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Pressure dependence of superconductivity in the NRb, sCs, =Cgq fulleride
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The pressure dependence of the superconducting transition tempdratfréhe primitive cubic quaternary
fulleride NgRby sCs sCeo (T.=8.4 K at ambient pressurés studied by the ac susceptibility technique to 2.5
kbar. The observed value @T./dP is —1.222) K/kbar. Using the compressibility data available for
Na,CsG,, we find that the evolution of . with interfullerene spacing in N&b, sCs sCeg mimics that ob-
served for NaCsGso and is comparable to the fcc fulleride;®, However, the rate of changdT./da, is
about 5-6 times smaller than that reported for the quaternary fulleridg®biNa Cs,Cqp as a function ok at
ambient pressure, implying the presence of a strong alkali-metal specific effect, responsible for the differing
effects of chemical and physical pressure on the superconducting propertiel@aﬁf fullerides.
[S0163-182699)09105-3

. INTRODUCTION tive cubic family NaRb,_,CsCs (1=x<0) displays a
much steeper rate of change Bf with interfullerene spac-
Alkali intercalated fullerides with stoichiometrAzCey  ing. The origin of this effect could be empirically ascribed to
display superconductivity with transition temperatufBs the modified structure and intermolecular potential in the
scaling monotonically with unit cell size. This can be ratio- p 53 structures. As the orientational state of g~ ions
nalized as arising from the modulation of the electronic de”'changes, the electron hopping between neighbors could be
sity of statesN(e), by the interfullerene spacirfgAs the affected, leading to a modified rate of changeNgk¢), and
latter increases, the overlap between thg°Cions de-  pence of T., with interfullerene spacing. Indeed, NMR

creases, leading to a reduced bandwidth and to an increasgg o s rementshave confirmed that the values i ;) for
den§|ty of.states for a fixed band f!l!lng. Geometrical con5|d-N32RbQ50 and NaKCyg, are strongly suppressed. However,
erations dictate that for large alkali iofis", Rb", and CS)  |isje difference is found in the dependence oK(ef), as
occupying the tetrahedral site, the crystal structure of thgyeriyed from temperature-dependent electron paramagnetic

AsCeo szalts 'S _face-cente_red CUb!ﬁCC’. spgce group resonance(EPR spectroscopy, between MNesGy, (Pa3)
Fm3m).= The T, is affected in essentially identical ways by — 1213 )
both physical and chemical pressure in these systems, wiffnd KeCeo @nd RlCeo (FM3m),™*~in agreement with the
only a small deviation reported for RBy,. > For smaller ions finding of tight-binding calculatloriéand implying that the
(Na") occupying the tetrahedral interstices, the situation ischanged orientational state in tR@a3 phases may not be the
much more complicated. While the crystal structure is primi-factor responsible for the depresség. At the same time,
tive cubic (space grourpgg) (Refs. 4 and 5 just below magnetic susceptibility measurements at high pressure on
room temperature, the close proximity of thg,€ ions al-  NaCsGy (Ref. 15 have led to the conclusion that the ef-
lows at lower temperatures low-symmetry structural transifects of physicaf and chemicdf pressure on the supercon-
tions which are accompanied by bridging the fulleride unitsducting properties of th®a3 phases are not identical, with
through single C-C bond formatidh® The polymerized ful-  chemical pressure suppressifigmuch faster than physical
leride phases N&b,_,CsCq and NaKCg, are not pressure.
superconductin§’*°and the observed superconductivity is |n order to explore theT-a relationship in additional
associated with the metastal##a3 phases. Na-containing primitive cubic fullerides, we performed

It has been of particular interest that the metastable primidetailed ac  susceptibility measurements on the
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' ' ' ' ‘ sample in a glove box, it was transferred to a new glass tube
N and annealed at 430 °C for 20 days. Phase purity was estab-
lished by high-resolution synchrotron x-ray powder diffrac-
tion measurements with the Mar Research circular image
] plate system on line A of the BM1 beam line at the European
Synchrotron Radiation FacilityfESRP, Grenoble, France.
The cubic lattice constant at 296 K was=14.1137(5) A.
Superconducting quantum interference devi(@QUID)
SR SAie) measurements to 1.7 K at an applied magnetic field of 20 Oe
] were performed on a 54-mg sample loaded in a quartz tube
‘ s L . . . with a thin partition in the center and introduced into a Quan-
¢ * 1 Temp:awre (K)2° * 3° tum Design MPMS SQUID magnetometer. For the ac sus-
ceptibility measurements, the sample was introduced into a
FIG. 1. Magnetizatior(dc) measurements on bRy C5sCsq  thin-walled glass capillary of 1.5 mm diameter inside a glove
under ZFC conditions at 20 Oe:(O) rapid cooling andJ) sample  box. The sample height was0.5 cm, and the capillary was
temperature kept at 180 K for 10 h before cooling to 1.8 K. sealed to a length of 1 cm. The sealed capillary was intro-
duced into uniform ac pickuf874 turns eachand field(440
Na,Rhy, sCs 5Ceo Salt between ambient and 2.5 kbar appliedturns coils using copper wire of 0.05 mm diameter on a
pressure. The results show a striking similarity to those obplastic base of 1.8 mm diameter. The coils together with a
tained earlier for the parent MasG, fulleride® with the ~ Manganin pressure gauge were loaded into a Teflon cell
rate of change of ; with interfullerene separatiom,T./da, filled with a degassed 1:1 mixture of Fluorinert FC70 and
being comparable to that of the fcc fullerides at similar unitFC77. A Swenson-type brass piston-cylinder pressure cell
cell dimensions. This contrasts sharply with the quaternaryvas used with the aid of a retaining screw to apply and
fullerides NaRb, _,CsCgo (1=x=<0) in whichdT./daob-  maintain pressure on the sample, as described btfore.
tained by varyingx at ambient pressure is about 5—6 timesSample temperatures down to 2.2 K were recorded by means
larger® and implies a metal-specific effect for the origin of of a platinum-cobalt thermometer, embedded in the brass

0.0

<05

Magnetization, M (10°° emu)

the suppressed values ©f . cylinder near the sample. As the piston-cylinder apparatus
allows the application of pressure only at room temperature,
Il. EXPERIMENTAL DETAILS the present system was calibrated for the pressure drop

which occurs on cooling using a;Kg, sample. This entailed
The NaRly sC% sCso Sample was prepared by the reac- the performance of a series of experiments in which the pres-
tion of stoichiometric amounts of Na, Rb, and Cs witf, @ sure was first being increased at room temperature, the
a tantalum cell which was placed in a sealed glass tube filledample cooled, and thE, (defined as thensetof the ap-
with He gas(500 Tor. It was first heated at 207 °C for 3 h, pearance of diamagnetic shieldjngionitored until a de-
at 297 °C for 12 h, and at 347 °C for 72 h. After grinding the crease in its value was detected. The system has proved quite

Temperature(K)

ac susceptibility, y (arb. units)

Temperature (K)

FIG. 2. Temperature dependence of the ac magnetic susceptipiityjuenched NgRh, sCs, :Cqo at the indicated pressures. The inset
shows an expanded view of the experimental data in the vicinify.of
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T perconducting monoclinic polymer pha&é&.This structural
: transformation manifests itself in the reduced value of the
i superconducting fraction, and its occurrence for the present
sample is consistent with the results of synchrotron x-ray
powder diffraction experiments However, the fraction of
the polymerized phase in BRb, C5 sCqp is smaller than
that in NgRbGCq, while NaCsGo does not polymerize at all
- under similar heat treatment. These results are consistent
with the extreme sensitivity of the polymerization reaction
on the interfullerene separation.
Detailled ac  susceptibility = measurements  for
Na,Rb, sC Cqo Were performed as a function of tempera-
' : : : : ture at pressures up to 2.5 kbar. For these experiments, the
' ' ' sample was heated above room temperature, and after the
T pressure was applied, it was rapidly quenched in liquid ni-
. trogen. Following completion of the susceptibility measure-
ments, the sample was rapidly heated with the aid of a
heat gun before the next cycle of measurements was initi-
ated. Figure 2 summarizes the ac susceptibility of
Na,Rb, sC5 Cgo Obtained in the pressure range 0.001-2.5
. kbar. In general, the shapes of the curves are characteristic of
those obtained when the particle size of the powdered
samples is of the same order of magnitude as the London
penetration depth. The ambient pressure ac susceptibility
data show the onset of superconductivity in quenched
00 ' ; ' ) s NayRby, £C% :Coo at T.= 8.4 K in agreement with the dc mag-
Pressure (kbar) netization data in Fig. 1. Increasing the pressure to 0.5 kbar
leads to a decrease in both fhgto 7.6 K and the supercon-
FIG. 3. Pressure dependence of the superconducting transitighcting volume fraction by~50%. Increasing further the
temperaturel ;. (top panel and of the fraction of the cubic phage pressure to 2.5 kbar, in steps of 0.5 kbar, results in a smooth
(bottom panelfor quenched NgRh, Cs,:Cso. The lines are guides decrease iff ¢, as is clearly evident from the inset of Fig. 2.
to the eye. At the same time, the superconducting fraction also gradu-
ally decreases, implying that the superconducting primitive
robust in that an applied pressure of 3.5 kbar at room temeubic phase of Narb, sCs sCso gradually transforms into
perature was repeatedly found to be equivalent to “ambienthe nonsuperconducting polymer phase with increasing pres-
pressure” at 20 K. The estimated error in pressure is of théure. The transformation is incomplete at these low pres-
order of +0.2 kbar. The use of a thin-walled glass capillary sures, and the behavior mimics what is encountered on cool-
is not a limitation, as it shatters well below applied pressuresng at ambient pressure. As the structural phase transition
of 1 kbar, thus allowing the sample to mix well with the temperaturel, at ambient pressure is just below room tem-
pressure medium. perature(in the temperature range 250-270, Khcreasing
the pressure leads to a decrease in interfullerene separation,
thus quickly drivingT,, to values above room temperature.
Figure 3 displays the pressure dependence of botmd the
Figure 1 shows the dc magnetization of thesuperconducting fraction which we identify with the volume
Na,Rhy, Cs 5Cso Sample obtained for two different cooling fraction ¢ of the primitive cubic phase of NRby, sCs sCeo.
protocols at 20 Oe under zero-field-coolitgFC) condi-  Here T, varies linearly with pressure up to 2.5 kbar with a
tions. The sample was first cooled rapidly to low tempera-slope ofdT,/dP=—1.22(2) K/kbar. This value is identical
tures, and the magnetization was measured between 1.7 atalthat found before for the isostructural fulleride JaGs,
30 K. Superconductivity was observed with=8.3K. The  [—1.252) K/kbar],*® but considerably larger than the values
superconducting fraction, estimated from the diamagnetiof —0.78 and—0.97 K/kbar, reported for the fcc fullerides
shielding, was very largé~85%), implying bulk supercon- K3Cgy and RRBCg, respectively’® At present, there is no
ductivity. In a separate experiment, the sample was cooledompressibility data available for BRIy sCs=Ceo and so
slowly to 180 K, where it was kept for 10 h, before further the T, dependence on the cubic lattice constant cannot be
cooling to 1.7 K. Following this, the dc magnetization was derived directly. However, the linear compressibility of the
again measured under ZFC conditions. As Fig. 1 showsprimitive cubic phase of N&sGy has been measured by
while there is no change ifi,, a decrease of-25% in the  both the powder neutrdfhand synchrotron x-rdy diffrac-
superconducting fraction occurs. Similar results have beetion techniques. The measured values arel(Ina)/dP
reported before for the ternary fulleride MRbGy,.® While  =1.8(2)x10° % and 1.6(2x10 3kbar!, respectively,
upon rapid cooling the superconducting primitive cubicsomewhat larger than that of the fcc fullerideCg, (1.2
phase survives to low temperatures, slow-cooling protocols< 10~ 3 kbar %).%° Thus, to a good approximation, we can
allow the transformation of part of the sample to the nonsuemploy the linear compressibility value of )&sG, to de-

Transition temperature, T_ (K)

Cubic phase fraction, ¢

Ill. RESULTS AND DISCUSSION
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ac susceptibility, ¢ (arb. units)

Cubic volume fraction, ¢
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FIG. 4. Temperature evolution of the ac susceptibijtpf Na,Rb, =Cs sCqo at an applied pressure of 1 kbar. The two data sets shown
correspond to equilibration times at room temperature before quenching of 0 and 2 h, as indicated. The inset displays the dependence of the
superconducting fractiogh normalized to the value at 1 kbar with equilibration time.

termine the relationship betwe€l. and the cubic lattice established for the fcc fullerides in which the larger alkali

constanta in Na,Rby sCs <Ceo asdT./d(Ina)~0.7x10°K,  ions K, Rb", and C$ reside in the tetrahedral interstices.

a value comparable to that of;&s, (~0.65% 10°K). Thus the faster depression ©f with interfullerene separa-
We also performed measurements of the ac susceptibilittion at ambient pressure, asvaries in NaRb;_,CsCq,

x at elevated pressures, in which the sample was first equilappears to be metal specific. Its origin still poses intriguing

brated at room temperature for various periods of time beforguestions and has yet to be explained unambiguously. While

guenching to low temperature. Some representative data d¢ifie conjecture that the dependenceTgfon interfullerene

these experiments are shown in Fig. 4 for an applied pressukgparation is generally much steeper in a3 structure

of 1 kbar (Tc=6.9K). FolIovvjng the return of the Samp'e ' than in theFm3m one can be now discarded, a number of
room temperature and equilibrationrfa h resulted_ N N0 5dditional possible explanations still remain. These include
detectable change if I0-|owever, the superconducting frac- (i) the existence of an as-yet-unidentified low-symmetry dis-
tion de_creased pyv49 %. Repeating the heatmg—goollng tortion of the primitive cubic structureji) a very sensitive
cycle with an additional wa|ting period @ h res'u_lt.ed N0 modulation of the degree of electron transfer between Na and
further detectable changes in the ac susceptibility responsg. by the interfullerene separation which may lead to devia-
The detrimental effect on the fraction of the superconductingiig(r)]S from half filling of the conduction band and rapid sup-

phase shown by extended periods of equilibreition at roor'E)ression of superconductivity, in analogy with the situation
temperaturginset of Fig. 4 can be understood in terms of encountered in nonsuperconducting@sGg; 2 and iii ) the

theb_ slow II_<|r_1et|(;]s ‘i"Xh'bited t_gﬁg the  primitive presence of intergrowths, or coexistence at the microscopic
CUbIC=mOoNOCINIC phase transiormatiort. level, of superconducting cubic and nonsuperconducting

Figure 5 depicts the relatiqnship betweeg and Iatticg polymer domains, with the size of the latter growing as the
parameten as adapted from Fig. 14 of Ref. 12, for a variety lattice constant decreases with decreasing in
of fulleride salts at both ambient and elevated pressures. TrianRbl Cs.Ceo
x .

present high-pressure results for the,Rla, sCs, sCq Salt de-
fine a new branch in this diagram with a slope identical to

that found for NaCsG, at high pressur&, but about 5-6 V. CONCLUSIONS
times smaller than that encountered in the quaternary ful- o
lerides NaRb,_,Cs,Cgo (1<x=<0) at ambient pressuré. We have measured the dc magnetization of the

Thus they reinforce the contrast in the behavior of superconNaRby sCs sCq salt following rapid- and slow-cooling pro-
ducting fcc and Na_containing primitive cubic fullerides. tocols. It is established that in this case, like in other
While in the former the effects of chemical and physica|Na+—containing fullerides and small interfullerene separa-
pressure on the superconducting properties differ little, théions, the superconducting phasg.{8.4K) is associated
latter show a clear differentiation with chemical substitutionwith the metastablePa3 structural variant which can be
leading to a much faster suppressionTgfthan application quenched to low temperatures. The temperature variation of
of pressure. The pressure dependence of the superconductithg ac susceptibility was then followed to pressures as high
properties of individual members of the MRb,_,CsCqy  as 2.5 kbar, establishing a rate ofL.222) K/kbar for the
(1=x=0) family differs very little from the phenomenology decrease oT . with increasing pressure. Combining this re-
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FIG. 5. Relationship between the superconducting transition tempefiatared the cubic lattice constardf fulleride salts over a wide
range of values foa. Data indicated by open symbols are experimental measurements on fulleride salts vth3hestructure at both

ambient and elevated pressures. Data indicated by solid symbols are experimental measurements on fulleride saRa@istrtivture at
ambient(circles and elevatedsquares for Na&CsG;, and hexagons for NRb, sCs, sCgo) pressures. The dotted line is tiig-a relationship
expected from BCS theory usimd(eg) values obtained by local density approximati&DA) calculations, while the straight lines are

guides to the eye.

sult with the linear susceptibility of the isostructural
Na,CsGy analog, we derived the rate of changeTqfwith
cubic lattice constant adT./d(Ina)~0.7x10°K, compa-
rable to that of KCgqo In conclusion, the unusually steep

dependence of . on interfullerene separation, encountered

at ambient pressure for the MRb;, ,Cs,Cgo family, is not
apparent in the measurements on the individual members

high pressure. Rather, each reverts back to the “normal’

T.-a dependence, exhibited by fcc fullerides. This di-
chotomy in the behavior of Na-containing fullerides miti-

the modulation of the N&Cgs>~ interaction with inter-

fullerene spacing.
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