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A series of AgCgo fulleride superconductors (A is an alkali metal) with
superconducting transition temperatures (T¢s) ranging between 2.5 and 33 K has
been reported!8, The T¢s of these materials are closely correlated to their f.c.c.
lattice parameters, with the higher T, materials having larger unit cell lengths®
10, Recently, the T of the superconducting NagCsCgp has been raised from 10.5 K
to 29.6 K by ammonia intercalationll, The resulting intercalated compound,
NaCs[Na(NHg)4]Cgo, has an expanded unit cell compared to the starting material,

with a larger cation Na(NHg)4* occupying the octahedral site. The sodium-doped

Cgo with nominal composition NagCgo, however, does not show superconductivity

and was reported to undergo a disproportionation reaction into two f.c.c. phases,

NaoCgo and NagCgo below 250 K7. Here we report on the ammonia intercalation of
NagCgo- Up to four superconducting phases with T¢s occurring near 6.7, 11.5,
13.5 and 16.5 K were observed in the intercalated compounds, Nag(NHg).Cgp (x ~2-
8). All these phases gave significant superconducting shielding fractions

(between 15 and 80% at 5 K). These compounds were characterized by use of AC

susceptibility and SQUID measurements, TGA and x-ray powder diffraction.
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The sodium doped Cgg compounds, Na,Cgo, are known to exist in a wide
range of dop~-t concentrations (2 < n < 11)” 12, All these compounds can be
indexed with a f.c.c. unit cell. For n = 2, the sodium atoms fill the two tetrahedral
sites, and for n = 3 they fill both the tetrahedral and octahedral sites. For n = 6,
four sodium atoms form a Nag4 tetrahedron and occupy the octahedral site. The
other two sodium atoms occupy the two tetrahedral sites. Furthermore, for an
ideal structure n = 11, the octahedral interstitial site contains a Nag body-centered
cluster while the two tetrahedral sites are singly occupied by two sodium atoms2.
In contrast to other alkali metal doped fullerides, AgCgo (A = K, Rb, and alloys),
Na3Cgo does not exhibit superconductivity?” 12, A low temperature lattice
distortion in NagCgo, arising from the mismatch in sizes of the sodium cation and
the octahedral site, is thought to suppress superconductivity. At higher sodium
doping levels (n = 6 and 10) the f.c.c. structures are stabilized at low temperature,
and the lack of superconductivity in these materials is attributed to low values of
N(Eg), the density of states at the Fermi levell2, Motivated by the ammonia
intercalation into NagCsCgg, and the rise of T, from 10.5 to 29.6 K11, we studied the

effect of ammonia intercalation on NagCgo.

The Cgg crystals were prepared by sublimation of high purity Cgg powders
(Norite A/silica gel column) under a helium carrier gas13-15, Na3Cgo crystals
were prepared from direct reaction between Cgg crystals and three equivalents of
Na in a sealed quartz tube at 300°C for 7 days. Similarly prepared Rb3Cgo samples
had large particle sizes (between 0.5 and 2 mm) and showed sharp magnetic
superconducting transitions (ATj10.90 < 1 K) with a slightly higher T, (~30.5 K)
than powder samples!3. The AC susceptibilities of NagCgg crystals indicated no
superconductivity above 5 K, consistent with the reported results. To explore the

synthesis conditions, NagCgo samples were repeatedly exposed to 1/2 atm of Ar




and an incremental amount of NH3 gus (AGA, anhydrous grade, 99.99%) from
1/32 to 1/2 atm at room temperature. Each time the sample was evacuated,
exposed to Ar/NHj3, heat treated, and tested for superconductivity. The heating
conditions for four samples (A to D) are listed in Table 1.
--Table 1 here---

After the cycle with 1/2 atm Ar and 1/2 atm NH3, sample A was heat-treated at
100°C for 3 days, the AC susceptibility measurements indicated a
superconducting transition near 6.7 K and a shielding fraction (uncorrected for
demagnetization) of ~15% at 5 K. Sample B initially showed a weak
superconducting signal at 7 K and an 1% shielding fraction after the 1/2 atm Ar
and 1/4 atm NHj3 cycle. The same sample was subject to additional ammonia (1/2
atm Ar and 1/2 atm NHj3) and heating (225°C, 2 days). The AC susceptibility
measurements of this Nag(NH3)Cgo compound (Sample B) indicated a higher T
at 11.5 K and a 40% shielding fraction at 5 K. The higher T in sample B was
likely associated with higher ammonia content which could expand the unit cell
lattice parameters. Superconductivity was further established with zero-field-
cooled (ZFC) and field-cooled (FC) SQUID measurements. In the FC experiment
the magnetic flux was expelled from the sample at T to give an ~1% Meissner
fraction at 5 K. In an impure sample, flux remains pinned (trapped) in the
sample and the Meissner signal is usually much smaller than the ZFC-signal as
observed in sample B. However, the observation of a Meissner signal, even small,
is a proof for a superconducting transition. For sample B, this occurred near T =
11.5 K, and the ZFC shielding fraction was ~30% at 5 K. Recently, a sodium-
nitrogen-Cgg compound, NayN,Cgo, prepared from doping Ceo with NaN3, was
reported to be a superconductor with a T'. around 12 K and a low shielding
fraction of ~3% at 3 K!6. Due to the unknown nature of the chemical composition,

no comparison between the two compounds can be made at present.
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The ammonia-intercalated Nag(NH3),Cgo crystals had the same
morphology as the pristine Cgo crystals. Some exfoliation was observed after the
doping and heating process, but the crystals generally remained intact. If
ammonia gas was introduced directly onto the NagCgg crystals without argon, the
crystalline samples invariably crumbled due to over-saturation with ammonia.
No superconductivity has been observed in those samples. In fact, a large excess
of ammonia, if liquified, can dissolve Na3gCgo and destroy the crystal lattice
entirelyl?. Two additional samples were prepared: sample C was heat-treated at
225°C for two months in order to attempt to reach equilibrium, whereas sample D
was heated at 225°C for one week. For sample C, which was fully equilibrated, the
AC susceptibilities showed a superconducting transition at 13.5 K and a shielding
fraction of 55% at 5 K without demagnetization corrections. SQUID
measurements of the same sample indicated a slightly higher T at 14.2 K and a
comparable shielding fraction. For sample D, the AC susceptibilities revealed the
highest T, at 16.5 K, among the four samples. The superconducting shielding
fraction was 30% at 5 K. For comparison, the rezl part (y') of the AC
susceptibilities of all four samples (A through D) were normalized to their 5§ K
values and plotted in figure 1.

---Figure 1 here---
Four different superconducting onset temperatures at 6.7, 11.5, 13.5, and 16.5 K
for Nag(NH3),Cgo samples A through D, respectively, are clearly evident. Sample
D was not equilibrated to a single phase, as indicated by the stepwise AC-derived
superconducting transition curve. The imaginary part (x") of the AC
susceptibility of sample D was plotted in figure 1 inset. Four distinct local
maxima were observed at temperatures approximately corresponding to the four

different superconducting transitions. The multiple local maxima in %"

suggested the presence of multiple superconducting phases in sample D. The
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nonequilibrated nature of sample D was further revealed in the lower
superconducting onset temperature during a SQUID measurement 7 days later,
which is shown in figure 2.
---Figure 2 here---

In the ZFC transition, a series of steps at 7 K, 12 K, and the onset of diamagnetism
near 15.5 K was clearly observed. These features approximately correlated with
the features in the inset of Figure 1. Steps in a ZFC transition can be caused by
decoupling phenomena in granular or multiply connected samples (see ref.18 for
a detailed discussion). However, the observation of similar steps in the Meissner
signal (Figure 2 inset) showed that the sample contained multiple phases with
distinct T, values. After 17 days, second AC susceptibility measurements on
sample D showed that the superconducting onset temperature decreased to 15 K,
the multi-step transition became very obvious, and the shielding fraction
increased to ~80% at 5 K. Assuming the highest T. corresponds to the maximum
amount of ammonia intercalation, the lowering of the onset transition
temperature from 16.5 to 15 K in sample D, might be associated with reaching

equilibrium among different superconducting phases in the sample.

At room temperature, NagCgo has a f.c.c. structure containing Na+ cations
in all the tetrahedral and octahedral holes. The 14.19 A unit cell parameter is
large enough to be within the range where superconducting salts are found, but
disproportionation occurs below 250 K to form NasCgg and NagCgg, preventing the
occurrence of superconductivity’. It is established that NH3 molecules coordinate
with the Na* cations to form Na(NHg)4* cations in the octahedral holes because
the tetrahedral holes are too small to accommodate any Na(NH3),+ cations!l. The
Na(NH3z)4* cations in NaCs[Na(NH3)4]Cgo compound are disordered. Based on the

size of the octahedral site, it can accommodate the eight-coordinate cation,
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[Na(NH3)gl*.1l The size argument sets the upper limit for x in Nag(NH3),Cgo to 8.
Preliminary x-ray powder diffraction data indicated the f.c.c. lattice of NagCgg
was approximately maintained upon intercalation of NHgz, with a small lattice
expansion from 14.19 A to 14.21140.02 A in sample D and 14.26+0.02 A in sample C.
Because sample D was not a single phase material, this 14.21 A unit cell was the
average length of several stoichiometries. Compared to other known f.c.c. AzCgp
fulleride superconductors, the unit cell lengths between 14.21 and 14.26 A
corresponded to T'.s between ~14 to 19 K7: 8, which are consistent with the observed
values (13.5 to 14.2 K for sample C and 15 to 16.5 K for sample D) in these samples.
Apparently, the larger Na(NHj3),* cations stabilized the f.c.c. structure against
the low-temperature disproportionation, and thus, superconductivity could be
observed in these materials. The lower limit of x in Nag(NH3),Cgo was
approximately 2 since the Na(NH3)* cation was expected to be disordered in the
octahedral site and might not stabilize the f.c.c. structure. The related
K2[K(NH3)ICgo compound exhibited an orthorhombic distortion and did not
indicate superconductivityl®. The structure model we propose for Nag(NH3),Cgo
(x=~2-8) is similar to the structure of Naj1Cgol2, where the eight corners of the Nag

cluster are replaced by ammonia molecules. Detail structural analysis awaits

further study.

In order to measure the amount of NH3 intercalated in these compounds,
thermal gravimetric analyses (TGA) were carried out on samples C and D. The
samples were heated in a nitrogen (99.9985%) purged chamber at a ramping rate
of 20°C/min from ambient to 700°C. The weight loss and its derivatise with
temperature for sample C (thermally equilibrated sample) are plotted against the
temperature in figure 3.

---Figure 3 here---




As shown in figure 3, the first derivative peak centered at 61°C is attributed to the
loss of ammonia. Based on the formula, Nag(NHj3),Cgo, the 9.8£0.6% weight loss
corresponded to x = 5.0£0.3. The second and third peaks at 212 and 298°C,
respectively, are assigned to weight loss due to sodium evaporation. The
assignment was qualitatively verified by checking the TGA of a NagCgo sample.
The calculated (vs. measured) total weight loss for three equivalents of sodium
was 7.88 (vs. 7.81)%. Sample D contained multiple phases; thus the ammonia
content was the weighted average of several components. The weight loss
occurring around 60°C was ~7.5%, which corresponds to x = 3.8. Both samples
showed ammonia content in the expected range between 2 and 8, and are
consistent with the proposed structural model. Thus ammonia intercalation is a
viable route for the expansion of a f.c.c. crystal lattice to make new
superconductors or to increase T, in Cgp based systems. Discovery of other

ammonia intercalated sodium or lithium containing fulleride superconductors is

quite likely.
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Table 1. Heating conditions and Ts for four samples treated with 1/2 atm Ar and
1/2 atm NH3.
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SQUIDa

Heating AC susceptibilitya
Nag(NH3):Ceo | _~C(days) | _Tc(K) _ Fraction(%)| TcK) __ Fraction(%)
A 100 (3) 6.7 15 - -
B 225 (2) 115 40 115 30
C 225 (~60) 135 55 14.2 45
D 225 (7) 16.5b 30 15.5¢ 43
15d 80

aShielding fractions at 5 K without demagnetization correction bInitial

measurements °measurements after 7 days 9dmeasurements after 17 days




Figure Captions

Figure 1. Temperature dependence of the normalized AC susceptibilities for
sample A(cross), B(diamond), C(triangle), and D(circle), respectively. The inset

shows the imaginary part ()") of sample D.

Figure 2. Field cooled (FC) and zero-field cooled (ZFC) transitions of sample D in
an applied field of 1G. The inset shows the stepwise nature of the FC transition.

Figure 3. The TGA of sample C showing the temperature dependence of the

weight loss (arbitrary scale) and its derivative.
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