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Muon-spin-rotation and relaxation experiments have been performed on the alkali-fulleride superconductors:
Rb;Cgo, K3Cqo, NaCsGyo. A small fraction of the implanted muons form endohedral muonium (Mygi Ce.,
a ute” atom on the inside of the & cage. The presence of the unpaired electron on the muon greatly
enhances the sensitivity of the muon to scattering from electronic excitations and the resulting muon-spin
relaxation. The IV, spin-relaxation rate of Mu@4g in a longitudinal field exhibits a Korringa-like tempera-
ture dependence in the normal state, and a small Hebel-Slichter coherence peak followed by activated tem-
perature dependence well beldw. In Rb;Cgo the coherence peak is strongly suppressed by a magnetic field
which is well belowH,. From the activated temperature dependence we obtain estimates of the supercon-
ducting energy gap. In addition, spin precession measurements of diamagnetic muons in the vortex state are
used to estimate the magnetic penetration depth. YCBIg,, we find a quench rate dependence suggesting
the existence of two low-temperature metallic phases, only one of which is superconducting.
[S0163-182698)03725-4

I. INTRODUCTION So far, all of theA; superconductors are extreme type-ll,
i.e.,A>¢. Values of the critical fields\ and¢, from a wide
Superconductivity in the alkali fulleride#y;Cqo, Where  variety of experiments can be found in the recent review by
A is an alkali-metal ior{for some mixture of several different Buntar and Webet.More recently, values of these param-
alkali ions, poses interesting problems to the theoretical unwters inferred from magnetization measurements of single
derstanding of superconductivity generally. For examplecrystals have been reported by Chu and McHénmho find

these materials, due to theainolecularnature, do not have the low-temperature valugs~1100 A andé~30 A. Kol-
thg WeII-separate.d'eIectro'n and phonon energy.scale_s "&r et al,* have measured the low-temperature eﬁergy gap
quired for the validity of Migdal's theorem. A detailed dis- via opti,cal and tunneling spectroscopy and find  that

cussion of the theoretical aspectsAfCg, (abbreviatedA,) n : A : i
superconductivity can be found in the recent review of22/KTc=4.2(2).i.e., the coupling is not in the weak limit

Gunnarssohand references therein. It has generally beerfVhere 21/kT.=3.76. A detailed review of many experimen-
accepted tha, superconductivity is surprisingly of a rather (@l results can be found in the article of Ramirez. ,
conventional nature, i.e., phonon-mediatsdvave BCS; In this paper we report the results of muon-spin-rotation
however, the reported fundamental parameters of supercognd relaxation experiments on thrée superconductors:
ductivity (such as the magnetic penetration deptrenergy  RbsCeo K3Cep, and NaCsGy. These three ionic fulleride
gap 2A, coherence lengtlj) in these systems vary widely. salts are based on an fcc lattice oﬁgCions with the alkali
While some of this variation can undoubtedly be explainedons adopting interstitial sites. The large Rland K' ions

by differences in sample quality in these materials which arérinder rotation of the balls, and theg(‘p jons form an fcc

difficult both to synthesize and to handtbe former because hedrallv disordered al 3m). F _
of the slow diffusion process of intercalation, and the Iatter.mero edrally disordered glasspace groug-m3m). reez

because of their extreme air sensitiyjthere remain signifi- "9 Of the orientational dynamics of the&ions in Fm3m
cant discrepancies between results obtained using differell?ﬂ"":e”‘"‘IS has been studied by_NI\ﬁR’.he small size of the
techniques. Thus, in order to guide theoretical understandin@  llows the Go to adopt optimal orientations in a primi-
of the unusual aspects of alkali-fulleride superconductivity, ittive cubic latticé (space groupPa3). However, very re-

is necessary to determine these parameters accurately as weghtly it has been foufdhat in NgRDb, this cubic phase is in
as explain the origin of the discrepancies between varioufact metastable, with the equilibrium phase having polymer-
methods. ized @5 ions. The tendency for polymerization of{in the
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solid phase is well established, for example, the
photopolymerizatioh in pure G, the cubic/orthorhombic
structural phase transitidh'tin A;Cq,, and the polymeriza-
tion of NaACg, under pressur& Polymeric ACg, (for A
=Rb or C3 exhibits interesting electronic propertfsuch

as apparent one-dimensionality and a low-temperature metal-
magnetic insulator transition. On the other hand, Aot K,

the behavior of the polymeric phase appears to thengtal-

lic. It has been suggest¥dthat the polymers in N& are
superconducting, but recent results in,Rba (Ref. 8 indi-

cate that they are not. It is clearly of considerable interestto 5 1 schematic of a longitudinal fieJdSR experiment show-
firmly establish the properties of the polymeric structures ining the sample and three counters. Muons of momerpynand
Na,A both in their relation to the other metalliggpolymers  spin polarizatiorP, (antialigned pass through the thin mudiiM)

and the nonpolymeric fulleride superconductors. counter and the aperture in the B counter. The decay positrons are

Much information about the electronic and magneticdetected via the backwaf®) and forward(F) counters. The mag-
properties of solids can be obtained from magnetic resonangeitic field is directed parallel t8,, .

techniques using electrons, spin-bearing nuclei, or positive

muons. Muon spin rotation is well known for its ability to the muon spin at the time of decay. The entry of a muon into
measure the internal magnetic field distribution of the vortexhe sample and its decay positron are detected with fast plas-
state of type-Il superconductors, and hence the characteristiic scintillation detectors. The muon detector is thin enough
parameters determining that distributioh @nd in some (=~0.25 mm) that muons will pass through it. Typically
cases to a lesser degrée Measurement ok constitutes a there is an array of between 1 and 4 positron detectors

measure of the superconducting electron densityia around the sample. The histogram of the time differences
N ) between muon implantation and decay positron detection in
A=m*/ poens, (LD counteri is of the form:
wherem* is the effective electron mass of the superconduct- s ?
ing electrons,uq is the vacuum permeability, arelis the N;(t)=Nijoe " "[1+AP,(t)-i]+B;, 2.9

electron charge. With respect to muoAs, superconductors ywhere N;, is an overall normalization,B; is a time-
are very unusual since a small fraction of the injected muong,gependent background, is the experimental asymmetry
form a _paramagnetic hyd_rogenlike atom caI_Ied muoniurT}ypically in the range 0.2—0.3, is a unit vector along the
(Mu) W.h'Ch IS trap+ped within the g cage. In typlcal_metals, direction joining the center of the sample to the center of the
screening of thew™ Coulomb potential by conduction elec- solid angle subtended by the counterr,~2.2 us is the
trons eliminates such a state. Currently the endohedral MUQ- on lifetime which sets the practicaIMuppér ﬁmit for the

nium Mu@G in the metallic alkali fullerides is the only ime scale of observable variations R(t), the muon spin

known example of a paramagnetic muon state in a metarE)olarization. Through a variety of methods, one extracts
The presence of the bound electron moment enhances the

spin-relaxation ratéanalogous to NMRT; relaxation enor- ~ AiPu(t)-1 and fits the time dependence to an appropriate
mously (x 10° at 1.5 T) over the rate expected for diamag- Mdel. More details on the technique can be found
netic muons or the nuclei used in NMR experiments. The MLpIseWheréf_. _ _ _ _

spin relaxation is caused by spin exchange with the conduc- SUch time-differential n.SR measurementgin - which
tion electrons, and thus the temperature and field dependenEe(t) rather than its integral is measuldlll into three geo-

of the relaxation rate yields information about the electronidetric_categories: longitudinalLF), transverse(TF), and
excitation spectrum. Hence we are able to extract compleZéro (ZF) field, depending on the direction of the applied

mentary information about the superconducting ground statdN@gnetic field relative to the direction of the initial muon-
through (ny), and about its excitations through tfig re- ~ SPin polarization. The geometry for an UBr a typical Zh
laxation. experiment is shown in Fig. 1. The muons enter from the

left, pass through the thin mudM) detector and, via the
aperture in the “backward’'{B) positron counter, pass into
the sample. The initial muon-spin polarizatiey(0) points

The experiments described in this paper were conducteBackwards, and consequently, if the detection characteristics
on theM 15 andM 20 beamlines at TRIUMF, which provide of the two symmetric counters are otherwise balanced, the B
high intensity beams of~100% spin polarized positive counter will initially detect more positrons on average than
muons produced from the decay of pions at rest on the sufts “forward” (F) counterpart. One can measure the spin
face of a production target. The kinetic energy of such “sur-relaxation rate if appreciable relaxation occurs within the
face” muons (4.1 MeV) gives them a mean stopping range time window of observation—typically aboutry. Often,
of 140 mg/cm; consequently,uSR is essentially a bulk P,(t) simply decays exponentiallg.g., see Fig. J5and the
probe. LF relaxation rate is exactly analogousg* in NMR. In

One can follow the spin polarization of an ensemble ofZF, both T, processes and inhomogeneous static internal
implanted muons via detection of their high-energy decayfields (for example, nuclear dipolar fieldsontribute to the
positrons which, due to the asymmetry of the weak decay ofelaxation ofP,(t); whereas, in longitudinal fields exceeding
the muon, are emitted preferentially along the direction ofthe magnitude of any static internal field,(t) relaxes only

Il. EXPERIMENTAL
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FIG. 3. Sketch of the apparatus. The superconducting solenoid
bore is 15 cm in diameter and 61 cm in length. For the LF experi-
ments the counters used were the cup-shaped F counter, directly
behind the sample, and the cylindrical B counter surrounding the
beampipe. For the TF experiments the side counters were used.

O
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ments. The sample cell, F counter, and sample thermometers
were mounted on the end of a lucite lightguide sample rod in
. the He space of a helium gas-flow cryostat. For the standard

N
O

O 5 10 sample cell, a high-purity annular silver mask was placed
immediately in front of the cell so that most of the muons
t [us] that did not enter the sample cavity would stop in the silver

FIG. 2. () A hi  time diff b _and contribute only a benign temperature independent back-
antat '(a)d p 'Stogram; ttm:ed ' eren.cesl etW(_eten muontlm-_ round. Between the beamline vacuum and the sample, the

planation and decay, as detected In a single posiron Counter, i, ;o g passed through four Kapton windows, the muon

Na,CsG in 10 mT transverse fieldb) The same data combined . . s .

; . o counter, a small air gap, a thin aluminized Mylar heat shield,
with another histogram to remove the muon lifetime. A small non- d I . Id heli The total st ina d
relaxing signal, due to muons not stopping in the sample, is eviden"fl.n asma gap In co . elium gas. 1he total stopping den-
at late times. The relaxation is discussed in Sec. VI, sity that these intervening obstacles presented to the muons

was about 63 mg/cfn Precautions were taken to keep this

by T,. ZF uSR is thus a very sensitive site-based probe offensity as small and constant as possible by preventing con-
) . . . densation on the outer cryostat window and limiting the pres-
static magnetism. In the TF geometR), (0) is perpendicu- f the H | At hiah fields. th
lar to H, and P, (t) exhibits oscillations at the Larmor fre- sure of the He gas at low temperature. At high fields, the
quency ’determ‘?ned by the value of the magnetic field at th(?ehcal positron paths have curvature on the scale of the de-
muon and the gyromagnetic ratig, = 135.54 MHz/T. The ectors, and the effective solid angles of the counters conse-

TF experiment is analogous to the free-induction decay o uently change. For example, the count rate in the B

: g L o 1 ounters shown in the figure fall off significantly above
NMR with the TF relaxation rate being identified witr} ~. about 2 T. Subsequent improvements to the B counters re-

An example of the time histogram of a single counter in a Tquced this problem. The initifll data on écw and some of

experimentfollowing Eq. (2.9] is given in Fig. Za). . the data presented here used only the F counter, while some
The samples used in the measurements described heé?the datale.g., see Fig. 15used both F and B

were made by intercalating alkali atoms intgyGt high
temperatures. The details of this procedure can be found in,

for example, Ref. 16. The samples were initially character- !l SPIN EXCHANGE RELAXATION OF MUONIUM
ized by x-ray diffraction and magnetization. The grain size
of the powders was-10* A, but the x-ray linewidths gave a (the bound hydrogenic atom*e~) and itsT, spin relax-
crystalline coherence lengttExr. of 500-1000 A. From  ation due to collisions with free electrons. A comparison
magnetization measurements in the superconducting statgin analogous nuclear-spin relaxation is also made.

the shielding fraction was typically 60%, and the Meissner e spin Hamiltonian for an isolated isotropic Mu is
fraction 10%. For the experiments described here, typically a

few hundred milligrams of the powder was sealed under 1 H/h=yeSe-B+7,S, B+A,S.-S,, (3.2
atmosphere of 90% Ar/10% He in an aluminum vessel with
a Kapton window which is thin enough to be easily pen-wherey, are the gyromagnetic ratios of the muon and elec-
etrated by the muons. tron, A, is the electron-muon hyperfine paramei463.302

A schematic diagranapproximately to scajeof the typi-  MHz in vacuum, S are the spins anB is the applied mag-
cal setup is shown in Fig. 3. The four side counters wereetic induction. This Hamiltonian can be diagonalized ana-
used in the TF measurements, and the cup-shaped F countgtically to give the field-dependent hyperfine energy levels
and annular B counters were used in the LF and ZF measuravhich are plotted in a Breit-Rabi diagram, e.g., Fig. 4. The

In this section, we include a brief description of muonium
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FIG. 4. Breit-Rabi diagram: The field dependence of the hyper- QP: ke
fine energy leveldin Kelvin) of an isotropic muonium atom. The o €
hyperfine coupling parameter here is the value for free Mu,

—4463.302 MHz. b>

transition frequencies are conventionaflyabeled vij=(E; nucleus

__E]-)/h, with E; numpered_accor_ding to Fig. 4. _More de- ‘ ~ ‘

tailed accounts of Myincluding anisotropic hyperfine inter- Lo

action can be found elsewhefé?!8 QP: k,e A

In metals, the predominant mechanism Tar relaxation n

of nuclearspin polarization is via interaction with the con-

duction electrons withirk T of the Fermi surfacé®?° The @

interaction is usually modelé4?' by a direct hyperfine con-

tact Hamiltonian: FIG. 5. In each case a quasiparti¢@P) at the Fermi surface
with initial momentumk and energye scatters magnetically from

Hi=AnI .S, (3.2 the local moment(a) Spin exchange of a muonium atotwith

subsequent evolution due to the muon-electron hyperfine interaction
where the coupling\, depends on the square modulus of thea )) vs (b) electron-nuclear spin flip. In the spin exchange with the
band electron wave function at the nucleus. The analogousaramagnetic muonium, the electron Zeeman energies cancel,
coupling for a bare muon in conventional metals causes rewhereas in the latter, the nuclear and electron Zeeman energies do
laxation which is almost always too slow to observe on thenot.
muon time scaf® (i.e., T;>10 us) (see Sec. 3.2.4 of
Cox'). The actual coupling mechanism relevant for NMR exchange eventsvgg) equals the “2—4" muonium hyper-
Ty in A3Ce has, in addition to Eq(3.2), an important aniso-  fine frequency {,4), Which at high fields B>A,/v,) is
tropic contribution originating from the full electron-nucleus approximately the electron Zeeman frequency. In the fast
magnetic _ dipolar interaction, as discussed in detaikegion (vs2> v,4), the relaxation rate is approximately field
elsewheré?**For endohedral muonium iA3Cso, We are in  independent, and in the slow regime the relaxation rate is
the unusual situation of having a tightly bound paramagnetigoverned by
muonium center in a metallic environment. The interaction

between a paramagnetic center and the conduction electrons A% pee
is more complicated than E¢3.2) because of the extra de- T —5—+ - (3.4
grees of freedom of the bound electron. Nevertheless, we can 2{AL+[(vet 7,)BI%}

ggg@lrﬂ,ei'r\rlﬁﬁ;ﬁfnn llz)lgvselénr:Iatl;lZv?(l)'ngﬁ?:t?opr:nglg?:?r%igdZE;Lhe origin of this relaxation lies in the field dependence of
. ) S . “the spin eigenstates of Mu as explained elsewhere.
the local muonium electron in conjunction with the Pauli

rinciole vields the simple spin-exchanae Hamiltonian: It has also been showhthat the relaxation rate in the
P pey pie sp 9 : case where the muonium hyperfine interaction is anisotropic

Hi=J(r)S, SW, 3.3 can be dramatically different. There is a peakif"(B) at a
field determined by the principal values of the hyperfine pa-
wherer is the separation of the scattering electron and theameter. While this peak has only been observed in doped
Mu atom, andJ(r) is a short-range scattering potenfial. crystalline semiconductors, it is expected to survive, in per-
The effect of this interaction is to randomly flip the muonium haps a very broadened form, an orientational powder aver-
electron spin(Fig. 5, consequently producing a random age. From the high symmetry of the site at the center of the
modulation of the hyperfine field at the muon and causingCgg cage, we expect Mu@g have an essentially isotropic
the muon’s spin to relax. hyperfine interaction, bua priori one might expect that Mu
The theory of such spin relaxation has been worked out innside the cage could bond to a single carbon, forming a
several contexts using various methd8iszor the case of highly anisotropic endohedral radical. Calculati@rsuggest
isotropic Mu hyperfine coupling,,, the behavior of the LF  that such a state is not stable. In pure and insulating alkali-
(T,) muon-spin-relaxation rate due to spin exchange is didoped G, phase€’*°this conclusion is confirmed by obser-
vided into two regimes by a crossover when the rate of spinvation of very narrow coherent spin precession lines from
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Mu@GCg,. In contrast, when muonium bonds exohedrally to 4
form a GgMu radical a much broader line at low temperature BCS
is observed due to the anisotropic hyperfine interactsae
Fig. 8. Simulations for muonium with a large nearly isotro-
pic hyperfine interaction, indicate that deviations from Eg.
(3.4) will occur only at extremely high fields where thauon
Zeeman energy is comparable to the hyperfine interaction.
In analysis of the temperature dependence of the relax-
ation rate, it is of interest to consider the degree of inelastic- 0
ity of the direct and spin-exchange scattering processes. In 0 E/A 1
the case of the direct interaction E®.2), the nuclear-spin 4
and conduction-electron spin flip-flofFig. 5), requiring an o =0.002A
energyan=|(ug— mnud B|; Whereas, in the muonium spin- m 0
exchange event E43.3), the electron Zeeman energies bal- Ao=1.76kT
ance and the energy required is

gS<E>/gN<O)

Rs/Ry
N

am=A,/2, (3.5

independent of magnetic field. For the case of vacuum muo- b>
nium «,, corresponds to a temperature of about 0.1 K com- 0
pared to any,(B=10 T) of 13.4 K for Korringa relaxation 0 T/Te 1
of nuclear spins.

FIG. 6. (a) Models of the superconducting DOS: BCSgis of
Eq. (4.3), Aniso isga [Eg. (4.6)] with a gate function distribution
IV. SPIN RELAXATION IN SUPERCONDUCTORS P(a) of width 0.1, T is gp [Eq. (4.7)] with T=0.1A, andA, is

A. General Osc[Eqg. (4.8)] with A,=0.1A. (b) The value of the Hebel-Slichter

L . integral for the BCS and lifetimfEq. (4.7)] broadenedys(E). The
The effective interactions Eqg3.2),(3.3 between the magnetic inelasticity parametes () is appropriate for Mu@gg in

conduction electrons of a metal and a nuclear or muoniur@zkbceol The BCS temperature dependerceT) was used.
electron spin may be treated as first-order scattering

problems?® According to Fermi's golden rule, the rate of

e . ) : |E]
transitions between spin states is determined by gS(E):gN(E)Re{ﬂ ’ (4.3
2 .
Wap=—7- > |(ako|H'|bk’o")|? where Re is the real pai, is the energy measured frof ,
kok',o' andA(T) is the order parameter, which for the moment we
X S(Ex—Ef+ am) fi o[ 1= frr o] (4.)  consider to be real, isotropic and homogeneous. Applying

these modifications, we get the following integral for the
wherek ando label the conduction-electron momentum andrelaxation rate in the superconducting statermalized to
spin statesE, is the corresponding kinetic energy afid,  the rate in the normal stafé
the occupation probabilityg andb label the nuclear or muo-
nium spin states; and,,(o;) is the change in magnetic en- Rs o0 (EE"+A?)
ergy. One may convert the sum in E@.1) to an integral R—N=2,Bf0 R W
over energy in the usual way, using tireormal statg elec-
tronic density of stateéDOS), gn(E), whereE is measured e{ \/ﬁ]
relative to Ex. Using gn(E)~gn(0) within KT of Eg to XR ————Ff(E)[1-f(E")]dE,
simplify the integral, one obtains the Korringa law: (E'>—~A%)
(4.9

whereB=(kT) !, f is the Fermi-Dirac distribution function,

In the superconducting state, the expression for thénd E'—E=a,. Neglecting any spin polarization of the
nuclear transition probability Eq4.1) is formally the same, quasiparticles, the exothermic and endothermic scattering
but the scattering is accomplished by the bogol@pmsipar-  events will be equally probable, and we take the r&ligRy
ticle excitations of the superconducting sjatehich differin  to be the simple average of the integrals E§4) with o,
two important respects from conduction electrons of the norboth positive and negative. If the inelasticity of the collisions
mal state:(i) there are phase correlations between states df neglected &,=0), the two singularities in the integrand
opposite momentum and spin which necessitate combinatiotoalesce, and the integral becomes logarithmically divergent;
of pairs of matrix elementbefore squaring(see, e.g., Sec. however, the singularity is not a practical problem because
3.9 of Tinkhani?) and give rise to the “coherence factors;” a, is finite, and, more importantly, the peak in the DOS is
and(ii) the excitation spectrum nekk is strongly modified: broadened from the BCS result E@.3), as will be dis-
the DOS is gapped and the gap is flanked on either side bgussed in detail in Sec. IV C. As a function of decreasing
peaks. The BCS theoty predicted that these peaks would temperature, Eq4.4) exhibits a peak just below,, due to
have the singular forrhsee Fig. 6a)]: the peaked DOS factors, and at lower temperatures, falls off

Ry=(T; Hn*0R(0)KT. (4.2)
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exponentially. Fora,,~0.002A(0) (appropriate to the case duce the size of the coherence pealRigYRy and to modify
of Mu in RbCq, if it is @ BCS superconductyrand assum-  the Arrhenius slope relative to the isotropic case. Extreme
ing the BCS temperature dependeddd’), the maximum of  anisotropy, such as that for nonzero angular momentum pair-

Rs/Ry is about 4see Fig. &)]. ing states, is similar except thgh is no longer gapped as
there are nodes i\. For example, for ad-wave order
B. Low-temperature behavior parameter® g,(E)<E asE—0. Althoughg, is still peaked

in this situation, the coherence peakRg/Ry may be com-
pletely eliminated’ and the exponential temperature depen-
dence is replaced by a power laRg/Ry<TP, wherep=2

_ _ for d wave, and other values gfare obtaine®f for different
Rs/Ry~exp(—Ao/kT), 49 hodal structures ofA. This kind of behavior has been

while this certainly accounts for the majority of the Iow- observed®*°in YBa,CuyOg g5, for which there is strong evi-
dependence, it is not the complete dependence. Perfedence of ad-wave A. A p-wave A may be the source of
Arrhenius behavior is only rigorously found if the integrand similar temperature dependence in some Heavy Fermion
of Eq. (4.4 is gapped but otherwise featureless in energysuperconductor$;** while it may be related to neardlbe-

The strongest energy dependence one might expect in tHeavior in some organic superconductdts.

integrand (for a gapped density of stajes that of BCS. Finite lifetime (7) of the quasiparticle excitations of a
Allowing for finite a,,, the singular behavior of the square superconductor due, for example, to electron-phonon,
of the BCS density of states is avoided, and the integral caglectron-electron or impurity scattering can also modify
be expanded at low in terms of modified Bessel functions, Rs/Ry. This possibility was suggested by Hebel and Slich-
giving a temperature-dependent prefactor to the Arrheniuter in their original work" to explain the small size of the
dependence of “Y2. This is analogous to the temperature coherence peak they observed in Al. They calculated a DOS
dependence of the penetration deftf*3>T-1?is a weak Which was a version of Eq4.3) smeared by convolution
function of temperature compared to H¢.5), but it does with a gate function of widthr— . A detailed analysis of the
lead to a significant bias in the energy gap extracted usingemperature dependence Bf/Ry resulting from this ap-
Eq.(4.5). For example, if one fits Eq4.5) to data that varies proximation is given by Hebéf! A different Ansatz for the
asTfl/Zexp(—]__?GTC/T), over a range of reduced tempera- DOS was used by Dynest al* to describe tunneling mea-
ture t=T/T, of 0.25-0.5(typical for many NMR studigs ~ surements:

one findsA,=1.5&T,, and the Arrhenius plot does not de- )

viate noticeably from linear. While the specific ¥ depen- E)=au(E)R E+il 4

dence is highly idealized, this example illustrates the dangers 9o(E)=0gn(E) JE+iT)Z—AZ2)" “.7

of using a simple model such as Eg.5) especially over a

restricted range in temperature. The low-temperature behayherel'~ 7~ 1. However, Allen and Rainé? point out that

ior in cases less ideal than E@t.3) will be determined by for a lifetime due toelectron-phonorscattering, one must
balancing the contributions of both the pealgiE) atA (if ~ resort to the Eg|§5hb§f9 theory of strongly coupled
it is present, and any finiteg(E) within the “gap,” with the ~ superconductof§“®in which the order parameter becomes
latter always dominating at the lowest temperature becausg®mplex, and the DOS 13

of the exponential weighting of the Fermi factor. We will
consider more realistic models fg{E) in the next section.

Typically, the low-temperature behavior of E@.4) is
approximated by an Arrhenius law,

E
where® A,=Im A~7"! (Imis the imaginary payf andA
The temperature dependence of E44) discussed above =A(E,T) is determined by the Eliashberg theory and the
can be modified through several mechanisms which we wiltoupling constant-phonon spectrum produég (E) for the
consider in turn: anisotropy af, finite lifetime of quasipar-  particular material. Fibich treated the problem of calculat-
ticle excitations, and magnetic effects. The consequences @ig Rg/R, using Eq.(4.8) by neglecting the energy depen-
anisotropy on the ratidRs/Ry are found by including an dence ofA, and simply usingA evaluated at the energy
angular integral in Eq(4.4), and they can be most easily which is most important for the integral E¢t.4), i.e., A[E
explained by a comparison between the angular average A,(T),T]. The temperature dependence for the imaginary
DOS, ga(E), andgs(E) of Eq. (4.3): part A,(T) due to phonon scatterift®?and scattering from
other quasiparticlé8>® has been calculated in the low tem-
perature limit. For the temperature dependence of the real
(a)day, partA,(T) (and for the parameteX in either of the preced-
(4.6) ing model3 it is reasonabl¥ to assume that the temperature
dependence of the real part of the order parameter is approxi-
whereP(a) is the distribution of the anisotropy of the gap  mately that of the BCSA. Recently, it has become
around the Fermi surface. Even a small anisotropy, such dsasiblé**® to calculate Rg/Ry using the full strong-
that for aluminunt® transforms the BCS singularity in coupling A(E,T), thus avoiding these approximations. As
g<(E) into a mild van Hove singularity at some averagg, input to such a calculation, one would ideally first obtain a
and g, is still perfectly gapped withga(E)=0 for |E| reasonable form for®F(E). However, according to Akig}
<Ag [see Fig. 6a)]. The effect of anisotropy is thus to re- the details ofa?F(E) are not important, and the most sig-

C. Extensions

a2
gA<E>=gN<E)Re{ | —"
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nificant information in determinindRs/Ry(T) is summa- where 7 is the pair-breaking perturbation paraméfe® »
rized in the ratioT./E,,, whereE,, is the logarithmic mo- o 7B, where r is the collision time. The DOS exhibits no
ment of «?F (E), gap. In the clean limff the (angle-resolvedDOS is highly
In(E) anisotropic with singular BC£Eq. (4.3)] behavior along the
_ © 5 n magnetic field and gapless behavior perpendicular to the
Ein= ex;{xfo @’F(E) E dE} (4.9 field. The latter property has been confirmed and exploited in
] measurements of de Haas-van Alphen oscillations in the
where A is the mass enhancement parametermixed state at high field® The effect of finite mean free
2[ 5[ «®F(E)/E]dE. Note that the effect of impurities in the path in this case is to wash out the anisotrégyd with it the
Eliashberg theory has recently been revisted@hese au- BCS singularity and to make the density of states a rigor-
thors find that “vertex corrections” from impurity scattering ously local property®
canincreasethe size of the coherence peak as the mean free Away fromH,,, the expansions assuming smalbre not
path is reduced. applicable. The more general theories are very complex, but
Magnetism may also influend®s/Ry(T), for instance, i some approximate results have been obtained. There are two
the classical exampl® of gaplessness in a superconductormain approaches used to calculate properties of the vortex
due to the presence of magnetic impurities, the coherenc&ate in the regiméd.;<H<H,,: the Green’s-function ap-
peak can be reduced or eliminated and the exponential fallofiroach of Gor'kov! and the effective Hamiltonian approach
altered significantly*® Superconductors that are intrinsi- of Bogoliubov and deGenné8 Using the second approach,
cally magnetic exhibit similar strong deviatiofs> In re-  the presence of bound, nearly gapless excitations in the vor-
gard to highT. superconductors, antiferromagnetic correla-tex cores was predictéd.Far from the vortex cores, the
tions between quasiparticles have also been sfioito  excitation spectrum is modified only by the “Doppler shift’
damp the coherence peak. However, it should be noted thaf the quasiparticle energies due to the circulating supercur-
no anomalous behavior connected with magnetism has begBnts. Neglecting the core states, Cyfatalculated an ex-
reported yet inA3Cso. Recently)® the closely related piicitly field-dependent DOS. These calculations show that
NH3K3Cgo material which is superconducting under high the peaks of the zero-field DOS are broadened significantly
pressure has been found to exhibit a metal-insulator transis the vortex spacing decreases below abogt Mbtivated
tion to a magnetic stattat about 40 K. The small bandwidth by scanning tunneling microscogTM) measurements of
and large Coulomb interactions between electrons also causige detailed spatial structure of the vortex state, this method
important correlation effects, for example the magnetism irhas been revisited recently, e.g., see Refs. 74,75. In contrast
orthorhombicACg,. The proximity to a similar magnetic to the local nature of the dirty limit, where the core contri-
phase may be enhanced by the analogous polymeri2atibn butions can be modeled simply as normal electrons, in the

the Gy anions in thePa3 materials. clean limit, the interplay between the core states and the
surrounding superconductor may be very imporfarithe
D. Influence of the vortex state Green’s-function approach has been employed generally us-

) ing a linearized version of Gor'kov’'s equations. For the dirty

Measyreme_nts of T, in type-l superCOﬂdUQtOTS M limit, the field-dependent local and spatially averaged DOS
>2¢), including those presented below, are typically donenave been calculated numericalfyThe spatially averaged

with the applied field above the lower critical field.;, i.e.,  pOS peaks in this calculation also exhibit field-dependent

cations to the zero-field situation discussed above, due to thearformed’” Recent use of this techniglid® has concen-
presence of the field. The magnetic field interacts with th&rated on the structure of the vortex core.
electronic system in two waysi) via the Lorentz force em- It has long been recogniz&that the Zeeman interaction
bodied in the canonical momentup-gA and (ii) via the  acts to break the Cooper pairs of a conventional supercon-
Zeeman interaction of the electronic spips B, conse- ductor because it acts in the opposite sense on each member
quently modifying the quasiparticle excitation spectrum anchf the pair. The magnetic field at which the Zeeman interac-
hence the temperature dependenc&®efRy relative to Eq.  tion will destroy superconductivity can be approximated by
(4.4). equating the gain in energy in going to ttepin-polarizedl

The Lorentz force, together with the magnetic-field en-normal state with the condensation energy of the supercon-

ergy, yields the vortex structure of the mixed state whereiyyctor, thus definirft}f the Pauli limiting fieldBp :
the field and the order parameter @rdomogeneoysfor

example, the Abrikosov flux latticésee the revief?) or B.(t)
more disordered phas&sNearH,,, where the order param- Bp(t)= 5 < > 4.1y
eter is small, the effect of the inhomogeneltyr) has been V(L+ xn)? = [1+xs(b)]

treated theoretically in the diftyand cleaf® limits and, sub-
sequently, for arbitraff mean free path. In the dirty limit
the effect of the DOSRef. 65 is in close analogy with the
Abrikosov-Gor’kov theory of gapless superconducti®t§?
in the presence of magnetic impurities,

whereB(t) is the thermodynamic critical field ang is the
spin susceptibility in each of the phases. The modification of
the upper critical fieldH., due to these considerations has
been calculatet?®and its effect on the spectrum of excita-
tions has been predicted to be negligiblenless there is
2 2 o some mechanism for mixing quasiparticle states of opposite
[AD° E*—7 (4.10 spin, e.g., spin-orbit scattering. In the case of strong spin-
2 (E2+ 22’ orbit scattering, the quasiparticle spectrum is again of the

g(E;r)~gn(E)§ 1+
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1.0 dius ¢. The distributionP(R) in this approximation is bimo-
dal with peaks aRy andRgs. The relaxationP,(t) will not

0s . Normal (Korringa) be single exponential, but the average relaxation réfe is

8 <RS/RN>:fN+(1_fN)RS/RN! (413)
g 0.6 7 ::’.55:. Heo -

where, for B<B,,), fy~ &2(B/®y), i.e., the weight in the
distribution P(R) at Ry scales linearly with field @ is the

- magnetic flux quantuin This linear field dependence allows
the deviation from exponential temperature dependence of
the relaxation rate due to the vortex cores to be distinguished
from the other mechanisms, such as impurity scattefimg,
gion O) which at low temperature, and especially in low

O e e S field, may dominate the electronic relaxation. From the field
0.0 0.2 ?'4: T ((366) 0.8 10 dependence, one can thus use this model to extract a rough
c estimat&®®’ of ¢ deep in the superconducting state. Such

FIG. 7. A generic phase diagram for the behaviorbfT)"*in  €Stimates could be refined by including a more sophisticated
a conventional type-Il superconductor. The regionsheak where  10cal DOS (Refs. 78 and 7/in the model forP(R), but
the Hebel-Slichter coherence peak is fourdr, where approxi- dynamic effects might also require consideration. Motion of
mately activated behavior occursC2where two component relax- the vortices on the time scalg; would smear the distribu-
ation from the inhomogeneity of the vortex state is expected to bdion P(R), effacing the bimodal structure of the static vortex
observed;O, where other processes may come to dominate thestate; however, vortex dynamics usually occurs on time
electronic relaxation ratée.g., magnetic impuritigsFurther details ~ scales much shorter than a typicgj,®® though exceptions
are given in the text. have been proposéf.Another type of dynamics that has

been considered in this context is that of spin diffusion of the

form Eq. (4.10 with the pair-breaking parameter 7, ,B?, nuclear magnetization to the quickly relaxing regions of the
where 7, is the time between spin-orbit scattering evéfits. cores which effectively allows the relaxation to “leak” out

Despite these complications in the vortex state, many obf the vortex cores into the surrounding superfluid. This
the general features of the zero-fiédeissney state behav- mechanism, though, may be thermodynamically quenched in
ior of Rs/Ry, as discussed in Sec. IV A are observed experithe inhomogeneous vortex stdfe.Furthermore, such a
mentally. Figure 7 shows the phase diagram of the vortexnechanism is not important in the experiments described
state, for an extremeH;; coincides with the horizontal axis here because we are always dealing with a single muon in
on this scalgtype-Il superconductor showing regimes of dif- the sample at any time, and Mu@Js static(at least on the
ferent behavior foiT, in the most conventional case. To the length scale of the vortex lattice and on the time scale of the
lower right is the region of the Hebel-Slichter coherencemuon.
peak. To the left is the “Arrhenius region” where the relax-  Deviations from the behavior summarized in Fig. 7 are
ation rate falls exponentially. Above about B. %, the theo- expected and observed in many cases: Reduction of the peak
ries based on the gaplessness due to a small inhomogeneageagion[towards ¢,h)=(1,0)] may be the result of any of the
order parameter A(r) are applicable. In particular mechanisms discussed in the previous section. More detailed
Rs/Ry(T,I—0) has been calculat®twith the result, that reviews of NMR in type-Il superconductors can be found
the peak is reduced but still present in regi@n, and com- elsewherg?92:93
pletely eliminated in regiorti). The high-field damping and

elimination of the coherence peak predicted by this theory V. p* SITES IN A3Cqgp

has been clearly verified experiment&fiyn the A15 super- ] ]

conductor \4Sn. The calculation ofRs/Ry(T,I) can be When muons stop in typical metals, they take up one or a
found elsewher& few well-defined crystallographic sites, usually interstitial. In

Departures from the exponential falloff of the relaxation the vast majority of cases there is no local electronic moment
rate with temperature are typically seen at low temperatur€" the muon, and the muon is said to be in a local diamag-
(region 20. In this region, the much more weakly tempera- Netic state. In insulators and semlcon_ductqwé,_ often cap-
ture dependent relaxation from the electronic excitations irfurés an electron to form paramagnetic muonium which also
the vortex cores can be significdfitOne can model the ©Occupies a specific interstitial site; however, the paramag-
relaxation of(muon or nuclearspin polarization in such an Netic states almost never occur in metallic environments.

inhomogeneous case using a local relaxation rate. The avercreening of the electrostatic potential by conduction elec-
age relaxation function is trons eliminates any local electronic level with a single un-

paired electron. Although the details of the particular sites

% adopted by the muon are not critical to the analysis we report
P, (t)= Jo dRe RP(R), (412 in the following sections, a brief discussion is included here
for completeness.
where the inhomogeneous, rate R[B(r),A(r),T] is dis- In Cgybased solids, the available interstitial voids are

tributed asP(R), andz indicates LF {;) relaxation. FoiB much larger than in conventional metals, and there are many
<B¢,, the vortices may be treate@n the dirty limit) potential sites for the muon, though some are occupied by
approximately? as cylinders of normal-state material of ra- alkali ions in the alkali fullerides, i.e., the octahed{@) and
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i FIG. 9. (a) The field dependence of the LF relaxation rates at 35
i K. The fits to the spin-exchange model in the slow limit are dis-

cussed in the text(b) The field dependence of the normal-state
60 100 140 180 value of (T,T) ! fit to a similar model.
FREQUENCY (MHz) . o .
for observation of the oscillation, however, is at the lowest
FIG. 8. The precession signals of endohedral muoniurain  temperature in zero field in the Meissner state offansu-
Ceo at 10.7 mT,(b) K,Ceo at 9.6 mT, and(c) KeCeo at 10.0 mT  perconductor, where a high-frequency “heartbeat” oscilla-
[from Kiefl (Ref. 29]. The broad line in € is due to the GMu  tjon (~4.4 GHz) might be observed because the Korringa
molecular radical, and the narrow line at 150 MHz in thgCly  gnd inhomogeneity broadening mechanisms will be negli-
spectrum is an instrumental effect. The frequencies and their ﬁel@ible. Such high-frequency measurements are technically
dependences correspond to vacuumlike Mu wAth=4341(24), quite difficul®” and have not yet been attempted.
434266), and 423063) MHz, respectively. Coherent precession signals from Mu@Q@re not ex-
. e pected in a conductor due to rapid spin exchange with con-
~ 0,
FetrahedraI(T) interstitial sites. In pure &, ~80% of the. duction electrons. However, the presence of Mu@gdan be
implanted muons form an exohedrally bonded muonium_~ .. . . e )
: . : . 408  confirmed in LF experiments. Specifically, provided the
radical (GoMu) which has been studied extensivafy* | ; f thew® in th ‘s in th
In the ionic insulating fullerides Kand K;, 2 and the con- = axation of thew* in the Mu@G atom is in the muon
' time range, the relaxation rate will have the characteristic

ductors Rb (Ref. 99 and RRB,!’ a similar fraction of the I

L . . i . magnetic-field dependence of E@.4). We have observed
muons exh|_b|t dlamagnetlc behavior. Thus in both meta"'cthis relaxation in theA; superconductors and measured its
and insulating environments, the exohedrahMl radical

does not survive the charging of thg C The diamagnetic field depen_den_ce ?—[:35 K (well_ into the normal stage

: 2 o~ : The relaxation is single exponential, and the rates as a func-
mu 3? nsin fCCA3C69 are ce rtamly_ |.nterst|t|al in the lattice of o1 of field are plotted in Fig. @). The fits shown are to Eq.
Ceo ions, but their precise positiés) are not known. One (3 4 \ith a small additional field-independent raR,. Be-
possibility is that as the Fermi level rises upon alkali-meta

I
. . o _ ause the parametefg, and are correlated, they could
doping, the interstitial muons become negatively charge(iot be dgtermined indepVeSnEdentIy and we %’XM

and form a complex with the alkali metal ion analogous to an_ 4545 MHz from the

. . precession measurements in the insu-
alkali-hydride molecule.

lators(Fig. 8). This value is also consistent with LF measure-

In both pure G and the insulating alkali fullerides, a ments ofA, in Rb; discussed below. The resulting param-
small fraction of implanted muons{10—-20%) form a muo- eters are g};ven in Table | along with the ratios
nium atom characterized by a large isotropic hyperfine pa-

rameter which has been interpreted®*°to be trapped en- -
dohedral muonium [Mu@§g pictured in Fig. 11a)]. Figure X oA / vse(35 K) (5.1)
8 shows the clear signature for this state, i.e., TF precession P35k RB3(35 K)’ '

at frequencies determined by the hyperfine levels of Fig. 4.

In the metallic systems, however, these precession signaflsrom the Korringa Law, Eq4.2), this ratio is a measure of
are expected to be unobservable due to broadening either vile ratio of the density of states at the Fermi surfggé0)
the Korringa mechanism or by inhomogeneous broadening irelative to its value in Rp Additionally, it is reasonable to

the vortex state of the superconductor or in the low-assumeA, is not very temperature dependent at low tem-
temperature magnetic phases of eetals. One possibility perature, as is evidenced by Korringa temperature depen-
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TABLE |. Parameters of the fits of; *(B) at 35 Kto Eq.(3.4  13c-Mu nuclear hyperfine interactidhin pure Gg. In con-
with A,=4340 MHz as well as the ratios defingelative to RR)  trast, in semiconductors, the hyperfine parameters of muo-
in the text. nium are much lower than the vacuum vafi&Vve thus con-
clude that for Mu@, the spin-exchange interactiod fn

—1 X X
vse (35 K0 MH2) Ro (uST) b3k P Eq. (3.3]] in A3Cq is small and the perturbation approach
Rb;Cso 587(47) 0.21770) 1 1 Eq. (4.2) is valid.
K3Cso 572(63) 0.21550) 0.98794) 0.95Q031) Comparison of the dependence of the DOS at the Fermi
Na,CsGyo 132(4) 0.0002) 0.47425) 0.50620) surfacegy(0) on lattice constand with the dependence of

T.(a) elucidates the exponent of the McMillan equation; fur-
thermore, there is considerable interest in the role of orien-
dence of the relaxation rate in the normal state which idational disorder in determining electronic properties such as
entirely the temperature dependencevgf. Hence we can  gn(0).**° For comparison, similar ratios from NMFRefs.

also fit the more accurately determined average value ¢£00,101,24, and 102yield p*>0.75 for bothx=K; and
(T,T) "% in the normal state to Eq3.4). These average val- NaCs. The low value of our ratios for N@s mayindicate

ues over several temperatures abdyeare shown in Fig. that the proportionality constantsiyperfine couplingsbe-

9(b). Fitting the Rh results to Eq. (3.4 with A, tweenvge [or (T, T) 1] andg,%,(O) may vary with structure.
=4340 MHz yields v/ T=20.2(4) MHz/K with R,/T  This is not unreasonable, since the couplings depend on the
=4.4(7)x10"% us K. Using this fit and the points for detailed structure of the electronic orbitals constituting the

K3 and NgCs, we calculate the ratios, conduction band, such as the degresphybridization. It is
known that the C-C bond lengths ofy€ in cubic NaCs
(T T)Rv3 differ slightly’ from those of the neutral &, but similar
=\ (5.2 measurements on the orientationally disordered systems have
(T1 D not been reported. The exchange coupling for My@C in
which are also given in Table I. Eqg. (3.3] may be more sensitive to such differences than

The low values ofvge (relative toA,) confirm that the ~ those of *C NMR because they are determined by the tails
slow spin-exchange limit form Eq3.4) is justified at this of the carbon orbitals protruding into the ball; whereas, the
temperature and belotfor all fields). In fact, vsg is remark-  NMR constants are determined by the behavior of the orbit-
ab]y slow Compared to Spin_exchange rates of Mu in Semi.als at or near th613C nucleus. While the electron-_phonon
conductors such as Si. In that case the spin-exchange ratedghancement afy (which may differ between thBa3 and

8 .
usually’® modeled as Fm3m structures does not® affect T,, electron-electron in-
_ teractions caR® via for example, Stoner enhancement of
vse=on(Tu(T), (5.3 gn(0). If there are short-wavelength electronic correlations,

where one has extracted the majority of the temperature ddt iS possible thatT;(T) might vary within the unit cell,
pendence of the Golden rule expressi&y. (4.1)] into the causing the Mu@g and *°C to vary differently. The simi-
carrier concentrationn, and the mean thermal velocity, ~ larity of the temperature dependence @hT) * for alkali
leaving the nearly temperature independent sum over matrigd °C NMR, though, suggests that any electronic correla-
elements in the appropriately defined cross sectiorFor  tion contribution toT, does not vary significantly with posi-
interstitial Mu in Si, the observedsg implies thato is of the  tion in the unit cell in eitheFm3m (Ref. 100 and Pa3
order of a typical atomic cross section (X8 cn?). In the  (Ref. 102 materials. Even if the hyperfine couplings and
metallic case the situation is different since Fermi blockinggn(0) were identical, it is possibt®* that different levels of
prevents all but the electrons withkT of the Fermi surface disorder could lead to different values ©f. Thus we con-
from participating in the spin-exchange collisions. Thus clude that simple comparison of the magnituded pffrom
~pg, the Fermi velocity and is nearly independent, and «SR or NMR) between nonisostructurél; superconductors
n~nokT/Eg. Using values for Rb; (vg~10"" cm/s, Er may not represent a comparison @§(0). The possibility
~0.5 eV, ny=4x10%' cm3), o for Mu@GCs is that Gy polymerization is the source of suppression of the
107 '8-10"1° cn? at 35 K. The small size of is attributed normal state T,T) ! is discussed in Sec. VII.

to the combination of two factors. First, the conduction-band If the T, relaxation istoo slowto be observed, the ampli-
states are made up ofgCmolecular orbitals in which the tude of the signal due to Mu, which is field dependent below
electrons are confined near the hollow carbon cage. The spa<0.5 T, can still be used to identify Mu. The field depen-
tial distribution of the conduction electrons is thus quite in-dence follows:

homogeneous on the scale of the unit cell, and My@€

located in a site of low conduction-electron density. Second, 1+2x?
possibly for geometric reasons, there is very little hybridiza- AMu(B)=Am7
tion of Mu@G, with the surrounding  orbitals. Thes p?
carbon orbitals are distorted by curvature of thg,Go that wherex is the reduced field/By,,, andBy,, is defined as
the inner lobes are smaller than the outer ones. Consé,/(ve+v,) (see Sec. 7.3.1 of Scheridk Measurement of
guently, the tendency for bonding is significantly greater orthis field dependence, when the Mu asymmetry is nonrelax-
the outer surface of the molecff&The evidence for this is ing, requires careful accounting of the systematic field-
the large vacuumlike isotropic Mu hyperfine interaction. dependent shifts in the LESR baseline. This method has
This is also consistent with the apparently very smallthe advantage that it admits the possibility of measuring the

(5.9
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B [T] FIG. 11. Endohedral muonium, asJstate at the center of the

Cgo Molecule, and the proposed impurity level structure. The Mu
FIG. 10. The LF dependence of the Mu@@symmetry(de-  state is higher in energy because of strong on-site Coulomb repul-
coupling curve. The field at the inflection point indicates that the sion. TheT dependence in Fig. 12 may indicate that the Ms
Mu hyperfine parameter is largaear its vacuum valyeEach point  considerably lower in energy than shown, and is possibly a resonant
is determined from a common fit to at least two different tempera-state within thet,,, conduction band.
tures, ranging from 2.5 to 15 Ke.g., Fig. 15.
repulsion energyy). This is similar to the negative ion of

hyperfine parametefalthough not as accurately as preces-muonium or hydrogen in which the second electron is bound
sion) which determines, for example, the inflection point of by only 0.75 eV. The stability of the neutral paramagnetic
the decoupling curve Eq5.4). We have made two measure- muonium implies the energy level corresponding to doubly
ments of the LF muonium decoupling curve in two different occupied negative charge state of muonium must therefore
samples of R In the first measurement, we acquired pairsbe above the Fermi level. A level scheme for Mu and Mu
of spectra at 35 ah4 K ateach field in a special apparatus in Rb;Ce is thus shown in Fig. 11 where the Fermi energy
which allowed collection of a reference spectrum in high-occurs in the center of thig, band.
purity silver in the same conditions of field and temperature  The high stability of Mu@, in Rb;Cq at low tempera-
simultaneously®® Systematic shifts in the baseline could tures is clearly demonstrated by the Korringa-like relaxation
thus be at least partially compensated using the referendzelow 100 K. However, at higher temperatures there is evi-
data. In the second experiment, we took data in various fielddence for local excitations of some kind since the relaxation
at two (or more temperatures, one where the relaxation wagate increases with temperature much faster than the Kor-
quite fast, and one where it was slow in order to determinginga expression would predi¢see Fig. 12 One possibility
the relaxing amplitude, i.e., the muonium asymmedsy, is that above 100 K one begins to rapidly cycle between
(see Fig. 10 The results of this second method are roughlyMu™ and Mu. The resulting capture and loss of an electron
consistent with the first measurement but less scattered. Ttigimics spin exchange since the spin correlation on the
decoupling in the data is apparently sharper than expectdgound electron of muonium is lost after such an event. A
(fit curve). In this data, we dichot field cool, but the conse- similar phenomenon has been used to explain ragig 4pin
quent additional inhomogeneity of the field would not affectrelaxation in semiconductors at high temperatdfésThe
the decoupling significantly. Any correlation of the ampli- small activation energy of 5880) K (see the solid curve in
tude and relaxation rate, due for example to a nonexponentidlig. 12 suggests that the energy level of Mis just above
relaxation, could bias the extracted asymmetry and accourthe Fermi energy. Other types of local excitations may be
for the sharper feature. From the fit to H§.4), we getA,  involved, though. For example, one would expect that the
=4300(400) MHz. first vibrational excitation of Mu@g to be much more

It is remarkable that paramagnetic Mu@@ stable in a  strongly coupled to the conduction electrons, so excitation of
metal such as RiEg,. Normally, the conduction electrons in such a state could account for the increase iy Hs ob-
a metallic environment shield the positive charge on theserved.
muon such that there is no bound state for a single electron.
The situation in G fullerides is therefore quite unique. The 8
large isotropic hyperfine parameter is close to that for muo- -
nium in vacuum implying that the electronic wave function L
around the muon is very much like ths &tate of a hydrogen
atom and not changed appreciably from what is observed in
the insulating phases. One important factor is that the con-
duction electrons in RiCg, are confined to the region of the
carbon shell leaving a cavity inside where there is little con-
duction electron density. In this situation a positive muon -
can bind a single electron with minimal disturbance from the ol v 0 0
conduction electrons. Of course the conduction-electron © T 100 200

. . . . emperature [K]

wave function does extend into the interior of the ball and
this is in fact what gives rise to the observed spin-exchange FIG. 12. Activated increase irT¢T) ! relative to its value at
relaxation. Apparently the negative charge state of muoniumopw temperature likely due to Mu@g ionizing to endohedral
which is diamagnetic, does not form due to a large electromu™. The fit curve i 1.01(3 )+ 123(35)ex|i—588(40) K/T)].

T/ (T17)
~
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In conclusion we note that the important features of the 0.1 —
muon sites in theA;Cgy superconductors to the analysis in- | RbsCgp G) ]
cluded in the following sections are simply that the muons 10T, 3K
stop randomly on the relevant length scales of the vortex FoT
state: the penetration depthand the vortex spacing; most of
the muons remain diamagnetic and sample the field distribu-
tion of the vortex state uniformly; and a small fraction of the
muons form a paramagnetic muonium center which is only
very weakly coupled to the conduction electrons.

©

VI. TRANSVERSE FIELD: THE VORTEX STATE FIELD
DISTRIBUTION

In TF experiments inA3zCg superconductors, it is
found®’~1%that a large fraction of the injected muons re-
main diamagnetic, and their precession signal is broadened -
below T, by the inhomogeneous magnetic field distribution
of the vortex state.

The line shape due to the field distribution of a triangular L
flux-line lattice (FLL) with additional effects due to flux- 135 136
lattice disorder and anisotropy have been studied in detail in Frequency [MHZ]
the context of highF, superconductors®~1*3The character-
istic features of this line shape can be related to the spatial FIG. 13.(a) A high statistics4SR line shapéFFT of TF asym-
distribution of fields of the triangular FLL: there is a sharp metry spectrumin Rb;Cqy, field-cooled to 3K at 1.0 T applied trans-
low-field cutoff of the line shape due to the minimum field verse field.(b) Simulated line shapes for a perfectly ordered trian-
that occurs in the center of a triangle defined by three neigh@ular flux lattice using the Ginzburg-Landau thedfyefs. 114—
boring vortices; at slightly higher field, there is a sharp peakl16- The simulation parameters\(¢) are (3000 A, 30 A and
due to the highly weighted field corresponding to the saddlé1100 A, 30 A. The field distributions are convoluted with a
point midway between two vortices; and there is a Sharpgau'ssmn_correspc_mdmg to the normal-stat_e linewidth. The _3000
high-field cutoff due to the maximum field occurring in the simulation also includes a small nonrelaxing background signal

: P known to exist in the data.
vortex cores. For an ordered triangular FLL, it is found that

the second moment of the field distribution is related to the .
London penetration depth at intermediate field$'®y Vortex separation anal are on the same scale &gr,, the

coherence length of crystalline order. One would instead ex-

Re( Fourier Amplitude )

P2 ¥ pect that the flux lattice would be disordered and that the
A~|3.71x10° 3 —2 (6.1) measured magnetic-field distribution would be smeared rela-
(AB)?| ' tive to the perfect FLL. Such smearing would make a sig-

) o i nificant contribution to the second moment of the field dis-
where AB=0g(0)/27y, is the rms deviation of the field {ipytion, e.g., see Ref. 112, making the applicability of the
distribution. . _ above theories questionable. This is just the situation we find
~ To accurately determing for a perfect triangular FLL,  [see, for example, Fig. 18]. The line is much broader than
involves more detailed modeling of the field distribution. i the normal state but exhibits only a slight asymmetry. It is
One such model relies on an a}lppu_mmate low-field solution;nreasonable to attempt to fit such a smeared line shape to
of the Ginzburg-Landau theory; which, more recently, has the full theoretical shape, but Fig. (3 shows two simulated
been extended to higher fiefdS and further simplified: line shapes for comparison. We note that the fluxoid distri-
This theory results in a field-dependent relationstigr B bution isnot melted and only weakly pinned 8 K and 1 T,
<B¢2), because, for example, shifting the applied field at this tem-

- 14 perature causes the line to shift in frequency, but broaden
dof,(B/Bc2) significantly. This is in contrast to crystalline YB2U,0g s,
B2 | (62 \yherd!” shifting the field shifts only the background signal

as the FLL is well pinned, and to the vortex-liquid state,
wheref, is a universal function of order unitfpbut sharply = where the(symmetri¢ line simply shifts without altering
field dependentat low reduced fields\ estimated from Eq. shape.
(6.2, for B/B;»,~0.02, will be ~15% smaller than that of Clearly, the 1100 A value of the penetration depth de-
Eq. (6.1). Estimates ol can be improved by fitting a model duced from magnetization measurements is inconsistent with
of the asymmetric field distribution, rather than just using thethe observed line shape, since no amount of disorder will
second momentt’13f the fractional volume of the FLL narrow the line, and estimates of the correlation time for
corresponding to the vortex cores is large enough, the high#motion of the vortices from NMRRef. 120 suggest that, at
field cutoff will be observable, and the superconducting codow temperatures, there should be no dynamical narrowing
herence lengtl¥ can be measured®!1® of the SR line. The high-field cutoff in the FLL field dis-

It would be surprising to find a perfect triangular FLL in tribution will move down towards the average fieldether

powdered superconductors, such as these, where both theor ¢ increases. Because of this correlation, the absence of

A~|3.71x 1078
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FLL to determine the overatr below T.. We use this cor-
rection to producerg shown in Fig. 14b). The temperature
dependences are fit to the phenomenological forg(D)[ 1
—(T/T)®], and the resulting parameters are given in Table
Il. In spite of the lack of the signature of the FLL in the line
shape, we expect that the overall linewidth is controlled by
(and much more weakly by) and that AB) ~ Y2 will scale
with A. We have calculated the valugseported in Table I
using the linewidthso¢(0) and Eq.(6.1). Because of the
increase ofAB from disorder of the FLL, this conversion
will underestimatehe actual\, so this, or perhaps more
conservatively the value from the field-dependent theory
(which we have not included because of uncertainty in the
value of B.,), should be considered lawer boundfor \.
These results can be compared directly with those of Refs.
107,108. Note that at low temperatures(T) is quite flat in
contrast to thed-wave linearT dependence seen itiean
L high-T,*?? suggesting that, in this respect, thgCq, SUper-
0 20 40 conductors appear conventional. This conclusion is not
Temperature [K] strong, however, because thwave systems, for example,
impurity scattering can lead 1& a weaker lowT depen-
FIG. 14. (a) Second moments of theSR line shape as a func- dence of\. In Rb;, there is no apparent field dependence to
tion of temperature irstars Na,Cs (0.01T), diamondsK; (1.0T), og(T) between 0.5 and 1.5 T, so the applicability of Eq.
Rb; (circles 1.0 T, triangles 0.5 T, nablas1.5 T), andsquaresa  (6.2) is questionable. Furthermore, there is large sample de-
second sample of RK0.27 T). (b) Second moments corrected for pendence obrg in Rb; suggesting a strong effect of disorder
the normal-state values. on \. In the dirty limit £~I, wherel is the electron mean
free path. The penetration depth varies sensitively Witfa

a long high-frequency tail in the observed line shapa.
13(a)] constrains only the pairs\(£), i.e., along the line
(\,30 A) the observed line shape is consistent witlarger
than ~3000 A with the condition that larger values nf ) . . )
will require a greater degree of disorder to match the obWherens is the superelectron density antf is the effective
served linewidth. Such an inconsistency between the magn&@nduction-electron mass. Thuslifs on the same order as
tization anduSR results is not surprising, since the proce-the coherence length, any sample-dependent disorder that
dure for obtaining\ from the magnetization is fraught with contributes td could alterk. The low T dependence o'
difficulties®? of which only some are reduced or eliminated Nas PO%G” fit to the BCS activated fottnfor the clean
through use of a single crystal instead of powder. We notdMit;—~ however, the dirty-limit form is probably appropri-
that other results using NMFRef. 102 and optical?* meth-  ate to Rl and K (but possibly not to NzCs). In this casé’
ods also find\ >3000 A. for T<0.5T,
We extract the second moment from the TF data by fitting
the time-dependent envelope of the precession signal to a
Gaussian of the formAexp(— (ot/y2)?). The results are whereA, is the low-temperature BCS gap parameter. The
shown in Fig. 14a). In the normal state, the line shape is aresults of these fits are also given in Table Il. We note that
narrow Gaussian whose width is determined by the distribusome caution must be taken regarding the interpretation of
tion of magnetic fields due to the randomly oriented nucleathe TF results for NsCs becausé€i) the applied field was
dipoles ¢3C,%Na2404K 88Rp 3%Cs). This normal state very low (not far from H,;) and (i) o was rather large and
width o is temperature independent in the range betweeremperature dependent above 50 K. The behaviardfT)
T. and room temperatur@xcept for NaCs, discussed be- may be associated with molecular dynamics and/or a small
low) and adds in quadrature to tlwg, due to the disordered fraction of the muons stopping in unmasked areas of the Al

ng 1

72 o> -
A TR

6.3

0'5*0'30[1"‘ efAO/kT]*Z, (64)

TABLE II. Parameters of the TF linewidth fits described in the text and shown in Fig. 14. The numbers
in brackets after the sample indicate the applied field in each ceBeis the rms width of the field
distribution. Ay /kT, is obtained from fits to Eq(6.4) and theT. values in the table.

Sample[B (T)]  on/V2 (us™Y)  og(0)2 (ush)  Te (K) w AB(MT) A (A) Ay/kT,

Rb;Cey-1(1.0 0.0761) 0.431510) 29.38) 2.934) 0717 4200 1.3®B)
Rb;Cs-2(0.27) 0.0931) 0.206810) 28.92) 3.368) 0.343 6100 1.56)
K3Ceo(1.0 0.0871) 0.257G20) 18.62) 2.839) 0.427 5400 1.3®)

Na,CsG(0.0D) 0.1331) 0.076910) 11.33) 7.51.0 0.128 9900
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t [us] FIG. 16. Temperature dependence of the spin-relaxation rate of

) ] ) Mu@Gqq in K3Cqg at a field of 2.0 T. The fit is to the Hebel-Slichter
FIG. 15. Single exponential relaxation of Mu@@ Na,CsGso  integral Eq.(4.4) with a broadened DOS of the form E@t.7).
in a longitudinal applied field of 1.0 T. The fits shown are to a

common amplitude exponential relaxation.
pitude exp I xat (T,T) ! followed by an strong falloff below about 0.75.

An example of this is shown in Fig. 16, where the LF relax-
ation rate divided by the linear normal-state temperature de-
endence is plottethormalized. This ratio is just the ratio
s/Ry discussed in Sec. IV.

We find that increasing the disorder in the FLL in Rb
does not affect the peak height by comparing field-cooled
and zero-field-cooledT;T) ! at the peak temperatur€p,
at 1.5 T. However, we find, in Rbthat the peak is strongly

Despite the more serious consequences of powder averagiJ1I I% qlepl)\le'\r;%?(smlar behawtor _wasﬁmdepbe ng?ntlye?rég)cov-
in these highly anisotropic systems, the extracted penetratio edin 1 measurements in BBSGgo by Stenger™).

o . Itis suppressed as the field is increased above about 2 T, and
depth fromu SR datd even from symmetric line shapes, like . X . .
Fig. 13@)] has exhibited a variation of only 30% (includ- is entirely gone by 4.2 TFig. 17. The observed heights of

ing model as well as sample variatjoiThus the most seri- the peaks from fits to a parabola négs are shown in Fig.

ous uncertainty with our determination of may be the 18.In order to discuss analysis of the peaks in terms of the
strong sample dependence. The observation of the asymm%'g]- y P

e i . _theory outlined in Sec. IV, we include some brief remarks
ric line shape characteristic of a triangular FLL would cerigOut the DOS functions used. First we nafg and gsc

tainly make our conclusions much stronger, and such lin .
shapes are expected in single crystals which can now qs.(4.7) and(4.9] do not depgnd on the sign of the prpad—
ening parameterI{ or A,), which we take to be positive.

made in sufficient siZefor such an experiment.
ﬁ i ]

We turn now to the temperature dependence of the LF
T(H) = 29.1K

sample cell. However, the observed agrees with another
published measureméfft at higher field indicating that the
field dependence is not appreciable. Furthermore, any Al sig=
nal will make no contribution to the signal in high LF dis-
cussed in the following section.

The historic evolution ofuSR measurements of in
YBa,Cuw;Op o5 may provide a guide for the robustness of es-
timates ofA from the second moment of theSR line shape.

(T,) relaxation of Mu@Gg, noting that the interstitial dia-
magnetic muons will not contribute to this signal except at
(LF) magnetic fields less than a few mT. Tr

VII. LONGITUDINAL FIELD:
T, RELAXATION OF Mu@C ¢

The relaxation of Mu@¢gg in high LF (B=0.75 T) is
found to be single exponential, e.g., Fig. 15. The relaxation
rates exhibit essentially temperature-independd@nfT) !
behavior between about 50 K aifid for each of the systems,
Rbs, K3, and NaCs. In Rl we find no sample dependence,
but in NgCs we find a significant difference between two
runs on the same sample which we interpret as evidence for
a second low-temperature phase, the formation of which is
guench-rate dependent. We thus postpone discussion of the
temperature dependence inJIs to Sec. VII B.

(T (T47)

—
—4—
—a

To(H) = 28.4K

A. T4(T) in Rbg and K, O —5—""35 40

The average normal-state values 8 T) ~* are shown in Tem pe rature [K J
Fig. 9b). At higher temperature there are deviatigifég.
12), but at low temperature, we have no significant evidence FiG. 17. Magnetic-field damping of the Hebel-Slichter peak in
for previously reportetf weakly non-Korringa behavior. Just Rb,Cq,; note the different temperature scales. The longitudinal
below T., for B=1-2 T, we find a slightly enhanced fields are(@) 1.5 T and(b) 4.2 T.
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FIG. 18. Heights of the coherence peak above the normal state 7
as a function of field. These values were obtained from fits to a =
. . 2 3 4 5
parabola near the maximum. The suppression of the coherence peak T /T
by magnetic field is much stronger than that observed in the con- ¢

ventional type-Il superconductors®n (Ref. 84. FIG. 19. The temperature dependence BfT) ! at 0.3 T at

. low reduced temperaturéa) and (b) two samples of Rf and(c)
The property of conservation of the total number of electrony . The temperature dependence is activated, but the value of the

states, which simply results from the construction of thegnergy gap depends on the model of the superconducting density of
eigenstates of the superconductor from those of the normatatesg,. The energy gap values for various models are discussed

state, can be succinctly written, in the text.
fm[gs—gN]dE=O. (7.1)  Debye phonon spectrum, at low temperatukgT”2 The
0 contribution of the low-energy libron pet may modify

this somewhat; although, weak electron coupling to this
mode will limit its effect. The results of tunneling experi-
ments could, in principle, provide confirmation of the sharp-
ening ofgg at low temperature, but the published spectra are
o rather equivocal: low-temperature break-junction tunneling
f . [gsc—gnIdE=—[A4], (7.2 spectra show rather broad pedkshile point-contact spectra
are quite sharj3®> and other STM measurements are fairly
i.e., there are effectively fewer statesggc than in the nor-  broad but show a strong dependence on crystalliiftre-
mal state. Of course, in the full strong-coupling thealy, cent planar junction tunneling measureméfitsonfirm the
=A(E,T), gsc will have structure above the gap, and Eq.former behavior, suggesting an intrinsic nearly temperature-
(7.2) will be obeyed. One consequence of this property ofindependent broadening mechanismdgt The width of the
Osc, is that the integral forT,T) ! Eq. (4.4) will approach  coherence peak is controlled by the balance between the
a value less than 1 aB approachesl, from below. The peak contribution to the integral E¢4.4) and the exponen-
resulting discontinuity scales with,, and is negligible for tial behavior due to the opening of the gap; thus, there is
smallA,. However, ifgscis used to model the small coher- significant correlation between the value&f and the tem-
ence peaks reported hetk; is relatively large, and the dis- perature dependence of the broadening parameter. Generally,
continuity is significant, so that the approximation intro- a broadening that falls off steeply as the temperature de-
duced by Fibici?! that the energy dependence/®f can be  creases causes the peakggto sharpen, and the coherence
neglected in calculating the coherence peak seems untenalgieak to widen; consequently, the value »f required to
in the current context, and in order to use strong-couplingexplain the observed peak width will be larger than for a
results, one would have to resort to more detailedbroadening which is more weakly dependent.
calculations*“® There is also a significant difference be- In high field T;* becomes too slow to observe at low
tweengp andgsc in the limit E—0, which is important in  reduced temperature, so we use the strong field dependence
determining the low-temperature behavior of,T) % [Eqg. (3.4) and Fig. § and study this region in a reduced
gp(0)=[1+(A/T")2]*2, while gs(E) goes to zero with applied field. In this case, over the temperature range
slope~|A,|/A; asE—O0. 0.5T.—0.25T,, (T,T) ! exhibits activated behavior as
The low-field peaks have been fit to Eg.4) using both  shown in Fig. 19. Again the values d&f, required to fit this
the DOS functionggp and gsc (avoiding the discontinuity data depend on what broadening is assumed at low tempera-
mentioned above by only considering the data belby  ture. Because of the Fermi factor in the integral &), the
with Re{A} < AgcqT), which is still quite a good assumption low-temperature behavior off¢T) ! is determined mainly
in the strong-coupling cagé.We find that, in order to ex- by the gap and contains no information about the shape of
plain such a small height of the coherence peak, the broadhe broadened DOS peaks. However, if there are states
ening parameters nedr, must bel'/Ay~A,/Ay~10%. If  within the gap, the temperature dependence may deviate
the broadening is due to strong electron-phonon scatteringtrongly from the activated temperature dependence. We
then it should be significantly temperature dependent. For have fit the low-temperature data to the same set of models

The BCSgs follows this, as does the heuristic forgy;
however, the strong-coupling forgyc Eq. (4.8) does not; in
fact,
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FIG. 21. A high statistics zero applied field time spectrum in the
. Meissner state of RiEg, at 4 K. The slow Gaussian relaxation is
> likely due to the diamagnetic interstitial muons relaxing in the dis-
iO_N tribution of magnetic fields of the randomly oriented static nuclear
dipoles, while the small fast relaxing componénse} is attributed
< to relaxation of the endohedral Mu@{ Both dynamic and static
random magnetic fields can contribute to this relaxation. Dynamic
fields could be due to remnant states within the gap as seen in finite
—-0.02 o low-temperature zero-bias conductance in several tunneling experi-

0 time [us] 7 ments.

FIG. 20. Residual relaxation at low reduced temperature it Rb havior may be a consequence of the narrow conduction band.
inaLF of 0.3 T.(a) The temperature dependence deviates from thef thjs is the case, then variation of quenched disorder may
activated behavior at higher temperat(nge). (b) The relaxation at  aiso0 have an unusually large effect. At finite field another
4 K (circles, 7 K (triangles, and 11 K(squares The data at 4 K goyrce of this relaxation could be the vortex cof&ec.
_sh(_)wavery small fa_Lst relaxing component at early time. This signa|V D). The relaxation rate of the small fast relaxing compo-
is likely related to disorder and not to the vortex cores. nent is roughly that of théextrapolatetinormal material, but

. ) the amplitude is too large for the smalf£30 A) cores.
as the peak data at higher field. Two cases for the tempergyoregver, it does not appear to change linearly in amplitude
ture Wdependence of the broadening assumed: strong,yith field near 0.3 Tisee Sec. IV . On the other hand, the
(~T"%) and temperature-independent broadening, notingnear field dependence would be rather difficult to observe
that the real dependence will likely lie somewhere in thishecayse of the intrinsic field dependence of the relaxation
range. The results are as follows: for the stronglyrate and the extremely small amplitude. The persistence of
ter_nperature—dependent broadening, the_ high-field data regme relaxation at low temperature in zero applied figdd
quire large A/kT, (~4.5), but the low-field data at low get Fig. 21 suggests that at least some of this residual re-
temperature require a near weak-coupling value. Much bettggxation is not due to vortices. The relaxation in zero field,
agreement in the value of kT, between the high- and phowever, can have contributions from both static and dy-
low-field data is obtained assuming a weakly temperature,smic fields.
dependentgs broadening. In this case,AZkT. is in the The small size of the coherence peak is not the result of
range 3.5-4.0. _ the perturbing influence of the paramagnetic Mu atom. While

In Rb; at 0.3 T we find at lower temperatures a sample-t has recently been shown that single paramagnetic atoms
dependent residual relaxation that is much more weakly teMpcally perturb the surrounding superconducfdithe Mu as
perature dependexiFig. 20. The source of this residual re- shown in Sec. V is only very weakly coupled to the conduc-
laxation could be related to crystalline disordieralkali sitt  tjon electrons. The strong evidence that the Mu perturbation
occupation or degree of orientational disopdend the finite  j5 small is the agreement of the temperature dependence of
low-T zero-bias conductance observed in tunnelireyo ap- (T,T)"! with similar NMR experiment&® On the other
plied magnetic fiell There is also evidence that theC  hand, the suppression of the peak can be due to any of the
molecules inFm3m phases undergo orientational dynamicsmechanisms discussed in Sec. IV C or a combination of
which freeze out near or below room temperafufiéhus, it  these mechanisms. Recent tunneling measurements suggest
is possible that the degree of orientational disorder varieshat we should expect some broadening from strong-coupling
with cooling procedure. We have attempted no systematieffects. We expect at most small amount of anisotropy
guench-rate dependences, but there is some evidence that fllerge anisotropy is not appropriate to explain either the low-
low-T residual relaxatiorand the large sample dependence temperature behavior of the TF linewidth or (T,T) 1].

of A may be partially due to different cooling procedures. a|so, because thEm3m materials are likely in the extreme
We note that there is no evidence in thm3m materials for  dirty limit (1< ¢) anisotropy would be eliminated by electron
a low-T polymerized phase, which occurs only for interca- scattering®> However, the strong field dependence of the co-
lated G, materials with smaller cubic lattice parameters suchherence peak is not accounted for explicitly by either of these
as NaA. The superconducting transition in;Ks extremely  mechanisms, so we now consider the effect of magnetic field
sensitive to radiation-damage-induced disord®iSuch be- introduced in Sec. IV D. The observed suppression of the
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peak by magnetic field occurs in a very different part of the T

phase diagram than regiofi$ and (i) of Fig. 7, where it is 5| Na2CsCeo }
certainly expected, so that the gaplessness due to proximity
to H., does not account for the observed damping. However,
we note that someél., measurements by magnetization ex-
hibit unusual temperature dependengearT(0). Ourmea-
surements off .(H) via TF uSR(Table Il), though, are con- L ”A u a)
sistent with a stronglyT-dependentH., near T ,(0). We a®

have assumed such a stromgdependence to arrive at the 0
estimate ofT.(4.2 T) in Fig. 17b). We expect that the ef-
fects of Pauli pair breaking on the coherence peak will also
be small because, as the Yosida function behavior of the
NMR Knight shif®® shows, spin-orbit scattering is very
weak in these materials. The crude model used to explain the
NMR coherence pedk[i.e., Eq.(4.13] does not satisfacto-
rily explain the damping observed inSR or NMR. For

example, in Fig. 1®) at 20 K, the value of T,T) " is near 0.01 E
its value in the normal state, so no weighted average of C_* s -
(T,T) ! with its value in the normal state will give the ob- 0 10 20
served value at roughly the same reduced temperature at 4.2 Temperature [K]

T of ~0.6 (T,T)y . Furthermore, this modelvhich treats FIG. 22. Quench-rate dependence of the MW@ relaxation

the vortices as normal cylinderis expected to app@ only rate in NgCsGy. triangles nonsuperconducting rurcircles su-

whenB<B,. The observed strong suppression of the COI'":"r[oerconducting runstars fast quench. Note that above about 10 K,

ence peak occurs in the nonlinear region of the phase digng yajues off, T in both runs are about the same. The line is the
gram and may be explained by more detailed thedfi€S. ame it as in Fig. 2).

The detailed mechanism for this suppression could be eluci-
dated by STM measurements which can resolve both the

spatial and energy dependences of the superconducting DO'S. S€C- V) cannotbe explained by the coexistence of the
superconducting s-Na&Cs) and nonsuperconducting

(ns—NaCs) phases, as the values df,T) ! are indistin-
B. T1(T) and quench rate dependence in N&Cs guishable except below 8 K. However, as the fast-quench

In two separate measurements on twme samplef _procedure suggests, a;mall frqc_tion of the nonsupercondgct—
Na,Cs, we observed very different behavior. In the initial "9 phase could explain the finite low-temperature rate in
run, we found no broadening of the TF precession signal
associated witlT .. We did, however, observe the expected
Mu@GCy T, relaxation. The temperature dependence of this
relaxation rate remained Korringa-lik&ig. 22a)] down to
about 8 K, below which it began to increase. To ensure that
the sample had not deteriorated, it was recharacterized by
x-ray diffraction after this run. In the subsequent run, we
observedT, in TF (Fig. 14 and in LF[Fig. 23a)]. Because
of the low temperature of the structural phase transition in
this materiat® (299 K), we suspected a quench-rate depen-
dence, possibly due to frozen orientational disorder. We at-
tempted a fast quenctsample at 300 K for 20 min, then
guenched to 200 K in 5.5 m and b K in about 20 min, and i
found that this cooling procedure did not affect the height of
the coherence peak, but it did reduce the low-temperatyre
rates at 2.7 K in both 1 and 0.3($tars in Fig. 23 However,
with no evidence at the time for ambient pressure polymer-
ization, we did not attempt a slow quench or anneal, and,
only for the last three points, did we record the cooling pro-
cedure in sufficient detail. It now seems likely that, as in the
case of NaRb, there exists another stable ambient pressure 0.01 ' =
low-temperature phase of P@as, which may involve g, 0.1 /T K] 0.5

polymerization. According to our measuremertEsg. 22 FIG. 23. The coherence peak and low-temperature falloff in
this phase is metallic, nonsuperconducting and appears tQperconducting N&s. The solid stars indicate fast quench runs
exhibit a low-temperaturépossibly magneticphase transi-  (described in the text The low-temperature fast-quench values in-
tion. We note that attempts by another group have not progdicate that the activated dependence is probably weakened by par-
duced an ambient pressure polymerized phase CB¥  tial polymerization, and that the intrinsic temperature dependence in
The unusually small value ofTgT) ! in Na,Cs (discussed the superconducting phase is probably much stronger.
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Fig. 23. The field dependence & in the ns-Na,Cs was Phonon coupling suggested, for example, by tunnéeiitg.

P Following Pennington and Steng&we conclude that, pro-
also indistinguishable from the superconductor at 35-K. A .
Lo vided the results of AkR carry over directly to the case of
9(a)], but at 3 K, appeared to fall more sharply with field. In AsCsp, Which possesses a very broad and complicated pho-

addition there was a small peak in the linewidth of the dia- h I si £ th h K
magnetic precession at7.5 K in ns-Na,Cs. The weak low- non spectrum, the small size of the 1.5 T coherence pea
: ' implies T./E;,~0.2. A ratio as large as this is incompatible

Tf(lj\ﬂepéndence of t_h(te dlamterl]gtr;]enc s;:gnal gompgrtgqttd'¥hl\«/la with the near weak-coupling value of the energy gap which
8 ;J trcl%otl)s COQS'IS etn Wi e e? gnce se.r;)slu i ylo tl.J ives' T./E},<0.1. Thus strong coupling alone will not con-
ue to the bound electron moment. une possible expianatio stently account for the both the small coherence peak and

for the feature in TF.’ IS thans-Na,Cs is .superconductmg the gap. Together with the strong field dependence of the

over a narrow range in temperature, and is re-entrant at aboEI)herence peak, this suggests that an additional coherence

7Kt a Iow—temperat'urel honsuperconducting phase. eak suppression mechanism connected with the inhomoge-
Despite the complications due to the presence of som eous vortex state must be present. A full explanation of

fraction of ns:Na,Cs in the superconducting run, We can qcn an effect would require extension of the theories dis-
compare the temperature dependencd pfwith the cubic ¢ ,qqeq in Sec. IV DRefs. 73,76 to the regime of strong

Fm3m materials discussed above. In order to account for agoupling.

ns-Na,Cs fraction, we modelT,T) " as the sum of the  |n transverse field we find broadening of th&R preces-
Hebel-Slichter integral Eq.(4.4) with an additional sjon line due to the inhomogeneous fields of the vortex state.
T-independent term. Such fits are shown in Fig. 23. There is no clear flux-lattice line shape, so we can only es-

The fast-quench points indicate that ®MNa,Cs, values timate the magnitude of, which for example in Rplies in
of A from the relatively weak temperature dependence othe range 3000—-7000 A. This range is definitely inconsistent
(T,T)"* (see Fig. 2Bwould not be reliable. The size of the with the values of Chu and McHenfyand this discrepancy
coherence peak, relative to the normal state, though, is nes likely not due to sample dependencexofout rather to the
dramatically different than in thEm3m materials. This im-  systematic differences between the two techniques.
plies that orientational disorder is not likely to be the cause A much weaker activated dependencesiNa,Cs is at-
of the broadening of the coherence pdakgg). tributed to coexistence of a nonsuperconducting phase of
These results clearly indicate the need for further experiNa,Cs. Quench-rate dependent experiments may be able to
ments on NgCs with careful attention paid to the cooling clarify this and allow measurement of the properties of both

procedure. The rapid-quench points suggest that one shoughases. By comparing the coherence peaknmm materi-
be able to make a much more reliable estimate of the parangis with s-Na,Cs, we find no evidence for an effect on the
eters ofs-NaCs. It also seems likely that in order to study coherence peak due to the degree of molecular order. In the

ns-N&,Cs, it will probably be necessary to investigate tem-g 30 materials, quench-rate dependence would also help to
peratures lower than those accessible by pumped liquids|arify the role of frozen orientational disorder in the value of
helium cryostats. N\ and in the residual low-temperatufe relaxation.
Finally we note that there are interesting aspects of
Vill. CONCLUSION Mu@GCspin Az such as its stability and very weak interaction
In conclusion we have observed the LF relaxation ofith the conduction band that suggest further theoretical in-

MUu@Gy, in the A;Ceo Superconductors. The temperature de_vestigation of the detailed properties of endohedral fullerene
pendence of the relaxation rates exhibits Korringa behaviorP€¢'€s-
above T, and a small strongly field-dependent coherence

peak and strong activated behavior in the superconducting

state. The superconducting energy gap can be extracted from We would like to acknowledge helpful discussions of
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