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Metal-to-insulator evolution in (NH3),NaK,Cgy: An NMR study
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A singular evolution toward an insulating phase, shown?fiya and'3C NMR, has been observed in the
superconducting fullerides (NfiNaK,Cgo for x>1. Unlike most common cases, this insulating phase is
nonmagnetic and®C spin lattice relaxation shows the presence of a spin gap. These two features suggest that
a charge disproportion from3g to C2, and G, can drive the system from the metallic to the insulating state.
The restoring of the N cation in the center of the octahedral interstice in the insulating phase, as indicated
by ?°Na and?H line shape analysis, confutes the current belief that the cation off-centering is effective in
guenching the superconductivity.
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[. INTRODUCTION from Pauli spin susceptibility, actually increases on increas-
ing x and the lattice parameter, thus resulting in beimg
Soon after the discovery of fullerene it was found thatversely correlatedwvith T, (anti-Migdal behavior. Accord-
compounds of theA;Cq, family, obtained by insertion of ingly, the superconducting critical parameters of the same
alkali metals(A) in the G, lattice, exhibited superconducting System(upper and lower critical fieldsl.,, Hci, and Lon-
behavior with high critical temperaturds (up to ~30 K). ~ don penetration depth) (Ref. 10, are significantly different
Aregular increase in transition temperatures was observed &M those of other superconducting fullerides and do not
the cation radius and lattice parameter increased, a trend coR€®M to fit the Ginzburg-Landau theory predictions.
sidered nowadays as a textbook example of the success of 1NeSe facts clearly suggest that the role of ammonia in the
standard BCS theory. Indeed, according to this thebgyis ~ SuPerconducting phase of (NHNaK,Ceo(x<1) is quite

strongly dependent upon the density of states at the I:emcﬁifferent from that in the other fullerides, with the detailed
level p(E;), a quantity which, as a rule, increases with thepropertles of its SC state also altered,.showmg features
PAEF), ’ ' which are reminiscent of those of polaronic systéfhs.

banpl narroyving caused by lattice expansion. This mechanism It is therefore necessary to investigate the properties of
f_or mcreasm_ch proyed rather successful, so attempts tO(NHQ,)XN&leCGO when larger concentrations of ammonia are
find alternative “lattice expanders” soon followed, thus hiesent and thus answer the questions of whether or not the
suggesting the neutral molecule of ammonia as & goodysiem evolves into an insulating phase, asThes. a be-

candidate. o . havior would suggest, and, if so, whether the Na off-
A well-known example is given by N&sG.~ After am-  centering has any role in the process.
moniation, it becomes (N§)J4Na;CsCyp, with an increase in This is the purpose of the present work in which we report

transition temperature from 10.5 K to 29.6 K. In general, athe evolution of the (NK),NaK,Cq, System as the doping
further narrowing of the band is expected to enhance théncreases beyond=1. In what follows, a detailed NMR
electron correlation, which eventually induces a Mott-study of 13C (spin lattice relaxation and line shamnd *Na
Hubbard transition to an insulating magnetic pha3ais is  (line shiff) provide evidence for the formation of an insulat-
just the case of KCgy, Ko,RbGsg, and RRCq, which after  ing phase which segregates and increases in fraction as the
ammoniatiof~® become insulating and antiferromagnetic. Inammonia concentration is increased. The electronic and
particular the superconductivi8C) of NH3K3Cgq is recov-  structural properties of this new phase, in which the"Na
ered after application of external pressfire. ions recover the octahedral centered position, are also inves-
An exception to this simple picture is given by the tigated by?Na and?H line shape analysis.
(NHg),NaK,Cgqy and (NH;),NaRkhCg, compounds. Here
the progressivéncreaseof ammonia concentratior yields
anincreasein lattice parameter and an unexpectitrease
of T...% This anomalous behavior was originally attributed to  The (NH;),NaK,Cq, samples were prepared following
the octahedral cation off-centerifigndeed, in these systems the procedure outlined in Ref. 8. However, to achieve higher
the NH;-Na groups occupy the large octahedi@) sites of  x values, the final vacuum drying from the ammonia solution
the fcc lattice and the breaking of the cubic symmetry of thewas performed at lower temperaturédown to —23°C).
crystal field could lift the degeneracy of thed3,, lowest  The accurate ammonia concentrationwas extracted from
unoccupied molecular orbitalLUMO), thus inducing a the hydrogen NMR line intensity. This procedure, besides
bandwidth increase and a corresponding decreagébn). being quite reliable, was consistent also with volumetric
In a recent work we have found that in methods which, on the other hand, require the destruction of
(NH3),NakK,Cqo with 0.5<x<0.9 the p(Efp), as extracted the sample.

Il. SAMPLE PREPARATION AND CHARACTERIZATION
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Laboratory x-ray powder diffraction confirms the kndwn g _ ' ' ' ' ' ' ]
fce structure for the compounds witi< 1 and, on the other T-2%0K k Larmorfreq. (v) = 77.6 MHz
hand, it does not show any change in the structure on in- NaCl (ref.)
creasing ammonia doping, apart from a slight increase in
lattice parametefa) from 14.39 A forx=0.9 to 14.44 A “ e 055
for x=2. £40 .

Superconducting quantum interference deviS&QUID) e “
magnetometry shows a progressive decrea3e fnrom 15 K S0 X~ 065
to 9.5 K for ammonia doping in the 0<5x<1 range. Above §
x=1 (corresponding to the lowest transition temperature 9.5g x~0.93
K) up to x=2, no further decrease im; takes place, but <?
instead aprogressive decrease of the shielding fraction was / \ A
observed consistent with the gradual formation of a nonsu- 10 xo 19
perconducting phase. No magnetism was detected in thi /\
range. 0 x-22

As mentioned in the Introduction, a similar behavior has 200  —100 o 100 200 300 400 500
been already observed in3;&gy, K,RbGy, and RRCyp Frequency (ppm)

which, upon ammoniation, show a Mott transition to an in-
sulating magnetic phase® In our case, however, the
absenceof magnetism and the modest lattice expansio
suggest that other factors may play a role in suppressing t
(supejconducting state.

FIG. 1. ZNa NMR spectra of (NH),NaK,Cq, at room tem-
nDerature(RT). The sizable Knight shift 165 ppm) observed for
héfl disappears fok~2, indicating a transition to an insulating
phase.

The residual paramagnetic shift, which is evident in the
x>1 spectra of Fig. 1, could in principle suggest that the
Nuclear magnetic resonance has proved a valuable to@bserved 150 ppm shift may be attributed t¢bay) change
for the study of the electronic properties of fullerides sincein the hyperfine interaction with conduction electrons from

the early time of their discovery:'? Its usefulness mainly thex<1 phase to th&=2 phase and not to a localization of
arises from the sizable hyperfine interaction of conductiorthe carriers induced by the development of an insulating
electrons both with carbon and alkali nuclei. In addition, phase. However, the same displacement of’fiNa line was
microscopic structural information can be obtained also fronpbserved also in superconducting samples<{) which
the nuclear quadrupole interactions with electric field gradi-were exposed to a weakly oxidizing atmosphere, (O
ents(EFG’9). The latter interaction, however, affects only the ~1000 ppm). This treatment suppressed (ggejconduc-
resonance of nuclear species with spim1/2, so the pos- tivity of the sample without perturbing its structur@o
sible candidates in our case are Na and K. We focused owhange in the diffraction pattexnThis observation supports
attention on the’®Na nucleus because, thanks to its octahetherefore the suggestion that the disappearance of the para-
dral position,(i) a large hyperfine interaction with conduc- magnetic shift is indicative of an insulating phase and the
tion electrons is expecté&tand (ii) its off-centered position residual shift can be attributed to a chemical shift compo-
implies the presence of a considerable electric field gradiernent. As we will see below, als&*C NMR results will fur-
on it. ther confirm this issue.
Figure 1 shows the’Na NMR spectra taken at RT in It is important to notice that this system shows two dif-
samples with different ammonia contents in an external fielderent regimes with respect to ammonia dopifig:in the
of 6.88 T; the measured resonances comprise all the threange 0.5x<1 it behaves as a homogeneous solid solution,
transitions,?>Na being an = 3/2 nucleus(see further. irrespective of the intrinsic disorder due to the noninteger
Let us first consider thehiftsof the lines with respect to  stoichiometry; this is guaranteed by the fact that differently
a reference NaCl acqueous solution. We notice that, as longoped systems behave like homogeneous superconductors
as the samples are superconducting, we measure a large panth a well-defined x-dependent transition temperatuf@)
magnetic shift(165 ppm, which is attributed to the spin abovex=1 the observation of two coexisting phadese
polarization of the conduction electrofiénight shiff). The  superconducting and the other insulajingdicates, on the
shift and shape of the resonance are consistent with an isother hand, that the separation of the two differently doped
tropic (Fermi hyperfine interaction as expected by the phases is energetically favorable with respect to the forma-
closed-shell electronic structure of the ion. The metallic chartion of a solid solution. The transition temperature of the
acter of the samples with<<1 is not a surpriséthis phase residual superconducting phase, observedfel, identifies
having been extensively investigated in previous worky.  its stoichiometry ax=1, while its disappearance asap-
However, upon increasing the ammonia nominal concentraproaches 2 suggests the emergence of an insulating phase
tion abovex=1, a peak at the referenc@NaCl resonance with x=2.
frequency progressively appears and it becomes the domi- Laboratory x-ray powder diffraction shows only cubic re-
nant one neak=2, representative of théNa behavior in  flections in the whole range 05x<2, while a further in-
an insulating phase. crease of ammonia dopin@bovex=2) results in the ap-

. 2°Na NMR
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6r— - e - - sively reached on lowering the temperature. At the base tem-

Insulator perature T=15 K), only the — 3«3 transition (affected
(x~2.0)

Metal

(x~0.6) v, = 83.9 MHz

only at second order by the quadrupolar interactipsur-
vives, while the other two { 3~ —3 and 33, directly
affected by the quadrupolar interactjdmave moved too far

in frequency to be observed. Further evidence supports this
interpretation:(i) the different lengths of the 90° pulse at
high and low temperatures: a 50% reduction is found in the
latter case, where only the central transition is obset{ed;
(i) the line shape at low temperature can be fitted quite well
using a second-order quadrupolar broadening, as shown in
the lowest spectrum of Fig. 2. A careful modeling of the
observed line shape at different applied fiédgields an
estimate of 2.19 A for the off-centering along tfiL1] di-

150 K
100K
86 K
“"'J\“’k rection of the N& ion, in complete agreement with recent

Ll . diffraction studies®

-50 . 0 50 -50 0 50 All these findings confirm that a motional narrowing pro-
requency (kHz) Frequency (kHz) ? . .
cess, rather effective in averaging to zero the traceless qua-

FIG. 2. Temperature dependence of fia line shape for me- drupolar interaction, takes place at high temperatures. The
tallic (left) and insulating(right) (NH3),NaK,Cs, samples. The small bump observed at reference frequency in the room-
large quadrupolar broadening observed in the metallic phage ( temperature spectrum is assigned instead to the central tran-
~2 MHz as estimated from the fit of the second-order powder linesition of the remaining (% x) fraction of Na" ions, located
shape at low temperatyris dramatically reduced~1000 time$in  in tetrahedral positions. It appears unshifted due to the
the insulating phase. smaller hyperfine interaction of these idfiswhereas its

rather large frequency spread could arise from the static qua-
pearance of tetragonal reflections, which indicate thedrupolar interactior{even at room temperatyref the tetra-
formation of a different, ammonia richer phase. To avoidhedral N& ions with the EFG created by the neighboring
contamination with this othgrlso insulating phase, we per- Cgg Units.
formed our measurements on the sample with1.9. We Let us now turn to thensulating phase(shown in the
would like to stress that the presence of a minority superconkight side of Fig. 2. In this case the’*Na resonance line is
ducting phase, evident also from Fig(dnd probably due to both unshifted and unbroadened at all the investigated tem-
ammonia deintercalation during the preparation and manipuseraturegonly at ~25 K a small broadening appears, prob-
lation of the samples does not affect the results obtained in ably due to the slowing down of the lattice vibrational dy-
this work, since any possible contribution coming from thisnamics and of g, rotation. If a quadrupolar interaction were
phase in the measured spectra has been properly identifigdesent, it would be small and it would induce a weak
and taken into account. second-order broadening of the centra} < 3 line, in addi-

As mentioned before, the quadrupolar interaction of thetion to possible satellite transitions. To ascertain such qua-
Na nuclei with the electric field gradient is expected to con-drupolar effects, the detection bandwidth was extended to
siderably broaden or split the observed spectra, so that @500 kHz(a sufficient upper limit, considering the observed
comparison of the resonantieewidthsand structureturns  peak width. However, no satellites were detected, so we
out to be very illuminating for the identification of Naon conclude that the narrow resonance is due to a vanishing
sites in the two phases. With reference to the left side of Figquadrupolar interaction which merges all transitions in a
2, whenx<1 the width at 290 K is surprisingly small, if we single resonance line.
recall that Na ions are assumed to occupy off-center posi- To further support this conclusion we performed also an
tions in the octahedral interstices, where the local electri@accurate measurement of the 90° pulse length, which would
field gradients are quite large. Even if we assume that theée reduced by a factdy, if only the central transition were
observed line corresponds to the centrag < 3 transition, irradiated. The pulse length and power for optimal excitation
the expected second-order quadrupolar broadening would weere found to be the same as in NaCl solution, where a
much greater than the observed dfha\Ve attribute the ob- single line comprises all the transitions. Moreover, we
servation of a narrow line to a rotational narrowing processchecked if this condition was still valid when the power was
Indeed, thanks to the traceless nature of the quadrupolar imeduced and the pulse length extended, such as to irradiate
teraction, an isotropic and fast rotational motion would beonly a narrow band around the peak. Since no reduction of
effective in averaging it out. The broadening of the line will the effective 90° pulse length, with respect to the NaCl so-
be, in this case, restored only by freezing the rotational dylution, was noticed, we confirm that the observed resonance
namics upon lowering the sample temperature. The temperg@omprises all the transitions, thus indicating a vanishing qua-
ture dependence of théNa resonance line in the two cases drupolar interaction.
x=0.6 andx=2 (superconducting and insulating phase re- The absence of any measurable electric field gradient, in
spectively is shown in Fig. 2. spite of the large?®Na quadrupole momentQy,=0.11

In the metallic phasghe expected broadening is progres- X 1022 m?), is exactly what we expect in the center of an
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- - ] - FIG. 4. Pictorial view of the (NHK),NaK,Cqq structure as in-
50 -50 0 50 ferred from NMR and x-ray measurements. Ker2 the N& ion is
) Frequency (kHz) “sandwiched” between two ammonia molecules at the center of the

5 K
0 K
5 K
5 K
5 K
-50 0
Frequency (kHz

. h I ice.
FIG. 3. 2H NMR spectra show typical Pake doublets at low octahedral interstice

temperatures both in the metallic and insulating samples. The Th | . i foll “in th
gradual motional narrowing as the temperature rises, observed in | N€S€ results can be rationalized as follows: in the super-
the metallic sample, does not occur in the insulating one because GPnducting phase at high temperatures the; M clusters

the hampered NHirotation in it. rotate around the center of the octahedron, thus averaging to
zero the quadrupolar interactions of béfiNa and?H. Upon
environment with cubic symmetry. cooling down from RT this dynamics slows down and the

In conclusion we find thata) unlike the superconducting Situation appears static @t-55 K on the NMR time scale;
phase, in the insulating one the Naation is located in the i-€., the correlation times are expected to be !arger _than 0.2
center of the octahedral site arid) the fcc structure evi- Ms. The presence of two ammonia molecules in the insulator

denced by diffraction is confirmed. (x=2 case inhibits these rotations, which appear to be fro-
These findings rise some doubts on the current belieZen already at RT. o
which associates the decrease . to the cation Since the”®Na NMR suggests that the Né&on is restored

off-centering® In fact, according to that hypothesis, we inthe center of the octahedral site, we can envisage the struc-
would still find a Superconducting phase)et:z with a siz- ture of the InSU|atIng phase as that represented in F|g 4. In

able increase i, instead of the observed insulator. spite of the very modest lattice expansion, the O site can still
easily host the NEtNa-NH; cluster. By comparison with

(NH3)4Na,CsGy (Ref. 1) and by assuming the same Na-N
distance(2.5 A), only a 1.5% reductiorifrom 2.29 to 2.26
As a further test and for a better understanding of thed) of the closest H-C distance takes place.
motional narrowing mechanism evidenced B?gNa NMR,
we extended our investigation to samples prepared using
deuterated ammonia, which allow us to carry bt NMR.
Deuterium resonancd 44=1) is dominated by the quadru- The lack of a magnetic response in the insulating phase,
polar interaction with the electric field gradient which, in this as evidenced by SQUID measurements, suggests that this
case, originates from the bond with the nitroged! Thus, phase does not arise from a classical Mott transition as the
the powder line shape expected for a uniform distribution ofone observed, for example, in NK;Cq, (Ref. 19 [where an
ammonia orientations is the typical Pake douflshown in  antiferromagnetic phase exists beldy=40 K (Ref. 3]. To
the lower part of Fig. 3. The expected width of 245 kHz tackle this problem and to confirm the previous findings we
(defined as the distance between singulajitiess however, consider a third nuclear probe available in our system: the
reduced by the uniaxial rotation of ammonia around its ter-'3C nucleus, whose spin-lattice relaxation timg) both in
nary axis'’ a mechanism we have found to be effectivethe superconducting and in the insulating phase can yield
down to 1.6 K. This dynamics is knowhto produce an information on electron spin and/or density fluctuations. Fig-
overall reduction of the linewidth by a factor ef4.5 with-  ure 5 shows the spin-lattice relaxation rat&,14s a function
out affecting the spectrum shape. On the other hand, thef temperature. While a linear behavior is observed in the
reorientation of the ternary axis itself can be quite efficient inx<<1 phase, as expected on the basis of the Korringa relation
averaging out the residual traceless quadrupolar interactiofior metalst® the x~2 phase follows an activated law, as
thus making the powder pattern collapse into a single line, ashown in the fit of Fig. 5, wherd& ,=71+5 meV. The
shown in the upper part of Fig. 3 for=0.6 (superconduct- disappearance of the Korringa behavior in this latter phase
ing phasg while no narrowing was observed fae=2 (in-  and its lower relaxation rate at low temperatures (0.1 fsr
sulating phase x~2 at 45 K to be compared with 0.55 Sfor x~0.9) both

IV. ?2H NMR

V. 13C NMR
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25 ; ' ' ' ' ' +3 meV andA,=185+11s !, E,,=76+3 meV.

T Insulator The presence of a singlet-triplet g&plike the one ob-

° f@ﬁm;% Srm (x~2.0) served here, is typical of Jahn-Tell¢dT) distorted 3% .

20 ‘h"ﬂém\% @\a\éfqme M 7 This, together with the lack of magnetism and the presence

£ Trag ~o of two different energy gaps, indicates that a quasistatic
N {' charge unbalance or, in chemical language, a disproportion
B P \E\;\ 4 1 as G, —C2 +Cq could take place in our system. The
2 " . . ey E,..= 7 different pre-exponential factors could account for two dif-
£ 1000/ Temperature () 71+5meV 7 ferent hyperfine interactions of the paramagnetic electrons
II Metal with the *C nuclei. Their ratio A, /A,~5) is close to the
I (x~0.9) value (_~4). reporteq for NgCgp and K,Cqp (Ref. 2Q. The .
I 5 two activation energies, on the other hand, are quite close, in
agreement with theoretical predictioffslt is interesting to
FTET note that recent studies by Brouedtal,, also based on NMR
O;E____z__r_._.:.:i‘_.—-l—"' . . . requation megsurements, repgrt thg observation of a similar
0 50 100 150 200 250 300 JT-induced spin gap not only in{gY~ system? but even

Temperature (K) in conducting Csg (Ref. 25 and superconducting

FIG. 5. 3C NMR 1/T, vs temperature dependence in insulating N 22CSCeo and RBCe, (Ref. 28, in which the presence of
and metallic (NH),NaK,Cso. Whereas the latter follows a linear Ceo@nions with even charges is explained as the result of fast
Korringa law, the insulator shows two thermally activated exponendynamical charge disproportions or fluctuations. If we sup-
tial relaxations, as reported in the inset. The fit with a single relax0se that the same effect could be present in the metallic
ation shown in the main figurédotted ling is characterized by an Phase of (NH),NaK,Cq, (although it could not be observed
averageE =715 meV spin gap. in relaxation time measurements for other rea&nshe
e . . _ ) known anomalies of this superconductor and the observed
indicate the absence of interactions with conduction elecaygjution to the insulating phase could be the effect of the
trons in the relaxation process, thus further confirming itssiowing down and, eventually, of a freezing of these charge
insulating nature. By a comparison of these results with the,ctuations.
13C relaxation data in similar insulating systethe., NaCeo The 13C spectra taken at low temperatur&= 20 K),
and K,Cqo) (Ref. 20, we attribute the activated behavior to here narrowing due to molecular reorientational dynamics
the interaction with a thermally excited triplet state. The re-js jneffective, show in both cases Gaussian line shapes. They
orientational dynamics of £ can also contribute, through are roughly centered at 200 ppm with respect to TS
the modulation of the chemical shift anisotrol§SA), to the  ramethylsilang and have different full width at half maxi-
relaxation of carbon nuclei, but the evaluation of thismym (FWHM) values: 118 ppm fok=0.9 and 177 ppm for
term?®*! and the comparison with other known ca$é&  y—2.0. Both the linewidths and their positions fully agree
example, NaCe (Ref. 22] show that the expected contribu- ith previous observations: those fot=0.9 doping conform
tion is restricted to a bump in T{ located aroundT o the values found in other superconducting fulleritfes,
=180 K, visible also in our case. The interaction with ex-\hereas the values for~ 2 doping agree with those mea-
cited electrons is therefore the only responsible for the obg e in the & and & insulating system&?28 The line-
served activated behavior of the relaxation, thus suggestingqih observed in the metallic phase, smaller than that in the
the presence of an electron energy gap. insulator, can be attributed to the different sign of the CSA

Moreover, a careful analysis of the recovery curves showsiih respect to the Knight shift anisotropy, yielding a line

a double exponential behavidthe amplitude of the differ-  har6\ing once the two tensors are added. These observa-
ently relaxing components being almost eguavhich is  tjons are also consistent with the insulating nature of the
more pronounced in the high-temperature regip@0-300 ,_5 phase.

K). Although a nonexponential relaxation could be ascribed

also to the inequivalence of different carbons in the fcc lat-

ticg orto ﬂuctuations of anisotropic interactiofi®., CSA or VI. CONCLUSIONS

Knight shift) (Ref. 23, in both these cases the effect would

be more pronounced at low temperatures. Since the opposite In conclusion we have shown that (NKNaK,Cgy for

is observed, the double-exponential relaxation is more likelxk>1 evolves toward a rather singular insulating phase
due to the presence of two classes of nonequivalent carbomhich, unlike other known cases, does not show any mag-
nuclei, both relaxing through activated electronic spin-tripletnetic order. Moreover, this phase is hardly imputable to a
states. In this case we expect different relaxation ratefattice expansion but, more likely, it originates from a charge
throughout the temperature range. The double-exponentigisproportion among £ anions, evidenced by the presence
recovery thus indicates the presence of two spin gaps withf a spin gap. According to theoretical analySisn odd-
different activation energies. The inset of Fig. 5 shows theeslectron systems the JT effect adds to the Coulomb repulsion
temperature behavior of the two components in the recoverio localize electrons in a nonmagnetic ground state, while the
curve. Fitting the data with the function Tly=Ae Ea’keT  opposite happens in even-electron systems. The related gain
+const yields, respectivelyA;=914+84 s, E,;=65 in energy could drive our system to favor a JT-induced tran-
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sition towards the insulating state rather than following the Fundamental questions remain, however, open to deeper
conventional Mott-Hubbard route. This system would repretheoretical and experimental investigations, regarding the
sent the first example of a JT-induced metal-to-insulator traneompatibility between the charge disproportion mechanism

sition in superconducting fullerides. on one side and the nonconventional BCS nature of the su-
Similar charge instabilities could also be at the origin of perconducting condensate on the other.

the anomalousT; versus lattice parameter observed in the  This nonconventional behavior is clearly evidenced in the
(supejconducting phase of our system. This suggestion isyperconducting phase of the systems studied in the present
supported by the recent observation of a similar spin gap ifyork and confirmed also by recent experiments involving the

the conducting Csg (Ref. 235 and superconducting gensity of states at the Fermi leYer the critical magnetic
N&a,CsCs and RRCg, (Ref. 26, where a fast dynamical dis-  fiqds and the field penetration depth.
proportion might be detectable already in the metallic phase.
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