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Metal-insulator transition in RbC 60 polymer fulleride studied by ESR
and electron-spin relaxation

V. A. Atsarkin, V. V. Demidov, and G. A. Vasneva
Institute of Radio Engineering and Electronics, Russian Academy of Sciences, 103907 Moscow, Russia

~Received 24 February 1997!

The ESR intensity, line shape, and longitudinal electron-spin relaxation in the polymer phase of the RbC60

fulleride are investigated in the temperature range 4.2,T,300 K. Most attention is focused on the metal-
insulator transition region~25–50 K!. It is found that below 50 K the ESR line can be separated into two
Lorentzian components ascribed to conduction electrons and some localized paramagnetic centers~with con-
centration of about 0.03 per formula unit! with allowance made for the relaxation bottleneck. The decrease of
the conduction-electron susceptibility obeys an activation law with the characteristic energyD/kB580
610 K related to the opening of a gap 2D'100 cm21. The same quantity is found by analyzing both
longitudinal and transverse relaxation caused by fluctuations of internal fields with correlation timetc

} exp(2D/kBT). Below 25 K, the temperature dependencies of the linewidth and the relaxation times change
abruptly, revealing the development of a new ordered state. The nature of this state is discussed.
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I. INTRODUCTION

Among different alkali-metal doped C60 materials the re-
cently discovered AC60 (A5Rb, Cs! linear polymer
phase1–3 attracted special interest because of its unusual c
ducting and magnetic properties.1–11 Below 50 K RbC60 un-
dergoes a metal-insulator transition followed by the broad
ing and dramatic disappearance of the conduction-elec
spin resonance~CESR!.1,4,8 In the same temperature range
steep rise of theT1 /T2 ratio was found8 (T1 andT2 are the
longitudinal and transverse relaxation times!; that is typical
of the transition from metal to nonconducting state~note that
the equality T15T2 was definitely proved in the meta
phase11!. From the very beginning such behavior w
proposed1 to be caused by quasi-one-dimensional~1D! con-
ductivity along the polymer~C60)n chains, followed by the
transition into the spin-density-wave~SDW! ground state be-
low 50 K. This idea received some support through the
tical conductivity data,4,9 which implied the opening of a
typical gap at the Fermi surface. However, the13C high-
resolution nuclear magnetic resonance~NMR! ~Refs. 12 and
13! as well as some theoretical calculations,14 argue against
preferential conductivity along the polymer chains, thou
their magnetic properties are thought to be characteristi
quasi-1D systems.10

The nature of the magnetic state of theAC60 polymer
below the transition temperature still remains unclear. T
muon-spin rotation studies5–7 revealed the existence of qua
sistatic ~on the time scale of a fewms! internal magnetic
fields of the order of 5 mT below 20–25 K; it wa
suggested6,7 that the magnetic structure has no long-ran
order and resembles spin glasses~SG’s!. On the other hand
the measurements of the13C, 87Rb, and 133Cs NMR line-
widths and spin relaxation are consistent with the antifer
magnetic~AF! order,10 which develops progressively belo
25 K.

Thus many questions concerning the low-temperat
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transition in theAC60 polymer phase are still under discu
sion and need further investigation. This is just the object
of our work. We present here a detailed experimental st
of the ESR line shape and electron-spin relaxation in
RbC60 polymer.

II. EXPERIMENT

The RbC60 samples used for the present study were kin
supplied by L. Forro~École Polytechnique Fe´dérale de Lau-
sanne, Lausanne!; the preparation was described in Ref.
The ESR probe consisted of fine RbC60 powder~particle size
less than 1mm! mixed with powdered Al2O3 to prevent elec-
trical contacts between the fulleride grains. The sample w
placed into a Teflon container. No precautions were ta
against the atmosphere air. No changes in the ESR spe
and relaxation times were observed on keeping the sam
at ambient conditions for two years.

Most of the ESR spectra were taken in theX band using
Bruker ER-200. The ESR spin susceptibility~hereafter de-
notedx! was measured as the integral intensity of the E
absorption; the absolutex values presented in the figure
were calibrated by comparing our data with those by Ch
vet et al.1 at 300 K.

Temperature was controlled by means of the Oxford cr
genic system and additionally checked against the ESR
tensity of a small ruby crystal placed inside the microwa
cavity close to the RbC60 sample. The accuracy of temper
ture determination was about 1 K.

The longitudinal electron-spin relaxation timeT1 was
measured using an original technique15 based on directly reg-
istering the longitudinal spin magnetization of the sample

Mz~ t !5U sin Vt1V cosVt,

under a deep amplitude modulation of the microwave pow
with the modulation frequencyV'107 s21. HereU and V
are the in-phase and out-of-phase components of the ma
9448 © 1997 The American Physical Society
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56 9449METAL-INSULATOR TRANSITION IN RbC60 . . .
tization response relative to the modulation wave form. T
measurements were carried out by means of the homem
apparatus described previously.15,16 The ‘‘phase version’’ of
the method was used, theT1 value being deduced from th
expression

V

U
5~T11 1

2 T2!, ~1!

where

T25SA3

2
gdppD 21

~2!

is the transverse relaxation time calculated from the peak
peak widthdpp of the ESR line assumed to be Lorentzia
andg is the magnetogiric ratio. Experimental details of me
suringT1 are presented elsewhere.11,15,16

III. RESULTS

A. General review

Figure 1 shows a general survey of the ESR and re
ation results in the temperature range 4.2,T,300 K. These
data agree qualitatively with those publish
previously.1,4,8,11The integral ESR intensityx @Fig. 1~a!# in-
creases moderately as temperature decreases from 3
about 50 K, and then steeply decreases. On further coo
below 10 K thex value increases again, this time accordi
to the Curie law. The linewidth@Fig. 1~b!# exhibits a pro-
nounced peak near 25 K. Finally, the longitudinal relaxat

FIG. 1. Temperature dependencies of the integral ESR inten
~a!, the peak-to-peak linewidth~b!, and the relaxation times~c! of
the RbC60 polymer.
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time T1 remains equal toT2 at 45–300 K but strongly in-
creases at lower temperatures where theT1 /T2 ratio be-
comes much more than unity, see Fig. 1~c!. Note that this
figure shows the effectiveT2 values calculated using Eq.~2!,
which is valued only for the Lorentzian line shape. In t
next section we shall see that serious corrections are ne
in the transition region.

Taken together all these observations are qualitativ
consistent with the suggested1,2 metal-insulator transition ac
companied by corresponding loss of the conduction-elec
magnetic susceptibility. The low-temperature Curie-like b
havior is probably due to some paramagnetic defects or
purities. Note that the Curie-like contribution strongly d
pends on the particular specimen@compare Fig. 1~a! with
other published data1,4,8#.

Interestingly, some results are found to be dependen
the thermal history. For instance, thex maximum between
50 and 60 K was more pronounced at the first cooling o
virgin sample than during the succeeding cycles@see Fig.
1~a!#. Besides, a slight irreversible increase of the linewid
has arisen after the first cycling@see Fig. 1~b!#, as caused by
an additional random field of about 0.18 mT.

B. Detailed description of the transition region

From the accurate analysis of the ESR spectrum we h
found that atT,50 K the line is no longer single Lorentz
ian; namely, some additional absorption arises at the dis
wings and, besides, the line becomes slightly asymme
see Fig. 2. These effects grow progressively down to 25
where the maximum linewidth is reached. At this point, ho
ever, all these tendencies sharply convert to the oppo
ones: the asymmetry changes its sign and then gradually
out, whereas the linewidth decreases and below 15 K te
to a constant value.

It was found that in the range 25–45 K the line shape c
be well fitted by a sum of two Lorentzian components: t
‘‘narrow’’ ( A) and ‘‘broad’’ (B) ones. An example is pre
sented in Fig. 2. The best-fit parameters of both compon
are plotted against temperature in Figs. 3–5; these are
central results of this paper.

One can see from Fig. 3 that the ‘‘partial’’ ESR susce
tibilities xA andxB behave quite differently from each othe
As temperature decreases, thexA value drops by about an
order of magnitude, whereasxB to the contrary increases an
tends to about one half the initialx value at 50 K. At the
same time bothA and B components broaden significant
when cooling from 45 to 25 K, see Fig. 4@it should be borne
in mind that the plotted quantities (T2

A)21 and (T2
B)21 are

calculated using Eq.~2! and so are proportional to the line
widths#. We consider theA component as caused by th
conduction electrons and theB component as related to som
localized paramagnetic centers. This suggestion will be
cussed in detail in the next section.

Just below 25 K the shape of the ESR line becomes m
complicated~see below!, but atT,10 K the two-line fit is
again possible; the resulting components denotedC and D
are characterized by Lorentzian forms with the temperatu
independent linewidths of 0.4 and 0.2 mT, respectively. B
C and D components obey the Curie law~see Fig. 3! and

ity
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9450 56V. A. ATSARKIN, V. V. DEMIDOV, AND G. A. VASNEVA
correspond to practically equal spin concentrations of abo
1.231023 per RbC60 formula unit.

Between 15 and 25 K the deconvolution of the ESR lin
is rather sophisticated and, perhaps, not unique. Neverthe

FIG. 2. Variation of the absorption-derivative ESR spectra
the RbC60 polymer with temperature.~a! Shows the Lorentzian line
shape above the transition.~b! Gives an example of the deconvolu
tion of the observed line~solid curve! into two Lorentzian compo-
nents:A ~dashed-dotted curve! andB ~broken curve!; the sum of the
both is represented by the dotted line.~c! Shows a typical line just
below 25 K.

FIG. 3. Integral intensity of theA, B, A8, A9, C, andD com-
ponents separated from the RbC60 ESR spectrum vs temperature
below the transition point. The solid line represents the activati
law, Eq. ~3!; the broken curve shows the Curie law.
ut

ss

we have managed to separate, apart from the Curie-like li
C and D, two other Lorentzian lines denotedA8 and A9;
both die out upon cooling~Fig. 3!. Here the widths and in-
tensities can be estimated only approximately as exempli
by the large scatter of the data points. In the range 10–15
the A8 andC lines cannot be distinguished from each oth
because of close widths andg factors~see Figs. 4 and 5!; so
in this temperature range thexA8 values shown in Fig. 3 are
evaluated by subtracting the Curie-law contribution from t
integral ESR intensity.

The longitudinal relaxation rates are presented in Fig.
Below 45 K theT1 data correspond to the narrower (A) ESR
component as verified by the field dependence of the m
netization response~for a more detailed description of th
technique see Refs. 15, 16, and 11!. As to theB component,
we can only state thatT1

B<T1
A . A steep increase of the

T1
A/T2

A ratio occurs on cooling below 45 K.
The A9 component can be separated only in the narr

temperature range~20–25 K!; at T,20 K it becomes indis-
tinguishable from theC line ~for this reason, theT1 data for
both C and A9 components are indicated in Fig. 4 by th

f

n

FIG. 4. Longitudinal (T1
21) and transverse (T2

21) relaxation
rates of the different ESR components plotted against tempera
within the transition region. The solid lines represent the fit by E
~8!–~11! with the parameters given by Eq.~12!.

FIG. 5. Temperature dependence of theg factors related to the
different ESR components.
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56 9451METAL-INSULATOR TRANSITION IN RbC60 . . .
same symbols. The origin of theA9 line is not yet clear.
Perhaps this signal is related to thermally activated cond
tion electrons localized in some distorted regions~short poly-
mer chains, etc.! An argument for this explanation might b

the fact that theT1
A9 value is comparable to~actually it joins

smoothly! the conduction electronT1
A . As to theT1

D value, it
appears to be much more than 1026 s and so cannot be
measured by means of the technique employed.

Figure 5 gives temperature dependencies ofg factors for
all the components of the ESR spectrum mentioned ab
The accuracy is rather poor because of strong overlappin
the components, especially within 15–25 K. Neverthele
the data shown in Fig. 5 are indicative of a noticeable
crease ofgB as temperature decreases from 45 to 25 K. In
same temperature range, thegA value grows a little and then
transforms smoothly togA8 . The latter observation provide
evidence for the similar nature of theA andA8 components,
whereas theB component apparently has no observable
tension below 25 K.

From the general inspection we can summarize the
perimental data as follows. The metal-insulator transition
our RbC60 samples consists of two stages. The onset te
peratureTc1 is about 50 K, andTc2525 K is another crucial
point. BelowTc1 the ESR intensity starts to decay, the line
separated into two components that broaden with decrea
temperature, and theT1 value increases. AtTc2 the transition
is over and some new low-temperature state develops
reveals itself in a sharp change of all ESR parameters.

IV. DISCUSSION

Before discussing the physical nature of the transition,
will try to fit our experimental data with reasonable pheno
enological expressions. First we shall consider the temp
ture dependence ofxA , the intensity of theA component
presumably attributed to the delocalized~conduction! elec-
trons. Taking into account that the metal-insulator transit
can be accompanied by the opening of an energy gapEg
52D at the Fermi surface, we test the activation law deriv
for 1D systems:17

xA5
const

AT
expS 2

D

kBT D , ~3!

wherekB is the Boltzmann constant.@Strictly speaking, the
temperature dependence of the conduction-electron susc
bility is more complicated;17 we use, however, the simple
form of Eq. ~3!, which gives a good approximation atD
.2kBT.] The corresponding curve is shown in Fig. 3; no
that the points ascribed to theA andA8 components are fitted
by the same curve supporting the common nature of both
spin species. The best fit is obtained atD/kB580610 K;
this value agrees well withEg5100 cm21 as evaluated
from optical conductivity.4,9

The next step is to interpretxB(T). In view of the fact
that the intensity of theB component increases upon coolin
down to 25 K~Fig. 3!, this line should be attributed to som
localized paramagnetic centers. It is well known that the
called strong bottleneck can be realized in typical metal18

This means that, owing to exchange interaction between
conduction electrons (e) and localized spins (s), their ESR
c-
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spectra merge into a single Lorentzian line characterized
the averaging of bothg factors and relaxation rates weighte
with the ‘‘partial’’ susceptibilitiesxe andxs . The bottleneck
conditions~in the ‘‘relaxation mode’’! are18

Wse,Wes@WsL ,WeL . ~4!

Here Wse is the rate of thes-spin relaxation caused by th
conduction electrons~the Korringa rate!; Wes is the rate of
the reverse process~the Overhauser relaxation!; WsL and
WeL are partial spin-lattice relaxation rates of the cor
sponding spin species. Under even the stronger conditio

Wse@ds
0, ~5!

where ds
0 is the partial ~for instance, inhomogeneous o

dipole-dipole! width of the s spins without the bottleneck
the well-known exchange narrowing should occur that
duces the ‘‘inhomogeneous’’ line broadening to19

d* 5
~ds

0!2

Wse
. ~6!

We suppose that in the metal phase~above 50 K! Eqs.~4!–
~6! are fulfilled. In the course of the metal-insulator tran
tion, however, theWse value, being proportional to (Txs

2),
falls off progressively as exp(22D/kBT), see Eq.~3!, and
inequality ~5! starts to break down. We have carefully an
lyzed this situation by numerical solving of the Bloch
Hasegawa equations;18,19 the s-spin inhomogeneous ESR
broadeningds

0 was assumed to be much more than the par
e-spin linewidthWeL . The results of our calculation will be
presented in more detail in forthcoming publications a
here we restrict ourselves to the main conclusion. It w
found that, as the condition of Eq.~5! depresses, the shape
the ESR line ceases to be single Lorentzian and can be
proximated by a sum of two Lorentzian curves chang
with temperature in fair agreement with our observations
the componentsA andB. In particular, a temperature rang
exists where the linewidth of theB component is well de-
scribed by Eq.~6!; so accounting for Eq.~3! one gets

~T2
B!215 const3expS 2D

kBT D . ~7!

Below we shall revert to correlation between this express
and the experimental data.

It is worthwhile to estimate the concentrationns of the
localizeds centers in our sample. Assuming that in the me
statexe can be approximated by the Pauli susceptibility
the 1D free-electron model with one electron per unit ce8

andxs obeys the Curie law, we get

xe
Pauli5

mB
2Ne

2kBTF
, xs

Curie5
g2mB

2Ns

4kBT
,

wheremB is the Bohr magneton,Ne andNs are the numbers
of the conduction electrons and thes spins, respectively, and
TF is the Fermi temperature. Suppose that at 50 K~above the
transition! xA5xe

Pauli1xs
Curie, and at 25 KxB5xs

Curie. Then,
making use of the data of Fig. 3 and supposing8 TF
>400 K one can estimatens'0.03 per RbC60 formula unit.
One might suggest that these paramagnetic centers
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9452 56V. A. ATSARKIN, V. V. DEMIDOV, AND G. A. VASNEVA
caused by the breaking of the one-dimensional (C60!n poly-
mer chains~similar model was previously applied20 to para-
magnetic fragments of the Cu-O chains in YBa2Cu3O61x).
In such a case, the mean length of the polymer chain in
RbC60 samples is of the order of 30 C60 cases; this looks
reasonable.

Now we shall pass to the spin relaxation data, Fig.
According to general theory,21 magnetic spin relaxation is
due to some time-dependent perturbation commonly con
ered as a randomly fluctuating internal field with a corre
tion time tc . Within the ‘‘fast motion’’ region, where the
correlation ratetc

21 is much more than the fluctuation am
plitude, the relaxation timesT1 andT2 can be written as

T1
215^d2&

2tc

11v0
2tc

2 , ~8!

T2
215^d2&S atc1

btc

11v0
2tc

2 D , ~9!

where^d2& is approximately the second moment of the
ternal field distribution in the static limit~at tc→`); a andb
are some factors of the order of unity depending on the s
cific relaxation mechanism; andv0 is the ESR frequency
Since in the very fast motion limit (v0tc!1) both relaxation
times are equal to each other; one gets from Eqs.~8! and~9!,
a1b52.

Equations~8! and ~9! are representative of the fact th
T1

21 is proportional to the spectral density of the correlati
function at the resonance frequencyv0 , whereT2

21 contains
also the zero-frequency contribution represented by the
term in Eq. ~9!. For the sake of simplicity, the harmon
frequency terms such as 2v0 are omitted because of the
minor effect on the qualitative picture.

One can see from Eq.~9! that at tc→` the transverse
relaxation rate diverges. This is caused by the fact that E
~8! and ~9! are not valid in the slow-motion limit. Rigorou
treatment of this case is very complicated,22 so we reason-
ably suggest that in the static limit theT2

21 value tends to
^d2&1/2 ~hereafter denotedd! according to

~T2
21!corrected5~d211T2!21, ~10!

whereT2 is determined from Eq.~9!.
In order to apply Eqs.~8!–~10! to our experimental data

one has to specify the temperature dependence of the c
lation time. We assume thattc obeys an activation law with
some characteristic energyEa :

tc5tc
0expS Ea

kBT D . ~11!

Three curves calculated from Eqs.~8!–~11! are shown in Fig.
4; at T.25 K they fit all the experimental points related
both longitudinal and transverse relaxation. It should be e
phasized that the agreement is achieved with thesingle setof
the main adjustable parameters:

Ea /kB5~150620! K; tc
054.5310213 s;

d51.73109 s21. ~12!
ur

.

d-
-

e-

st

s.

re-

-

As seen, the evaluated activation energyEa practically coin-
cides with the energy gapEg52D deduced above from the
xA(T) dependence; see Eq.~3!. This is the central finding of
our analysis.

As to thea andb factors, the best fit was obtained wit
(a50.4;b51.6) for T2

A and (a52;b50) for T2
B . In the lat-

ter case, Eq.~9! becomes entirely equivalent to Eq.~6!,
which describes the exchange narrowing of the inhomo
neous line of thes spins under the bottleneck condition. Th
suggests an idea about the nature of the correlation timetc :
in fact, the role oftc is played by the characteristic tim
Tse[1/Wse of the s→e scattering. As mentioned above
Tse}Txs

2}exp(2D/kBT), so the coincidence ofEa and 2D
looks quite natural.

Similar identification oftc with Tse was previously real-
ized within the framework of the bottleneck theory as a
plied to classical 3D metals;19 this suggestion was also use
in studying ESR and relaxation phenomena in the (FA! 2PF6

organic 1D material~FA is fluoranthene, C6H10!.
23

The next problem to be discussed is the origin of t
‘‘inhomogeneous’’ broadeningds

0, which is equivalent to the
rms internal fieldd in Eqs.~8!–~10!. It is just this field that is
randomly modulated with the correlation timetc leading to
both transverse and longitudinal relaxation in the overall s
system. In the case of (FA!2PF6, this field was proved23 to
originate from thes-e dipole-dipole interaction. The sam
model could be effective in the RbC60 polymer, though our
data are not yet sufficient for a certain conclusion.

One more mechanism responsible fortc and also gov-
erned by the activation energyEg might be the interband
electron hopping. Finally, one could speculate that the m
tion of the charge carriers destroys the development of
AF correlations along the polymer chains and so produ
magnetic fluctuations characterized by the magnituded and
the correlation timetc , in much the same way as it procee
in the CuO2 planes of the oxide high-temperature superco
ductors~for example, see Ref. 24 and references therein!. In
such a model,Tc2 might be a critical point where the con
centration of the thermally activated conduction electrons
comes too low to prevent magnetic ordering.

We pass to the question of what happens in the Rb60
polymer below 25 K. Unlike the previous papers5–7,10where
the existence of a static magnetic order@either SDW~Ref. 5!,
SG ~Refs. 6 and 7!, or AF ~Ref. 10!# was strongly supported
by NMR and mSR ~where SR is spin resonance! observa-
tions, our data doesn’t yield such unambiguous eviden
On the one hand, the rms internal field estimated in the st
limit from Fig. 4 is d/g>10 mT, in order-of-magnitude
agreement with both NMR~Ref. 10! and mSR ~Refs. 5–7!
results. On the other hand, however, the pronounced
narrowing is observed below 25 K@see Figs. 1~b! and 4#
instead of the expected broadening. Such behavior is ha
compatible with any kind of magnetic order associated w
strong site-dependent internal fields, whether it be AF, SW
or SG. Of course we cannot exclude that the most broade
lines ~such asB component in Fig. 4 and maybe the antife
romagnetic resonance! are lost belowTc2 just because of
their huge broadening. Besides, our three-line fit in
15–25 K range might be ambiguous. If, however, the o
served line narrowing does really exist, one has to supp
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56 9453METAL-INSULATOR TRANSITION IN RbC60 . . .
some nonmagnetic ground state such as a charge-den
wave ~CDW! or spin-Peierls~SP! one.

A striking resemblance should be pointed out between
RbC60 results and those obtained by Sachset al.23 on the
low-temperature phase of (FA!2PF6 known as a CDW mate
rial. In the latter case, the ESR line was also separated
three components ascribed to different kinds of localized
delocalized spins, including the paramagnetic defects rel
to broken 1D stacks. Further, on cooling well belowTc
5186 K the linewidth passed through a maximum. Fina
the activation energy deduced from thetc(T) dependence
was twice the activation energy of the conduction-elect
susceptibility. As a result, Sachset al.23 suggested the crucia
role of the paramagnetic defects and definitely ruled ou
SDW or AF ordering.

Note that the low-temperature ground state in the Rb60
polymer might be strongly influenced by the localized pa
magnetic centers, especially if they are related to the m
length of the polymer chains and so can affect the 1D-
crossover. Evidently, the defect concentration may differ
various RbC60 samples leading to scatter in experimental
sults. As an instructive analogy we refer to observation of
AF-SP crossover controlled by external pressure in
~TMTTF!2PF6 organic conductor.25
.
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In conclusion, we have investigated the ESR intens
line shape, and relaxation behavior in the RbC60 polymer in
the range of the metal-insulator transition. Two critic
points are found,Tc1550 K and Tc2525 K. Below Tc1
two components of the ESR spectra have been extracted
identified as being due to conduction electrons and locali
paramagnetic defects. The activation energyD/kB>80 K of
the conduction-electron susceptibility is found; this value
supported by the activation behavior of the correlation ti
tc governing both transverse and longitudinal relaxation
der the bottleneck condition. From these data, the energy
Eg in the insulating state is estimated as 2D>100 cm21. A
sharp change in the ESR parameters below 25 K sugge
transition to some ordered state; however, the ESR data
not yet sufficient to make an ultimate conclusion on its n
ture, so further study is needed.
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