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Electron spin resonance study of the polymeric phase of NRbCg
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The structural and electronic properties of the polymeric phase gRINg, which comprises of C-C
bridgedcgg chains have been studied between 410 and 4 K with the electron spin res¢B8Rcéechnique.
On cooling, the polymeric phase starts growing bete®50 K. Its fraction reaches a maximum -aiLl90 K,
where around 55% of the monomeric cubic phase have transformed to the polymer. The temperature depen-
dence of the ESR susceptibility suggests that theRN&;, polymer is conducting down to 4 K. The ESR
results exclude the possibility of the existence of a ground-state instability and the formation of either a
spin-density-wavéSDW) or a charge-density-wav&€DW) state.[S0163-18209)01530-1

[. INTRODUCTION polymer crystal structure is derived from the primitive cubic
phase by a contraction of 0.6 A along one of the cube face
Po|ymerization of Go molecules has been in the focus of dlagonals and a 0.4° tilt of one of the qxes. ThIS results in a
fullerene research in recent years. Photoinduced polymerizdtonoclinic cell (space groupP2,/a) with lattice param-
tion was first suggested in pristings This was followed eters, a=o 13.711A, b? 14.554A, c=9.373A, and B
by the discovery that neutralgexposed to moderately high —L33-23° atT=180K." The very short €;Ce, distance
pressures and temperatirean also form C-C bridged poly- observed along the axis provides the signature of the for-

i h | h lecul mation of the polymer. Ogitset al’® have recently opti-
meric structures. In these polymers, thg, @olecules are 764 the structure of monoclinic BRbGs, using local-

linked by a characteristic four-membered carbon ring arismgjensity functional (LDF) calculations and obtained its
from [2+2] cycloaddition. The first examples of polymer- electronic band structure. The optimized geometry compares
ization in intercalated g compounds were fouridn salts ~ well with that obtained from the synchrotron x-ray-
with stoichiometryACgy (A=K, Rb, C9 in which the same diffraction data.
type of bonding between neighboring linits was encoun- The electro_nic properties of _the cubic monomeric form of
tered. In addition ACs, forms a metastable dimer phase, N&RbGs, which can be stabilized to low temperatures by
which exhibits a different bridging structural motif between rapid cooling,” have been extensively studied. It is fOU{Ld to
the G units, namely a single C-C bond. This type of bond_Tﬁe(’;lo?ilgj]lione :)ﬁ‘(i?]guscljgz)r\gggeznvglzgstlﬁgsIg\geﬁftﬁfssbject
Ljr:?nxiisorlgtle&;:lsc?g;rsedg) fn(?;aaffﬁgto;l-z?r;lg:) nt;\lloof extens_ive w_ork a_md it may be related to a nu_mber of
60 g > reasons, including either the occurrence of polymerization or
Na,RbCs polymers. ™ Thus the charge state of the fullerene e - mogulation of the N&C2; interaction with inter-
molecules appears crucial in determining the bondingerene spacing®6
mechanism, favoring2+2] cycloaddition for (Gg, and On the other hand, the electronic and magnetic properties
(Ce0)n and single carbon-carbon bond formation fofg&ﬁ. of polymeric NgRbGCq are as yet totally unexplored. It has
and (&),,”° even though both kinetic and steric factors arebeen shown that it is not superconductifigyut it is not
also of importancé. known whether it is metallic or not. An important character-
The N(’:&Rb%o po'ymeric phase appears on very slow |St|C of molecular conductors is their dimensionality, as |OW-
cooling below 250 K and, as the temperature is lowered, it§limensional systems often undergo metal-insulator transi-
fraction increases at the expense of the primitive cubic molions at low temperatures. These arise from ground-state in-
nomeric phas&’ However, no full transformation occurs Stabilities, like the formation of spin-density wa@DW) or
and, even for extremely slow cooling procedures, only aboufnarge-density wavéCDW) states. This kind of behavior

55% of the cubic phase transform to the polyrh&rl2As a  Nas been already encountered in th€s, systems which

result, at low temperatures PRbG;y samples are mixtures Eth':g ?]erpicetglr'c;gfﬂatg; ;LaenS't;ggs?ﬁsfh};’e?ggt(r)g:ﬁfrgﬁg
of the majority polymer and the minority cubic phases. The y magn 9 &;' :
geometrical structure of the singly bonded fullerene polymer
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has been studied theoretically in a very recent report in the a) 300 K

one-dimensional approximatidfi For the triply charged gg

ions, the existence of a small amplitude CDW was predicted,

leading to the opening of a gap at the Fermi level. However,

as it was pointed ouf interchain interactions could easily R T T

destroy this CDW state. b) 305 K
The purpose of this paper is to present a detailed study of

the stability and conducting and magnetic properties of the

polymer phase of N&bGC;, The electron spin resonance

(ESR technique has been proven before to be a very effi-

cient method for the study of the conducting and magnetic

properties of alkali fulleride$’'%-2*We followed this ap-

proach to study both the high-temperature monomeric phase

and the monomerpolymer phase transition of NabCy, in

the temperature range 410—-4 K. We have found that the P S TS T

Na,RbCy, fulleride is conducting both in the monomeric and d) 300 K

the polymeric phases. The spin susceptibility of the latter,

as measured by the ESR technique, is strongly enhanced at

low temperatures.

ESR signal (arb. units)

32 33 34 35 36
IIl. EXPERIMENTAL H(kG)

Na,RbC;, was prepared by the reaction of stoichiometric

9“"?‘(;‘““6‘5 Ofl %0’ INa, z;:[mg Rfll)l gon_tt?]”;?dth%S(?raled IZSCOEII aRbG,, showing the evolution of the ESR signal in the course of
INSide a sealed glass tube Tified wi elo orra thermal cycle from 300 Kupper spectrumto 410 K and then

for 3. h, 570 K f9r 12 h, and 620 K for 72 h; after an inter- back to 300 K(bottom spectrum Note the difference between the
mediate regrinding, the sample was annealed at 673 K for 2, spectra taken at 300 K before and after the heat treatment.
days. The sample was characterized by synchrotron x-ray

and neutron powder diffraction, solid-state NMR and super- ) )
conducting quantum interference device magnetometrylinewidths of the broad component being 381 G for
X-band ESR experiments were performed on a commercidl@CsGo, 15.8 G for NaKCqp and 28.9 G for NgRbCgo.*°
Bruker ESP 300 E spectrometer equipped with an Oxford We thus tried to simulate the anisotropy in the ESR spec-
liquid-helium cryostat, operating in the temperature rangdra by assuming that the observed line shape at 9.6 GHz and
between 410 and 4 K. The temperature stability was better
than=0.2 K. In order to achieve maximum conversion of the
cubic to the polymer phase, particular attention was paid to
the cooling procedure below 280 K. Thus cooling between
280 and 190 K was performed over a period of 48 h at a rate
of 1.8 K/h. ESR spectra were recorded automatically every
30 min.

FIG. 1. Temperature dependence of ¥iband ESR spectra of

Ill. RESULTS AND DISCUSSION

The full temperature dependence of the ESR spectra of
the powder NgRbG;, sample taken aX band (9.6 GH2 is
shown in Figs. 1 and 2. As it is apparent from Figa)land
2(a), the room temperature ESR lines are significantly asym-
metric. However, for a fine grained powder metallic sample,
like that used in these experiments, the particle size is small C
compared to the skin depth. Under these circumstances, the r
conducting electron spin resonan@ESR signal is entirely L
independent of the diffusion of the conducting electrons N
through the skin depth and the CESR line shape takes the r
simple Lorentzian forni??3In order to explain the observed 3 . . . .
asymmetric line shape, we recall that the ESR spectra of 330 335 340 345 350 355
many other alkali fullerides are asymmetric and are com- H(KG)
posed of a broad and a narrow liffeThe linewidth of the
narrow line is CommonlyVS G, while that of the broad line FIG. 2. Temperature dependence of fiband ESR Spectra of
depends strongly on the alkali metal present, varying fromNa,RbGCy, below room temperature. The cooling rate from 280—190
25.5 G in KCqo t0 744 G in RRCqo.° A simiilar situation is K was 1.8 K/h. The dashed lines {g) represent the deconvolution
also encountered for the BlCg, family, with the observed of the spectrum into two componeri&g. (1)].

ESR signal (arb. units)

d) 25K
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290 K [Fig. 2@)] is composed of two Lorentzian compo- BT
nents: a0l
4 .
2[y(H—Hoa) T2al 351
f(H)=C, — V) I
{11+ [y(H=Hga) T2al%} 30
i r °
2[y(H—Hop) Top] % 2512 fupeeeeesee®?
+C . 1 [
b{1+[’y(H_H0b)T2b]2}2 ( ) v20_—
HereT,,, Ty, are the spin relaxation timesly,, Hgq, are 15 _'o0 e
the centers of the two componentsjs the electronic gyro- 10 /
magnetic ratio, andC, and C, are the fitting parameters, 5] 1
which depend on their susceptibility. The fit is reasonably o | ensocss000s0000 @

good with values of Z5;/(V3y)=AH,,(a)=9.1G and
2T551(V3y)=AH,,(b)=39.5G at 9.6 GHz and 290 K for
the narrow and broad components, respectively. The centers
of the two components are split by 4.3 G, leading factors FIG. 3. The temperature dependence of the derivative peak-to-
for the narrow and broad components @f=2.0025(2) peak ESR linewidth. The solid circles represent the results obtained
(Hpa=3437.3G) andy,=1.9999(2) Hq,=3441.6G), re- in the slow cooling experiment from 290—4 K, the solid squares
spectively. those obtained during heating of the sample from 290-410 K, and
The two-component structure of the ESR line can thughe open squares those obtained on cooling the annealed sample
satisfactory explain the asymmetry of the room-temperaturdom 410-290 K. The inset shows the expanded region between 4
data. However, the origin of the two lines still remains anand 200 K.
open question. The broad component of the observed ESR . ) . .
line with a characteristig,=1.9999 can be ascribed to the an orlentqnonally disordered fcc phase. The possﬂyhty that
conducting electron spin resonance of tf@g @lectrons, by the two signals may come from the ordered and disordered
analogy to otheA;Cgq, systems. However, the presence ofCUblc phases, re_spectwgl)_/, can be ruled out by ana!c_)gy to the
the narrow component with a spin only value, g, case of ng‘_o W_hlch _exh|b|ts the same phase transition, but
—2.0025 needs to be discussed further. Tanigekal. no change in linewidth and intensity of the ESR sigfal.

postulated® that the narrow component, observed in theF'na”y' on cooling from 410-290 K, we see no reappearance

ACe, series and found to display Curie-like temperature de_of the narrow component with only the broad line present for

- : . e annealed sample.

pendence, originates from defect-type spins trapped in thEéh .
crystal. Similar narrow ESR signals have been also observed The changes in the_ESR spectra abo_ve room temperature
. . . - . are most clearly seen in Fig. 3, which displays the tempera-
in ACgy systems with their origin attracting a number of ture dependence of the peak-to-neak ESR linewikith
alternative explanatiorfé;for instance, it was proposed that before (El)econvolution intopthe twopcom onents. As thpep nar-
they could arise as a result ¢f) rapid electron exchange . ponents. .

L : row component gradually disappears with increasing tem-
between G, and G, units, (ii) thermal population of low-

ing 2A ited stat i fo ; perature AH,, also increases linearly. The slope of the tem-
ying excited states, ofiii) aggregation of g, ions to perature dependence AH ,, shows a drastic change above

form (Ggo), ~ dimers. Thus, by analogy, an attractive expla-3g K that we take as the signature of the complete disap-
nation for the appearance of the narrow component in th@earance of the narrow component. Finally, we find a large
ESR spectra of N&RbG is that it reflects precursor effects pysteresis in the temperature dependence of the linewidth of
to polymerization and, as a consequence, it forms as a resifie annealed sample when it is cooled from 410 K to room
of the presence of (&)5 dimers or larger (65"~ aggre-  temperature(Fig. 3, reflecting the delayed growth of the
gates. Non-Curie-like temperature dependence of the intefarrow component of the ESR line on cooling. These obser-
sity of the narrow component would lend support to thisyations provide strong support that in our sample the pres-
explanation and militate against its impurity origin. ence of the narrow component in the ESR spectra of unan-
In order to check this, we followed the temperature de-negled samplefFigs. 1a) and 2a)] reflects polymerization
pendence of the ESR spectra of cubigRIaCs, above room  precursor effects, arising through the formation of molecular
temperature. If the narrow component originates from theaggregates.
presence of dimers, trimers or larger sections of the poly- The effect of the polymer formation on the ESR spectra is
meric chains already existing in the cubic monomeric phasegyen more pronounced below room temperature. Slow cool-
then it should rapidly disappear on heating, as the bridge¢hg of the unannealed sample at a rate of 1.8 K/h below 280
(Ce0)"~ aggregates revert to monomers. The temperaturg leads to a gradual change in the line shape below 250 K
dependence of the ESR spectra of the,Rt#C;, powder  (Fig. 2) with the narrow component of the ESR line now
sample measured first on heating from 290-410 K and thebecoming dominant. At the same time, the intensity of the
on cooling back to 290 K is shown in Fig. 1. It is immedi- total ESR signal increases by a factor of 2.5 between 250 and
ately apparent that the narrow component almost completely90 K (Fig. 4). These results can be compared with those
disappears on heating to 325 K, and thus we can discard thghtained when the sample is cooled rapi¢iy a rate much
possibility that in the present case it originates from impuri-larger than 10 K/hwhen polymer formation is suppressed
ties. We also note that in this temperature region the lowand the metastable primitive cubic phase survives to low
temperature simple cubic phase of RaG;, transforms to  temperatures. Under these circumstances, no significant
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FIG. 4. The temperature dependence of the normalized ESR |G 5. The temperature dependence of the normalized ESR
intensity, as obtained during the slawpen circleg and the rapid intensity | .o, Of the polymeric phase of NRbCy,, as determined
(squarescooling experiments. The inset shows the temperature defom Eq. (2). The dash-dotted line represents the fit in the tempera-
pendence of the fractiop of the polymer phase, obtained from e range between 200 and 60 K to E®), with a=3.2
synchrotron x-ray-diffraction measuremeiief. 12. X 10" “ states/eVIG,/A, B=0.25A, andl =0. The dotted line is a

fit of the low-temperature phase to Hg) with 6=5.1+=1.2 K. The
change in the ESR intensity is observed around 250 K. Thenset shows the temperature dependence of the interfullerene sepa-
latter is only weakly temperature dependent and increasaationd in the ab plane of the monoclinic cellRef. 10.
slightly with decreasing temperatuf€ig. 4). As a result, the

increase in the ESR intensity below 250 K in the slow cool-in 3 number of different phenomena at low temperatures, like
ing experiment can be attributed to the gradual formation othe appearance of a Mott-Hubbard transition and the stabili-
the polymer phase, in agreement with the results of synchrozation of magnetic or even superconducting ground states. In
tron x-ray and neutron-diffraction expenm_eﬁfs. _order to search for additional phase transitions at lower tem-
As already mentioned, the transformation from the cubicyeratures, we then continued the ESR measurements down to
to polymeric phase is not complete even after extremely slow; 4 k.
cooling procedures. In order to analyze quantitatively the Fyrther cooling below 190 K leaves the fraction of the
temperature dependence of the ESR intensity, we assunilymer phase unchangeg+0.55),"*? while the X-band
that the total ESR intensity,, can be expressed as a sum ggr intensityl ), as obtained from Eq2), decrease€Fig.
of the intensities arising from the cubic and the polymerics) gych temperature dependence has been also observed in
fractions: other cubic alkali fulleridé¥?®?and it has been interpreted
in terms of the decrease of the density of states at the Fermi
lotar™ (1= P)! cubic™ P lpoly - (2)  level,Ny(Eg) with temperature, as a result of lattice contrac-
tion. Robertet al?® modeled this dependence by employing

Herep is the fraction of the polymer phase, ahdpc and  the exponential functional form, calculated by Satpathy
I oy @re the intensities of the ESR signal of the cubic andgt 51:29

polymeric phases, respectively. The latter are directly pro-
portional to the spin susceptibilities of the respective frac-
tions. The temperature dependencea$ known from syn- _“ F{E)
> . Np(Ep)= —exp =]. (€)

chrotron x-ray and neutron powder diffraction experiments d B
which clearly reveal macroscopic coexistence of the mono-
meric and polymeric phasé&ig. 4 inse},'? while the tem-  HereN, *=N_ *+1 is the bare density of states at the Fermi
perature dependence kf,,;. can be taken from the results of level, enhanced by the Stoner parameted is the Gg-Cgp
the fast cooling experiment. Combining these data and usindistance which is given in the cubic alkali fullerides dy
Eg. (2), we can now extract the temperature dependence of a/v2—D, with a being the unit-cell length anb the G
| oty Which is shown in Fig. 5. diameter.a and B are empirical fitting parameters. In the

The intensity of the ESR signal arising from the polymercase of the N&RbG;y polymer, however, the situation is
phase,l o, is temperature independent in the temperaturenore complicated, as this shows strong anisotropic behavior
range between 250 and 190 K, implying that the polymericon cooling, with the thermal contraction along the C-C
phase is also conducting. We also note the significantly difbridging monoclinic ¢ axis being negligible dInc/dT
ferent relative magnitudes of,pic andl oy With 1,y found — =1.0(5)x 10" 8K ™1).*%'? Instead, we attempted to fit the
to be equal to 0.9810 2 emu/mol—a factor of 2.8 larger ESR intensity between 200 and 50 K by assuming that the
than I e In low dimensional systems with narrow elec- temperature dependence Mf(Er) is modulated by the in-
tronic bands, correlation effects are expected to lead to thterfullerene separation in treb plane. An excellent fitFig.
enhancement of the Pauli susceptibifityan effect charac- 5) was obtained by using the parameteggs; 0.25 A and|
teristic of correlated metals. However, as pointed out by=0, essentially identical to those employed by Robert
Mott?’ correlations between conducting electrons can resulet al? This result provides support for the importance of the
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interchain interactions in polymeric BRbG;, that make its  dered state develops in pRbG;y down to 4 K, despite the
character less one-dimensional than #@, systems.’ presence of strong magnetic correlation effects below 60 K.
Below 50 K, the fit fails to describe the experimental datalnstead, the temperature dependence of the ESR linewidth
due to the upturn in the temperature dependence of the ES§uggests that polymeric BRbC;, remains conducting down
intensity. Such behavior could imply that at low tempera-to 4 K. The observed behavior is also quite different from
tures, the Stoner enhancement factor becomes nonzero, Hrat observed in the one-dimensional charge-transfer salt
effect also encountered in other fulleride systems, describe@TF-TCNQ (tetrathiafulvalene-tetracyanoquinodimethanide
as strongly correlated metals, like the two-dimensionalWwhich shows transitions to CDW states. It is likely that the
Na,Cgo polymer>® importance of the interchain interactions identified in
The observed increase in the susceptibility of the poly-Na,RbCy, prevent the occurrence of a transition to a CDW
meric phase at low temperatures could be also analyzed istate, as it was pointed out in Ref. 18.
terms of the occurrence of a metal/insulator transition. In
such a case, the susceptibility could be well described below V. CONCLUSION

60 K as a constant plus the Curie tetRig. 5, dashed line . ) _
In conclusion, we have studied the process of polymeriza-

Xpoly=const+ C/(T—6) (4)  tion in the NaRbGy, fulleride by theX-band ESR technique.
ith itive Curi e In agreement with earlier x-ray-diffraction data, we have de-
with a positive Curie temperaturé=>5.1+1.2K. However, o mined that the polymerization sets in, on cooling, around

this scenario also necessitates that a change in the ESR lingsq 1« 414 that the maximum fraction of the polymerized
wiplth should oceur a_\round 60 K; no such change i_s ObserVeghase is about 0.55. The polymeric phase is found to be
(Fig. 3. The linewidth shows a drastic narrowing from ¢q,qcting down to 4 K. The temperature dependence of the
A.HPP: 9.1G at room temperature Hp=2.7G at 210 K spin susceptibility, as measured by ESR, suggests that inter-
with a further smaller reducthn to.1.9 _G at around 190 K. i1 interactions are important and the,RIaCy, polymer
Below this temperature, the linewidth is only very weakly gp,ys |ess pronounced one-dimensional character than the

tem_p_erature dep_enqlent, dl_splaylng a me_tal-hk_e small, bu Cso cOmpounds. The results at low temperatures are similar
positive, slope with increasing temperatufég. 3 inse}. to those observed for the M@y, polymer.

Since the changes in the ESR intensity,, are not as
pronounced as, for instance, those IfTDAE)Cq,
(TDAE =tetrakis-dimethylamino-ethylené® NHzK3Ceo, >
or RbGs, " and since no change in the ESR linewidth is  The authors wish to acknowledge fruitful discussions with
observed, we conclude that no long-range magnetically orP. Petit and to express their thanks for his suggestions.
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