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Metal-insulator transition in RbC g, polymer fulleride studied by ESR
and electron-spin relaxation
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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 RbC
fulleride are investigated in the temperature range<4.2:300 K. Most attention is focused on the metal-
insulator transition regiori25-50 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 paramagnetigveigmteos-
centration of about 0.03 per formula unitith allowance made for the relaxation bottleneck. The decrease of
the conduction-electron susceptibility obeys an activation law with the characteristic eAékgy-80
+10 K related to the opening of a gapA\Z100 cm™!. The same quantity is found by analyzing both
longitudinal and transverse relaxation caused by fluctuations of internal fields with correlationrgime
o« exp(2A/ksT). 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.
[S0163-18297)06135-3

. INTRODUCTION transition in theACg, polymer phase are still under discus-
sion and need further investigation. This is just the objective
Among different alkali-metal dopedggmaterials the re-  of our work. We present here a detailed experimental study
cently discovered ACy;, (A=Rb, C9 linear polymer of the ESR line shape and electron-spin relaxation in the
phasé‘3 attracted special interest because of its unusual corRbGCsy polymer.
ducting and magnetic properties:! Below 50 K RbGg un-
dergoes a metal-insulator transition followed by the broaden- Il. EXPERIMENT
ing and dramatic disappearance of the conduction-electron )
spin resonancéCESR.1*81n the same temperature range, a 1 "€ RbGo samples used for the present study were kindly
steep rise of tha, /T, ratio was founl (T, andT, are the  SuPPlied by L. ForrdEcole Polytechnique frale de Lau-
longitudinal and transverse relaxation timethat is typical Sanne, Lausanmethe.preparafuon was descrlbed_ n R.ef. L
of the transition from metal to nonconducting stéiete that The ESR probe consisted of fine Rig@owder(particle size

the equality T,=T, was definitely proved in the metal Ie_ss than lum) mixed with powde_red AZD? to prevent elec-
1 o . trical contacts between the fulleride grains. The sample was
phasél). From the very beginning such behavior was

ito b db . di . placed into a Teflon container. No precautions were taken
broposedto be caused by quast-one- imensiofidD) con- against the atmosphere air. No changes in the ESR spectra
ductivity along the polymelCg),, chains, followed by the

LYl : ) and relaxation times were observed on keeping the samples
transition into the spin-density-wa¥€DW) ground state be- 4+ ambient conditions for two years.

low 50 K. This idea received some support through the op- post of the ESR spectra were taken in tkeband using
tical conductivity datd;® which implied the opening of a gruker ER-200. The ESR spin susceptibilityereafter de-
typical gap at the Fermi surface. However, théC high-  noted y) was measured as the integral intensity of the ESR
resolution nuclear magnetic resonarib®/R) (Refs. 12 and  apsorption; the absolutg values presented in the figures
13) as well as some theoretical CaICUIatidﬁargue against were calibrated by Comparing our data with those by Chau-
preferential conductivity along the polymer chains, thoughyet et al® at 300 K.
their magnetic properties are thought to be characteristic of Temperature was controlled by means of the Oxford cryo-
quasi-1D system¥) genic system and additionally checked against the ESR in-
The nature of the magnetic state of th&€g, polymer  tensity of a small ruby crystal placed inside the microwave
below the transition temperature still remains unclear. Theayity close to the Rbg sample. The accuracy of tempera-
muon-spin rotation studiés’ revealed the existence of qua- tyre determination was about 1 K.
sistatic (on the time scale of a fevus) internal magnetic The longitudinal electron-spin relaxation tinig, was
fields of the order of 5 mT below 20-25 K; it was measured using an original technidtieased on directly reg-

suggestedl’ that the magnetic structure has no long-ranggstering the longitudinal spin magnetization of the sample,
order and resembles spin glas$8§’s). On the other hand,

the measurements of thE€C, 8Rb, and 3%Cs NMR line- M,(t)=U sin Qt+V cosQt,
widths and spin relaxation are consistent with the antiferro-
magnetic(AF) order® which develops progressively below under a deep amplitude modulation of the microwave power
25 K. with the modulation frequenc2~10" s™. HereU andV
Thus many questions concerning the low-temperatur@re the in-phase and out-of-phase components of the magne-
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time T, remains equal td, at 45—300 K but strongly in-

= 12 o creases at lower temperatures where TheéT, ratio be-
E © O&, . a comes much more than unity, see Figc)l Note that this
g 8 ﬁ' o .80 o3 N figure shows the effectivé, values calculated using E),
T fﬁ ’ °3 which is valued only for the Lorentzian line shape. In the
2 49 ¢ . ) next section we shall see that serious corrections are needed
n Vg. o first cooling in the transition region.
0 ————r——————ext cycling Taken together all these observations are qualitatively
consistent with the suggestedmetal-insulator transition ac-
0.6 a4 companied by corresponding loss of the conduction-electron
E 1 4 s ° magnetic susceptibility. The low-temperature Curie-like be-
104- K 5 w, M b havior is probably due to some paramagnetic defects or im-
< &2; S purities. Note that the Curie-like contribution strongly de-
02 s first cooling pends on the particular specimgécompare Fig. (a) with
0.0 | —_— 1 : 4 Inextl cy(iling' | other published dat4q.
Interestingly, some results are found to be dependent on
- ] v the thermal history. For instance, themaximum between
) v T 50 and 60 K was more pronounced at the first cooling of a
g 103 b - virgin sample than during the succeeding cydlsse Fig.
=] 4 2 c 1(a)]. Besides, a slight irreversible increase of the linewidth
g 1o g on . has arisen after the first cyclifgee Fig. )], as caused by
D, ”Bgmﬁ IR T v vavy . an additional random field of about 0.18 mT.
C 1 L — 1 T 1 — 1 1 i &
0 50 100 150 200 250 300

Temperature  [K] B. Detailed description of the transition region

From the accurate analysis of the ESR spectrum we have
FIG. 1. Temperature dependencies of the integral ESR intensitfound that afT<<50 K the line is no longer single Lorentz-
(@), the peak-to-peak linewidttb), and the relaxation time&) of  ian; namely, some additional absorption arises at the distant
the RbG, polymer. wings and, besides, the line becomes slightly asymmetric;
see Fig. 2. These effects grow progressively down to 25 K,
tization response relative to the modulation wave form. Thevhere the maximum linewidth is reached. At this point, how-
measurements were carried out by means of the homemadger, all these tendencies sharply convert to the opposite
apparatus described previous:° The “phase version” of  ones: the asymmetry changes its sign and then gradually dies
the method was used, tfig value being deduced from the out, whereas the linewidth decreases and below 15 K tends
expression to a constant value.
It was found that in the range 25-45 K the line shape can
X=(Tl+ i1,), (1) be well fitted by a sum of two Lorentzian components: the
u “narrow” (A) and “broad” (B) ones. An example is pre-
where sented in Fig. 2. The best-fit parameters of both components
are plotted against temperature in Figs. 3-5; these are the
J3 -1 central results of this paper.
T2=<7 75pp> 2 One can see from Fig. 3 that the “partial” ESR suscep-
tibilities x5 and yg behave quite differently from each other.
is the transverse relaxation time calculated from the peak-toAs temperature decreases, thg value drops by about an
peak width &, of the ESR line assumed to be Lorentzian, order of magnitude, whereag to the contrary increases and
andy is the magnetogiric ratio. Experimental details of mea-tends to about one half the initigd value at 50 K. At the

suring T, are presented elsewhére'>1° same time bothA and B components broaden significantly
gl p
when cooling from 45 to 25 K, see Fig.[# should be borne
IIl. RESULTS in mind that the plotted quantitiesT§) ~* and (T5) ! are

calculated using Eg2) and so are proportional to the line-
widths]. We consider theA component as caused by the
Figure 1 shows a general survey of the ESR and relaxeonduction electrons and ti.ecomponent as related to some
ation results in the temperature range4P<300 K. These localized paramagnetic centers. This suggestion will be dis-
data agree qualitatively with those published cussed in detail in the next section.
previously:*81The integral ESR intensity [Fig. 1(a)] in- Just below 25 K the shape of the ESR line becomes more
creases moderately as temperature decreases from 300 domplicated(see below, but atT<10 K the two-line fit is
about 50 K, and then steeply decreases. On further coolinggain possible; the resulting components den@eand D
below 10 K they value increases again, this time accordingare characterized by Lorentzian forms with the temperature-
to the Curie law. The linewidthiFig. 1(b)] exhibits a pro- independent linewidths of 0.4 and 0.2 mT, respectively. Both
nounced peak near 25 K. Finally, the longitudinal relaxationC and D components obey the Curie laigee Fig. 3 and

A. General review
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FIG. 4. Longitudinal (r;l) and transverseTQl) relaxation
rates of the different ESR components plotted against temperature
within the transition region. The solid lines represent the fit by Egs.
(8)—(11) with the parameters given by E(L2).

we have managed to separate, apart from the Curie-like lines
C and D, two other Lorentzian lines denoted and A”;
both die out upon coolingFig. 3). Here the widths and in-
—L 1. ) 1) tensities can be estimated only approximately as exemplified
0337 0338 0339 0340 0341 0342 0343 0.344 by the large scatter of the data points. In the range 10—15 K,
Magnetic field [T] the A’ andC lines cannot be distinguished from each other
because of close widths agdfactors(see Figs. 4 and)5so
FIG. 2. Variation of the absorption-derivative ESR spectra ofin this temperature range the,: values shown in Fig. 3 are
the RbG, polymer with temperaturda) Shows the Lorentzian line  evaluated by subtracting the Curie-law contribution from the
shape above the transitiofin) Gives an example of the deconvolu- integral ESR intensity.
tion of the observed lingsolid curvg into two Lorentzian compo- The longitudinal relaxation rates are presented in Fig. 4.
nents:A (dashed-dotted curyandB (broken curvg the sum of the  Below 45 K theT, data correspond to the narrowe¥)(ESR
both is represented by the dotted lirte) Shows a typical line just component as verified by the field dependence of the mag-
below 25 K. netization responséfor a more detailed description of the
] ] ] technique see Refs. 15, 16, and.1As to theB component,
correspond to practically equal spin concentrations of abouf,e can only state thaT?$T’f. A steep increase of the

1.2x 10 2 per RbG, formula unit. ATA roti -
: . T7/T7 ratio occurs on cooling below 45 K.
Between 15 and 25 K the deconvolution of the ESR line The A” component can be separated only in the narrow

is rather sophisticated and, perhaps, not unique. Neverthele?esmperature rang@0—25 K); at T<20 K it becomes indis-

tinguishable from the line (for this reason, thd; data for

10F both C and A” components are indicated in Fig. 4 by the
% T T Ll 1 1 T T I T ¥ T
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FIG. 3. Integral intensity of thé, B, A’, A", C, andD com- Temperature [K]

ponents separated from the RRESR spectrum vs temperature
below the transition point. The solid line represents the activation FIG. 5. Temperature dependence of théactors related to the
law, Eq.(3); the broken curve shows the Curie law. different ESR components.
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same symbols. The origin of th&” line is not yet clear. spectra merge into a single Lorentzian line characterized by
Perhaps this signal is related to thermally activated condudhe averaging of botly factors and relaxation rates weighted
tion electrons localized in some distorted regi¢stsort poly-  with the “partial” susceptibilitiesy, andxs. The bottleneck
mer chains, et.An argument for this explanation might be conditions(in the “relaxation mode?’ are®

the fact that theT’f” value is comparable t@actually it joins
smoothly the conduction electrom . As to theT? value, it Wse:Wes>Wst Wt - @
appears to be much more than £0s and so cannot be HereWs, is the rate of thes-spin relaxation caused by the
measured by means of the technique employed. conduction electrongthe Korringa ratg W, is the rate of
Figure 5 gives temperature dependencieg ¢dctors for  the reverse procesghe Overhauser relaxatiopnWg and
all the components of the ESR spectrum mentioned abovédV,, are partial spin-lattice relaxation rates of the corre-
The accuracy is rather poor because of strong overlapping sfponding spin species. Under even the stronger condition
the components, especially within 15-25 K. Nevertheless,
the data shown in Fig. 5 are indicative of a noticeable in- Wy 69, )
crease ofjz as temperature decreases from 45 to 25 K. In th‘?/vhere 52 is the partial (for instance, inhomogeneous or
same temperature range, tipe value grows a little and then

i ; thiv t The latter ob i id dipole-dipole width of the s spins without the bottleneck,
ranstorms Smoothly tg, . thefatter o ser’va 10N Provides ype well-known exchange narrowing should occur that re-
evidence for the similar nature of tieandA’ components,

duces the “inhomogeneous” line broadenind®o
whereas thd8 component apparently has no observable ex- 9 d

tension below 25 K. (52)2

From the general inspection we can summarize the ex- & = W
perimental data as follows. The metal-insulator transition in se
our RbG, samples consists of two stages. The onset temwe suppose that in the metal phaakove 50 K Egs.(4)—
peratureT ., is about 50 K, and'.,=25 Kis another crucial (6) are fulfilled. In the course of the metal-insulator transi-
point. BelowT; the ESR intensity starts to decay, the line istion, however, thew,, value, being proportional toT(Xg),
separated into two components that broaden with decreasiffglls off progressively as exp(2A/kgT), see Eq.(3), and
temperature, and tfg, value increases. AL, the transition  inequality (5) starts to break down. We have carefully ana-
is over and some new low-temperature state develops th@jzed this situation by numerical solving of the Bloch-
reveals itself in a sharp change of all ESR parameters. Hasegawa equatiort&!® the s-spin inhomogeneous ESR

broadenings) was assumed to be much more than the partial
IV. DISCUSSION e-spin linewidthW,, . The results of our calculation will be

resented in more detail in forthcoming publications and
ere we restrict ourselves to the main conclusion. It was
found that, as the condition of E(p) depresses, the shape of
e%he ESR line ceases to be single Lorentzian and can be ap-
proximated by a sum of two Lorentzian curves changing
with temperature in fair agreement with our observations for
The componenté& andB. In particular, a temperature range
qexists where the linewidth of thB component is well de-
scribed by Eq(6); so accounting for Eq(3) one gets

(6)

Before discussing the physical nature of the transition, w«%
will try to fit our experimental data with reasonable phenom-
enological expressions. First we shall consider the temper
ture dependence of,, the intensity of theA component
presumably attributed to the delocaliz&zbnduction elec-
trons. Taking into account that the metal-insulator transitio
can be accompanied by the opening of an energy Bap
=2A at the Fermi surface, we test the activation law derive
for 1D systems”

2A

(TS 1= const><exp( T ) @

Below we shall revert to correlation between this expression
wherekg is the Boltzmann constaniStrictly speaking, the and the experimental data.

temperature dependence of the conduction-electron suscepti- |t is worthwhile to estimate the concentration of the

bility is more complicated; we use, however, the simplest |ocalizeds centers in our sample. Assuming that in the metal
form of Eg. (3), which gives a good approximation &  statey, can be approximated by the Pauli susceptibility in

>2kgT.] The corresponding curve is shown in Fig. 3; notethe 1D free-electron model with one electron per unit®ell
that the points ascribed to theandA’ components are fitted and y, obeys the Curie law, we get

by the same curve supporting the common nature of both the
spin species. The best fit is obtained Mftkg=80+10 K; paui MeNe cure. 92HENS
this value agrees well witfE;=100 cm™* = =
from optical conductivity*°

The next step is to interpregg(T). In view of the fact Whereug is the Bohr magnetorl, andN; are the numbers
that the intensity of th&® component increases upon cooling of the conduction electrons and teepins, respectively, and
down to 25 K(Fig. 3), this line should be attributed to some Tr is the Fermi temperature. Suppose that at S@#ove the
localized paramagnetic centers. It is well known that the sotransition xa= x5+ x5, and at 25 Kyg=x5"". Then,
called strong bottleneck can be realized in typical méfals. making use of the data of Fig. 3 and suppo8in:
This means that, owing to exchange interaction between thee400 K one can estimate,~0.03 per Rbg, formula unit.
conduction electronse) and localized spinss), their ESR  One might suggest that these paramagnetic centers are

const A )

T O T @

as evaluated Xe 2K Ty s AkgT
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caused by the breaking of the one-dimensionaj(poly-  As seen, the evaluated activation enegypractically coin-
mer chaing(similar model was previously appli€tto para-  cides with the energy gaB,=2A deduced above from the
magnetic fragments of the Cu-O chains in YE2Og., ). xA(T) dependence; see E@). This is the central finding of
In such a case, the mean length of the polymer chain in ouour analysis.
RbGs samples is of the order of 30 ggcases; this looks As to thea andb factors, the best fit was obtained with
reasonable. (a=0.4b=1.6) forT5 and @=2;b=0) for T5. In the lat-
Now we shall pass to the spin relaxation data, Fig. 4ter case, Eq(9) becomes entirely equivalent to E¢p),
According to general theor, magnetic spin relaxation is whjch describes the exchange narrowing of the inhomoge-
due to some time-dependent perturbation commonly €onSidseqys fine of thes spins under the bottleneck condition. This
e_red as a randc_)m_ly fluctuating mt_ernal f|e!d with a Correla’suggests an idea about the nature of the correlation tjme
ggpr;g;;cr'a:/evf,hl'r}str:r?u;fig?gtlﬁg:] ;ﬁgl(;lr:jcrl\jg?igen tgren in fact, the role ofr; is played by the characteristic time
- _ . :
plitude, the relaxation time$; and T, can be written as EQ;T%NZVSG of the s—e scattering. As mentioned above,
se* Txs*xexp(A/kgT), so the coincidence oE, and 2A

looks quite natural.
(8 Similar identification ofr. with T. was previously real-

ized within the framework of the bottleneck theory as ap-
br plied to classical 3D metalS:this suggestion was also used
ar.+ % ) (9) in studying ESR and relaxation phenomena in the }(f2%

1+ wote organic 1D materia(FA is fluoranthene, gH,o).23

where (&%) is approximately the second moment of the in- . :]'he next protf!ebm tc(; b(_a géscusstid_ IS th_e c|>r|g|n OL the
ternal field distribution in the static lim{at 7.—«); a andb Inhomogeneous™ broadenings, which s equivalent to the
are some factors of the order of unity depending on the spdMs internal field5in Egs.(8)~(10). Itis just this field that is
cific relaxation mechanism; and, is the ESR frequency. randomly modulated W'th th? correlat|o_n time leading ta .
Since in the very fast motion limitayr,<1) both relaxation both transverse and longitudinal relaxation in the overall spin
C . .
times are equal to each other; one gets from Ejsand(9), system. In the case of .(FMP R, this field was proved to
a+b=2. originate from thes-e _d|pc_>le—d|pole interaction. The same
Equations(8) and (9) are representative of the fact that (rjnodel could be eff?fc_:tl_ve ”; the Rlag:polymerl, though our
T, ' is proportional to the spectral density of the correlation atgnaeremn;teyﬁescl%;ﬁ';nmt roersaocnesritk?lg grn;nzsglglo o
function at the resonance frequensy, whereT, ! contains b 9

also the zero-frequency contribution represented by the firs‘?med by the activation energy, might be the interband
term in Eq.(9). For the sake of simplicity, the harmonic electron hopping. Finally, one could speculate that the mo-

frequency terms such asw@ are omitted because of their tion of the _charge carriers destroys the_ development of the
minor effect on the qualitative picture AF corrglatlons qlong the polymer chains and SO produces
One can see from Eq9) that at '_)OO the transverse magnetic fluctuations characterized by the magnitéidand
i . L ¢ the correlation timer;, in much the same way as it proceeds
relaxation rate diverges. This is caused by the fact that Eq i the CuO, planes of the oxide high-temperature supercon-
(8) and (9) are not valid in the slow-motion limit. Rigorous ductors(forzexam le, see Ref. 24 and references theréin
treatment of this case is very complicatédso we reason- P, ' X

. S 1 such a modelT., might be a critical point where the con-
abzlyl/séuggest that in the static "”?” the, = value tends 1o onrration of the thermally activated conduction electrons be-
(6%)** (hereafter denoted) according to

comes too low to prevent magnetic ordering.
1 1 1 We pass to the question of what happens in the ggbC
(T2 oorected™ (0" "+ T2) 7, (10 polymer below 25 K. Unlike the previous papers'®where
whereT, is determined from Eq(9). the existence of a static magnetic orfleither SDW(Ref. 5),

In order to apply Eqs(8)—(10) to our experimental data, SG(Refs. 6 and ¥, or AF (Ref. 10] was strongly supported
one has to specify the temperature dependence of the corr@y NMR and uSR (where SR is spin resonarcebserva-
lation time. We assume that obeys an activation law with tions, our data doesn't yield such unambiguous evidences.

27

T oz
C

T, '=(6%

some characteristic enerd, : On the one hand, the rms internal field estimated in the static
limit from Fig. 4 is 8y=10 mT, in order-of-magnitude
0 Ea agreement with both NMRRef. 10 and uSR (Refs. 5-7
Tc= TceXF{ ks ) (1)  results. On the other hand, however, the pronounced line

narrowing is observed below 25 Ksee Figs. (b) and 4
Three curves calculated from Eq8)—(11) are shown in Fig. instead of the expected broadening. Such behavior is hardly
4; atT>25 K they fit all the experimental points related to compatible with any kind of magnetic order associated with
both longitudinal and transverse relaxation. It should be em-strong site-dependent internal fields, whether it be AF, SWD,
phasized that the agreement is achieved witrsthgle sebf ~ or SG. Of course we cannot exclude that the most broadened

the main adjustable parameters: lines (such adB component in Fig. 4 and maybe the antifer-
romagnetic resonanceare lost belowT., just because of
E./kg=(150£20) K; 7-2=4.5><10*13 S; their huge broadening. Besides, our three-line fit in the

15-25 K range might be ambiguous. If, however, the ob-
5=1.7x10° s L. (12 served line narrowing does really exist, one has to suppose
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some nonmagnetic ground state such as a charge-density-In conclusion, we have investigated the ESR intensity,
wave (CDW) or spin-Peierl{SP one. line shape, and relaxation behavior in the Bb@olymer in

A striking resemblance should be pointed out between outhe range of the metal-insulator transition. Two critical
RbG,, results and those obtained by Sadfisal®® on the points are foundT;;=50 K and T,,=25 K. Below T,
low-temperature phase of (F#F; known as a CDW mate- two components of the ESR spectra have been extracted and
rial. In the latter case, the ESR line was also separated intilentified as being due to conduction electrons and localized
three components ascribed to different kinds of localized anffaramagnetic defects. The activation enesgis=80 K of

delocalized spins, including the paramagnetic defects relatéd® conduction-electron susceptibility is found; this value is
to broken 1D stacks. Further, on cooling well beldwy supported by the activation behavior of the correlation time

—186 K the linewidth passed through a maximum. Finally, "¢ governing both transverse and longitudinal relaxation un-
the activation energy deduced from thg(T) dependence der_the bqttlenegk condm(_)n. Frpm these data, the gqergy 9ap
was twice the activation energy of the conduction-electrorFg " the msulgtmg state is estimated a82100 cm . A
susceptibility. As a result, Sacks al > suggested the crucial SharF’ .change in the ESR param.eters below 25 K suggests a
role of the paramagnetic defects and definitely ruled out jransition to some ordered state; however, th? ESR c_JIata are
SDW or AF ordering. not yet sufficient to make an ultimate conclusion on its na-

Note that the low-temperature ground state in the gbC ture, so further study is needed.
polymer might be strongly influenced by the localized para-
magnetic centers, especially if they are related to the mean
length of the polymer chains and so can affect the 1D-3D We are greatly indebted to L. Forand A. Jaossy for
crossover. Evidently, the defect concentration may differ inkindly supplying the Rbg, samples for this study. We thank
various RbG, samples leading to scatter in experimental re-N. Kirova, A. Smirnov, S. Artemenko, and S. Zaitsev-Zotov
sults. As an instructive analogy we refer to observation of thedor helpful discussions. The work was supported by the Rus-
AF-SP crossover controlled by external pressure in theian State Foundation for Basic Research, Grant No. 96-02-
(TMTTF),PF; organic conductof® 19719.
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