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Electron-paramagnetic-resonance scattering rates in metallic RbC60 and CsC60
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~Received 4 April 2001; published 15 November 2001!

We derive conduction-electron scattering rates in the metallic polymer phase of RbC60 and CsC60 from the
investigation of the temperature-dependent conduction electron-spin-resonance linewidth atX- ~9 GHz! and
W-band~94 GHz! frequencies by applying the Elliott theory. We obtain scattering rates that favor an essentially
isotropic electronic structure of the polymer phase.
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INTRODUCTION

RbC60 and CsC60 have attracted considerable attenti
due to their large number of different phases. The m
prominent example is the orthorhombic phase wh
emerges upon cooling the high-temperature fcc phase to
peratures below 350 K. Its outstanding characteristic is
formation of one-dimensional polymer chains by@212# cy-
cloaddition between the fullerene molecules.1 This phase is
metallic in the temperature range from 350 down to 50 K a
undergoes a metal-to-insulator transition below 50 K.2,3 The
existence of one-dimensional chains of charged fullere
together with the short spacing of the molecules along
chain direction led to the conjecture of a quasi-on
dimensional conductivity.4

This idea was reclaimed to be supported by two electr
spin-resonance~ESR! results: the narrowness of the condu
tion ESR~CESR! in comparison to metallic Rb3C60 ~Ref. 5!
and the large asymmetric broadening of the resonance b
the metal-to-insulator transition. The first was attributed
reduced spin relaxation as a consequence of the red
electron scattering rate typical for low-dimensional ele
tronic systems. The second was interpreted as antiferrom
netic resonance resulting from a spin-density wave,6 a phe-
nomenon typically occurring in quasi-one-dimension
systems like the Bechgaard salt (TMTSF)2PF6.7 The notion
of an antiferromagnetically ordered one-dimensional grou
state was supported by13C NMR results showing strong
magnetic fluctuations persisting up to room temperature.8

This interpretation has been challenged by theoretical
culations that favor a three-dimensional~3D! electronic
structure9,10 and by considering that the atoms participati
in the polymer bonds aresp3 hybridized and thus do no
enhance conductivity along the chains.11 From the discussion
of alternative ground-state scenarios that would lead t
broad ESR signal,12,13 a magnetic ground state seems pla
sible, but its nature—1D spin-density wave or 3D antifer
magnetic ordering—is still a matter of debate.

To resolve this question, further information on the d
mensionality of the electronic structure has to be acquired
first step into this direction was taken by de Swietet al., who
determined the electron spin-density distribution on
fullerene molecule by13C NMR in CsC60.14 They found a
concentration of the spin density near the equator of
fullerene, away from the polymer bonds, which thus giv
rise to strong interchain coupling. Moreover, in a recent p
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lication Sakamotoet al. constructed a temperature-pressu
phase diagram of RbC60 using ESR and resistivity
measurements.15 They identified a typical Mott-Hubbard be
havior, with an antiferromagnetically ordered metallic pha
at low temperatures and high pressures, which can only
understood in terms of a 3D system. Furthermore, our gr
lately showed that the nonaxially symmetric and rather i
tropic g tensor found in a RbC60 single-crystal investigation
favors a fairly isotropic conduction-electron state.16 In the
present publication we analyze in detail the temperatu
dependent CESR linewidth of RbC60 and CsC60 powder
samples at standard (X band! and high fields (W band! ap-
plying the Elliott theory. The standard explanation of t
narrow ESR linewidth in RbC60 in comparison to cubic
Rb3C60 in terms of a reduced conduction-electron scatter
rate implicitly assumes a comparable spin-orbit coupling
both systems. Instead it seems more reasonable that the
ence of three rubidium ions per C60 in Rb3C60 will lead to a
larger spin-orbit coupling compared with RbC60. The same
scattering rate would then naturally translate into an
creased spin relaxation and hence a broader CESR line
Rb3C60.

EXPERIMENT

RbC60 and CsC60 powder samples have been prepared
ing the standard method with subsequent slow cooling of
samples from 400 K to room temperature. The samp
sealed in quartz tubes, were investigated using ESR atX- and
W-band frequencies, i.e., at 9 and 94 GHz.X-band measure-
ments were performed on a standard Bruker spectrom
equipped with a TE102 rectangular cavity. For the 94 GH
measurements a Bruker Elexsys 680W-band spectromete
with a cylindrical cavity was employed. InW bandg-factor
anisotropies are enlarged by a factor of 10 with respect tX
band. Measuredg values have been corrected by comparis
to a Li:LiF standard sample.17

ELLIOTT THEORY

The Elliott theory,18 which was extended by Yafet,19 al-
lows us to relate the observed CESR linewidth andg factor
to the intrinsic conduction-electron scattering rate in a m
tallic system.

Conduction-electron scattering on impurities or phono
leads to spin relaxation if the subbands for the two spin o
entations are mixed by spin-orbit coupling. Elliott show
©2001 The American Physical Society05-1
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that the admixture of one subband to the other can be
mated by the ratiol/DE, wherel is the spin-orbit coupling
constant andDE is the separation of the band in question a
its neighbor bands having the same transformation pro
ties. Thus, when switching on spin-orbit coupling, the wa
function connected to the Zeeman stateu↑& becomes

~aku↑&1bku↓&)eik"r.

The ratiob/a is determined by the strength of the mixin
i.e., by l/DE. Elliott demonstrated that the admixture lea
to a g shift Dg5g22.0023, also proportional to the magn
tude of the mixing. Hence the experimental determination
the deviation ofg from the free electron value gives a me
sure of the influence of spin-orbit coupling on the band str
ture.

The probability that an electron scattering process lead
a spin flip is proportional to the square of the mixing stren
which, following the above reasoning, can be expressed
the g shift Dg. Hereby Elliott established the relation b
tween the scattering rate 1/t and the metallic spin-relaxatio
rate 1/T1:

1

T1
5a

Dg2

t
, ~1!

wherea is a material-dependent parameter of order unit19

Because of the equivalence of transverse and longitud
relaxation rates 1/T251/T1 in metallic systems, the abov
expression can be related directly to the ESR linewidth:

DBHWHM5
1

gT2
5

a

g

Dg2

t
, ~2!

where DBHWHM is the half width of the resonance andg
5g(mB /\) is the gyromagnetic ratio.

Aside from the fact that optical measurements show
metallic character of RbC60 and CsC60,3 there are two strong
indications that the Elliott-Yafet theory can be applied to t
metallic phase of RbC60 and CsC60. One is the increase in

FIG. 1. X-band spectra of RbC60 and CsC60 powder samples a
200 K. The CsC60 resonance is considerably broader than that
RbC60, which can be attributed to a larger spin-orbit coupling
the conduction electrons caused by the heavier cesium atom.
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linewidth with temperature, which hints at a coupling of th
spin relaxation to the electron-phonon scattering. The ot
one is the fact that the resonance observed for CsC60 is con-
siderably broader than that for RbC60 ~see Fig. 1!. As one
expects the heavier cesium atom to cause a larger spin-
coupling, this effect demonstrates the importance of sp
orbit coupling for spin relaxation in these materials.

MEASUREMENTS AND DATA ANALYSIS

Figure 1 displays the spectra taken at 200 K atX band.
For both materials a Lorentzian-type resonance is obser
The signals arise from the conduction electrons of the me
lic polymer phase, which exists in the temperature ran
from about 50 to 350 K. Going from X- to W-band freque
cies,g anisotropy leads to a broadening of the lines for bo
materials. If one fits all spectra with Lorentzian lines o
obtains the temperature dependences shown in Figs. 2 a
for RbC60 and CsC60, respectively. For RbC60, however,
W-band measurements reveal a slight asymmetry of the E
line which is due to the partial resolution ofg anisotropy. As
we have already determined theg anisotropy of RbC60 single
crystals,16 we chose to simulate a powder pattern using thig

f

FIG. 2. Temperature dependence of the full ESR linewidth
RbC60 powder samples atX and W bands, as obtained from
Lorentzian fit to the resonance lines.

FIG. 3. Temperature dependence of the full ESR linewidth
CsC60 powder samples atX andW band. The solid lines correspon
to the model function described in the text.
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anisotropy, which we convoluted with a Lorentzian fit fun
tion in order to match the spectra. The Lorentzian then c
tains the dynamic linewidth, whereas the influence ofg an-
isotropy is taken account of by the powder simulatio
Assuming the same spin dynamics at 9 and 94 GHz,X-band
and W-band dynamic linewidths should be the same. Ho
ever, the same dynamic width for both frequency ban
could only be obtained by reducing theg anisotropy from
Ref. 16 by roughly 20%, which, on the other hand, is with
the errors assumed for theg tensor determination. The dy
namic linewidths obtained by this method are displayed
Fig. 4.

In contrast to the linewidth, theg factor for both materials
changes only very slightly in the temperature range of in
est (dg,231024). RbC60 has a g factor of 2.0015
(60.0001), while the value for CsC60 is g52.0026
(60.0001).

We tried to model the temperature-dependent linewi
data using the following relation:

DBFWHM5
\

mB

Dg2

g

2

t
1

Dganiso

g
B0 . ~3!

The first term contains all contributions which are attribut
to spin relaxation via spin-orbit coupling. This term corr
sponds to Eq.~2! with a51. The second term is only applie
for CsC60, where nog-anisotropy information is available. I
allows us to determine theg anisotropyDganiso from the
difference in linewidth betweenX andW bands. As described
above, for RbC60 theg anisotropy is already taken account
by the convolution of an anisotropic powder pattern with
Lorentzian line.

Concerning the first term, the determination of theg shift
Dg raises some questions: In the Elliott theory as descri
above,Dg is the deviation of theg factor from the free-
electron value. Now it is a well-known fact that theg factor
of discrete C60

2 ions is found in the range from 1.994 t
2.001,20 resulting from an intrinsic spin-orbit coupling of th
C60 anion. In the fulleride salt there is additional spin-orb
coupling due to the electronic band-structure formation a
admixture of the counter ion wave functions. One might co

FIG. 4. Temperature dependence of the dynamic part of the E
linewidth of RbC60 powder samples atX andW band. The solid line
corresponds to the model function described in the text.
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ceive the case that the two contributions shift theg factor in
opposite directions; then the totalg shift with respect to the
free-electron value is not a good measure of the strengt
the spin-orbit coupling of the conduction band.

Applying the reasonable assumption that in CsC60 the
electrons are subject to a larger spin-orbit coupling than
RbC60 ~heavy atom effect!, one would expect that the spin
orbit contribution toDg is larger in CsC60 than in RbC60.
However, the experimental values areDg52.0015–2.0023
520.0008 for RbC60 andDg52.0026–2.002350.0003 for
CsC60. We therefore conclude that the proper reference
the spin-orbit contribution to the relaxation rate is not t
free-electron valuege52.0023, but rather the C60

2 ion value,
for which we usegC60

51.9999 in the following.20

The scattering rate can be expressed by the sumt21

5tph
211t res

21 with a temperature-dependent phonon p
tph(T)21 and a temperature-independent residual partt res

21 .
The phonon part is modeled by a power law astph(T)21

5tph
21(300)(T/T300)

b, with the scattering ratetph
21(300) at

room temperature T3005300 K. The temperature
independent ratet res

21 represents scattering of conductio
electrons from lattice defects and impurities.

To exclude the influence of line broadening caused by
low-temperature phase below 50 K, we applied our mo
function only in the temperature range from 60 to 300 K. W
assumed the exponentb to be the same for both materia
and took it to beb52, which is close to the values obtaine
from an unrestricted fit of this parameter. The resulti
model functions, without theg anisotropy term for RbC60
and with theg term for CsC60, are plotted as solid lines in
Figs. 4 and 3, respectively. We note thatX- andW-band data
are fitted with a single parameter set; the resulting para
eters are summarized in Table I.

DISCUSSION

The scattering rates found are witht21'1013 s21 at
room temperature within an order of magnitude the same
those found for classical 3D metals like copper or silver.
the other hand for quasi-one-dimensional systems
(fluoranthenyl)2PF6 or related compounds the linewidth co
responds to interchain scattering rates which are in the ra
1010– 1011 s21.21 The Elliott relation~2! implies that this also
holds for 1D systems which exhibit a large ESR linewid
like (TMTSF)2PF6 with about 200 G at ambien
temperatures.22 The reason is the strong spin-orbit couplin

R

TABLE I. Parameters obtained from modeling the linewid
data for RbC60 and CsC60 with Dg referenced against the value o
C60

2 (gC60
51.9999). The parameters are further explained in

text.

RbC60 CsC60

Dg 1631024 2731024

tp
21(300) (s21) 3.2931013 7.5431013

t res
21 (s21) 2.6131013 3.4231013

Dganiso 3.031024 17.031024
5-3
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in the case of (TMTSF)2PF6 induced by the substantial elec
tron density at the heavy selenium atoms, which leads
largeg shift and therefore to large ESR linewidths, even
small scattering rates. Hence our results lead to the con
sion that the electronic conduction in RbC60 and CsC60 is
rather isotropic. The narrower linewidths in comparison w
Rb3C60 are the consequence of a reduced spin-orbit coupl
which might result from the smaller number of alkali ions
RbC60. No indication of a reduced scattering rate due
dimensionality effects has been found. Therefore the lo
temperature phase transition is not likely to be viewed as
instability of a quasi-1D system against the formation o
spin-density wave. On the contrary, the 3D nature of
electronic state favors a 3D antiferromagnetic ground sta

We note that the impurity scattering is rather large a
reflects the fact that this type of material suffers from fin
polymer chain lengths. Also the expected orientational dis
der of the orthorhombic domains will introduce severe gra
boundary scattering so that the large residual broadening
be rationalized. In fact this also explains why it is difficult
observe long-range magnetic order in the low-tempera
phase.13
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Comparing CsC60 with RbC60 we find a much largerg
anisotropy for CsC60, which indicates an appreciable admi
ture of cesium orbitals to the conduction-band wave fu
tion.

In summary, we have analyzed the ESR scattering rate
the conduction-electron spins in RbC60 and CsC60 in the tem-
perature range 60–300 K by applying the Elliott theory
the temperature-dependent ESR linewidth atX- andW-band
frequencies. The observed scattering rates are consistent
a 3D metallic character of the conduction electrons a
therefore challenge the conjecture of quasi-1D-electro
state in these materials. As a note of caution we rem
however, that finite polymer chain lengths can obscure
possible 1D behavior.
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