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Electron-paramagnetic-resonance scattering rates in metallic Rbg and CsCq
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We derive conduction-electron scattering rates in the metallic polymer phase gf RixCCsG, from the
investigation of the temperature-dependent conduction electron-spin-resonance linevdd® aHz and
W-band(94 GH2 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 lication Sakamotcet al. constructed a temperature-pressure
phase diagram of Rkg using ESR and resistivity
RbGCs;, and CsG, have attracted considerable attention measurementS. They identified a typical Mott-Hubbard be-
due to their large number of different phases. The moshavior, with an antiferromagnetically ordered metallic phase
prominent example is the orthorhombic phase whichat low temperatures and high pressures, which can only be
emerges upon cooling the high-temperature fcc phase to teninderstood in terms of a 3D system. Furthermore, our group
peratures below 350 K. Its outstanding characteristic is théately showed that the nonaxially symmetric and rather iso-
formation of one-dimensional polymer chains [[@#+2] cy-  tropic g tensor found in a Rbgg single-crystal investigation
cloaddition between the fullerene moleculeBhis phase is favors a fairly isotropic conduction-electron staten the
metallic in the temperature range from 350 down to 50 K andoresent publication we analyze in detail the temperature-
undergoes a metal-to-insulator transition below 50°%The  dependent CESR linewidth of Rggand CsG, powder
existence of one-dimensional chains of charged fullerenesamples at standar(band and high fields \V band ap-
together with the short spacing of the molecules along thelying the Elliott theory. The standard explanation of the
chain direction led to the conjecture of a quasi-one-narrow ESR linewidth in Rbgy in comparison to cubic
dimensional conductivit§. Rb;Cg in terms of a reduced conduction-electron scattering
This idea was reclaimed to be supported by two electronfate implicitly assumes a comparable spin-orbit coupling for
spin-resonancéESR results: the narrowness of the conduc- both systems. Instead it seems more reasonable that the pres-
tion ESR(CESR in comparison to metallic RiCq, (Ref. 5 ence of three rubidium ions perggn Rb;Cgq will lead to a
and the large asymmetric broadening of the resonance belolarger spin-orbit coupling compared with RRC The same
the metal-to-insulator transition. The first was attributed toscattering rate would then naturally translate into an in-
reduced spin relaxation as a consequence of the reducedeased spin relaxation and hence a broader CESR line for
electron scattering rate typical for low-dimensional elec-Rb;Cgp.
tronic systems. The second was interpreted as antiferromag-
netic resonance resulting from a spin-density waeephe- EXPERIMENT
nomenon typically occurring in quasi-one-dimensional
systems like the Bechgaard salt (TMT$FF;.” The notion
of an antiferromagnetically ordered one-dimensional groun

state was supported by’C NMR results showing strong sealed in quartz tubes, were investigated using ESR and

magnetic fluctuations persisting up to room temperature. W-band frequencies, i.e., at 9 and 94 Gbizband measure-

This interpretation has been challenged by theoretical cals ants were performed on a standard Bruker spectrometer
culations that favor a three-dimensionéD) electronic P P

structur@!® and by considering that the atoms participating(':'qu'pped with a T, rectangular cavity. For the 94 GHz
in the polymer bonds arep® hybridized and thus do not measurements a B“%ker Elexsys 6@6band spectrometer
enhance conductivity along the chafi$:rom the discussion Wﬁﬁgoirgyligggﬁgl ecrﬁ;fyevgis earr;gggfi'f T(/) 333? ?;;ac:; o
of alternative ground-state scenarios that would lead to P 9 y pect
broad ESR signd?3 a magnetic ground state seems plau- and. Measured values have been corrected by comparison

sible, but its nature—1D spin-density wave or 3D antiferro—t0 a Li:LiF standard sampfé.
magnetic ordering—is still a matter of debate.

To resolve this question, further information on the di-
mensionality of the electronic structure has to be acquired. A The Elliott theory*® which was extended by Yafét al-
first step into this direction was taken by de Svaetl, who  lows us to relate the observed CESR linewidth gnfdctor
determined the electron spin-density distribution on theto the intrinsic conduction-electron scattering rate in a me-
fullerene molecule by**C NMR in CsGy.* They found a tallic system.
concentration of the spin density near the equator of the Conduction-electron scattering on impurities or phonons
fullerene, away from the polymer bonds, which thus givesleads to spin relaxation if the subbands for the two spin ori-
rise to strong interchain coupling. Moreover, in a recent pubentations are mixed by spin-orbit coupling. Elliott showed

RbGso and Cs(y powder samples have been prepared us-
&ng the standard method with subsequent slow cooling of the
samples from 400 K to room temperature. The samples,

ELLIOTT THEORY
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magnetic field (mT) FIG. 2. Temperature dependence of the full ESR linewidth of
RbCsy powder samples aK and W bands, as obtained from a
FIG. 1. X-band spectra of Ry and CsG@, powder samples at Lorentzian fit to the resonance lines.
200 K. The Cs(, resonance is considerably broader than that of
RbGso, which can be attributed to a larger spin-orbit coupling of |inewidth with temperature, which hints at a coupling of the
the conduction electrons caused by the heavier cesium atom.  gpin relaxation to the electron-phonon scattering. The other

one is the fact that the resonance observed forggsdon-

that the admixture of one subband to the other can be eSté‘lderany broader than that for RgQ(see Fig. L As one
mated by the ratia/AE, whereA is the spin-orbit coupling  gxpects the heavier cesium atom to cause a larger spin-orbit

constant and\ E is the separation of the band in question a”dcoupling, this effect demonstrates the importance of spin-

its neighbor bands having the same transformation propegpit coupling for spin relaxation in these materials.
ties. Thus, when switching on spin-orbit coupling, the wave

function connected to the Zeeman stHte becomes

(ad 1) +bill))e'*. . .
Figure 1 displays the spectra taken at 200 KXaband.

The ratiob/a is determined by the strength of the mixing, For both materials a Lorentzian-type resonance is observed.
i.e., by N/AE. Elliott demonstrated that the admixture leads The signals arise from the conduction electrons of the metal-
to ag shift Ag=g—2.0023, also proportional to the magni- lic polymer phase, which exists in the temperature range
tude of the mixing. Hence the experimental determination ofrom about 50 to 350 K. Going from X- to W-band frequen-
the deviation ofg from the free electron value gives a mea- cies,g anisotropy leads to a broadening of the lines for both
sure of the influence of spin-orbit coupling on the band strucmaterials. If one fits all spectra with Lorentzian lines one
ture. obtains the temperature dependences shown in Figs. 2 and 3

The probability that an electron scattering process leads tfor RbCy, and CsG,, respectively. For Rbg, however,
a spin flip is proportional to the square of the mixing strengthw-band measurements reveal a slight asymmetry of the ESR
which, following the above reasoning, can be expressed biine which is due to the partial resolution gfanisotropy. As
the g shift Ag. Hereby Elliott established the relation be- we have already determined th@nisotropy of Rbg, single
tween the scattering raterland the metallic spin-relaxation crystalst® we chose to simulate a powder pattern using ¢his
rate 17 ;:

MEASUREMENTS AND DATA ANALYSIS

1 Ag? E :
Lk T E 104 3
wherea is a material-dependent parameter of order ufity. e '
Because of the equivalence of transverse and longitudinal % 83 3
relaxation rates T,=1/T, in metallic systems, the above Q3 " A AL 3
expression can be related directly to the ESR linewidth: c 7 4 3
T 3
1 aAg? 44 So 0 band  E
AB == =_—, 2 £ ] 3
R A 2 E A W pband 3

where AB is the half width of the resonance a B e O e S
HWHM I"}d 0 50 100 180 200 250 300

=g(ug/h) is the gyromagnetic ratio.

Aside from the fact that optical measurements show the
metallic character of Rhg and CsG,° there are two strong FIG. 3. Temperature dependence of the full ESR linewidth of
indications that the Elliott-Yafet theory can be applied to theCsG,, powder samples & andW band. The solid lines correspond
metallic phase of Rbgg and CsG@,. One is the increase in to the model function described in the text.

temperature (K)
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L L L L L L L TABLE |. Parameters obtained from modeling the linewidth

1.75 1 RLC - data for RbG, and Cs(g, with Ag referenced against the value of
= 60 A Ceo (9c,,=1.9999). The parameters are further explained in the
£ 1501 - text.
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temperature (K) ceive the case that the two contributions shift thiactor in
IQpposite directions; then the totglshift with respect to the
free-electron value is not a good measure of the strength of
the spin-orbit coupling of the conduction band.
Applying the reasonable assumption that in gs@e
electrons are subject to a larger spin-orbit coupling than in

anisotropy, which we convoluted with a Lorentzian fit func- Rb h f Id hat th .
tion in order to match the spectra. The Lorentzian then conRPCeo (n€avy atom effegt one would expect that the spin-

tains the dynamic linewidth, whereas the influencegafn-  OrPit contribution toAg is larger in Cs, than in RbG.
isotropy is taken account of by the powder simulation.1OWeVer, the experimental values akg=2.0015-2.0023

Assuming the same spin dynamics at 9 and 94 GHgand ~ — — 0-0008 for RbG andAg=2.0026-2.0023 0.0003 for
andW-band dynamic linewidths should be the same. How-CSCeo- We therefore conclude that the proper reference for
ever, the same dynamic width for both frequency banddhe spin-orbit contribution to the relaxation rqte is not the
could only be obtained by reducing tlieanisotropy from free—elgctron valug.=2.0023, _but rather th_e@olon value,
Ref. 16 by roughly 20%, which, on the other hand, is withinfor which we usegc = 1.9999 in the following.

the errors assumed for thetensor determination. The dy- The scattering rate can be expressed by the strh
namic linewidths obtained by this method are displayed in= rgh1+ Ter With a temperature-dependent phonon part
Fig. 4. 7on(T) " and a temperature-independent residual pag.

In contrast to the linewidth, thg factor for both materials  The phonon part is modeled by a power law 7%ﬁ(-r)*l
changes only ver4y slightly in the temperature range of inter— r,;hl(300) (T/T309”, With the scattering rategh1(300) at
est (6g<2x1077). RbGyp has ag factor of 2.0015 (oom temperature Ts=300 K. The temperature-
(+0.0001), while the value for Csg is 9=2.0026 jhgependent rater,,! represents scattering of conduction

FIG. 4. Temperature dependence of the dynamic part of the ES
linewidth of RbGy powder samples af andW band. The solid line
corresponds to the model function described in the text.

(i0.000_l). , . electrons from lattice defects and impurities.
We tried to model the temperature-dependent linewidth 14 exclude the influence of line broadening caused by the
data using the following relation: low-temperature phase below 50 K, we applied our model
) function only in the temperature range from 60 to 300 K. We
AB :i A_QEJF AganisoB 3) assumed the exponeptto be the same for both materials
FWHM™ 0w g 7 g and took it to be8= 2, which is close to the values obtained

from an unrestricted fit of this parameter. The resulting

The first term contains all contributions which are attributedmode| functions, without th@ anisotropy term for Rbgé
to spin relaxation via spin-orbit coupling. This term corre- and with theg term for CsGy, are plotted as solid lines in
sponds to Eq(2) with a=1. The second term is only applied Figs. 4 and 3, respectively. We note tbatandW-band data
for CsGso, Where nag-anisotropy information is available. It are fitted with a single parameter set; the resulting param-
allows us to determine thg anisotropy Aganiso from the  eters are summarized in Table I.
difference in linewidth betweeX andW bands. As described
above, for RbG, the g anisotropy is already taken account of
by the convolution of an anisotropic powder pattern with a
Lorentzian line. The scattering rates found are with 1~10%s™! at

Concerning the first term, the determination of thehift  room temperature within an order of magnitude the same as
Ag raises some questions: In the Elliott theory as describe¢hose found for classical 3D metals like copper or silver. On
above,Ag is the deviation of theg factor from the free- the other hand for quasi-one-dimensional systems like
electron value. Now it is a well-known fact that tgefactor  (fluoranthenyl}PF; or related compounds the linewidth cor-
of discrete G, ions is found in the range from 1.994 to responds to interchain scattering rates which are in the range
2.0012° resulting from an intrinsic spin-orbit coupling of the 10'°-10'* s~1.22 The Elliott relation(2) implies that this also
Ceo anion. In the fulleride salt there is additional spin-orbit holds for 1D systems which exhibit a large ESR linewidth,
coupling due to the electronic band-structure formation andike (TMTSF),PF; with about 200 G at ambient
admixture of the counter ion wave functions. One might contemperature4® The reason is the strong spin-orbit coupling,

DISCUSSION
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in the case of (TMTSRPF; induced by the substantial elec- ~ Comparing Csg with RbGs, we find a much largeg

tron density at the heavy selenium atoms, which leads to anisotropy for Csgy, which indicates an appreciable admix-
large g shift and therefore to large ESR linewidths, even forture of cesium orbitals to the conduction-band wave func-
small scattering rates. Hence our results lead to the concluion.

sion that the electronic conduction in RiCGand Cs( is In summary, we have analyzed the ESR scattering rates of
rather isotropic. The narrower linewidths in comparison withthe conduction-electron spins in Rg@nd CsG in the tem-
Rb;Cg are the consequence of a reduced spin-orbit couplingperature range 60—300 K by applying the Elliott theory to
which might result from the smaller number of alkali ions in the temperature-dependent ESR linewidtiaand W-band
RbCs. No indication of a reduced scattering rate due tofrequencies. The observed scattering rates are consistent with
dimensionality effects has been found. Therefore the lowy 3D metallic character of the conduction electrons and
temperature phase transition is not likely to be viewed as atherefore challenge the conjecture of quasi-1D-electronic
instability of a quasi-1D system against the formation of astate in these materials. As a note of caution we remark,

spin-density wave. On the contrary, the 3D nature of thenowever, that finite polymer chain lengths can obscure any
electronic state favors a 3D antiferromagnetic ground statepgssible 1D behavior.

We note that the impurity scattering is rather large an
reflects the fact that this type of material suffers from finite
polymer chain lengths. Also the expected orientational disor- ACKNOWLEDGMENTS
der of the orthorhombic domains will introduce severe grain-
boundary scattering so that the large residual broadening can We thank K.-F. Thier for providing the samples and we
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