PHYSICAL REVIEW B 77, 085434 (2008)

Absence of an insulator-metal transition in Rb;Cg, up to 2 GPa
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We present the results of direct resistance measurements on Rb,Cgy under pressures up to 2 GPa. At all
pressures covered by this study and over the temperature range of 90-450 K Rb,Cg is a semiconductor with
a weakly pressure dependent band gap near 0.7 eV. We do not observe the insulator-to-metal transition pre-
viously reported to occur below 1.2 GPa, although we cannot rule out the possibility that such a transition
might occur at some significantly higher pressure. The measured resistivity is surprisingly low and is domi-
nated by carriers excited over a 0.1 eV gap. Because the corresponding conductivity increases with deforma-
tion of the sample, we assign these states to structural or orientational defects. The known structural transfor-
mation below 0.5 GPa leads to a decrease in resistivity under high pressure, but the material remains
semiconducting. A RbgCg control sample showed a similar behavior, also being a semiconductor under all
conditions studied. At temperatures above 460 K, Rb was partially lost from our samples, resulting in metal-

lization by a transformation into Rb;Cgy.

DOI: 10.1103/PhysRevB.77.085434

I. INTRODUCTION

Fullerenes, like other carbon materials, are easily doped
(intercalated) by alkali metals (A). Early studies showed that
well defined structural phases A,Cgqy with x=1, 3, 4, and 6
could be synthesized by intercalation,'=> and that the inser-
tion of alkali metals was associated with a charge transfer of
one electron per metal ion to the fullerene molecules. Be-
cause the conduction band of Cg, can accept six electrons,
Ceo and AgCqo were expected to be insulators and the inter-
mediate phases should be metals. The A3;Cq, compounds
with half-filled bands were indeed found to be metallic,! and
even superconducting,*> but the A,Cq, compounds>® turned
out to be nonmetallic. Doping experiments on thin films’
show that, in general, the resistivity p of A,Cgq is about an
order of magnitude higher than that of the corresponding
A;Cg4o material, and that the temperature coefficient of p is
negative, indicating the presence of an energy gap in the
band structure. The resistivities of the A¢Cq, compounds are
about another order of magnitude higher.

The nonmetallic behavior of the A4;Cg, compounds re-
mains a poorly understood phenomenon. Compared to the
face centered cubic A;Cgqy compounds, the lattices of the
heavy alkali A,Cg4, materials are slightly expanded to accom-
modate the extra metal ions, forming body centered tetrago-
nal structures,>® while for the light alkali metals Li (Ref. 8)
and Na (Ref. 9), and mixtures of these,'® doping to x=4
leads to charge-transfer induced fullerene polymerization
into two unique lattices. For the nonpolymerized heavy alkali
compounds, simple band structure calculations indicate that
they should be metals, and the observed behavior is usually
attributed to a gap induced by a strong Jahn-Teller effect.!!~!3

Because of the poor understanding of the band structures
of the heavy alkali metal A,Cqy compounds, a large interest
was sparked by a report that high pressure BC NMR mea-
surements on Rb,Cg, indicated a transformation into a me-
tallic state at a pressure below 1.2 GPa.'* Although pure C,
has been very well investigated under pressure,'>'® much
less is known about doped fullerenes under such conditions.
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However, several recent high pressure studies have noted
anomalies in the compression behavior!”!® and band
structure'® of Rb,Cy¢, below 1 GPa, but no clear indications
of an electronic transition have been found and many ques-
tions remain. We have therefore carried out direct measure-
ments of the electric resistance on well characterized Rb,Cyg
samples under pressures up to 2 GPa in the range of
90-500 K. The data reported below clearly show that no
insulator-metal transition occurs in Rb,Cgy over this range
in temperature and pressure, and that a standard semicon-
ductor model can be fitted to the data for resistance versus
temperature at all pressures. On heating to above 470 K, we
actually do observe formation of a metallic phase, but we
show that this is due to loss of Rb and formation of Rb;Cy,.

II. EXPERIMENTAL DETAILS
A. Sample synthesis and characterization

It is notoriously difficult to synthesize Rb,Cg, in pure
form.>!”1? Initial attempts at direct synthesis from stoichio-
metric amounts of Rb and Cg, by the method of Kuntscher et
al.?® resulted in three-phase Rb,C¢, mixtures, and we have
therefore produced our samples by the commonly used two-
step method.>?!

Fully intercalated RbsCg, was first produced by the stan-
dard vapor transport method. A known amount of sublimed
Cgp with a nominal purity of 99.98% (Term-USA, Berkeley,
CA), heat treated for at least 12 h in a dynamical vacuum at
200 °C to remove water, oxygen, and other impurities, was
inserted into one end of a glass tube, with an excess amount
of metallic rubidium in the other end. The tube, which had a
constriction in the middle to separate the two materials, was
sealed under vacuum and inserted into a two-zone oven.
Treatment at average temperatures of 250-300 °C for
2—-4 weeks, with a temperature difference of 15-30 °C be-
tween the Cg, and the rubidium to avoid unwanted distilla-
tion of the metal into the fullerene chamber, resulted in for-
mation of well intercalated RbCgy. Formation of a new

©2008 The American Physical Society


http://dx.doi.org/10.1103/PhysRevB.77.085434

IWASIEWICZ-WABNIG et al.

Intensity (arb. units)

20 (deg)

FIG. 1. (Color online) X-ray diffraction data for (a) RbgCg
precursor (red) and (b) nominal Rb,Cg, (black) from the same pro-
duction batch as used in the high-pressure experiments (curves
shifted vertically for clarity). Ticks show line positions for RbsCg
(bottom, red) and Rb,Cy (top, black) calculated from literature data
(Ref. 22).

phase was evident by a color change of the Cg, powder from
brownish black to silvery gray, and the weight of the RbsCy
samples usually indicated an error of less than 0.5% in the
final stoichiometry. The material was also characterized by
x-ray diffraction and Raman spectroscopy, with samples en-
cased in glass capillaries. Typical results are shown in Figs. 1
and 2 [curve (a)].

Suitable amounts of RbsCgy and pure Cg were then well
mixed and again sealed into a glass tube under vacuum. Be-
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FIG. 2. (Color online) Raman spectra for (a) RbgCgy precursor
(red) and (b) Rb,Cg (black) from the same sample batch as used in
the high-pressure studies, scaled and shifted vertically for easier
comparison. Inset shows the A,(2) mode on an expanded energy
scale. The broad, “triangular” feature between 300 and 420 cm™! on
curve (b) is due to an unknown impurity in the spectrometer itself.

PHYSICAL REVIEW B 77, 085434 (2008)

/Rb4C60
2
g
=
= O, Lol o oo
= o) o) o) " o
: 2 22| ¥ 2 2
2 © =
E B SR
R -
8% Ha
300 250 200 150 100 50

NMR shift (ppm)

FIG. 3. (Color online) NMR spectrum of a nominal RbyCgq
sample from the same batch as the samples used for resistance
measurements. RbyCgy is clearly a majority phase, with small
amounts of RbgCg, and traces of Rb;Cg, present (as labeled).

cause we wanted to detect transitions into a metallic state, we
tried to avoid the initial presence of metallic Rb;Cg in our
samples, and we thus aimed for an overall stoichiometry of
about Rb,;Cgy to obtain a material containing Rb,Cg, as
majority phase and RbgCg, as minority phase.> Since the
latter should have a resistivity at least an order of magnitude
higher than that of Rb,Cg,,’>* and since it has no known
high pressure transitions, its presence should pose no serious
problems. The mixtures were then annealed for another
2—4 weeks at 300-350 °C, after which the material was
again characterized. Results from x-ray diffraction (XRD),
Raman, and NMR measurements on typical samples taken
from a single batch of material are shown in Figs. 1-3. The
XRD results in Fig. 1 [curve (b)] clearly indicate that the
majority phase is Rb,Cg,, but also shows a few percent of
RbCgp, as expected. Raman spectroscopy [Fig. 2, curve (b)]
indicated that at least the surfaces of most grains were ho-
mogeneous, i.e., “pure” Rb,Cgy or RbsCg, but in some cases
also showed mixed phases. NMR is a powerful analysis tool,
both because it probes the bulk of the material and because
the three compounds discussed give well separated, sharp
NMR lines.?*?> The NMR results in Fig. 3 indicated that the
particular sample studied by this method was almost 100%
pure Rb,Cy¢p. In most of our samples, none of the methods
used could detect the presence of Rb;Cgy; however, in a few
cases, Raman studies could not rule out a small amount of
surface Rb;Cgp.

Because both rubidium and the synthesized samples are
very sensitive to oxidation, the synthesis as well as all sub-
sequent storage and handling of the samples, including filling
into the pressure cells, were carried out in an argon-filled
glovebox with normal oxygen and water levels well below
1 ppm, or in closed glass capillaries.

B. Equipment and techniques

The high-pressure studies on RbyCgqy were performed in
three experiments, each on a different sample but with all
samples taken from the batch of material characterized as
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Rb,Cq in Figs. 1-3. High pressure was applied in a piston-
cylinder device with an internal diameter of 45 mm. Pressure
calibration was performed in a separate, earlier experiment,
calibrating oil pressure in the hydraulic press against a pre-
viously calibrated Manganin pressure gauge.

In each experiment, a few milligrams of Rb,Cg, powder
were loaded into a Teflon pressure cell. The actual mass of
each sample was not measured since the cell had to be
loaded in a glovebox and the amount of material in each case
was very small. To define the sample geometry and minimize
extrusion and deformation on application of pressure, the
powder was placed in shallow grooves, about 10X 1.7 mm
and 0.5 mm deep, machined either in a machinable glass
ceramic (Macor™) sample holder (first experiment) or di-
rectly in the thick bottom of the Teflon cell (second and third
experiments). All components expected to be in contact with
the sample material were well dried. Before loading the
samples, electric contacts made from 0.2 mm Nickel 200
wires were placed in the grooves in such a way as to enable
four-pole resistance measurements, taking care to avoid
shorting the current and voltage contacts. The powder was
slightly compressed on to these contacts before the final fill-
ing of the pressure cell. Thicker Cu wires, leading out
through the bottom gaskets, were soldered to the Ni contact
wires a few millimeters from the samples.

The samples were finally covered with vacuum dried hex-
agonal BN, acting as a quasihydrostatic pressure transmitting
medium. In the first experiment (using the ceramic holder),
the cell was then filled up with dried talc powder, as in our
recent studies of Cg,CgHg,?® while in the second and third
experiments, a 2 mm thick Teflon plate was placed on top.
On this plate, a planar Kanthal wire resistive heater was
placed to allow fairly rapid temperature adjustments over a
wide range. Slow cooling was provided by direct application
of liquid nitrogen to the outside of the pressure vessel, which
was insulated using standard mineral wool insulation. The
temperature of the samples was monitored by a type K ther-
mocouple placed in the pressure cell at a position geometri-
cally equivalent to the position of the samples. The total
temperature range achievable with this setup was from 90 to
about 500 K.

In the two last experiments, two samples were investi-
gated in each pressure run. One of these was always the pure
Rb,Cg, as discussed above, while the second one was either
RbgCqp or a mixture of the Rb,C¢, compounds with x=3, 4,
and 6 for comparison. However, for reasons discussed below,
the data for these samples did not add much useful informa-
tion.

In all experiments, the resistance was measured continu-
ously at intervals of 10—60 s, both while the pressure was
changed during isothermal runs at or near room temperature
and during isobaric temperature scans at selected pressures.
At each pressure the resistance was studied over the widest
possible temperature ranges to enable us to identify the con-
duction mechanism(s) in the materials studied. Each cooling
and/or heating cycle down to liquid nitrogen temperatures
took about 24 h, while high-temperature cycles above 300 K
usually took 2—4 h. Each high pressure experiment lasted
several days, the shortest just over a week, the longest for
3 weeks.
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Finally, we note here that in the experiments where the
pressure cell was filled with Teflon, we clearly observed the
well known phase transitions of this material: (i) at about
300-360 K, on heating and/or cooling at pressures below
0.5 GPa, and (ii) a less visible transition, during room tem-
perature pressure runs between 0.5 and 1 GPa.?’ The volume
change involved gave a minor anomaly in the observed re-
sistance of our samples (see Fig. 6 below), while the heat
released (or absorbed) at the transition temporarily modified
the heating and/or cooling rates.

As already mentioned above, the samples were character-
ized using (i) magic angle spinning NMR spectroscopy with
single pulses at a 7 kHz spin rate using a Bruker AMX2 500,
(ii) x-ray diffraction in a Siemens/Bruker 5000D powder dif-
fractometer in 6-26 geometry, using Cu K« radiation, and
(iii) Raman spectroscopy using a Renishaw 1000 micro-
Raman spectrometer, with three excitation lasers (514.5,
632.5, and 780 nm) at powers of 0.2—2.0 mW. The magnetic
measurements reported in Sec. III B were carried out using a
Quantum Design MPMS XL superconducting quantum inter-
ference device (SQUID) magnetometer.

III. EXPERIMENTAL RESULTS AND DISCUSSION
A. Electrical resistance studies under pressure
1. Resistance versus pressure

We present first the qualitative behavior of the measured
resistance as a function of pressure at room temperature.
Based on the results of earlier pressure studies,'*!”'? we had
expected to observe a rather sudden order-of-magnitude drop
in the observed resistance at an insulator-metal transition
somewhere in the range of 0.3-0.8 GPa at room tempera-
ture. If such an anomaly would be associated with a first-
order structural transition, as suggested by Sabouri-Dodaran
et al.,'” it might be rather sluggish, and to assure that there
was time for a possible phase transition to occur, we always
increased the pressure in small steps, allowing time for the
sample to relax. However, in no experiment did we increase
pressure continuously from O to 2 GPa. Instead, we in-
creased pressure slowly in wide steps, stopping for 24 h at a
time to carry out isobaric temperature scans at selected pres-
sures. When returning to the initial temperature after each
such scan the magnitude of the resistance had usually de-
creased by some small fraction. We will discuss the tempera-
ture and time dependence of the resistance in the following
sections and concentrate here on the pressure dependence at
room temperature.

As already mentioned above, in every experiment, the
material was initially in powder form. The application of
high pressure thus resulted in a rapid initial compression and
large changes in effective sample dimensions. We are thus
unable to report accurate data for the resistivity p and the
analysis will be based only on the measured resistance R.
However, for all phases identified, resistivity values based on
the measured resistances and reasonable estimates of the
geometrical parameters were compatible with literature
data.”?3?8 As expected, during the initial compression of the
samples, the measured resistance dropped drastically. An ex-
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FIG. 4. (Color online) Resistance versus pressure at room tem-
perature for the third Rb,C¢, sample up to 1.8 GPa. The high-
pressure data have been multiplied by a constant to make the curve
continuous through 0.5 GPa, where an extended temperature run
was made. Inset shows data over the range of 0.1-0.4 GPa for the
second sample (blue, see text).

ample of such a behavior is shown in Fig. 4 (first application
of pressure in the third experiment). The curve shown in the
figure exhibits a gradual change in slope just above 0.1 GPa.
We assume that the steeper slope below this pressure is con-
nected mainly with the initial compression of the powder
into a solid film, while the more gentle variation at higher
pressures is a real, intrinsic effect. For all initially Rb,Cg,
samples studied, we observed a tendency for a “shelf” struc-
ture around 0.15 GPa, with a stronger slope setting in above
about 0.17 GPa. In the first two experiments, we stopped the
pressure increase already at 0.1 GPa to carry out cooling
runs (see next section), but on increasing pressure through
0.15 GPa on the following days, the same behavior was ob-
served (see inset in Fig. 4). It thus seems unlikely that this is
a random phenomenon caused by the cell geometry or tech-
nical problem.

Between 0.2 and 0.5 GPa, the resistance drops smoothly
but rather rapidly with increasing pressure, but above this the
curve flattens out. Isothermal pressure runs show that, to a
reasonable approximation, the room temperature resistance
decreases exponentially with increasing pressure until it be-
comes almost pressure independent above 1.5-2 GPa. In
one experiment, we even observed a slight increase in R with
increasing pressure above 1.5 GPa, but this could be an ef-
fect of changes in geometrical factors.

The compressibility of Rb,Cg, has been studied in two
recent papers,'”!® and structural transitions have been found
in the range of 0.4-0.8 GPa. Sabouri-Dodaran et al.'’
claimed the existence of a sharp isostructural first-order tran-
sition between 0.5 and 0.8 GPa, while Huq and Stephens!'®
interpreted their data as indicating a transformation from an
orientationally disordered tetragonal structure to an orienta-
tionally ordered orthorhombic structure over a range in pres-
sure below 0.5 GPa. The absence of any sharp anomalies in
our data up to 2 GPa and the fact that the resistance drops
more rapidly below 0.5 GPa indicate that our data are in
better agreement with the results of Huq and Stephens than
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FIG. 5. (Color online) Isobaric temperature dependence of the
resistance of RbyCg, under pressure. (a)—(c) show results from the
three separate experiments. The curves for each sample (subfigure)
are labeled with the pressures (in gigapascals) at which they were
measured. The chronological order of acquisition was in (a) 0.10,
0.26, 0.37, 1.09, 1.61, 0.65, 0.30, 0.12, and 2.00 GPa, in (b) 0.10,
1.20, 2.00, 1.61, 0.70, and 0.31 GPa, and in (c) 0.50, 1.78, 1.09, and
0.20 GPa pressure.

those of Sabouri-Dodaran et al. The smooth drop in resis-
tance (by a factor of 3-5) over the range of 0.2—0.5 GPa
should not be incompatible with small changes in band gap,
gap structure, and phonon spectrum caused primarily by ori-
entational ordering of the fullerene molecules. Anomalies
with a similar magnitude are observed at the orientational
ordering transition in pure Cg.!>2%3°
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It was obvious already from the data obtained in the first
experiment that the results did not support the existence of
an insulator-to-metal transformation in the pressure range
studied here at least not at room temperature and below. In
the second and third experiments, we therefore extended the
available temperature range to include also temperatures
above room temperature.

2. Resistance versus temperature at high pressure

In the course of each experiment, we carried out isobaric
temperature scans at a number of pressures. Selected results
for R(T) obtained during temperature scans below room tem-
perature in the three experiments are shown in Figs.
5(a)-5(c). The logarithmic resistance scale of the plots
clearly shows that the sample resistance in each case varies
nearly exponentially with temperature, and that the tempera-
ture coefficient of the resistance is negative. Different abso-
lute values of R are a consequence of different sample
amounts and geometries, as well as the dependence of resis-
tivity on pressure and changes in the sample structure (to be
discussed in more detail below). As evidenced by Fig. 5, a
semiconducting behavior was clearly observed at all pres-
sures in this study. Furthermore, no significant differences
were observed in the relative temperature dependence be-
tween experiments nor at different pressures. We can there-
fore repeat and emphasize the statement already given above
that no insulator-metal phase transition is observed in Rb,Cyg,
up to 2 GPa. This somewhat disappointing result clearly con-
tradicts the conclusions from earlier NMR studies.'*3!

Already our first attempts to analyze the data obtained in
the isobaric cooling runs showed that a simple semiconduc-
tor model was not able to provide a satisfactory fit to the
data. Because the sample was known to be granular, we then
tried to employ a hopping conduction model. This gave
rather good results, but only over the limited temperature
range below room temperature, and even in this range clear
deviations were observed at the temperature extremes. After
extending the temperature range by adding the heating facil-
ity, neither of the models mentioned could be used to analyze
the data over the full temperature range of the experiments.
In fact, a quite good fit could be obtained using a single
exponential dependence on temperature [notice that the R(7T)
curves shown on the logarithmic scale in Fig. 5 are nearly
straight lines]. Obviously, such a model is incompatible with
a standard semiconducting behavior where an exponential in
T7! is expected.

Closer analysis reveals that the resistivity of Rb,Cgy in
fact shows the same general behavior as most fullerene-
based materials. It is well known that the resistance of pure
Cgo under vacuum conditions shows two types of behavior.*
At room temperature and below, the resistivity of Cg, follows
the standard semiconductor “law,”

p = po exp(E/2kgT), (1)

with an effective band gap value E, of about 0.4 €V, much
smaller than the optically measured band gap. [Equation (1)
is often simplified by substitution of an activation energy
E,=E,/2.] Well above room temperature, the activation en-
ergy becomes much higher and agrees well with the actual
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FIG. 6. (Color online) A typical set of data for the conductance
G of a nominal Rb,Cg, sample with a theoretical fit to Eq. (2) (red
curve) and its three components, attributed to metallic Rb3Cg (or-
ange) and Rb,Cy, (gap states blue, intrinsic gap green), as labeled.
Asterisk () marks the region where the resistance data were af-
fected by the phase transformation of Teflon (see text).

band gap measured optically. For samples containing oxy-
gen, on the other hand, the low-temperature resistivity is
significantly higher and the temperature dependence is gov-
erned by an E, very close to the actual band gap.?3%32 It is
believed that the low “vacuum” value of E, is due to states in
the gap which are eliminated by reaction with oxygen.

A very similar behavior is observed for our samples, al-
though modified by an additional term at low temperatures.
As in the case of pure Cg, the total conductance G of Rb,Cyg
can be written as the sum of two semiconductor conduc-
tances with different activation energies (or band gaps), cor-
responding to carriers thermally activated from the valence
band to the conduction band and from (or to) states in the
gap, respectively. We can consider these as corresponding to
“intrinsic” conduction and to “doping” by defects (self-
doping). Because we could detect the presence of a small
fraction of Rb;Cg in our samples after the experiments, we
have added a “metallic” conductance proportional to 7-! to
account for the additional low-temperature term observed.
(In principle, conduction in mixed samples is a very complex
problem but as long as the fraction of metallic phase is small
a simple additive term seems sufficient to model the behav-
ior.) Because this term is small and only important at the
lowest temperatures, we could have obtained equally good
fits adding instead a third semiconductor term or a constant.
The latter model would be unphysical, but adding a third
semiconductor would be a way to simulate a more realistic
broad distribution of gap states. However, adding another
adjustable parameter would also increase the scatter in the
data. The model used can thus be written as

G(T) = Cro,c,, eXpl— Ey ““/2kpT] + Cyp exp[— ES/2Kk5T]

+ CRb3 /T9 (2)

Ceo

where E?b“cﬁo and ES" are the two energy gaps of Rb,Cq,
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respectively, and C, are the “conductance amplitudes” of
each term, including information about the relative amounts,
the sample geometry and the conductivities. It should be
noted that this model is strictly valid at isochoric (constant
volume) conditions, while data were collected under isobaric
conditions. Since the equation of state is not known for
Rb,Cgy over most of the range investigated, we cannot carry
out the corresponding corrections, and following standard
practice we have fitted Eq. (2) directly to the measured data.

With this model, it was possible to obtain a good fit to all
data collected in the range of 90-420 K. A set of wide tem-
perature range G(T) data, together with a fit of the two-
semiconductors-and-one-metal model of Eq. (2) is shown in
Fig. 6. The fitted function has also been decomposed into its
three components to show that the measured conductivity is
dominated by carriers excited from gap states over most of
the temperature range studied, except at very low and very
high temperatures. However, the high number of adjustable
parameters means that even small errors in the data may
cause large shifts in the fitted parameters, and the possible
errors in the fitted parameters may be rather large. Also, in
our experiments, the accessible ranges of temperatures
within which the total G contains a significant fraction from
either metallic Rb;Cy or from the “intrinsic” conductivity of
Rb,Cy are very limited, causing a larger scatter in the cor-
responding fitted parameters as compared to those for “self-
doped” Rb,Cgy. For the majority of the temperature runs,
extending only below room temperature, we have therefore
also fitted a simplified model using only the two last terms in
Eq. (2). These fits give a smaller scatter in the fitted param-
eters for the gap state conductivity, but it is obvious from
both the plotted fit results and from a comparison with the
fits to the complete Eq. (2) that they overestimate slightly
both the metallic term and the fitted energy gaps E5", such
that the latter are 10—20 meV higher than the values ob-
tained from fits of the full Eq. (2). The data set shown in Fig.
6 was also selected because it shows the typical size of the
anomalies sometimes observed at the phase transitions of the
Teflon™ pressure medium.

Based on the fits obtained for the experimental data sets
measured over the widest temperature range (about
100—-400 K), we estimate the effective energy gaps E, in Eq.
(2) for RbyCg at normal pressure to be 0.11+0.01 eV (gap
states) and 0.7=0.1 eV (intrinsic band gap), respectively.
The errors are based on the scatter in the fitted parameters
only, and the real uncertainties might be greater. Despite the
fact that the energy gap values are obtained in a rather crude
way, the magnitudes are very reasonable. The band gaps of
Rb,Cyo, measured by electron energy loss spectroscopy'! and
optical reflectivity,®® are given as 0.6+0.1 eV and about
0.5 eV, respectively, in very good agreement with our result.
In view of the possibility of an insulator-to-metal transition
in RbyCgy, we have also tried to estimate how its intrinsic
energy gap depends on pressure. However, due to the limi-
tations discussed above random fluctuations in the fitted re-
sults are larger than systematic trends, and although there is
possibly a weak decrease in the band gap up to 2 GPa, with
a pressure dependence comparable to that for Cg,'> there
should be no insulator-metal transition arising from a con-
tinuous closing of the intrinsic band gap until well above
10 GPa.
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Returning to the gap states, we found that for Rb,Cy,
carriers derived from these states are excited over a gap of
about 0.11 eV. This value is of the same order of magnitude
as for other fullerene-based materials,'>2%3032 and we note
that NMR data of Zimmer et al.”> also show electrons to be
excited over a gap of about 100 meV in Rb,Cg, in excellent
agreement with our result. For pure Cg, the corresponding
levels are deeper?®2%32 at 0.3-0.8 eV below the conduction
band. Also, in this case, the states can be eliminated by the
presence of oxygen,>>¥ and the energies depend on
pressure®® and on the rotational state of the molecules?®3°
such that E, is higher for freely rotating molecules and de-
creases with increasing pressure. For Rb,Cg,, we obviously
cannot test the oxygen sensitivity, but our data show that E5%
decreases with increasing pressure. A linear fit to all data for
E&% versus pressure indicates a slope of approximately
—0.02 eV GPa™!, rather similar to that in Cg,"> and indicat-
ing that it might reach zero above 6 GPa. The data are also
compatible with a more speculative interpretation in terms of
a constant low-pressure value of 0.11 eV up to about
0.5 GPa, a decrease by 15+ 5% in the range where Huq and
Stephens'® found an orientational ordering of the Cg, mol-
ecules, and above 0.5 GPa a quite slow decrease with in-
creasing pressure. Such a behavior would indicate that the
gap states could be associated with the orientational and/or
rotational state of the Cqy molecules, as in pure fullerenes.
However, the scatter in the data is very high and the linear
interpretation is preferable from a statistics point of view. As
far as we know, RbsCq, has never been studied above
5.2 GPa,!” and further studies at very much higher pressures
are obviously needed in order to finally answer the questions
about the possible insulator-to-metal transition in this mate-
rial.

Finally, from the data of Huq and Stephens,'® we see that
the material starts out in the body-centered tetragonal, orien-
tationally disordered state and transforms into an orthorhom-
bic, orientationally ordered phase. However, the lattice pa-
rameters compress at different rates under pressure, and near
1.6 GPa, two parameters are again equal, giving again an
effectively tetragonal structure. We have thus chosen to make
temperature runs at this pressure in two of our experiments.
However, within the accuracy of the data, the fitted band
gaps and other properties vary smoothly with pressure above
1 GPa, with no particular effect observed at 1.6 GPa. From
the result presented above, we can speculate that the orien-
tational disorder seems to have a larger effect on at least the
observed gap states than the actual lattice structures (which
are, admittedly, very similar).

For the two “control” samples, nominally pure RbgCyg,
and the mixed Rb,Cgy, sample (x=3, 4, and 6), the resistance
versus temperature curves were superficially very similar to
those for Rb,Cg,, and thus again dominated by gap states.
For RbeCq, the average fitted gap state energy E5” was
found to be about 65 meV and thus lower than for Rb,Cg.
The band gaps of the A¢Cg, compounds are not well known
and estimates for K4Cy, range from 0.5 (Ref. 34) to 1.7 eV.%
The four fitted values for the intrinsic band gap of RbsCyg
were rather scattered but indicate a value of (0.5+0.1) eV,
rather lower than expected. The pressure dependence could
not be determined for either the band gap or the gap state
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energy due to the large scatter and the small number of data
points. For the mixed sample, the conductivity was again
dominated by the gap states of Rb,Cg4, and by (metallic)
conduction in Rb3;Cgy. The data for these samples thus did
not give much additional information and will not be dis-
cussed further here.

3. Time dependence

In all three experiments, we have observed a time-
dependent decrease in the total resistance of the samples,
superimposed on the changes with pressure and temperature.
Although we would expect that the resistance would be a
stable and repeatable function of pressure and temperature
after the initial compression of the powder has taken place
(over the first few hundred megapascals), possibly with some
minor changes due to changes in the geometrical factors, we
have actually observed a continuous decrease in the sample
resistance with time throughout each experiment, superim-
posed on the intrinsic pressure dependence (see the chrono-
logical order of the curves in Fig. 5). The largest changes
occurred after heating to above 400 K and when decreasing
the pressure below 0.5 GPa after measurements at the high-
est pressures, but there were also noticable changes in R with
time while the samples were resting close to room tempera-
ture after being heated from low temperatures. Apart from a
possible slow insulator-to-metal transition in Rb,Cgy, for
which we have found no evidence, there are at least three
possible explanations for such a phenomenon: the material
may simply lose Rb to transform into (metallic) Rb3Cg, the
Rb,Cyy may separate into Rbs;Cg, and RbgCg,, or pressure
and/or temperature treatment may create more gap states,
possibly by introducing structural defects in the sample.

To distinguish between these possibilities, the most direct
way would be to characterize the samples again after the
experiments. However, due to the small sample size and dif-
ficulties encountered when opening the pressure cells and
transferring the samples into capillaries inside the glovebox,
this was not always possible and, as will be shown in Sec.
IIT B, the samples from the last two experiments were also
destroyed by other effects before the end of the experiments.
We have, therefore, instead tried to draw conclusions from
the parameters obtained from fitting Eq. (2) to the data from
each temperature scan. This analysis shows that the general
behavior was the same in all three experiments. As long as
the temperature did not exceed room temperature, the con-
ductivity magnitude of the “metallic” part was within the
experimental error a quasilinear, reversible function of pres-
sure until the pressure was decreased to below about
0.4 GPa. Below this, it increased with decreasing pressure,
indicating formation of Rb;Cg,. A similar increase in the
metallic term was observed after heating to above about
420 K. It was thus clear that during most of the experiments
the dominant source of the observed resistance drift was an
increase in the “gap state” term of Eq. (2). We believe that
this increase is due to the creation of defect states in the
material when it is deformed during changes of pressure and
temperature. Cooling and heating of the pressure vessel are
associated with volume changes due to thermal contraction
and expansion, mainly of the pressure medium. Even if the
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FIG. 7. (Color online) Resistance of second (initially RbsCg)
sample on heating to 500 K, showing an insulator-to-metal transi-
tion. Dashed arrows indicate the direction of temperature change.

applied force is kept constant and friction is minimized by
the choice of materials and a liberal application of lubricant,
such volume changes unavoidably gives rise to systematic
variations in pressure during temperature scans. During each
temperature scan, the samples are thus cyclically deformed,
probably leading to a continuous increase in the density of
defects in the sample with time. We believe that this mecha-
nism greatly increases the defect density and thus also the
density of gap states in the samples, causing most of the
time-dependent changes (drift) in the resistance of the
samples. This also implicitly means that we identify the gap
states with defect states due to positional and orientational
disorder. Although Huq and Stephens'® found the high-
pressure state to be orientationally ordered, nonhydrostatic
pressure conditions and sample deformation probably create
both types of disorder in the material. As for the metallic
term, there is a clear additional increase when the pressure is
reduced below 0.4 GPa, suggesting a link to the ordering
transition observed by Huq and Stephens.!® If this transfor-
mation is reversible, the strong lattice deformation suffered
by the sample under pressure may frustrate the reverse trans-
formation into the tetragonal zero-pressure phase, causing a
strong increase in the number of both positional and orienta-
tional defects.

The source of the observed increase in metallic conduc-
tivity at low pressures is more elusive. If this term is really
due to Rb;Cg in the samples, Rb loss from reactions with
remaining water or oxygen in the cell is a possible explana-
tion for at least part of the effect seen on heating to 420 K
since high temperature increases the diffusion rates, but does
not explain the effect noticed on decreasing pressure to be-
low 0.5 GPa. Heating at zero pressure caused a large effect;
in this case, it may be possible (but unlikely) that some water
or air may have entered the pressure cell, but this should not
happen as long as a load is applied by the press.

In principle, phase separation of Rb,Cg into Rb;Cg and
RbeCgq should also be possible. A simple density calculation
based on the known unit cell parameters®? shows that such a

085434-7



IWASIEWICZ-WABNIG et al.

0.20f 0.3 GP ]
015} 1.2 GPa]
@ ]
M 20GPa |
0.10_— ]
005} -

100 150 200 250 300 350 400 450 500
T (K)

FIG. 8. (Color online) Resistance of the sample after the metal-
lization shown in Fig. 7, measured during isobaric temperature
scans at the pressures as indicated.

phase separation would increase the average density by 4%,
which is clearly favorable under high pressure and may lead
to a phase separation driven by the pressure-volume (pv)
term in the energy. However, we would then expect that the
separation should be faster at the highest pressure or when-
ever the number of defects has been increased by deforma-
tion of the sample, and the fact that the metallic conductivity
is reversible at the highest pressures clearly speaks against
this mechanism. Again, the increase in the fraction of Rb;Cygj
on decreasing pressure below 0.4 GPa may be linked to a
partially frustrated transformation, causing not only a strong
increase in the number of defects but perhaps also an in-
creased number of diffusion paths or an increased possibility
for phase separation.
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FIG. 9. (Color online) Low-temperature magnetic susceptibility
for the sample shown in Figs. 7 and 8, measured by a SQUID
magnetometer. The inset shows an enlargement of the transition
region. The three curves show zero-field cooled (ZFC, red), field-
cooled (FC, blue) and field-cooled low-field warming-up (FCW,
black) temperature scans. The green vertical line on the inset indi-
cates the nominal onset temperature of the superconducting transi-
tion in Rb;Cg.
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FIG. 10. (Color online) (a) Raman data and (b) XRD results for
an initially RbyCgy sample transformed by heating. Inset in (a)
shows the A,(2) mode on an expanded energy scale. Peak marked
by asterisk in (b) is from the BN pressure medium; ticks show
expected line positions for Rb;Cg (upper row, purple) and RbyCq
(lower row, black) calculated from literature data (Ref. 22).

As mentioned above, at least part of this term could also
be due to formation of gap states with a very small excitation
energy. In such a case, the reversible variation with pressure
probably corresponds to large relative shifts in the energies
with pressure while the permanent low pressure changes are
again due to creation of further defects.

B. Effects of high-temperature treatment

At the end of the second high-pressure experiment, we
decided to investigate whether an insulator-to-metal transi-
tion could be provoked by heating, and we therefore slowly
brought the sample to a temperature of 500 K at 0.3 GPa. As
shown in Fig. 7, just below 500 K the resistance of the nomi-
nally Rb,Cg, sample decreased rapidly by a significant frac-
tion, indicating a sharp transition into a new state. On cool-
ing, the low resistance state persisted to room temperature. In
the hope that this was indeed the metallic state of Rb,Cg, we
carried out another set of high pressure studies over a similar
range of temperatures to characterize the material. Figure 8
shows selected results, indicating a metallic state with a re-
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sistance linear in temperature and with a weak pressure de-
pendence above 0.3 GPa and a temperature coefficient typi-
cal for metals, about 3.1 X 10~ K~ at 0.3 GPa and 300 K.
(No accurate zero-pressure data could be obtained since one
of the connecting wires broke on decreasing pressure.) The
second, mixed state sample in the cell also showed a large
drop in resistance magnitude, but no metallic state appeared
after heating. The same type of treatment was also carried
out at the end of the third high-pressure experiment. Surpris-
ingly, in this case, an originally RbsCy¢, sample transformed
into a metallic state, while the initially Rb,Cg, retained its
semiconducting character, although with a reduced resistiv-
1ty.

After the experiments, we removed the very small
samples from the pressure cell for characterization. The re-
sults clearly showed that the samples now contained Rb;Cg,
as majority phase. Figure 9 shows that the onset of the su-
perconducting transition for the material falls at 29 K, in
excellent agreement with data for Rb;Cg(.>3¢ The relatively
low bulk transition temperature near 20 K and the wide tran-
sition range indicates that the bulk of the material has a non-
uniform composition and/or very small grains. This is com-
patible with the observation of a paramagnetic behavior in
the superconducting state (Wohlleben or paramagnetic
Meissner effect) in a very weak field (100 G), a feature usu-
ally shown by disordered materials with very small grains.’’

Figure 10 shows Raman and XRD data for the initially
Rb,Cgy sample from the third experiment. The Raman data
show a strong A,(2) mode at 1447 cm™! and other features
characteristic for Rb;Cy,, and although the strongest peaks
for Rb,Cyg are clearly seen in the XRD diagram, it is domi-
nated by peaks from Rb;Cg,. No trace of RbsCg is observed
by either method.

The transformation observed is rapid, and the absence of
RbgCy in the samples after the experiments indicates that
the phase separation process discussed above is not respon-
sible. Instead, the samples seem to have lost Rb by a rapid
process. Again, it may be possible that some water or oxygen
is present in the cell, but the sudden onset and rapid trans-
formation speak against reaction with impurities already
present at lower temperatures. Instead, the “transition tem-
perature” correlates well with the 460 K melting point of the
Sn-Pb solder used to attach the Ni contact probes to the Cu
wires. Rb is known to react with both Sn and Pb.*® Although
the solder was applied several millimeters from the samples,
it is possible that capillary action has brought liquid Sn-Pb
alloy into contact with the sample, making a reaction be-
tween Rb and Sn or Pb possible such that Rb diffused out of
our samples. In fact, a very thin solder film was observed to
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have spread between the Teflon layers in certain areas when
the last pressure cell was opened. This mechanism also ex-
plains the random element of the transformation, i.e., why
only some samples, with different compositions, trans-
formed.

IV. CONCLUSIONS

We have presented the results of direct resistance mea-
surements on Rb,Cy¢, under pressure. We show that our data
are compatible with recent structural studies but, in contra-
diction of an earlier NMR result, we find that there is no
insulator-to-metal transition up to a pressure of 2 GPa. Our
conductivity data can be fitted with excellent results to a
model consisting of two semiconducting and one metallic
channels acting in parallel, and interpreted in terms of (at
least) two phases, one metallic and the other a semiconductor
with gap donor states. The model is consistent with the
sample composition and with known fullerene properties and
has a good physical background. The estimated energy
gap(s) and their behavior under pressure are in agreement
with the expected properties of the material, but although the
gap decreases slightly with increasing pressure, we see no
indications of an incipient closing of the band gap under high
pressure. However, the already high zero-pressure conductiv-
ity of Rb,Cgy, dominated by self-doping by gap states, in-
creases by more than an order of magnitude through the or-
dering transition and up to 1 GPa. It is possible that the
earlier report'* of an insulator-metal transition in this mate-
rial was based on the high conductivity of this self-doped
semiconductor. Although some of our samples showed a
transition to a metallic behavior under pressure after high-
temperature treatment, this was clearly identified as a conse-
quence of rapid loss of Rb from the samples, causing a trans-
formation to metallic Rb;Cg. As far as we know, Rb,Cg has
never been studied above 5.2 GPa,!” and further studies at
very much higher pressures are needed in order to finally
answer the questions about the possible insulator-to-metal
transition in this material, especially in view of the fact that
the related compound Na,Cg, also is known to have a phase
transformation into a little known state under relatively low
pressures.>
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