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Muon spin rotation and SQUID investigation of superconductivity in „NH3…xNaK2C60 „xÈ0.7…
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The family of superconducting fullerides (NH3)xNaK2C60 shows an anomalous correlation betweenTc and
lattice parameter. To better understand the origin of this anomaly we have studied a representativex50.72
compound using superconducting quantum interference device~SQUID! magnetometry and muon spin rotation
spectroscopy. The lower critical fieldHc1, measured by the trapped magnetization method, is less than 1 G, a
very small value as compared with that of other fullerides. Muon spin depolarization in the superconducting
phase shows also quite small local-field inhomogeneities, of the order of those arising from nuclear dipolar
fields. On the other hand, the 40-T value forHc2, as extracted from magnetometry data, is comparable to that
of other fullerides. We show that these observations cannot be rationalized within the framework of the
Ginzburg-Landau theory of superconductivity. Instead, the anomalous magnetic properties could be interpreted
taking into account the role played by polaronic instabilities in this material.

DOI: 10.1103/PhysRevB.67.024519 PACS number~s!: 74.70.Wz, 74.20.Mn, 76.75.1i
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I. INTRODUCTION

In fullerene based superconductors ammonia intercal
as a neutral molecule, without interacting with the host el
tronic system and preserving the superconducting prope
of the material. Since it acts simply as a molecular space
change in lattice parameters and an increase of unit-cell
ume are often observed.1 As a consequence, thet1u conduc-
tion band of the fullerene compound narrows and its den
of states at the Fermi level increases, thus determining
increment in the superconducting transition temperature.
example of this mechanism has been reported
Na2CsC60,1 which gives (NH3)4Na2CsC60 after ammonia-
tion, with a conspicuous increase in transition temperat
from 10.5 to 29.6 K.

The intercalation of ammonia can also induce a metal
insulator transition as, e.g., in NH3K3C60,2,3 where the su-
perconductivity of the ammoniated compound can be
stored only after the application of external pressure.4

We will deal here with a family of fullerides such a
(NH3)xNaK2C60 and (NH3)xNaRb2C60, whose precursors
NaK2C60 and NaRb2C60 cannot exist as a single phase
normal conditions, but become stable only as ammonia
compounds.5 X-ray diffraction in these systems shows th
the NH3-Na groups occupy the large octahedral sites5 with a
consequent off-centering of the Na1 ions. Since their discov-
ery, these compounds have revealed puzzling features
cerning the relation between the superconducting transi
temperature both with the lattice parameter as well as w
the density of states at the Fermi level. Indeed, the prog
sive removal of NH3, accomplished by pumping on th
sample above room temperature, results in adecreaseof the
lattice parameters accompanied by anincreaseof the super-
conducting transition temperature, a trend opposite to
observed in (NH3)4Na2CsC60. In addition, we have recently
shown6 that in a series of (NH3)xNaK2C60 compounds~with
0163-1829/2003/67~2!/024519~7!/$20.00 67 0245
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0.5,x,0.8) the Pauli-Landau spin susceptibility yields
lower density of states at the Fermi level in compounds h
ing a higher Tc , in contrast with BCS or Migdal-Eliashber
predictions.

It is therefore interesting to ask whether these anoma
are related to essential differences in the nature of super
ductivity in (NH3)0.72NaK2C60 with respect to most com
mon superconducting fullerides. A possible nonconventio
nature of the superconductivity in this system would ma
fest itself in the values of the critical parameters of its sup
conducting phase: the London penetration depthl and the
lower and upper critical fields,Hc1 andHc2, respectively.

From the available data in the literature, the other
called ‘‘normal’’ fullerene based superconductors appear
be extreme type-II superconductors7,8 characterized byk5l/
j@1, wherek is the Ginzburg-Landau parameter. Our resu
will be first analyzed in this framework and, in case of d
crepancies, alternative suggestions will be offered.

Whenl@j, both of these fundamental lengths can be e
ily extracted from measurements of the lower (Hc1) and the
upper (Hc2) critical magnetic fields or, more precisely, from
their extrapolated values at zero temperature. Roug
speaking,Hc2, the field at which the transition from the su
perconducting to the normal state occurs, corresponds to
field at which one quantum of magnetic fluxF05hc/2e
.231027 G cm2 extends over the coherence area of
electron pair, so that

Hc2~0!5
F0

2pj2
, ~1!

from which the Ginzburg-Landau coherence lengthj can be
determined. On the other hand, the knowledge ofHc1, the
field at which the magnetic flux starts to penetrate
sample, allows the computation of the penetration depthl by
using the well-known equation~valid for k@1!
©2003 The American Physical Society19-1
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M. RICCÒ et al. PHYSICAL REVIEW B 67, 024519 ~2003!
Hc1~0!5
F0

4pl2
ln k. ~2!

In addition to independent measurements ofHc1 andHc2,
as obtained by standard superconducting quantum inte
ence device~SQUID! magnetometry, we will provide also
the value forl, which yields a stringent check of the validit
of Eqs.~1! and ~2!. Sincel represents the transverse exte
sion of the vortices in the Abrikosov intermediate phase,
value can be also determined from the local magnetic-fi
distribution. It is well known that muon spin rotation~mSR!
gives reasonable estimates ofl, even for irregular flux-line
lattices. Details on SQUID andmSR measurements are give
in the next section.

II. EXPERIMENT

The samples were prepared following the procedures
lined in Ref. 5. Stoichiometric amounts of alkali metals~Al-
drich, 99.95%! and C60 ~Southern Chem. 99.5%! were dis-
solved in anhydrous ammonia~Aldrich, 99.991%! at 230 K.
After the reaction had taken place, the temperature
slowly increased until the ammonia was completely eva
rated. The successive pumping at 120 °C for 30 min yield
the compound (NH3)0.72NaK2C60; the sample was then an
nealed at 100 °C for 10 days. Its transition temperature
Tc512 K and it showed a 20% superconducting fractio
indicative of bulk superconductivity in its powder form. Th
ammonia concentrationx50.72, as determined from1H
NMR measurements, is in good agreement with the conc
tration extracted from an interpolation of theTc2x data re-
ported in Ref. 5. Evaluation of the granulometry of t
samples was performed using a scanning electron mi
scope~SEM!, whose micrographs indicate an average p
ticle sized;2 mm.

dc magnetometry measurements were performed wi
Quantum Design SQUID magnetometer equipped with
home built Helmholtz cube which surrounded the whole
strument body, thus allowing a reduction of the residual fi
on the sample to less than 2 mG. The SQUID supercond
ing magnet was cooled from RT to liquid-He temperature
zero external field. For a good thermal contact even at
temperatures the sample was sealed in a long quartz
under 1 mbar of He atmosphere. The sample was suspe
in the middle of the tube, whose length was chosen so a
always have a tube portion face the SQUID coils, even w
the sample had to move in and out of them during the m
netic moment measurement. This expedient allowed an a
rate subtraction of the quartz diamagnetic contribution.

mSR, which measures the spin precession of implan
muons, is very sensitive to local magnetic fields and the
fore it constitutes a valuable technique for our purposes.
deed, when the applied transverse field exceedsHc1, the
field distribution of the flux-line lattice will damp the muo
spin precession signal, hence the penetration depth ca
readily extracted9 from the damping rate.

In common metals and superconductors all the implan
muons usually sit interstitially and, being screened by c
02451
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duction electrons, they will not form any paramagne
bound state~muonium!. Hence their precession frequency
an external magnetic field remains that of a free particle~dia-
magnetic muon!. In C60 based superconductors, besides t
major component there is an additional part of implan
muons~typically 10–20%! which will form endohedral muo-
nium ~located inside a C60 molecule!, whose precession fre
quency is much higher than that of diamagnetic muon. H
we are interested only in the majority of muons that come
rest in the fcc lattice interstices~the precise location is no
well known! and precess as diamagnetic muons, i.e., wit
gyromagnetic ratiogm513.55 kHz/G.

When a superconductor is in the intermediate state,
m0Hc1,B,m0Hc2, the muon precession signal will b
damped by the inhomogeneous magnetic-field distribution
the vortices. The expected damping profile~or the corre-
sponding line shape in Fourier space! in the case of a trian-
gular flux-line lattice has been computed10 and, for single
crystals, also successfully measured. Unlike single cryst
polycrystalline or powder materials exhibit a smeared
magnetic-field distribution, with the consequence that
mSR line will assume a Gaussian shape (ssc;0.1–0.6ms21

for fullerides! below Tc .9 The established relation betwee
the mSR damping ratessc(0) and the internal field rms de
viation DB is given by DB5ssc(0)/2pgm . Once DB is
known from an experiment that measuresssc(0) in the ap-
propriate intermediate field rangem0Hc1,B,m0Hc2, the
penetration depthl is given by10

l'3.7131023
•F F0

2

~DB!2G 1/4

. ~3!

mSR experiments were performed on the EMU spectro
eter of the ISIS Facility~Rutherford Laboratory, UK!. The
pulsed nature of the muon beam sets an upper freque
cutoff that prevents the direct observation of high muoniu
frequencies. Nevertheless, the interesting fraction of diam
netic muons will precess well within the pass band of t
spectrometer and therefore could be readily measured. In
case, the sample~;500 mg! was pressed inside an air tigh
aluminum cell equipped with a thin~75-mm! Kapton win-
dow. A pure silver foil was put both directly behind th
sample and around the cell window to make it easy to s
tract the signal coming from the sample holder.

III. SQUID MEASUREMENTS

A. Lower critical field

In spite of many previous measurements of the low
critical field by SQUID magnetometry in fullerides,7,8,11–18

its precise determination is still controversial due to cons
erable experimental difficulties. The simplest way to meas
Hc1 consists in observing the field at which theM5M (H)
curve starts to deviate from linearity. Unfortunately data
fullerides never show a good linearity and this brings to
overestimate of theHc1 value. Alternative methods based o
Bean’s critical state model19 give quite different values.14

Recently it was shown16 that the measurement of the trapp
9-2
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magnetization in the intermediate phase yields a more
able determination ofHc1. The procedure is as follows: firs
the sample is cooled in zero field from aboveTc and its
initial magnetic moment (M1) is measured~ideally it
should be zero, but a residue always exists!. Then a magnetic
field H is applied for at least 30 s and, after switching
off, the final moment (M2) is measured. When the applie
field exceeds a threshold valueH thr the magnetic flux is
trapped inside the sample. This trapped magnetization, g
by the differenceM22M1, is then plotted against the ap
plied field H, as shown in Fig. 1 for measurements
(NH3)0.72NaK2C60 performed at 7 K. The increase of th
trapped magnetization aboveH thr , which follows a linear
behavior at all the investigated temperatures, allows a m
more precise determination ofHc1 than alternative proce
dures. The fitted value for trapping onset~0.51 G for the
linear fit shown in Fig. 1! is related to the lower critical field
value byHc15H thr /(12n), wheren is the demagnetization
factor. Preliminary measurements on powdered samples
essentially the same results, although the trapped magne
tion values were rather scattered around the~same! fit line
~see Fig. 1!. The use of~weakly compressed! pellets remark-
ably reduced the spread without an appreciable chang
H thr , confirming that the demagnetization factor of a set
independent spheres (n51/3), correctly adopted for
powders,16 is appropriate also for pellets.

The results of severalHc1 measurements at different tem
peratures are illustrated in Fig. 2. The zero-temperature v
Hc1(0)50.87 G was then extrapolated from a parabolic
~BCS weak coupling gave a similar result and experimen
errors do not allow us to distinguish between the differ
behaviors!.

The striking feature about theHc1(0) is its low value with
respect to that of other fullerides, shown in Table I for
comparison. Even an unphysical linear fit of the data wo
at most yield an extrapolated valueHc1(0);1.2 which still
is one order of magnitude smaller thanHc1(0) for the quoted
fullerides. The obvious suspicion that the powdered natur
the sample affects the measured values was addressed
previous experiment, reported in Ref. 16, where a powde

FIG. 1. The trapped magnetizationM22M1 as a function of the
applied fieldH in (NH3)0.72NaK2C60. The lower critical fieldHc1

is determined from the onset of the magnetization which start
trapped atH5H thr .
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RbCs2C60 sample and a single crystal were compared a
found to have the same lower critical field value. Hence
measured lowHc1 value given here will be considered a
intrinsic feature of the compound.

B. Upper critical field

The upper critical fieldHc2 can be determined from th
temperature dependence of the field-cooled magnetizatio14

In this case the sample is cooled in an externally applied fi
H(0.5,H,5.5 T) starting fromT.Tc and its magnetic
moment is measured. The value of the external field co
sponds toHc2 when the temperature equals the relativeTc .
Figure 3 shows an example of such a measurement in a
magnetic field.

The data aboveTc were fitted to a Curie behavior comin
from paramagnetic impurities, to which one must add
temperature-independent component resulting from Pa
Landau, and core contributions to susceptibility~upper part
of the figure!.6 After subtraction of all these contributions th
curve shown in the lower part of Fig. 3 is obtained.Tc was
estimated as the temperature at which the linear interpola
of the data in the superconducting state intersects the nor
state baseline. The observed superconducting transition
peratureTc(H) decreases on increasingHappl. In Fig. 4 we
report the dependence of the critical temperature onHappl.
Unfortunately, the maximum field available in our conve
tional SQUID magnetometer (Hmax55.5 T) does not allow
us to investigate the full range ofTc5Tc(Happl) dependence

is

FIG. 2. MeasuredHc1 values as a function of temperature. Th
extrapolation of the parabolic fit atT50 yields Hc1(0)
50.87(9) G.

TABLE I. Comparison of lower critical fieldsHc1 for several
alkali-metal-doped fullerides~powders denoted by asterisk!.

Compound Hc1(T50) @G# Ref.

Rb3C60 ;50 13
Rb3C60 13* 16
RbCs2C60 ;80 14
RbCs2C60 16* 16
K3C60 12* 16
(NH3)0.72NaK2C60 0.87~9!* this work
9-3
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so that we have to resort to extrapolation. The extrapola
field value at zero temperature~relevant forj calculation! is
usually extracted from the slope of the observed linear
havior using the Werthamer-Helfand-Hohenberg~WHH!
formula:20

Hc2~0!50.69 Tc•
]Hc2

]T U
T5Tc

. ~4!

The value for the derivative is 5.060.3 T/K and from Eq.
~4! we find Hc2(0)54062 T. If we use Eq.~1!, we can
extract a coherence lengthj52.86~8! nm. Both of these val-
ues, although different, do not appear to be inconsistent w
those of other C60 based superconductors.21

Similarly to the measurement ofHc1 it is important to
examine possible factors that could affect the estimated v
for Hc2:

~i! According to analogous measurements on K3C60,22 the
parabolic Hc2(T) dependence predicted by the WH
theory20 was not observed: the use of such theory to extr
Hc2(0) was shown to produce an underestimated value.

FIG. 3. Upper graph: Field-cooled magnetization
(NH3)0.72NaK2C60 at H53 T: the fitted curve accounts for para
magnetic impurities and Pauli contributions. Lower graph: After
subtraction of the above-mentioned contributions,Tc , at Happl

5Hc2, is determined from the intersection of the two linear fits

FIG. 4. Critical temperature dependence onHappl. The upper
critical field Hc2(0)54062.5 T is found from the extrapolate
slope]Happl/]Tc using formula~4!.
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guessing from Ref. 22 a plausible enhancement factor of
our data, we point out that Eq.~1! would predict a still
smallerj ~;2 nm!, which has an important role in the dis
cussion that will follow.

~ii ! It is known that sample granularity enhances the m
suredHc2(0) values due to the onset of zero-dimension
~0-D! fluctuations, as detected in conductivity measureme
in K3C60.23 This effect is expected to become dramatic wh
the grain sized becomes comparable toj. Indeed, also con-
ventional superconductors like Al, in a suitable fine granu
form, can have an upper critical field nearly two orders
magnitude larger than that of bulk samples.24 The granularity
of the material we have investigated, however, involves
average particle size of;2 mm, which is more than three
orders of magnitude larger than any estimate forj, thus al-
lowing us to definitely exclude any appreciableHc2 enhance-
ment effect due to granularity.

In conclusion we can state that the coherence length
find from Hc2 measurements is accurate and, due to its
verse square-root dependence fromHc2, even large uncer-
tainties in the determination of the latter would not apprec
bly affect thej value.

IV. MUON SPIN ROTATION MEASUREMENTS

As briefly described in Sec. II,mSR damping rate mea
surements yield a reasonable value for the penetration d
l, even for an irregular flux-line configuration, typical fo
powders or polycrystalline samples. In our experiment
sample was field cooled in an external transverse field of
G from aboveTc and the muon precession histograms m
sured at fixedT. The presence of two precessing signals at
temperatures indicated that a fraction of the total muo
came at rest in the sample holder while the other in
sample. The two components could be easily singled
thanks to their differences not only in amplitude, but main
in their precession frequency~diamagnetic shift due to super
conducting material! and damping rate~internal field second
moment due to flux-line lattice!. In accounting for the whole
expected signal, a missing fraction was detected: it is w
known that this fraction is entirely due to the formation
endohedral muonium—i.e., muonium atoms at rest wit
the C60 cage—while the formation of muonium adduct rad
cals is inhibited in C60

n2 compounds. This fraction is ‘‘miss
ing’’ because, at the applied field of 50 G, its characteris
frequency is too high to be observable at the ISIS facility.
passing, it must be pointed out that this missing muoni
fraction is not interesting for the present experiment, wh
we look for the information yielded by the unbound muo
in the material’s interstitial sites.

The signal due to the sample shows a Gaussian de
with a decay rates, which was fitted using the function
sin(vt1f)exp(2s2t2/2). Figure 5 shows the fitted values fo
s in the temperature range 4,T,15 K. The temperature-
independent residual value as observed aboveTc is due to
the magnetic-field distribution of the randomly oriente
nuclear dipoles~1H,14

N,
23

Na,
39,40,41

K,
13

C).

The additional broadening belowTc , due to the flux-line
lattice formation, is smaller than the nuclear term and mu
smaller than that found in similar fullerides such as Rb3C60
9-4
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and K3C60.9 The superconducting contribution and th
normal-state nuclear dipole broadening add in quadrat
hence the former (ssc) can be extracted. The temperatu
dependence ofssc was fitted to the phenomenological tem
perature dependence:ssc(T)5ssc(0)@12(T/Tc)

a#, which
yields ssc(0)55.531022 ms21 anda52.55. The same ex
periment was repeated applying a 100-G transverse field
a similarssc value to that of the 50-G case was found, typ
cal of systems withl@j.10 The value for the London pen
etration depthl can be extracted from Eq.~3! which gives
l51.40 mm. This value is more than two times larger th
that of other superconducting fullerides. In thinking of e
fects that could enhance the measuredl a possible candidate
is the granulometry of the sample, when the particle siz
not much larger thanl.33 But this is just our case, wher
beingd;l, we do expect strong surface effects which te
to increase the measuredl value with respect to that of a
bulk sample. Although we have no means to implemen
quantitative correction to the measured value, we can d
nitely state that it represents an upper limit for the real p
etration depth, which certainly cannot be larger than 1.4mm.

V. DISCUSSION

In the previous section we described the independ
measurements ofHc1 , Hc2, andl and anticipated that the
would be used within the framework of the Ginzbur
Landau-Abrikosov equations~1! and ~2!. In principle, the
knowledge ofHc1 andHc2 values is sufficient to extract th
coherence lengthj and the penetration depthl. The addi-
tional experimental value ofl from mSR measurement
helps in checking the internal consistency. From Eq.~1! the
experimental value ofHc2540 T yieldsj52.86~8! nm; with
this value and the experimental result forHc150.87 G Eq.
~2! yields l53.82mm. If only Hc1 andHc2 were measured
the values forj andl ~although the latter seems considerab
larger than the value found in other superconducting
lerides! would appear acceptable for an extreme type-II
perconductor.

The picture appears inconsistent, however, since we m
account for themeasuredvalue of l51.4 mm, which is

FIG. 5. mSR Gaussian decay rate as a function of temperatur
a 50-G transverse field. The fit of data belowTc yields ssc, from
which the field distribution inside the sample is found. The pene
tion depthl is then calculated using Eq.~3!.
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nearly three times smaller than that predicted by Eqs.~1! and
~2!. Such a discrepancy is by no means trivial because
order to weaken it, one has to make unphysical assumpt
on the other measured parameters, i.e., the two critical fie
Indeed, as can be seen from Eqs.~1! and ~2!, even quite a
small variation in l will determine orders of magnitude
variations in the critical fields.

As an additional check for the observed discrepancy
have also used some approximate analytical solutions of
Ginzburg-Landau~GL! equations. Specifically, we comput
the muon spin depolarization ratessc, which can easily be
compared with the experimental value. The calculation
quires a numerical solution of the GL equations which w
performed using the efficient algorithm developed in Ref.
This fast iterative variational procedure, which minimiz
the free-energy densityf, gives as an output the loca
magnetic-field distributionB5B(x,y). The second momen
of the local fieldsDB yields the damping rate (ssc) of the
mSR.

The results of this calculation are shown in Fig. 6 whi
reports the dependence ofssc on the coherence lengthj as
predicted by the GL equations for a fixedHc150.87 G. The
different curves refer to different values of the applied fie
in the range 5,B,100 G. It appears evident that the max
mum predicted value for the muon decay rate at the app
field of 50 G is 931023 ms21, much smaller than the mea
sured value of 5531023 ms21 and, in any case, too small t
be measured. This confirms that theHc1 , Hc2, andl values
measured in (NH3)0.72NaK2C60 cannot be representative o
a superconducting system described by the Ginzburg-Lan
theory. In addition, the fact that a series of samples w
different ammonia content have critical temperatures
versely proportional to the density of states at the Fe
level, as recalled in the Introduction, is consistent with t
conclusion.

Even though the phonon-mediated superconductivity

in

-

FIG. 6. mSR signal decay ratessc as a function of coherence
length j as obtained from the numerical solution of the GL equ
tions. The different curves correspond to several values of app
magnetic field; the lower critical field value was fixed atHc1

50.87 G.
9-5
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fullerides is well established, we suggest that polaron-ba
theories of superconductivity can correctly describe some
these systems, such as those considered in this work. U
the BCS or Migdal-Eliashberg alternatives, the polaronic
proach does not require the phonon energy scale to be m
smaller than that of electrons. In fullerides, indeed, typi
phonon energies involved in the superconducting coup
are or the order of 0.15 eV, due to the intramolecularHg
modes of C60.26 According to the early predictions of Bulae
vskii et al.27 for the superconducting properties of syste
with local pairs, critical fields and critical length values a
expected to be significantly different from those of ordina
BCS superconductors; in particular, the lower critical fie
Hc1 is expected to be much smaller and the penetration d
l much larger than the respective BCS counterparts. M
recently, a polaron-based analysis has been formulated,
the inclusion of nonadiabatic effects in the Migda
Eliashberg theory, in order to better predict transition te
peratures and photoelectron spectra of fullerides.28 The pres-
ence of charge instabilities or fluctuations~charge
disproportion, charge-density waves, etc.! predicted in po-
laronic systems manifests itself, indirectly, in supercondu
ing fullerides in the following circumstances:~i! the NMR
detection of a spin gap in the Na2CsC60 superconductor as
due to the presence of Jahn-Teller distorted C60

(2,4)2 originat-
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(NH3)2NaK2C60,30 interpreted in terms of a possible~dy-
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general expected at high values of the electron-phonon
pling constant (lc;1.5– 2).31 In the case of fullerides
though, the coupling values suggested by different exp
mental techniques~even though still under debate32! settle in
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a 0.5,lc,1.2 range. The closeness of the upper limit of th
range to that of the previously mentioned polaronic sup
conductivity boundary could suggest a possible role pla
by polarons in these systems.

VI. CONCLUSIONS

In this work we have shown that the magnetic propert
of the fullerene based superconductor (NH3)0.72NaK2C60 are
quite different from those of other fullerides, namely it di
plays a very smallHc1 associated with very largeHc2 andl
values. These results cannot be explained within the fra
work of the Ginzburg-Landau~GL! theory. It is suggested
that the system considered here represents a borderline
in which the nature of superconducting coupling begins
switch from a phonon-mediated to a polaronic character.

Indeed, electron-phonon interaction could be sufficien
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(NH3)xNaK2C60, to exhibit an enhancement of the couplin
which, in turn, favors the development of polaronic instab
ties. In the present situation, specific quantitative predicti
for measurable superconducting quantities are needed in
der to understand the experimental results and clarify
essential nature of superconductivity in fullerides.
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