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Carbon Isotope Effect in Single-Crystal Rb3zCgg
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The sharp resistive transitions in superconducting single crystals of natural abundance and 99%
BC-enriched REC4, reveal the carbon isotope effect with unprecedented accuracy. The measured
isotope exponentyc = 0.21 = 0.012 is outside the error bars of all previous reported values. Our
precise value forc, combined withT,, ary,, and anab initio calculation of the frequency distribution
of the electron-phonon coupling, allows a fully constrained determination of the coupling strength
A = 0.9%)1° and the Coulomb repulsiop* = 0.220.9;. These new measurements reveal a phonon-

mediated superconductor with moderate coupling to a wide range of phonons centered 4@@aK.
PACS numbers: 74.70.Wz, 74.25.—q, 74.62.—c

The high-temperature superconductivity [1] of alkali- C¢y was extracted from the resulting soot using high
metal-doped & (up to 40 K in CsCq [2]) has sparked performance liquid chromatography. A similar batch
much investigation into the mechanism of superconducef natural abundance ¢¢ produced from graphite rods
tivity and the nature of the normal state. Proximity to aserved as a control. As a natural abundance carbon is
Mott-Hubbard transition [3] could call into question the approximately 1.19%3C; both samples have similar (99%)
role of standard electron-phonon mechanisms. Theorigsotopic enrichment. Time-of-flight mass spectrometry
of superconductivity in the fullerides have ranged fromand secondary-ion mass spectrometry verified the purity
the conventional phonon-mediated electron pairing [4] tcand isotopic enrichment of the,&
more unconventional electronic mechanisms [5]. The de- Vapor transport from ¢ powder using flowing ar-
pendence of the superconducting transition temperdture gon yielded single crystals of natural abundance ‘dd
on isotopic mass provides an important probe of the pairenriched G,. After gold wires were affixed in the stan-
ing mechanism. A precise measurementfcan place dard four-probe geometry using silver epoxy, the samples
strong constraints on the role of electron-phonon couplingvere sealed in a vacuum ampoule containing rubidium
in this family of high-temperature superconductors. metal. Rubidium intercalation followed a previously re-

Unfortunately, the many published reports of the carported method [14]. An electrical feed through in each
bon isotope effect iM;Cgqy [6—12] are inconsistent. The ampoule allowedn situ measurement of the resistivity
isotope exponentr is defined byT, « M™%, whereM  p(T) during intercalation and at cryogenic temperatures.
is the isotopic mass. Previously reported values for the The widths of the resistive transitions (Fig. 1) in all
carbon isotope effect exponest range from0.3 = 0.05  samples are much less than the isotope shift. The
to 2.1 = 0.35 (Table I). The difficulties inherent in mea- transitions for natural abundance and 99%-enriched
suring T, in powder samples oA;Cgs may play a role; samples are also nearly parallel, reducing the dependence
the magnetization transitions for superconducting powdeof the measured isotope shift on the definitiorfpf We
samples are very broad, often much wider than the isodefineT, as the maximum of p /dT, the definition which
tope shift itself. In these cases, the indeterminant defiyields the most consistent results for different samples of
nition of 7. clouds the measurement of the isotope shiftthe same isotopic composition.

Some measurements might also exhibit a possible anoma- Figure 2 shows the superconducting transition temper-
lous isotope effect [11] at incomplete isotope substitutionature as a function of the isotopic masses. The solid line
Fortunately, resistive transitions in single-crystal sampless a best fit to7, «« M™%, giving ac = 0.21 * 0.012,

of A3Cqy superconductors are narroiw-200 mK) and  corresponding to a shift ifi. of 505 = 30 mK. The dis-
precisely reproducible [13]. Therefore, resistive measureagreement of our value afc for Rb;Cgy with those pre-
ments of isotopically purd;Ce single crystals are highly viously reported [6—13] (see Table I) is not surprising.
desirable for a precise determination of the isotope effectAll previous carbon isotope effect experiments measured
which in turn allows a meaningful analysis of electron-the magnetic susceptibility of powder samples. Although
phonon coupling im3;Ce. Chen and Lieber [11] suggest that the large dispersion in

Commercially available 99% enrichédc powder was measurements ofic may in part arise from an anoma-
formed into rods using a method similar to that of Chenlous isotope effect for nonhomogeneous partial carbon
et al. [10]. After arcing the rods in a helium atmosphere, substitution, tests of this theory using inhomogenously
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TABLE I. Published measurements of the superconducting isotope effects in A;Cgo.
Material Technique Enrichment (%) ac
Rb;Ce (powder) Magnet. 33 1.4 = 0.50 [6]
Rb;Cqp (powder) Magnet. 76 0.32 = 0.05 [7]
K3Cso (powder) Magnet. 60 1.3 = 0.30 [8]
Rb;Cg (powder) Magnet. 60 2.1 £0.35[8]
Rb;Csy (powder) Magnet. 82 1.45 = 0.30 [9]
K3Cso (powder) Magnet. 99 0.3 = 0.06 [10]
Rb;Ceo (powder) Magnet. 99 0.3 = 0.05 [17]
Rb;Cgp (powder) Magnet. b52 0.3 [11]
Rb;Cy (powder) Magnet. 50° 0.8 [11]
Rb;Cg (sngl. crys.) Resist. 99 0.21 * 0.012°
Material Technique Enrichment (%) aRb
Rb;Cgp (powder) Magnet. 99 <0.2 [12]
Rb;Cqo (sngl. crys.) Resist. 99 —0.028 * 0.036 [13]

*Rbs("2Co.s5 *Co.5)60-

*Rb3(?Ce0)0.5(**Ce0)o5-
¢This work.

isotopically disordered samples [11] could reproduce only
a small fraction of the spread in isotope shifts shown in
TableI.

More likely, the large isotope exponents reported in
Table | indicate that in many cases the T.'s of 3C-
enriched samples were extrinsically depressed compared
to the natural abundance samples, most probably due
to reduced sample quality in the '*C-enriched material,
which is more difficult to prepare due to the unavailabil-
ity of 13C in graphite form. Previous isotope effect mea-
surements then place lower bounds on T, for isotopically
enriched samples and hence place upper bounds on the
isotope effect exponent relative to Rb;'2Cyp.
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FIG. 1. The resistance (normalized to its value at 32 K) of
two samples each of Rb;'2Cy, and Rb;'3Cy, versus tempera-
ture. Solid lines guide the eye.

The fact that resistively measured single-crystal Rb;Cg
yields the smallest isotope effect is telling. The resis-
tive transition measures the sharp onset of supercon-
ductivity and is less likely to be corrupted by sample
inhomogeneities. Our transition temperature for natu-
ral abundance single-crystal Rb;Cg, 30.82 K, agrees pre-
cisely with previous resistive measurements on samples
derived from different starting materials [13]. We then
trust this result within the =90 mK calibration accuracy
of both measurements. This transition temperature ex-
ceeds that of any reported magnetizations measurement.
Although strictly speaking our measurement of 7. for
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FIG. 2. The superconducting transition temperature, 7., of
two samples each of Rb;!'?Cyy and Rb;'*Cg, versus isotropic
mass. The solid line fits 7. « M™%, and gives a« = 0.21 =
0.012. Dotted lines show ac = 0 and ac = 0.5 for compari-
son. The shaded area represents the error bars for this
measurement.
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Rb;!3Cy is again a lower bound, the reduced sensitivity
of the resistively measured T, to inhomogeneities and our
precisely reproducible T’ s give confidence that our result
is correct within the stated error bars.

Precise values for ac and T., together with other
parameters, allow a stringent test of superconduct-
ing pairing mechanisms, in particular €lectron-phonon
models. A naive picture with T, « wphonone /* and
mass-independent electron-phonon coupling A yields
a=—dInT./dinM =1/2. A simple two-square-
well model with a Coulomb repulsion u* = w/[1 +
IN(EF/ wphonon)] @nd renormalized electron-phonon inter-
action A* = A/(1 + A)inwhich T o« pponone /A 4"
yields an isotope effect exponent & < 0.5 due to the mass
dependence of u*.

The small carbon isotope exponent of 0.21 = 0.012
implies a relatively large Coulomb repulsion; the high T.
in the face of this large Coulomb repulsion then implies
a large . The most accurate scheme for calculating
T, is a direct solution of the strong-coupling Eliashberg
equations. The McMillan eguation [15] and its Allen-
Dynes extension [16] are less desirable since they lose
accuracy at strong coupling, and they use an approximate
single-moment expression for the frequency dependence
of the electron-phonon coupling spectrum.

We have solved the isotropic Eliashberg equations [17]
wherein the frequency dependence of the electron-phonon
interaction follows an ab initio local density approxima-
tion frozen phonon calculation for molecular Cq [18].
Many other earlier estimates of the coupling spectrum ex-
ist [4], but the broad variation among these predominantly
semiempirical techniques motivates our use of recent
ab initio results. This calculation reveals a broad fre-
quency distribution of coupling to the H, modes with a
logarithmic average frequency of 1390 K. Although we
will neglect the heavily screened A, modes in the spe-
cific spectrum chosen, their inclusion causes only a slight
change in average frequency (both theory [4] and ex-
periment [2,19] yield at most a small A, contribution).
The overall scale of the coupling function a?F(w) de-
pends on the less precisely known density of states in
the vicinity of the Fermi level. But this uncertainty
is irrelevant, since we will derive the overall coupling
A =2 [[a’F(w)]/w dw directly from the experimental
results.

Together, ac = 0.21 = 0.012, T. = 30.82 K, and the
frequency distribution completely determine the coupling
strength A and the Coulomb repulsion w* within the
Eliashberg theory. We obtain A = 0.90701° and u* =
0.2270:03 where the errors arise primarily from an as-
sumed ~10% uncertainty in the centroid of the frequency
spectrum. This value of A is consistent with the value for
Agansport Obtained from normal-state resistivity data [20]
and other sources [21].

The theoretical result [18] for V = A/N(0) can then
be used to derive a density of states at the Fermi
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level of N(0) = 13.5 = 2.5 states per eV per Cq, in
good agreement with independent experimental estimates
[22]. The dlightly lower values from the theoretical band
structure calculations [22] may arise from quasiparticle
effective mass renormalizations beyond the local density
approximation due to the proximity to a metal-insulator
transition. The moderately large u* = 0.22 is consistent
with a narrow-band material on the metallic side of a
metal-insulator transition [3]. The reduction in u* from
the bare u arises from frequency-dependent screening
taking into account the disparity between the conduction
bandwidth, the plasma frequency, and the full width of
the = complex [23]. Hence the A and u* determined
from our measurements in Rb;Cg are well accounted for
by conventional phonon-mediated electron pairing.

Tiny isotope-induced changes in bond length have
been proposed as an alternate mechanism for an isotope
effect in electronic models for fullerene superconductivity
[24]. Although the wide range proposed for such isotope
effects proposed encompasses the present experimental
value, this extreme sensitivity to bond length begs the
coincidentia correspondence of the measured T, with the
results of standard electron-phonon models.

In summary, the resistive measurements of the su-
perconducting transitions in high-quality single-crystal
Rb;Cgy of 99% carbon isotopic purity has revealed
the carbon isotope effect with unprecendented accuracy.
When combined with an ab initio electron-phonon fre-
gquency spectrum, this precise measurement determines
the superconducting coupling strength A, Coulomb repul-
sion u*, and the density of states N(0). The results are
consistent with the independent experimental determina-
tion of A and theoretical and experimental results for the
density of states at the Fermi level. The relatively large
u* = 0.22 is consistent with a narrow-band material on
the metallic side of a metal-insulator transition. Conven-
tional electron-phonon mediated superconductivity theory
provides a complete, self-consistent picture of Rb;Cq.

We note that athough the lack of a significant Rb
isotope effect in Rb;Cqp [13] seems to rule out an alkali
phonon contribution to A, the small agy could possibly
be an artifact an anharmonic Rb potential in the intersitia
sites. The possibility of a small negative ary, [13] may
hint at a similarity with the inverse hydrogen isotope
effect in strongly anharmonic palladium hydride [25].
This raises the possibility that alkali-metal Cq, phonons
contribute to A, but the alkali-metal isotope effect is
masked by an anharmonic potential. No measurements of
the potassium isotope effect in K3Cgq have been reported;
such an experiment could shed light on this possibility.
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