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Pressure dependence of the electronic density of states aid in superconducting Rb;Cgg
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The functional dependence of the superconducting transition tempefatwe the electronic density of
statesN(E¢) was determined for R{C¢q by measuring the magnetic susceptibility under hydrostatic pressure
to ~ 1 GPa in a commercial SQUID magnetometer. BothandN(E;) decrease under pressure at the rates
—31%/GPa and-14.5%/GPa, respectively, but lie above the corresponding values fBgfat the same
lattice parameter. The present results are consistent with weak-coupling BCS theory with characteristic energy
Echa/kg~ 320-810 K.[S0163-18206)51738-9

To account for superconductivity at high temperaturessingle fullerene sampléRb;Cg). Our results lend strong
(20-30 K in the alkali-metal-doped fullerenes, such assupport to a weak-coupling BCS description of the supercon-
K 3Cqo and Rb;Cgqp, both electron-phondrand purely elec- ducting state.
tronic pairing interactiorfshave been proposed. The charac- The synthesis of high-purity powders of ¢£ and
teristic energyE ., Of the intermediary boson in this pairing RPeCeo precursor is described in Ref. 5. Before insertion
interaction is an important factor in determining whetherinto the magnetometer, samples were placed into a quartz
weak- or strong-coupling theory is more appropriate. Hightube and sealed vacuum tight in g Nlove box. As seen in
frequency[400-1400 cm?® (Ref. 3] intramolecular vibra-  Fig- 1, the magnetic susceptibility ofgis nearly tempera-
tional modes or electronic excitations would tend to favortUre independent, except for a small 2.5% increase due to the
weak-coupling theory, whereas intermolecular mofES— rotational order-_dlsorder transition as _the sample heats
150 cm™* (Ref. 3] would normally require strong-coupling through 260 K, in agreement with previous studiéghe

theory. The reported “universal increase” Bf with lattice room temperature value of the magnetic susceptibility,

— 74 . . _
parameter in both high-pressure and alkali-substitution exz((300 K) =~—(2.45x 0.09x10"* emu/mol G, is in ex

periments has been invoked to support weak-couplin cellent agreement with published valiésThe data for
. . ; i i —7.92+
theory4 however, recent high accuracy high-pressure experi bsCeo are seen to fit the expressigr=[ ~7.92 + 222(T

) oy *+ 16.5 K)] x 10~ % emu/mol, the Curie constant being con-
ments on RRCg, reveal a sizeable~ 20%) deviation from sistent with< 1% spind Rb*-ion vacancies £ 99% com-
such universal behavidrAttempts to estimate the coupling

X plete reaction The large diamagnetic contribution confirms
strength from the gap ratioA%/kgT vary from the weak-  ithin 3% a predictio®® for the existence of exceptionally
coupling value~ 3.6 in uSR studie® to strong-coupling

: ) o> =t large ring currents in the gg ion.
values in SIS tunneling4.3), optical reflectivity(3-5 (Ref.

8) and point-contact tunneling5.3).°> On the other hand, 8 — , : : ,
weak-coupling theory has received support from analyses of o @ eennesen LTI Beennnen PR R
specific heat and magnetic susceptibility f2tBIMR Knight 6f Rb,C,
shift'! and isotope effect studié®. = 4l
A time-tested strategy to explore the nature of the super- §
conducting state is to compare the relative changes in the g 2r
superconducting and normal-state properties under the varia- v;’ I
tion of parameters such as the carrier concentration or lattice =~ = 0
parameter. Studies under hydrostatic pressure are of particu- x%‘ Y Coo. e ..
lar interest since they permit, from measurements on a single
sample, a particularly clear-cut evaluation of competing 47
theoretical models. In the present case, for example, the rela- ! Rb.C
tive pressure dependences Bf and N(E;) would be ex- 6,70
pected to be markedly different for weak or strong coupling. -8 ; . ‘ . . .
In addition, it would be of interest to apply sufficient high 0 100 T 200 300

pressure to RECg to reduce its lattice parameter to that of
K3Ceo and compareN(Ey) andT.. TO our knowledge, no FIG. 1. Measured magnetic susceptibility per mgly@t 5 T
data on N(Ef) under pressure exist for BBeo; NMR  yersus temperature for powder samples o5& (@) (41.2 mg,
studied® on K3Cgindicate thatN(E;) decreases under pres- Ceo (42 mg, and RRCg (57 mg. Solid line gives fit to RRCqgo
sure at the rate- —10%/GPa, but are of limited accuracy gata(see text horizontal dashed line gives diamagnetism after sub-
and do not include the parallel measuremenfTefP). In  traction of Curie-Weiss contribution. Open circl@s give suscep-
this paper we report the first accurate determination of thebility data for a RCgqy Sample which was pelletized before re-
hydrostatic pressure dependence of bbftandN(E;) on a  acting G, with RbgCgp.
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FIG. 2. Cross section of CuBe pressure dédingth 21 cm
suitable for magnetization studies in a SQUID magnetometer.
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Ayorar (107 emuw/mol)

Cso and RiyCgo powders were reacted in equal amounts
at 250 °C for 3 days to yield stoichiometric RBgy which
was homogenized at 350°C for two weeks, yielding
a Meissner fraction in 20 Oe field of 18%. The phase
purity of the sample is estimated to be 95% from neutron
diffraction® The temperature-dependent susceptibility of
Rb;Cgo shown in Fig. 1(Ref. 16 is notable by the absence
of a Curie tail. Samples underdoped and overdoped by 5%
Rb yielded within 3% an identical susceptibility dependence. 0 R R T R
Exposing a powder sample to a small concentration of air 0.0 0.2 0.4 0.6 0.8
resulted in a susceptibility increase of 30%. For the high- P (GPa)
pressure measurement a portion of the;®k, powder
sample was pressed into pellé€dsmm diameter, 4 mm thigk FIG. 3. Measured magnetic susceptibility per mol of;Rl,
with 92% density. To enhance their mechanical stability andrersus hydrostatic pressure at 50 K and 300 K for increasing/
oxidation resistance, the pellets were given a 2+ thick  decreasingclosed/open symbolgressure. The scale on the right
coating of polyvinyl toluene. All pellets were stored in the gives SNE;) (see text Data for Gy at 300 K are also shown.
glove box inside vials containing K as getter. This pelletizingSolid lines are guides to eye.
procedure, and one where the pellet is formed before th
reaction, had no effect on the measured susceptilitiee
Fig. 1).

foom temperature was determined either by measuring the
change in length. of the cell to= 1 um using an optical
From xua(T) we estimate the spin susceptibility of _Ir’[ncfroscope(ill_algP— +42'2Mr|n/GPad %r. frorr the value]:)fh
Rb,C using the  relation yesr(T)= xeol(T) — Yo ¢ for a tiny manometer located directly on top of the
60 ) Aspl N 60 sample. A test measurement on purg @veals that its dia-

—3xro+, Where the diamagnetic contributiongc, and  magnetism is essentially pressure independent, as seen in
XRru+, are taken to be temperature independent. Contributionsig. 3; this is not surprising, since the;gmolecule is known
from both Van Vleck paramagnetisfibeyond that already to be highly incompressib&.
contained inyc, ) and Landau diamagnetism are expected The primary result of this paper is shown in Fig. 3, where
to be small and are neglected. Substitutipg, =—2.45 We see that at both 50 K and 300 K the measured suscepti-
%104 emu/mol Gy and gyt = —0.22X10~* emu/mol _b|||ty, Xtota,(T,P)', of Rb;Cgq decre.ases rapidly Wl.th increas-
Rb* 17 we obtain Xspir(300 K) = +9.4x 10~% emu/mol N pressure. Since the change)@@60 and yr,+ With pres-
Rb3Cgp and xgpif50 K) = +10.2¥ 10~% emu/mol Sure is neglig_ible to 1 GPa, it follows tha:tspin(T,P) .
Rb3Ceo. xspi(T) in the present experiment agrees, within decreases rapidly under pressure. The 2electromc density of
experimental error, with the uncorrected static susceptibilitystates can now be derived frog,in=NaugSN(E¢), where
and ESR data of d@ssyet al® on a single sample, as well No is Avogadro’s number, ug the Bohr magneton,
as with NMR studies by Kosakat al,'® but lie ~ 20%  S=[1—IN(E;)] * the Stoner enhancement factor, dritie
below those of Ramireet al1° Considering the phase purity Coulomb interaction which we take to be pressure indepen-
of our sample and the small effect of nonstoichiometry ondent. From the above ambient-pressure valuggfy at 50
Xspin» this difference is difficult to understand. K, we obtainSN(E;) = 31.5 stateg€V Cg), as seen in Fig.

To permit the accurate determination of the pressure de3. Band-structure calculatioffson RbyCg yield values in
pendence of the spin susceptibility of KB, in @ commer-  the rangeN(E¢)= 20-30 state$tV Cqg), implying that the
cial SQUID magnetometgQuantum Design a suitable hy- enhancement factor is in the ran§e= 1-1.5; unless other-
drostatic pressure cell was constructed from hardened CuBgise specified, we use the valu&=1.3. Ramirez
alloy (Berylco 25, as seen in Fig. 2. Fluorinert FC75 was et al!° estimatedS~ 2 from their higher value OfY spin-
used as pressure medium. The{Rl, sample consisted of From the data in Fig. 3, we find the average pressure and
five stacked pellets with total length 1.5 cm, diameter 3 mmyolume derivatives dInN(E;)/dP=S"1dIn[SN(E;)]/dP
and mass 198 mg. The design of the cell was such that the—14.5%/GPa and dInN(E;)/dInV=BdInN(E;)/dP
sample itself made the dominant contributi@0% to the = +2.9, whereB= 20.2 GPa is the average bulk modulus at
measured signal, suitable corrections being made for thB0 K over the pressure range 0—0.66 GHais implies that
quartz spacers and the pressure medium. The pressure the density of states scales B$E;)~d?’, whered is the
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wheref=f(\)=[\(1—e~?")]7 L. In the inset to Fig. 4, itis
i seen that fol in the range 0 to 1f decreases rapidly with
\. Sincef is such a sensitive function af, the measurement

17 of the various pressure derivatives in Eg) should allow

the accurate determination 6f A and, from Eq.(1), Ea-
We first attempt an analysis of the present results using

the weak-coupling model of Sctibr et al,* whereN(E;) is

a sensitive function of thmtermolecularseparation and is
an intramolecularinteraction arising from “on-ball” vibra-
tional modes on the g molecule with high characteristic
energy Eqn.~350-2400 K(250-1700 cml). Due to the
extreme rigidity of the G, molecule? the pressure-induced

changes irE,,, andV are negligible, i.e.dInEgp,/dP= 0
anddInV/dP= 0. Inserting into Eq(2) the average values of
22 —_—t ' the pressure derivatives df. and N(E;) for a pressure

0.0 0.2 04 0.6 0.8 change of 0.66 GPalInT./dP=—31%/GPa(Ref. 5 and

P (GPa) dInN(E;)/d P=—14.5%/GP&assuming S= 1.3), we obtain

FIG. 4. Measured dependence of the superconducting transitiofﬂczzélg:;k'mgylgag ()\1 . v8é4§btrizgctf::r?k;hzls G;lc?(l)uli; ?s?nq(ij-

temperature on hydrostatic pressure forzRl, given by solid line . ~ . .
through data points®) from Ref. 5. Calculated . values from the lar calculation for S= 1 and 2 yieldsEga/kg= 520 K and

McMillan equation usingSN(E;) from Fig. 3 are represented by 2800 K, respectively. These values Bf lie squarely in
open squares{) for S= 1 and crossesX) for S= 2 (see text the energy range for intramolecular vibrations. The present
experiments on R{Cgq are thus clearly consistent with the

above weak-coupling theory based on the electron-phonon

separation between closest carbon atoms on nearest—neighlfé'%treraa'on' However, theoretical approaches based on purely

; : tronic pairing interactions on theg@molecule? as long
Ceo Molecules, in good agreement with thedry. ec X .
At a pressurg0.72 GPa sufficient to reduce the lattice 2SEcnarKs iS less than 2800 KO.25 eV}, are also consistent

parameter of REC g, to that for K4C oo at ambient pressufe with our data. It was recently pointed out that a nonadiabatic
Xspit300 K) for Rb3Cgq is reduced from+9.4x 107 to * small polaron theory may bgﬁ more appropriate i high-
+8.0x10~* emu/mol Gy,. Although measured values of frequency phonons are mvolv_ : .

XYeoin fOr K 5Cgo differ widely,20112%there is agreement that _We now attempt an ana_IyS|s_of t_he present experiments
thep value ofygpin for K3Cgq is less than that for RIC g, at using Egs.(1) anc_l (2), but invoking mtern;olecu!ar vibra-
ambient pressure by the factor 1.32 0.04, which gives tional modes with Echa/ks=15-150 K. Taking the

Xopir(300 K, 1 baj ~ +(7.1+ 0.2% 104 emu/mol Gy, for average valué ,,/kg= 80 K, we obtain from Eq(1) the

K 3Cgo. We thus find that, in high-pressure and cation Sub_strong—coupllng value.~ 4.8, this yieldsf= 0.61. Using

P — 2 H ] 5
stitution experimentsN(Es) is not a universal function of thed ex;t)tressléon }L_ ”/[M<ﬁ’ )] defmed by HOpﬂﬁl&’
lattice parameter, in analogy with the result reported by ug ¢ S€tNg cnar={®), W erte <wE> |($2)a .me?; pfonon
earlier for T..°> The dependence of. on pressure for requency, we can rewrie  £q. n ¢ form

. . = diny/dinV=—f"1B(dInT./dP)— y(2—f~1). Here y=
Rb;Cg, from the present experiment is reproduced in Fig. 4—d|n(w>/d|nv is the Gfineisen constant where typically

(Ref. 5 and is in good agreement with earlier studies. vy~ +2. We thus estimate solely from our experimental value
Having determined in a single experiment the depen_dlnTc/sz—Bl%/GPa that diny/dinV—+10.3-0.7—

dences of bothT. and xspicSN(E;) on pressure, we are . . .
now in a position to test expressions from theory which pre—+.9'6' This V"?"“e otdinz/dinv <_j|ffers grossly in both mag-
nitude and sign from that typically found for conventional

dict the functional dependence ®f on N(Ef). A particu- simple-metal (1) or transition-metal 3.5) supercon
larly simple expression, valid for arbitrary values of the cou- o ) ' . )
y simp P Y ducting elements, alloys, or compourfd$® A satisfactory

ip;\l;ng pfaramete.r)\—VN(Ef), where V? gives the pairing description of superconductivity in the fullerenes in terms of
eraction, is given : ;
the above strong-coupling approach thus appears highly un-
likely.
A more quantitative analysis of our data can be obtained
_ (1) Using the McMillan equatio_’ﬁ ke Te=Ecna@XH —1.04(1
eh—1 +N)/[N—p*—0.62 u* ], which is valid for values of the
electron-phonon coupling< 1.5. Here the effective Cou-
lomb interaction is estimated to he* = 0.2! Inserting the
Taki_ng logarithmic derivatives with respect to pressure, weN(E;) high-pressure data from Fig. 3 into the McMillan
obtain equation, where.=VN(E;), we vary the value oE,, to
obtain the best fit to thd (P) data in Fig. 4;V is held
constant at that value required to satisfy Eb. at ambient
@) pressure. It is seen that in the rarge= 1 to 2 the quality of
the fit is independent of the value 6f ForS = 1, 1.3, and

T, (K)

dinT;  dInEgpg,
dP  dP

dInN(E()  diny
P dp
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