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Evidence of upper-critical-field enhancement in K3C6o powders
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ac susceptibility measurements of superconducting K3C60 powders in magnetic fields to 30 T yield a

roughly linear H, 2(T) curve extending up to the highest experimental fields. Samples prepared by two

different methods give —dH, 2/dT=2. 14+0.08 T/K, with T, =18.7 K. The observed H, 2 at low tem-

peratures exceeds the H, 2(T) curve from the standard theory by Werthamer-Helfand-Hohenberg. We

discuss the role of flux motion and evidence for enhancement of H, 2 by intrinsic mechanisms such as

strong coupling, Fermi surface anisotropy, and/or granularity of the samples.

Superconductivity in alkali-metal fullerides has yield-
ed high transition temperatures accompanied by very
high values for dH, 2/d—T near T, . Extrapolations from
low-magnetic-field data yield estimated magnitudes of the
upper critical field, H, 2(T =0), ranging as large as -50
T. Pair breaking due to high magnetic fields occurs
roughly when one 6ux quantum threads each coherence
area of an electron pair: H, 2=4&0/2n. gi, where go„ is
the Ginzburg-Landau coherence length. Thus, measure-
ment of upper-critical magnetic fields directly determines
the Ginzburg-Landau coherence length. Within the tra-
ditional picture of phonon-mediated superconductivity,
goL=go in the clean limit, where go is the Pippard coher-
ence length. In the dirty limit, goL-(gal t )'~, where
I fp is a mean free path, which could originate from mi-

croscopic disorder or sample granularity. Thus, in C60-
based superconductors, high upper critical fields might
result in part from an orientational disorder between ad-
jacent C60 molecules, which limits l t . Additional
enhancements of the upper critical field at low tempera-
tures could result from strong electron-phonon coupling,
as has been proposed to result from the supersoft rota-
tional phonons among neighboring C60 molecules.
Fermi-surface anisotropy can also provide low-
temperature enhancement of the upper critical field. All
of these mechanisms will be discussed later in conjunc-
tion with our high-field data.

In both clean- and dirty-limit BCS theory, a high upper
critical field often is the result of a small electron band-
width because $0 is proportional to the Fermi velocity,
which should decrease as the electron bandwidth de-
creases. Thus, one expects high H, 2 values for narrow d-

and f-band metals, such as the A15, Chevrel, and heavy-
electron compounds. In contrast, s- and p-band metals
like Al or In contain sufficiently wide bands that the criti-
cal fields are of order 10 T. In alkali-metal intercalated
C60, the energy bands near the Fermi energy originate
mainly from carbon p orbitals; ho~ever, the weak cou-
pling between individual molecules results in a band
structure characterized by only slightly broadened molec-

ular orbitals. Indeed, band-structure calculations of
K3C60 indicate that the conduction band derived from
half-filled t&„orbitals has a width of only -0.6 eV. ' In
conjunction with the high phonon frequencies associated
with the electron-phonon coupling, ' ' such narrow
bands would imply that K3C60 violates Migdal's theorem,
which states that the Fermi energy should be much larger
than the phonon frequencies for BCS-like behavior.
Thus, even if the superconductivity in K3C60 is phonon
mediated, the upper critical field might exhibit anoma-
lous behavior. The role of Coulomb interactions in a sys-

tem with narrow, molecularlike bands is not yet clear ei-
ther. It has been claimed that such narrow bands do not
allow sufficient renormalization of the Coulomb repulsion
for the repulsion to be overcome by a phonon-mediated
attraction, ' and a correlation-induced superconductivity
has been proposed. ' On the other hand, it can be argued
that the relevant bandwidth is the full m band ( ) 10 eV),
which would strongly renormalize the Coulomb repul-
sion. ' '

In order to explore the origin of the high upper critical
fields, we have measured the upper critical field of K3C60
in magnetic fields up to 30 T. We compare the tempera-
ture dependence of H, 2 to the standard theory by
Werthamer-Helfand-Hohenberg (WHH). ' WHH theory
predicts a roughly parabolic H, z(T) curve, which differs

only slightly between the clean and dirty limit, when plot-
ted in reduced units t =T/T, and h, 2=H, q/
( dH, i/dt), , In co—ntrast, the K3C60 data exhibit de-

viations from WHH, especially at low temperatures,
where measured H, 2 values exceed the WHH curve deter-
mined by fitting the low-field data. Within the traditional
model of phonon-mediated superconductivity, such devi-

ations could result from strong coupling, Fermi-surface
anisotropy, and/or granularity. Some of the observed de-

viation from WHH we attribute to the presence of Aux

motion, which we observe in these samples.
The two samples studied were prepared by different

techniques. For each sample, C60 powder was extracted
from soot and separated from higher fullerenes by
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chromatography. Potassium intercalation was accom-
plished either by reacting stoichiometric quantities of C60
with pure potassium (sample 1) or KBH4 (sample 2) in a
sealed Pyrex ampoule for several days at temperatures up
to 350 C. Samples 1 and 2 are of nominal composition
Kz ~C6o and K3C60, respectively. X-ray powder
diffraction and ' C NMR show that sample 1 is phase
separated into K3C6o and (nonsuperconducting) C6O,

while sample 2 is single-phase K3C60. ' Sample 2 exhibits
23% dc diamagnetic shielding (flux exclusion). We ex-
pect both samples to exhibit the ac susceptibility of su-
perconducting K3C60.

The upper critical fields were measured by ac suscepti-
bility using a driving field amplitude of 2 Oe at a frequen-
cy of 4 kHz. dc magnetic fields up to 15 T were generat-
ed by a superconducting magnet and up to 30 T by the
hybrid magnet of the Francis Bitter National Magnet
Laboratory at Massachusetts Institute of Technology.
The 4-kHz driving frequency was chosen to exceed vibra-
tion and magnetic-field noise frequencies of the Bitter
magnet. For each datum, the temperature was stabilized
and measured using a calibrated carbon-glass thermome-
ter, including corrections for the magnetoresistance mea-
sured in the high-dc fields. No evidence of thermal non-
quilibrium results from reversing direction of the temper-
ature sweep or from reducing the ac driving field ampli-
tude by three orders of magnitude.

The two panels of Fig. 1 show the temperature depen-
dence of the real part of the ac susceptibility for the
mixed phase sample (sample 1) in various applied dc
fields. Note that the upper panel contains a tenfold verti-
cal expansion of the data. The data at all fields exhibit a
sharp onset for the superconducting transition. The
imaginary part of the ac susceptibility exhibits a dissipa-

I I I I [ I I ~ I /
I I I I f I I I I

/ I I I0Q2

tion peak just below the onset temperature. We define
the onset temperature, T0, by the intersection of two lines
fitted to the data immediately above and below the onset
of the transition. Below T0, the transition to a low-

temperature shielding state is quite broadened. Only the
0-T data exhibit a fully completed transition above 1.4 K.
With increasing dc field, T0 decreases from 18.7+0. 1 K
at 0 T to 3. 1+0.2 K at 30 T. Note that the suppression
of T0 is accompanied by a dramatic decrease in the mag-
nitude of the low-temperature response.

Figure 2 contains these same measurements on the
single-phase sample (sample 2). The results are compara-
ble to those from sample 1. The only substantial
difference occurs at low temperatures, where the magnet-
ic response is now nearly temperature independent at all
magnetic fields, evidencing a fully realized low-
temperature shielding state. Note that the vertical axis is
scaled in the shielding volume fraction and the 4-kHz ac
diamagnetic shielding is -32% at H =0, in reasonable
agreement with the dc value. Note also that the low-
temperature shielding volume at 30 T is 80 times smaller
than the zero-field shielding volume.

The magnetic-field dependence of the transition onset
temperature T0 is shown in Fig. 3 for both samples. The
data for the two samples define a common curve accu-
rately characterized by a linear temperature dependence
with a slope of 2. 14+0.08 TlK, even up to the highest
experimental magnetic fields. If we identify T0 as the su-

perconducting transition temperature T„ then Fig. 3
represents the upper-critical-field curve for K3C60. In
contrast to the data of Fig. 3, WHH theory yields a
roughly parabolic H, z( T) curve, which approaches zero
temperature with zero slope at a maximum critical field
value of h, z(T =0)-0.7, where h, z is the reduced upper
critical field defined previously. The solid line in Fig. 3
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FIG. 1. Real part of the ac susceptibility in arbitrary units of
K3C60 powder (sample 1) in dc magnetic fields to 30 T. Note the
vertical expansion in the upper panel.
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FIG. 2. Real part of the ac susceptibility of K3C60 powder
(sample 2) in units of volume fraction {—1 is perfect screening).
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FIG. 3. Onset temperature To vs magnetic field for both sam-
ples. The solid line represents the WHH curve fitted to the
magnetic field data below 12 T.

represents a WHH curve fitted to the data below 12 T.
On the other hand, the roughly linear behavior of the
H, z(T) data suggests h, z-l and substantial enhance-
ments of H, z(0) over the WHH theory in K3Cso powders.

The WHH theory is based on a solution of the linear-
ized Gor'kov equations and, therefore, is valid in the
weak-coupling regime for materials with isotropic Fermi
surfaces. There are, a number of intrinsic mechanisms
within standard phonon-mediated superconductivity that
result in low-temperature deviations from the WHH
curve given in Fig. 3: (1) Spin orbit coup-ling. Energy
bands arising from an element as light as carbon will ex-
hibit negligible spin-orbit efFects. This is verified by the
observation of narrow electron-spin-resonance absorption
lines corresponding to an essentially free-electron g factor
of 2.00.z (2) Spin paramagnetism The par. amagnetic
limit corresponds to the magnetic field, which breaks
Cooper pairs by aligning electron spins. In experimental
units of T and K, paramagnetic limiting will become im-
portant for magnetic fields exceeding -1.84X T, -33 T.
Although the Fig. 3 data approach this regime, spin
paramagnetism will suppress the upper critical field' and,
thus, cannot account for the observed enhancement. (3)
Mean free path -ege-cts From H.,z=C p/2nf~oL and an ex-
trapolated H, z(0)-30-38 T, we deduce a Ginzburg-
Landau coherence length, goL-29 —33 A. It is currently
unknown whether superconductivity in K3C6p is in the
clean limit (go-30 A) or dirty limit (go-130 A, which
assumes l f is determined by the diameter of the C6p
molecule) or somewhere in between. Nonetheless, in
moving from the dirty to the clean limit, WHH theory
gives only a modest enhancement of h, z(0) from 0.69 to
0.73, where h, z is the reduced upper critical field defined
previously. We therefore reject each of these first three
mechanisms as inadequate to account for the observed
low-temperature enhancement of the upper critical field.

The three remaining mechanisms are possible candi-
dates, though they remain diScult to evaluate quantita-
tively: (4) Strong coupling (25) 3.5k~T, ). The question
of the coupling strength in K3C6p is not yet settled. Mea-

surements of the energy gap from nuclear magnetic reso-
nance find 2hlk~T, -3.0, while point-contact tunnel-
ing gives 2b, lkiiT, -5.3. Strong-coupling efFects can
yield a relatively large enhancement of h, z(0), such that
the temperature dependence of h, z becomes roughly
linear or even superlinear. This enhancement is weaker
in a dirty superconductor (.5) Fermi su-rface anisotropy
In the presence of Fermi-surface anisotropy, Hohenberg
and Werthamer find the renormalization of h, 2 from the
isotropic value is (UF)/exp((lnuF) ) in the clean limit.
The Fermi surface of K3C6p is known to be very aniso-
tropic. We have calculated h, z(0) in the three molecular
orbital model of Satpathy et al. for two different orien-
tationally ordered C6p structures and find an enhance-
ment comparable to our data th, z(0)-1]. However, in
the dirty limit, this enhancement would be substantially
reduced. (6) Granularity. Thin films of K&C60 have been
found to be granular on the length scale of the coherence
length, as evidenced by transport measurements. ' In
these K3C6p powders, the observed suppression of the
magnetic response in high dc fields (Figs. 1 and 2) evi-
dences granularity on the length scale of the penetration
depth (microns). However, in granular materials, the
upper critical field will be increased above the bulk value
only once grain size becomes smaller than the coherence
length (angstroms). In this regime, the pair-breaking
effect of the magnetic field is reduced, and H, 2 enhance-
ment results. The detailed shape of the H, z(T) curve will

depend on the unknown distribution of grain sizes. At
present, therefore, the individual contributions of each of
these three mechanisms cannot be further assessed.

After having discussed the observed deviations from
WHH, we reexamine more critically the assignment of Tp

as the superconducting critical temperature. Supercon-
ducting transition studies using ac susceptibility deter-
mine an irreversibility line, which is the same as the
H, z(T) line for most superconductors. However, the
reduction of the shielding volume fraction in high-dc
magnetic fields (Figs. 1 and 2) suggests the presence of
weak links that allow flux lines to move easily in response
to an applied ac magnetic field. In the presence of flux
motion on the time scale of the experiment (as observed
in Ref. 5 for Rb&C6o), the irreversibility line will equal the
H, z(T) line only at the endpoints H~O and T~O. At
all intermediate values of the magnetic field, the irreversi-
bility line will be shifted to lower temperatures by an
amount that depends on the experimental drive frequen-
cy. Higher frequency allows less time for flux motion and
thus provides a better approximation of the H, z(T) line.
This effect can yield an observable frequency dependence
of Tp as shown in Fig. 4 for two sets of data at H = 12.5

T. Note the shift of Tp by -0.3 K to higher tempera-
tures as the drive frequency is increased by three orders
of magnitude.

While flux motion and pinning barriers are difficult to
characterize in detail, we can construct a simple model to
estimate roughly T, given the observed frequency depen-
dence of Tp. We then can present a range of WHH
upper-critical-field curves (inset of Fig. 4), which are con-
sistent with our low-field data including the effects of the
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FIG. 4. Frequency dependence of the onset temperature, evi-
dencing flux motion in K&C6o powders. The crosses (circles) are
data taken at 4 Hz (4 kHz). The inset contains the data and
WHH curve from Fig. 3 (dotted line). The solid lines define a
range of shifted WHH curves that are consistent with the ob-
served flux motion.

observed flux motion. For this rough analysis, we assume
a simple model of thermally activated flux motion over
pinning barriers proportional to the condensation energy,
i.e., proportional to (T—T, }. We determine a range of

T, values by varying the attempt frequency for flux
motion from 10 s ' to 10' s '. Under these assump-
tions, T, at H =12.5 T would be -0.6—0.9 K above the
To data of Fig. 3. The inset of Fig. 4 replots the Fig. 3
data and WHH curve (dotted line). The solid lines define
a range of shifted WHH curves consistent with the ob-
served flux motion. These shifted WHH curves keep T,
at H=0 unchanged, yet increase T, at H =12.5 T by
0.6-0.9 K. It is clear that this simple model of flux
motion can give reasonable agreement between WHH
theory and our experimental results.

In conclusion, ac susceptibility measurements of super-
conducting K~C6o powders in magnetic Selds to 30 T
yield a roughly linear H, z( T) curve with

dH, zl—dT =2.14+0.08 T/K. The observed H, z at low
temperatures exceed the H,z(T) curve from the standard
theory by Werthamer-Helfand-Hohenberg. The devia-
tions are likely due to flux motion in the K&C6o powders,
although further enhancement of H, z(0} by intrinsic
mechanisms, such as strong coupling, Fermi-surface an-
isotropy, or sample granularity, may also play a role.
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