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ESR evidence for phonon-mediated resistivity in alkali-metal-doped fullerides

P. Petit and J. Robert
Institut Charles Sadron, 6 rue Boussingault, 67000 Strasbourg, France

T. Yildirim
University of Maryland, College Park, Maryland 20742
and National Institute of Standards and Technology, Gaithersburg, Maryland 20899

J. E. Fischer
Materials Science Department and Laboratory for Research on the Structure of Matter,
University of Pennsylvania, Philadelphia, Pennsylvania 19104-6272
(Received 13 March 1996

The temperature dependence of ESR linewidths @nalues for the fulleride superconductorg®s,
Rb;Cg and NgCsCq, are reported. Following the Elliott-Yafet theory of electronic relaxation in metals, we
compare the temperature dependence of the linewidth divided by the square of the differgnitenofthe
free-electron value with the temperature dependence of the resistivity. We show that the Elliott relation applies
for all three compounds, implying a normal-state resistivity dominated by electron-phonon interactions.
[S0163-182606)50830-1

Since the discovery of superconducting fullerides, thewith large lattice constants, presumably due to reduced band-
mechanism giving rise to the normal-state resistivity haswvidth and the approach to Mott localization. In Ref. 4, the
been controversial. The quadratic temperature dependencdéferent AH vs T behaviors were interpreted as a deviation
observed for thin films was attributed to electron-electronfrom the Elliott relation linking the electronic spin lifetime to
scattering by Palstrat al,! while the same behavior ob- the electron-phonon scattering timéhis deviation being as-
served on single crystals was analyzed by Warekal. in cribed to a resistivity induced by electron-electron scattering.
terms of lattice contraction and a linepfT) at constant However, their analysis implicitly assumes that there is no
volume, implying usual electron-phonon scattedni. re-  temperature dependence of the E§Ralue, e.g.Ag=g,
cent papers;* Tanigakiet al. noted that the ESR linewidths —g, whereg, is the free-electrorg value, is temperature
of binary and ternary alkali-§ compounds are correlated independent, as found for pure alkali metaldere we show
with the square of the spin-orbit coupling constanof the  that in these materialg in fact is strongly temperature de-
intercalated metéd). They also pointed out that the line- pendent and that, when this is taken into account and follow-
width decreases with decreasifign compounds with small ing Elliott®> and Yafet’ all the prototypical binary and ternary
lattice constants and “lowT.’s (e.g., NaCsCg), while the  fulleride superconductors behave as ordinary metals above
opposite behaviorAH increasing with decreasin@, was T.. Thus there is no need to invoke electron-electron scat-
observed in compounds with large lattice constants andkering to explain the resistivity.

“high” T.'s (e.g., RCgg). This unusual behavior was at-  Important theoretical work was carried out in the mid-
tributed to an increasing influence of electronic correlationsl950s on the electronic relaxation in inorganic metals, in
particular regarding the effect of spin-orbit coupling on the

' ' ' ' ' ESR absorption liné”8 The presence of spin-orbit interac-
300K tion leads to Bloch states which are a mixture of the Zeeman

K;Ceo states:

(ay] +>+Db|—>)eT,

the ratiob, /a, providing an estimate of conduction electron
relaxation timesT,; and the electron-phonon scattering time
7. Elliott estimated the ratid, /a, to be of order ofA/E,

L L L L L TABLE I. Room temperature values af and Ag=g.—g for

2000 2500 3000 3500 4000 4500 5000 K+Ceo, RD:Cso and NaCsC,.
MAGNETIC FIELD (GAUSS) sCeo, Rb:Coo 3CsGo
K3C RbsC Na,Cs
FIG. 1. Room temperature ESR spectra foyQg, (AH,,=16 3780 578 2C5Ceo
G), RbsCgo (AH,p= 490 G, and NgCsCqy (AH,,=365 G. The g 2.0005 1.9886 1.9848
narrow lines near the center of the latter two spectra are from tracag 0.0018 0.0137 0.0175

paramagnetic impurities.
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TABLE Il. Room temperature values @f and Ag=g,—g for 20 , . . . .
alkali metals estimated from Ref. 6.
Rb,;C
- Bty 360
Li Na K Rb Cs < 15t 1
8 D@UDDD
g 2.0022 20015 19997  1.9984  1.9923 % e,
Ag 00001  0.008 00026  0.0039  0.0100 T Lot Koo v snerms szpnmemeds
a w&* HoR X - ..-lll
where E is the energy difference between the considered f 051 we Na,CsCq |
band and the nearest one which has the same symmetry
transformation properties. The paramelE depends on 0.0 - . - s -
details of the band structure. However, Elliott showed that 0 50 100 150 200 250 300
ME may be well approximated by the deviation of the TEMPERATURE (K)

value from that of the free electron, leading to the Elliott

relation betweeT; and7: FIG. 2. Temperature dependence of the ESR linewidth for

K3Cso, NayCsGyo, and RRCy, normalized at 300 K.

AHW:ﬁ Ty (D Instead we first verified that the derivative spectra were sym-

] _ ~metric at all temperatures, then determined the resonant field
where « is a temperature-independent but material-from AH_, the midpoint between the extrema. The tem-
dependent parameter of order unlithHy 7 is the halfwidth  perature independent line shapes imply a constant ratio
of the ESR absorption spectrum, apds the electron gyro- - AH_ /AH,,, thus allowing a reliable measure of(T).*2
magnetic ratio. If the resistivity is dominated by electron-  The room temperaturg values for the three compounds

phonon scattering, this becomes are given in Table I. Comparison with tigevalues for alkali
, metals, Table IE* shows the same variation from compound
AH1,2=i= a—Agzp ) to cor_npound, confirmin_g the effect _of_alkali-metal spin-orbit

yT, vy ’ coupling on the ESR lind.The variation of the 300 Kg

. . value with increasingk for Na,Cs,Cgy also supports the
shown by Elliott to be valid at temperatures above the Debyg, - i ot affect ong)t(he ESRZIine;(wig(;(lsee TabFI)é)II)

temperaturep, . Subsequently, Yafégh_owed tha, is pro- Comparison of the\g's in Tables | and Il shows that the
portional to ther measured by resistivity at arfy establish- — yq,iation from the free-electron value is much stronger for

ing the validity of the Elliott relation even at low tempera- RbsCg, and Na,CsCep than for the corresponding metals

tAu|r_|e/ Bel(erLeuz ?nd Monod verified tr}% linearity betweeny,oiajic particles or clustets or theoretical value€ This
p andAg® for pure inorganic metalsior temperaiures implies that the single ESR line observed in the alkali-metal-

down to 0.14)p . doped fullerides cannot be attributed to a spin species in

Here we follow the same approach by measuring carefully,, opange configuration or resonance, as for example jump-
the g values for KsCgp, RD3Ceo, and NaCsCeo, whereby o 'tom 4 ¢,y molecule to an alkali-metal ion at some high

we can discuss the resistivity via Ed4) and (2) without  00,ency. If this were the case, the obsergedalue would
havmg to estimata./E. Sa.‘mp'es were prepz_ired as descnbec{ie between that of an isolated spin on the moledul®.0
previously and were verified to be essentially single Phas&Ref 16] and that of the metal. This observation provides a

by x-ray diffraction. ESR experiments were perfqrmed us,‘ingfurther proof that the conduction electron spin wave function
a standard Bruker ESP310 spectrometer equipped with g qpeq the spin-orbit splitting induced by alkali-metal ions.

frequency meter and a NMR gaussmeter. The ESR spectra 0f 1o temperature variation of the linewidthormalized to

K3Ceo, RD3Cqp and NaCsC at room temperature are 3gq ) js shown for the three compounds in Fig. 2. The
shown in Fig. 1. The dramatic increase in linewidth with

increasing(average alkali-metal mass is a qualitative indi- 45 . . . . .
cation of the importance of spin-orbit coupling, similar to o
. - 1 4+ 4 Rb,Cqp .
observations on alkali-intercalated grapHfté! The spectra 2o
for Rb3Cgp and NaCsCq also exhibit an additional, ex- 35w 1
tremely narrow line near the center of the main spectra. g 31 7 m_ ]
These prevent a straightforward determination ofghalue - - o
from the resonant field, either from the intercept of the de- < 25 e ® manm ]
rivative spectrum with the baseline or from the maximum of 2 L ",;wl""':D "o f gttt '.:_. i
the absorption lindfirst integral of the recorded spectriim ° 8 oopa, "
1.5 + NayCsCy, g
TABLE Ill. Room temperatureg values of NgCs,Cgq for 1 . . ' . .
x=0.25, 0.5, 0.75, and 1.0. 0 50 100 150 200 250 300
TEMPERATURE (K)
Na,C Na,Cs sC Na,C Na,Cs
L2250 o 3975560 3CsGo FIG. 3. Temperature dependenceAq=g.— g for Rb;Cgy and
1.998 1.997 1.994 1.985 Na,CsCso. The value for KCgo is much smaller(not shown, in-

creasing monotonically by 25% dsdecreases from 300 K to 50 K.
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FIG. 4. Temperature dependence i, /Ag2 (normalized at ) ‘
low temperaturgfor K ;Cgo, Na,CsCqo, and RiyCgp. Solid lines FIG. 5. Log-log plot ofAH,/p vs Ag? for inorganic metals at
are linear fits(Ref. 16. 300 K [open square$Ref. 6] and binary alkali-metal-doped ful-

lerides at several temperaturéfilled squares, this wopk Solid

observed thermal behaviors are comparable to those reportddS e Ea(2) with a"=10 (upper ling and 0.00lower line).

previously. However, we also observe a significant temperaare reasonably well represented at Blby the lower one
ture dependence afg as shown in Fig. 3, very strong for («'=0.005. Recalling thata’ = ane’/m* , wheren is the
Rb;Cqo, Weaker for NaCsGyp and KsCgq. This latter effect  charge carrier concentration amtf the effective mass, the
must obviously be taken into account in a proper assessmerdtios n/m* ~ 107>~ 10°* for inorganic metals ane- 10°* for
of the applicability of Elliott theory to the resistivity of ful- alkali-metal-doped fulleridés suggest an offset of 2—3 or-
leridesvia Eq. (2). ders of magnitude between the two familiggglecting any

In Fig. 4 we pIotApr/Ag2 vs T for Rb;Cgo, K3Cqo, and  differences ina), in good agreement with what is observed.
Na,CsGy, normalized to their low temperature values to The value of «’=0.005 estimated for alkali-metal-doped
eliminate the contribution of the material-dependehtcon- ~ fullerides leads to an electron-phonon scattering time of
stant in Eq.(2). All three exhibit a linear variation implying the order of 10*° s. Estimating the Fermi velocity as

from Eq. (1) that the scattering rate d/fincreases linearly 108 cm/s;® a mean free path in the range 1-10 A is ob-
with increasingT.2” Since the measured ESR parametersta'”ed- Despite the crudeness of these estimates based on

AH andg are independent of volume, this result is consisten{r€-€lectron theory, the values obtained are fully consistent
with linear p(T) at constant volum? with the reported physical properties of the cubic fulleride

The agreement with Elliott-Yafet theory is also good conductors. _ . . .
when material variations im’ are taken into account. For Our experiments show that the Elliott relation correlating
example, the quantithH_./Ag? at 250 K is about twice as the spin Iifetime and .the eIeptron—phonon scattgring time
large for’RQC comparg?j 10 KCypo, consistent with direct holds for cubic metallic alkali-metal-doped fullerides, and
measurementgoof the resistivity® %Oh’us far there have been that the unusual temperature dependence of the ESR line-

o eporsof sletical resisityfor NEsC rom Fig. 4 117 % 16 8 1) S contaione, e coroue
we expect it to be comparable to that o§&g. y P

In Fig. 5 we comparé\H,,/p vs Ag? data for inorganic teractions, in agreement with Ref. 2, and that the observed

metallic elements at 300 KRef. 6 with the present results 2giﬁ:2n?§o?e;\giecstgf t:;]?ckmd of metals lies in their inner
for alkali-metal-doped fullerides at several temperatures. The ' 9 9 '

two solid lines on this log-log plot are of slope 1, corre- We are grateful to A. Bieber, J.-J. André. Tosatti, and
sponding tor/T;=a’Ag? with two different values ofx’. G. Sawatsky for helpful discussions and comments. Work at
Most of the elemental metals lie within an order of magni- Penn was supported by the Department of Energy, Grant No.
tude of the upper line¢’ = 10) while K3Cqp and RbC¢q  DE-FC02-86ER45254.
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