) and (2) in Fig. 6. The results presented balls and/or Wit.h the structure. For ha, it is,.for ex
here are from samplél), sample(2) exhibits a similar be- ample, suggestive that Ty departs from the activated be-
havior but seems to be of somewhat poorer quality, as can vior near the temperature of the structural orientational
seen by the slightly shortd, values(see inset of Fig. jgor transition taking place at 310 ¥.In an attempt to identify

slightly broader linewidth. The molecular motion peak, al- the 9”9"‘ of the change in T4, we now turn our attention to
though clearly present, is broader in samf2 which is details of the structure that can be studied by NMR to see

likely due to a distribution of the motion parameters, andwhether there is any detectable change in the corresponding

consequently its maximum amplitude is smaller. Data inl€MPerature range.

Fig. 5 imply that, if present, the peak in&eo must be very |\ e pp) Ay BETWEEN JTD AND LOCAL SYMMETRY

broad, which could be due to sample quality or intrinsic dis-

order of the bct phase. Its intensity would be accordingly There are very few cases where Jahn-Teller distortions
reduced, so that its contribution is furthermore negligible. have been observed directly in fullerides. One example is

Temperature (K)
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FIG. 7. ®Na NMR shifts (with respect to NaGlin Na,C for FIG. 8. ESR susceptibility measured on the sameQyabatch

the fcc phase(solid circles, T>310 K) and the sc phasépen  asthe NMR sampléhin line). Symbols represents an extrapolation

circles. Inset: 2Na spectrum at 310 K showing the coexistence of of the true susceptibility extracted frofiNa NMR shifts as ex-

the two structures. plained in the text. The thick line is a fit to the model described in
the text[Eq. (5)].

Ceo-tetraphenylphosphonium bromide, a salt whegg r@ol- .

ecules are well separated from each other. A cooperative In th.e fpc phase, the sca}lmg betwagrand th.e ESR sus-

Jahn-Teller state is thought to develop below 120 K, becaus eptibility is excellentsee Fig. 8and the hyperfine coupling

a splitting of the Lande factor has been observed by ESt fec cant be _e>(<jtracte(<jj uswghﬁm), prov:ded thatctr.fcri/\'/s
below 120 K33 Interestingly, a transition to an orientation- emperature independefwhich is a usual assumptiprive

ally ordered state is observed at about the sam@Ptainorec= — 65 ppm andAs..= 3500 Oefsg. The evolu-

temperaturé® so that it seems likely that the new orienta- tion of the susceptibility in the sc phase is especially inter-

tional order stabilizes the collective distortion. This examplees“ng as the ESR susceptibility is masked by a large Curie

motivates us to relate to structural modifications the particu:[errn below 200 K. Following Ed(d), the discontinuity at the

lar evolution of 1T, at high temperatures. NMR, and espe- transition could be attributed either to a different hyperfine
cially alkali NMR, has proved to be a very sen,sitive probeCQUpli.ngA ortoa different susceptl_blllty. The hyperfine cou-
for small structural distortions in fulleridéé.We first focus p'”?g 1S (_Jlefmed by th_e local environment of a Na atom,
on the effect of the structural transition in Mz, on the which s mdegd Very different in sc or'fcc phases. In the fcc
electronic properties, as seen BiNa NMR. We then review phase, the orientations of the four neighboring Balls are

other signs of structural evolution in Mas, and K,Cgq that such thgt Na faces four hexagonal rings, whereas, in the sc
indeed seem to coincide with the change in the electroni hase, it faces only one hexagonal ring and three double

behavior onds(see Ref. 36 and Fig.)9Therefore, there are probably
' two different hyperfine coupling8g. and A¢... As ESR or
3¢ 1T, do not exhibit any obvious discontinuity at the
transition, y is more likely to be continuous. Assuming that
Although the orientational transition taking place at 310 Ko and y do not change at the transition, we find
could appear first as a minor structural change, it has often b&,.=2300 Oefg and the variation ofy deduced from
argued in the case af=3 that sc phases behave quite dif- NMR is reported in Fig. 8 by open circles for the sc phase.
ferently from fcc phase® For Na,Cyqy, it Seems reasonable We can now compare this refined estimationyofo the
to assume that at least some parametsush as the gap singlet-triplet model. A first conclusion is that tends to a
valug could be different on both sides of the transition. Fit- constant value at low temperatures corresponding to
ting the temperature dependencexobr 1/T; then becomes y=7x10"° emu/mol. Although, this is somehow dependent
more difficult. This can be clarified by*Na NMR because on our assumption thats.= occ, We have found a very
ZNa spectra differ in the two phases, which allows to dis-similar value (6x 10 ° emu/mol) when trying to compare
criminate what happens in the sc and fcc phases, respedirectly T; and x.s, in Ref. 11, which gives some confidence
tively. In the inset of Fig. 7, a spectrum at 310 K shows thein this estimate. This suggests the presence of a Pauli-like
coexistence of the two phases, which we observe from 300 Kontribution in NaCg, the likelihood of which will be dis-
to 315 K. Following the shift of each line, as done in Fig. 7, cussed in the Sec. IV of this paper.
we can extract the susceptibility in both phases indepen- For the activated part, the singlet-triplet model of Fig. 1
dently and observe thatincreases iothsc and fcc phases. predicts a susceptibility (T) =n(T) x(S;), wheren(T) is
We also clearly see that a “saturation” appeamsthe fcc  the number of thermally populated triplet states a(8,) is
phaseat 400 K, and not at the structural transition. Thisthe Curie susceptibility for triplet states:
contradicts the impression given ByC 1/T;, which seems )
to change at the structural transition, but this is more reliable T)= 3exp—A/T) 8Bup
as *C NMR does not resolve the signals of the two phases. XM= 2+3exg —A/T) 3kgT*

A. Structural transition in Na ,Cg, studied by 2>Na NMR

®)
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FIG. 10. ®C NMR spectra in KCs, from 190 K to 250 K

FIG. 9. Structural distortion in N&g, evidenced by the appear- showing a change in th&C line shape.

ance of a nuclear quadrupole frequency in fiida spectra below

250 K (solid points, right scale It suggests that the distortion is due . . .
to a displacement of Na towards the hexagon of one of its fayr C that this quadrupole effect progressively increases when the

neighbors. Left scale?®Na NMR shift that starts increasing when témperature is lowered from 280 to 230 K. _
the quadrup0|e frequency disappears_ Where does this EFG come from? As represented In

Fig. 9, in the sc phase, the environment ONa is quite
asymmetric. This could favor a displacement of Na along the

B S . . cube diagonalindicated by the arrowtowards the hexago-
A =100 meV, which is 25% smaller than by using the est-pal ring, as was observed by x ray in the structurally similar

ma_ltion based on T data belovv_ room temperature. Quanti- Na,CsGyp,>® that would create an electric-field gradient,C
tatlvely,_ the measured sus_ceptlblhty corresponds to 80% OInolecular motions have to be reduced to allow this displace-
that estimated by Ed5), which sounds reasonable. Although ent. More precisely, rotation around one axis could still

this law clearly captures much of the physics of this phase, i xist(and it probably persists down to about 180 K where we

3\?65 bnot fit ourtdata Satlsfactorll¥ t(;ver the Wthkﬂ?[ran?ezéo bserve the peak in’C NMR 1/T,), but reorientation of the
€ ODSEIVE a SIeeper Increase of the SUsCepLbiity & tation axis must be nearly prohibit¢duch a decomposi-

clsemight home come nto play at thes® temperatures, whichh ©f (e molectlar motion was proposed fogGs (Re.
helps c?r hinders the po uleﬁio)r/l of triplet stat?as and V\;hiCh i 8. Here, we believe that this "slow” reorientational mo-
P Pop P ' ion is slowing down progressively when we begin to ob-

is not purely a thermal process. One of the possibilities tha erve static quadrupole effects around 280 K and is totally
comes into min_d is a small structural modification that WOUldfrozen below 250 K.
stabilize a particular state. It is quite striking that the®*Na shift, plotted again in
Fig. 9 for comparison, starts to increase just as the EFG
disappears and this strongly suggests a relation between the
] ] B two effects. One possibility is that this increase reflects that
If the orientational structural transition does not seem toyf the hyperfine coupling as the Na atom moves because of
modify deeply the behavior of N&o, we present here the (ne gistortion. However, we have seen in the preceding sec-
observation of further changes in local symmetry occurringjon that the shift can be rather well understood in terms of a
in the sc phase that could couple to Jahn-Teller distortiongjnglet-triplet susceptibility, so that we believe that it is the
and interact with the electronic properties. o susceptibility that starts to increase suddenly when the dis-
~As *Na is a spin 3/2, it is sensitive to electric-field gra- ortion disappears. This indeed would explain the steeper in-
dients(EFG) arising from deviations from cubic symmetry at crease of the shift compared to the singlet-triplet model
the Na site. In the fcc phase, there are no detectable quadrlpted in Fig. 8. This suggests that the distortion stabilizes the
pole effects, as expected in the cubic environment of ongjnglet state and that triplet states can only be significantly
tetrahedral site. However, in the sc phase, a decrease in “ﬂ)%pulated when it disappears. The exact microscopic origin
NMR intensity at the fCC to sc tra-nsition il’ldicates that quad'of SUCh an interp'ay iS not yet C|ear' The orbital moment Of
rupole effects are present. In this case, the3(2——1/2)  the triplet distortion might be incompatible with the crystal
and (1/2-3/2) nuclear transitions are wiped out of the spec-fie|d induced by the structural distortion, which forbids their
trum and only the central nuclear transition (H#2-1/2) is  existence.
detected. Below 200 K, a splitting of this central transition,
which is characteristic of second-order broadening by the
EFG is detected! The (1/2-—1/2) line can be fitted at
100 K by an EFG tensor with a quadrupole frequency
vq=700 kHz and a small asymmetny= 0.23" The evolu- In K,Cgp, there is no ordering transition but we report
tion of v, with temperature is displayed in Fig. 9, it shows here in Fig. 10 modifications of th&C line shape that indi-

The thick line in Fig. 7 is a fit to such a relation with

B. Quadrupole effects on?*Na in Na,Cg

C. Change of the symmetry of the G, molecular motion
in K4Cqo
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FIG. 11. Shifts of the different peaks indicated on Fig. 10 in the
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13C NMR spectrum of KCg, from 200 to 700 K.
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FIG. 12. Comparison of T4 T for *3C and?*Na in N&Cg, and

13C in K,Cq as a function of temperature. Note the logarithmic

. . scale. The solid line is the activated law of Fig. 5 fo, .
cate a structural evolution. At high temperatures, i€ g #Go

spectrum consists of one narrow symmetric line, as expected

because of the motional narrowing of the spectrum. Howiemperature behavior. However, we have seen that a Pauli-
ever, a shoulder appears below 580 K on the low-frequenclike contribution seems to be presentyirfor Na,Cq(, which
side, and becomes progressively better defined as the termeuld imply that NaCgq is weakly metallic. Such a possible
perature is lowered. This line shape is characteristic of @oexistence of bandlike excitations with typically molecular
small axial anisotropy and probably corresponds to the deenes is an important issue. We therefore pay, hereafter, par-
velopement of the uniaxial motion, which would not be com-ticular attention to this subject by studying the low-
pletely averaged anymore by molecular reorientations. Noteemperature behavior of I{, which probes the nature of the
that this anisotropy is however still very small with respectexcitations of the ground state of this system.

to the low-temperature on€200 ppm. Below 250 K, the The temperature dependence of I at low T in Na,Ceg
spectral weight is quite suddenly transferred to the right of;q K,Ceo is emphasized in the logarithmic plot of Fig. 12. It
the spectra, as noted in the figure by the appearance of pegkp pe seen that in Mg, 1/T; deviates from the activated

2 and shoulder 2. Figure 11 summarizes the situation byanavior below 100 K: actually T{T tends to a constant
displaying the shift of the various peaks as a function of 5je for 23c and23Na. On the other hand, infCeo, L/T,T
temperature. This complex behavior is not understood, but ifg|6\ys the activated law of Fig. 5 down to the lowest mea-
is probably _related_to a change in the symmetry of the MO%ured temperature. The very long value Tqrin this system
lecular motion. This shows that, even though there is nQy s temperature prevents us from studying this behavior
reported structural transition in JCgo in this temperature ¢ ther. In RRCeo, the low-temperature data do not follow
range, the local symmetry changes. Let us recall that a trug\e activated behavior but were ascribed to a much smaller
structu.ra! transition has been detected by dlfferenuallthermaéap(lo me\).” As 1T, T=cstis the Korringa law expected
analysis in KCso at 200 K that has never been associated G, 3 metal, this reinforces the possibility of a weak metallic-
far to a precise structural distortigh. ity of Na,Cgo. Before concluding firmly on this eventuality,

As a matter of fact, T, saturates precisely around 250 K, \ye have to consider possible complications in the interpreta-
as can be checked in Fig. 5. This coincidence bears some . ot the relaxation data.

similarity with the case of N&Cg,, Which incites us to take it
seriously. When discussing theTl/~cst regime, we men-
tioned that it could be understood by a coupling to a fixed
number of triplet states. This would require that the structural

change at 250 K favors the triplet states almost exclusively, 10 be sure of the temperature dependence Bf down to
Very recently an infrared study of JCq, has revealed a the lowest temperature, one has to check first that the shape

splitting of the two high-frequenc¥,, modes from a dou- of the nuclear magnetization recovery curve after saturation
u

blet above 250 K to a triplet at lower temperatdfeThis is not changing. This question is not trivial in fullerides as a
observation definitely establishes a symmetry breaking ifionexponentiality always appears at low temperatures, giv-
this temperature range, although the exact nature of the JTH9 S0me ambiguity in the actual definition of an average

and their ordering in the high- and low-temperature phases i$&/U€: In NaCgo and K,Cqo, this happens below 150 K, but
still unclear. Fig. 13 shows that the relaxation curves cansibaled to-

getherfor different temperatures. This means that they keep
a similar shape with varying temperature within experimen-
tal accuracy, and therefore a single time parameter can be
So far, our study has been mainly focused on the molecussed to characterize the variation of the relaxation below
lar singlet-triplet excitations that dominate the high-150 K. This allows to define &, value which depends

A. Relaxation curves

IV. COEXISTENCE WITH A METALLIC CHARACTER?
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NaCsC,, It is widely believed that, foA3;Cgg, the nonexponential-

i3 Stretched tial 60,87 E ity stems from a differentiation between three slightly in-
retched exponential p=0. equivalent'3C sites on one g ball.3**°When the motion of
& : ;gOKK the balls is frozen, the inhomogeneous local charge distribu-
4 A 20K tion between these sites leads to a distributiof pfesulting
3 01 4 3 in a nonexponential recovery. The difference found for the
~ exponentB betweenA;Cgy and the compounds studied here
is significant enough to wonder whether the same explana-
0.01 . . . . . . ; tion could be applied to them. As the structure is much more
(L 0 1 1\21& c 3 4 5 6 | different between N#Zq, and K,Cgo than NaCg, and
Str;gﬁe d exponential =0.53 NaQCs_Q;O, it seems unllkely_ that the chan_ge_ of relaxation
- behavior has a structural origin. It couddpriori be due to
B N ;gOKK the addition of an extrinsic term caused by paramagnetic
2 04L v 50K impurities, but the analysis presented in the following section
a makes such a contribution unlikely. We then suggest that it is
~ indeed related to a different nature of the relaxation iClg
and NaCg, due to the fact that electrons are more localized
0.01 |— . . . . . . on the ball.
0 2 4 6 8 10 12
1F K4C60 E
Stretched exponential p=0.53 B. Role of impurities in the low-T relaxation
E‘ e 90K . . . -
2 A 70K In insulating solids, as the intrinsi€; becomes long at
5 low temperature, even a small number of paramagnetic im-
= purities could become a dominant relaxation process. As a
01k matter of fact, a rather high concentration of paramagnetic
impurities seems to always be present in these compounds
' : : : ' and their role in the lowF relaxation must be considered.

Paramagnetic impurities would likely produce a saturation of
/T, 1/T, at low temperatures, i.e., @ncreaseof 1/T;T.3! One
could imagine that this “compensates” the decrease of the

FIG. 13. Recovery curves fol®C in N&,CsGyp, Na&Ceo, and  singlet-triplet component to mimic aT{T=cst law.

K4Ceo, for different temperaturesee legend [M(7) —M]/Mg is The comparison between Na;, and K,Cg can help
plotted on a logarithmic scale, whek&(7) is the echo intensity at {5 test whether this is likely. The paramagnetic contri-
a delay after the saturation pulse aM is the intensity at satu- Ky tion should have the same characteristics in both com-
ration (r—x). The recovery curves are scaled for the different pounds but be proportional to the number of paramagnetic
temperatures by norm_ahzn_ngvx_nth the value ofT_l e_xtracted from impurities in a given sample. We have characterized the
a stretched exponential fit with an exponghitindicated on the 5 -» agnetic impurity content by ESR on samples issued
graph. The solid line is a fit to such a recovery law. from the same batches as the NMR ones. From the low-
temperature Curie tail observed by ESR, the impurity
somewhat on the expression used to fit the magnetizatioconcentrations are estimated to be about 2% pgy i€
recovery curve, although its temperature dependence do@&&,Cgy and 1% in K,Cg. We do observe longel; in
not. K4Cso, but they are too longpy already a factor 10 at 70 K,

In Na,Cgg, the relaxation curves can be described by aas can be seen on Fig.)1» be explained by a difference of
stretched exponentiall (t) = exd (—t/T,)?] with values of3  a factor 2 in impurity content. Data in JCq, allow to set a
ranging from 0.5 to 0.6. Within experimental accuracy, manymaximal value for the contribution of impurities in MNgg to
different laws could describe this dependence, from multiex4/T, T<3x 10 4 (secK) ! at 70 K, which is too small to be
ponential recoverytwo sites or morgto stretched exponen- responsible for the deviation from the activated law.
tial. We choose the latter not for physical reasons but because Another independent indication of the intrinsic character
it allows to compare easily the relaxation in different sys-of the relaxation comes from the comparison wittNa
tems. The same fit applies in,&qq, although the experi- NMR. We have seen in Sec. Il C that only the central tran-
mental accuracy is not sufficient to determiBievery pre-  sition is observed for this nucleus, which automatically re-
cisely. All the curves presented in Fig. 13 are fitted withsults in a nonexponential relaxatidhlt is then delicate to
B=0.53 to illustrate the adequation of this fitting function. base a discussion on thapeof the relaxation curves. Nev-
For comparison, the recovery curves in,8aG, are also ertheless, Fig. 12 shows a very similar temperature depen-
plotted, they are typical of recovery curves foundAgCg, dence for the two nuclei. As the increase oT Lbetween
compound$?3%4°Here, the deviation from exponentiality is 150 K and 300 K has very different magnitudes f3€ and
smaller, as illustrated by the value of the exponent for the?*Na (probably because a quadrupole term is presefthia
stretched exponential3=0.82) closer to unity. 1/T4), it seems impossible that an intrinsic and extrinsic term
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could compensate at low to give an identical temperature and a good understanding of this effect is a prerequisite be-
dependence on the two nuclei over a temperature range &sre addressing the case 8§Cgy. Two different kind of
large as 150 K. metal-insulator transitions clearly take place in fullerides,
We then conclude that our experiment probes a metallione in RRCq, as a function of lattice spacing, which has
character in NgCqo. As a proof of consistency, the value of been observed under applied pressimad one as a function
n(E;) needed to explain theT{T=cstlaw by the Korringa of doping if one could go continuously from MNgg, to
mechanism can be estimated to be 1 éVwhich agrees Az;Cg to A;Cqo. The fact that these superconducting ful-
with the value of y~7x10"° emu/mol found by ?Na lerides are surrounded by almost insulating phases has not
NMR. always received much attention, probably because it is not
easily possible to go from one phase to the other. When
V. CONCLUSION transport is measured as a function of alkali doping, usually
) ) ] on thin films?* no sharp metal to insulator transitions can be
In conclusion, the main properties of May, and KiCeo  opserved, which gives the impression that a rigid band filling
appear similar and therefore represent the typical behavior Cﬁicture could be applied. However, it is known that phase
two electrons or two holes in thig, band. Molecular exci-  separation could occur in these films. The well-established
tations dominate their properties; starting from a singletfact that superconductivity is restricted to a very limited dop-
ground state, excitations to a triplet one are thermally accesng range around=3 is a strong deviation from the expec-
sible. We attribute the existence of these two states to the tW@tions of the BCS theory usually applied to these materials.
most stable Jahn-Teller distortions, which have, respectivelyrhis indicates particular properties for thieteger filling
a singlet and triplet ground state. We further show that this;— 3 This might also be true fan=2 and 4, and the me-
molecular approach is insufficient to describe the full tem-tzjlic state could be nearly suppressedly in these two
perature rangey and 1T, seem to change more suddenly cases. This importance of integer fillings might be related to
that one would expect in a completely thermal process. Thene stronger correlation effects that appear in this case com-
structural transition from fcc to sc is not found essential inpined with the possibility of stabilizing molecular JTD. On
the variation of the'properties of I}@m However, in both one hand, the case of Ny, studied here or that of R,
compounds, we evidence changes in the structure concomimder applied pressure indicate that metallic and molecular
tant with the change in Tj, probably associated with the properties are not exclusive bdo coexist. On the other
slowing down of molecular motions. This suggests that ther¢yang, the study of Csg that we will present in paper II
is a coupling between the structure and the stabilization ofpo\ws that JTD’s @E are particularly stable, even when
JTD, maybe due_ to crystal-field effects a_lcting on the orbitakyare is nominally one electron pegC We will develop in
moment of th(_e dlﬁer_ent Jahn-Teller cor_1f|gurat|ons. paper Il the idea that the remarkable propertiedgE,, are
We also give evidence that the singlet states are nof,q 1o an optimum cooperation between metallic and mo-

strictly Iocalizeq at one molecule._ This is most clear by thejoqjiar aspects, because of its symmetric position between
low-energy excitations observed in p&, at low tempera- | _5 anq 4.

tures, which are best described by a metallic-like process
with a small value of the density of states. Interactions be-
tween the balls also renormalize the value of the ST gap and
yield to deviations with respect to a purely molecular model We thank E. Tosatti, N. Manini, and K. Kamaras for use-
in the behavior of IV, and y. ful discussions. Financial support from the TMR program of

The interplay between molecular and bandlike propertieshe European Comission is acknowledgBesearch network
is certainly one of the most intriguing feature of fullerides “FULPROP” ERBMRMXVT970155).
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