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Abstract—We present an NMR study of RbsCy, performed under pressure up to 12 kbar. The temperature
dependence of the 3¢ spin-lattice relaxation rate is activated at ambient pressure and becomes Korringa-like
under pressure. The behaviour of the relaxation is interpreted in terms of one channel due to excited
intramolecular triplet states above the Jahn-Teller ground state plus another one related to electron-hole
excitations through an indirect band gap. In spite of a finite value of the density of states at the Fermi level
indicated by the NMR data under pressure, no superconductivity could be detected at 15kbar above 0.4K.
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1. INTRODUCTION

In A4C4 compounds (where A is an alkali atom) four
levels among the six threefold-degenerate lowest
unoccupied molecular orbitals (LUMO), t,, are
occupied by electrons provided by alkali metal
atoms implying a partial filling of the band in the
solid. The situation is similar in A;Cyq (half-filled
band) where it leads to metallic and superconducting
compounds at variance with insulating AzCs where
the LUMO level is completely filled. However, the
metallic character which could be expected because
the partial band filling [1], is not observed in A4Cgo. As
a matter of fact, a rigid-band model does not seem to
be valid for A,Cg compounds as shown in photo-
emission spectra from the growth of a new broad band
near the Fermi level, Eg, as x increases [2]. More
precisely, a photoelectric yield spectroscopy study of
K, Cg compounds has clearly identified a Fermi band
edge for x =3 confirming its metallic character,
whereas Ep is located in the band tail for x = 4 and
6, indicating an insulating character for these last
compounds [3]. This situation is confirmed by optical
conductivity data [4]. Moreover, muon spin relaxation
(1SR) [5] and ESR spin susceptibility [6] measure-
ments performed on K4Cg and KzCgy compounds
show that both systems are non-conducting and non-
magnetic at low temperature. Finally, resistivity
measurements performed on Cgq thin films exposed
to alkali vapour have provided for A;Cq a resistivity
value at room temperature which is intermediate
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between those found for A;Cyy and AgCyp stoichio-
metries and an insulating-like temperature depen-
dence [7, 8]. Whereas the insulating nature of AzCqg
can be readily understood in terms of a gap between
the completely filled t;, valence band and the empty
t;g conduction band, the rigid-band model has failed
to explain the non-conducting nature of A4Ce.
Furthermore, recent resonant Raman spectroscopy
experiments in KyCyy have identified a gap in the
band structure of the order of 50-70 meV attributed
to a splitting within the t;, manifold [9]. An exponen-
tial temperature dependence of the NMR spin-lattice
relaxation rate (T{I) of K, Cg; has been reported with
an activation energy also in the range of 50 meV [10].

One of the differences between stoichiometries 3
and 4 is related to the crystalline structure. While
A;Cq compounds retain the face-centered cubic
structure of Cgy crystals with alkali atoms occupying
all interstitial sites, A,Cqo compounds adopt a body-
centered tetragonal (bct) structure leading to smaller
intermolecular overlaps. An orientational disorder (of
random or merohedral type) is also necessary to
preserve this structure when the molecular reorienta-
tions are frozen at low temperature [11, 12]. If the
semi-conducting behaviour of A;Cg is related to a
less compact structure as compared to A3Cgg, an
applied pressure could remove this difference and
increase the density of states at the Fermi level. There-
fore, we anticipate that the role of pressure on 77!
could clarify the origin of the energy gap and dis-
criminate between intramolecular (Jahn-Teller
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distortion, Mott insulator) or intermolecular (charge
density wave distortion) origins for the electron
localization.

Furthermore, the NMR properties are still not well
understood. The position of the *C line in Rb,Cqy is
at 181 ppm as referenced to TMS, which corresponds
to a paramagnetic shift of 38 ppm from the neutral Cy
linei.e. 15 ppm less than the Rb;Cy, shift. This shift is
nearly the same as for K4Cq (182ppm) [10] and
moreover, in both compounds the C spin-lattice
relaxation time, 77, at room temperature is shorter
(=0.1s) than in metallic compounds K;Cq and
Rb;3C¢ (0.3 5 and 0.2 s, respectively).

We consider the molecular Jahn-Teller distortion
of the threefold-degenerate t;, LUMO level to be a
clue for understanding optical [4], Raman [9] and
magnetic [13] properties of RbsCgg. The evolution of
the electronic structure under pressure can be under-
stood as follows. The t;, manifold is split into three
components with two lower degenerate components
and one higher component. Furthermore, the inter-
molecular interaction gives rise to the broadening of
the molecular levels into a semiconducting band
scheme. The large gap seen by optical studies (only
defined by an upper limit ~0.3eV [4]) and the rela-
tively large dc conductivity (as compared to the fully
insulating RbgCqg phase) [8] suggest to us that the
picture of an indirect narrow gap semiconductor is
relevant for Rb,Cgg. Optical experiments probe only a
large direct gap (i.e. related to direct transitions in k-
space), whereas dc conductivity is only sensitive to the
lowest gap i.e. the narrow indirect one.

We report here on the temperature dependence of
the *C-NMR spin-lattice relaxation rate performed
on RbsCyy under different applied pressures and on
Rb;Cq at ambient pressure. In Rb,Cg, an exponen-
tial temperature dependence of 7' is observed at
ambient pressure which we attributed to the intrinsic
spin excitations. The growth of a linear contribution
to T, takes place under pressure, coexisting with the
exponential term. This is explained by the Jahn—Teller
splitting of the t;, LUMO level together with an
increase of the energy dispersion under pressure lead-
ing to a semimetallic behaviour.

2, SAMPLE PREPARATION AND
CHARACTERIZATION

The RbyCy; sample was prepared from a 10% C
enriched Cqy powder. After Rubidium doping up to
saturation to form RbgCgy, RbsCyy was obtained by
reacting stoichiometric amounts of RbsCgy and Cgg as
described in Ref. [14]. It was then separated into

two samples of 10 mg each. The first one was sealed in

a glass tube and used for the ambient pressure
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measurements. The second, used for the high pressure
measurements was transferred under argon atmo-
sphere in the pressure medium in order to avoid air
exposure. The Rb;Cq¢q sample was prepared from a
non-enriched Cqy powder by reacting stoichiometric
amounts of RbgCgq and Cgy. We used about 40 mg of
this Rb;Cyo powder sealed in a glass tube for ambient
pressure investigations.

In order to determine quantitatively the composi-
tion of our samples, high resolution Magic Angle
Spinning (MAS) NMR spectra have been performed.
They were recorded with a long repetition time
(7 =100s) and a long accumulation time in order to
detect the possible presence of parasitic phases
namely: Cg (T) = 1508 for Hy=4.7T), RbsCe
(T = 10s) and Rb3Cgq (T = 0.225) in the nominally
Rb,Cqp sample or RbsCyq (T = 0.08s) in the nomin-
ally RbyCyp sample [14]. All these lines are usually
superimposed in wide band NMR spectra. The MAS
spectrum corresponding to the Rb,Cgy sample pre-
sents a main line at 181 ppm attributed to the Rb,Cyq
phase and two smaller ones. The positions and relative
intensities of these lines allowed us to estimate the
following composition of the sample: ~85% of
RbyCgy (181 ppm), ~ 15% of RbgCqy (155 ppm) and
less than 1% of Rb;Cgy (193 ppm). In the Rb;Cq
sample, about 15% of RbyCgq was detected. No trace
of Cg could be detected in both samples.

BC.NMR experiments at ambient pressure were
performed in a high resolution NMR magnet at 9.4 T
(I00MHz) while high pressure experiments were
performed at 8T (86 MHz). High pressure (up to
13kbar) was supplied by a two stage equipment
using isopentane as the pressure medium. The Be-
Cu pressure cell is cooled down to liquid Helium
temperature by a continuous flow cryostat. The *C
spin-lattice relaxation times, T, were measured with
the inversion-recovery technique above room tem-
perature and the saturation-recovery technique
below room temperature.

3. LINESHAPES OF *C SPECTRA AND T,
MEASUREMENTS IN Rb,Cy

Figure 1 displays the temperature dependence of the
BC-NMR spectra, recorded in RbsCgy at ambient
pressure. They were obtained by Fourier transforming -
one half of the spin echo, recorded with a repetition
time 7 = s in order to eliminate the RbgCygq contri-
bution. In the temperature range from 350 down to
260K, the RbyCqq line is narrow (12 ppm wide at half
maximum, at T = 293K) and non-symmetric. This
lineshape can be simulated by an axial symmetry
powder pattern due to anisotropic fast rotations of
Cgo molecules. The components of the shift tensor
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Fig. 1. Temperature dependence of the BC-NMR spectra on
Rb4Cyp at ambient pressure.

were determined as o) = 189 ppm and ¢, = 165ppm
at 293 K. Between 260 and 170K, the line broadens
rapidly and two wings develop on both sides. Finally,
below 170K, the linewidth remains unchanged, indi-
cating that all molecular motions are frozen at the
NMR time scale and the lineshape is then only defined
by the chemical shift anisotropy (CSA). This behav-
iour is clearly visible on the temperature dependence
of the linewidth at half maximum, v, plotted in Fig.
2(a). The full linewidth of the spectrum, dvcga, corre-
sponding to the rigid lattice amounts to 300 ppm
(30kHz at 9.4 T) which is significantly broader than
the corresponding spectra of Cgy and Rb;Cg (around
200 ppm). Actually, this spectrum should be the com-
bination of several powder patterns as 9 inequivalent
carbon sites are identified in the [4mmm structure {12].
However, the frozen state spectrum appears around
170 K in Rb,Cy, (Fig. 2(a)) whereas the *C-linewidth
is saturating around 100K in K;C¢ [15] and 80K in
K4Ce [10]. Under ambient conditions Cgo molecules
undergo fast axial rotations as shown by the NMR
lineshapes (Fig. 1) and similarly for RbyCgq [14]. If we
adopt the model proposed for Cgq [16] and K3Cqp [15]
consisting of uniaxial rotations with jumps between
equivalent axes orientations, this means that these last
motions (change in rotation axis) are slow compared
to the inverse of the spectral CSA linewidth. However,
the slowing down of uniaxial rotations can be tested
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Fig. 2. (a) Temperature dependence of the BC linewidth at
half maximum at P = lbar (O) and P =8kbar (®). (b)
Temperature dependence of 75! on RbyCy at ambient
pressure. The continuous line is an exponential fit of the
three experimental points at T’ = 240, 260 and 280 K.

by the temperature dependence of the spin echo decay
rate (7,)”" which is related to the correlation time of
these reorientations, 7. In the fast motion limit, i.e.
T < bwisa (< 30 usat 9.4 T) or from the NMR spectra
T > 220K, the temperature dependent part of (Ty)!
is given by

T = 4268274+ — 1
2 v <T+1+w27'2 (1)

where 7 = 1 exp(£;/kT) and 46B = Swcsa.

‘The second term which is proportional to the con-

tribution of the motions to ;™! is always negligible in
this temperature region as T, > 17 (a few ms™
compared to a few s™1). An exponential divergence is
indeed observed between 220 and 260K with an
activation energy E, of about 4300+ 500K (Fig.
2(b)). We have subtracted in this fit the temperature
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Fig. 3. Pressure dependence of the *C-NMR spectra on
Rb,Cy at room temperature.

independent part of 75! evaluated to be 0.15s™ and
to be due to the dipole-dipole contribution [15]. The
actual CSA linewidth is not known precisely enough
to derive 7y. We can only evaluate an upper limit using
Swesa = 30 us which gives 7y & 4 x 107165,

The pressure dependence of the lineshape recorded
at room temperature is shown in Fig. 3. It is reminis-
cent of its temperature dependence: the linewidth
increases by a factor 4 between 1bar and 13 kbar.
However, molecular motions are not yet completely
frozen under 13 kbar, at room temperature. The freez-
ing transition, observed when decreasing the tempera-
ture at constant pressure occurs at higher temperature
and broadens under pressure, as shown on Fig. 2(a).

4. SPIN-LATTICE RELAXATION RATE

For the metallic compound Rb;Cq, we have
plotted in Fig. 4, the temperature dependence of
(T\T)”", measured at 1bar and the temperature
dependences of 77!, measured at 1 bar, 8 kbar and
12kbar in Rb,Cy are reported in Fig. 5.

In RbyCq, at ambient pressure, the recovery of the
magnetisation can be described by a single exponen-
tial behaviour down to 140 K. At lower temperature
and under pressure different types of fits (stretched
and multiexponential) have been tried to determine
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Fig. 4. Temperature dependence of (T,T)™' on Rb;yCq, at
ambient pressure.

T). The experimental accuracy, which is decreasing at
increasing pressure, does not allow discrimination
between these different methods. Because of the pre-
sence of ~ 15% of RbsCy in our sample, a biexpo-
nential fit has been chosen with a ratio 80/20 between
the two contributions. The longer 7 corresponds to
the RbgCyo contribution which should appear when
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Fig. 5. Temperature dependence of the *C-NMR spin-lattice
relaxation rate, T;™' on RbsCyy at P = 1bar, §kbar and
12kbar. The dashed line is the fit of experimental points to
eqn (2) at ambient pressure and the continuous lines are the
fit of experimental points to eqn (5). The insert shows the
ambient pressure results plotted as In( Tl'l) versus 1000/7.
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the RbyCgp spectrum is broadening and includes all
the RbgCqy one. To explain the non-exponential
relaxation in the frozen state, the presence of different
carbon sites with different electronic densities can also
be argued as for A;Cq compounds [17]. For this
reason the relaxation in Rb;Cgq has been fitted by a
stretched exponential (M = Mo(1 —exp(—/T})"))
with a constant exponent 3 found to be 0.84.

The plot of Fig. 4 shows that the Korringa law is
well obeyed in Rb;Cy between 30 and 100K giving
(T,T)"1 =9.5-1073(Ks)™!. This plateau is even
better defined than in a previous study [18]. In the
high temperature region, the reduction of (7 T) ' by
a factor of two between 300 and 100K could be due
only to thermal contraction effects, as was recently
suggested by a study on several compounds of the type
A,A%_.Cg, by comparing the temperature depen-
dences of (T, T')™" and the lattice parameters [19].

At ambient pressure, the temperature dependence
of 77! in RbyCyy (Fig. 5) is much steeper than the
linear variation observed in metals, as already men-
tioned for K4Cg [10] and Rb,Cqgq [20]. However, the
room temperature value 77! = 957!, is lower than
the MAS-NMR result (12.5s7}), performed on the
same sample at lower field (4.7 instead of 9.3 T). This
difference could be attributed to a possible field
dependence of the relaxation rate related to a con-
tribution from molecular motions. With increasing
pressure, two phenomena are observed:

(1) At room temperature T} strongly decreases
with increasing pressure, as shown in Fig. 6.
(2) The amount of the temperature dependence of
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Fig. 6. Pressure dependence of the spin-lattice relaxation rate,
77!, on RbyCyq at room temperature.

T, decreases with increasing pressure and
becomes almost linear under 12 kbar (see Fig. 5).

No evidence of an extra (non-electronic) contribu-
tion to the spin-lattice relaxation due to molecular
reorientations could be observed up to 350K in
RbsCyy and 300K in Rb3Cgq. Actually, in KyCe, a
peak in 77"'(T) around 300K has been attributed to
the slowing down of the isotropic molecular motions
[10]. This effect has also been observed in K3Cg
around 230K [15], for the same magnetic field (7T).
Although we cannot completely rule out the presence
of this peak in RbsCg¢y and in Rb3Cg from our
experimental data points obtained with temperature
increments of 10K, we guess that this additional
contribution to 77}, if it is also present in Rb-doped
compounds, could be shifted above room temperature
because of the size difference between K and Rb
atoms. Comparing the ionic radius of alkali atoms
K(r=1.38 A) and Rb(r = 1.49 A) with the average
radius of the alkali ion site in the bet structures, 1.40 A
for K4Cqp and 1.48 A for Rb,Cqq [21] shows that the
matching is better for the Kt ions, Consequently, in
RbyCq, the lattice expansion which is necessary to
accommodate Rb™ ions could slow down rotations of
the Cq4p molecules and shift them to higher tempera-
ture. A further argument for different molecular
dynamical properties in RbyCgy as compared to
K,4Cy and K3Cqy is given by the much higher freezing
temperature of molecular motions for the first com-
pound, as discussed in the previous section. Moreover,
a further slowing down of the motions in RbyCqy,
together with an increase of the peak temperature on
T H(T), is expected to occur under pressure. There-
fore, we may be fairly confident that the spin-lattice
relaxation rate presented in Fig. 5 is governed by
electronic excitations. After this work was submitted,
we learnt about a similar study performed at ambient
pressure on a RbsCe sample with the same °C
enrichment [22]. However, their experimental data
somehow disagree with our results in the intermediate
temperature region where their ;' values are higher
than ours.

5. DISCUSSION AND THEORETICAL MODEL

At ambient pressure, we observe two different
regimes on the temperature dependence of T LA
plot of In(T;™!) versus 1/T reveals, at 7 > 100K, an
activation regime with the activation energy: E, =
739K (see insert of Fig. 5). The low temperature
behaviour is consistent with an activated regime
(Ey, < 100K), however the experimental accuracy
does not allow us to rule out unambiguously a
power law dependence. Nevertheless, it is clear that
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the temperature dependence of Ty is still sharper
than a Korringa law. '
The simplest interpretation for an activated relax-
ation rate is the excitations of electron-hole pairs
through a band gap. More precisely, if we assume
that the relaxation is caused by thermally activated
intrinsic carriers, in a semiconducting regime, this
contribution is found as (see Appendix 1)

_ AN (kT \*h §
=] (5 (o -57)

2)

where ¢ =h?/ma® is the bandwidth and § is the
smallest indirect gap between occupied and unoccu-
pied subbands of the t;, manifold. This expression
simplifies to

O ANV (kT N\ §
Tipana =T 7\ 7 ) 7P\ 5T

for § > 2kT (3)

and

2 2
T band = 7(%) <¥> %111(2) for § < 2kT. (4)

As seen by the dashed line on Fig. 5, the quality of the
fit of experimental data at 1 bar with eqn (2) is not
good enough, especially at low temperature
(T < 200K) where the measured T are longer than
the ones expected from eqn (2). The choice of delocal-
ized band carriers may not be appropriate. Alter-
natively, the NMR relaxation may be provided by
localized paramagnetic centres. The activated behav-
iour observed down to about 120 K shows that these
centres should be intrinsic. In principle those can be
localized electrons, holes or triplet electron excited
states on the Cg molecule. At lower temperature,
In((T,T%)™") as a function of 1/T remains constant
and we can apply eqn (4) which means that the
activation energy Ey, is less than 100 K. The contribu-
tion of spins with large activation energy dominates
down to about 120 K while below this temperature the
small gap process becomes the most efficient channel.

The fit obtained with the largest activation energy £,
has been reported in Fig. 4 (full line). This value of E,
is indeed very close to the activation energy deduced
from the spin susceptibility (=~ 600K) [13] and from
the NMR T,"! measured in K;Cgy (550K) [10].
Under pressure, the largest activation energy
decreases, whereas the low temperature contribution
becomes a linear one. Therefore, the temperature
dependence of T™' under pressure (Fig. 5) can be
modeled by a law of the type:

T = aexp <— %) + bT. (5)

The first channel requires the excitation of paramag-
netic centres with an activation energy E, whereas the
linear term can be related to a nuclear relaxation
channel from a degenerate electron gas (ie. a
Korringa-like relaxation). Table 1 gives the para-
meters a, £, and b in eqn (5) at 1bar, 8 kbar and
12 kbar whereas these fits are plotted as full lines on
Fig. 5. The relaxation via excited centres is clearly
dominant at P = lbar in the temperature domain
120-300K. On the other hand, the Korringa-type
relaxation becomes the dominant relaxation channel
under pressure.

Following the experimental results, we may assume
that the NMR relaxation rate amounts to two
contributions:

T = T+ Tiha (6)

where Tll'éi, is related to excitations of carriers
through the large direct gap A/k = 2 E,, presumably
at the T point of the Brillouin zone and T{ﬁld is dueto
excitations of electron-hole pairs through the narrow
indirect gap 6/k = 2 Ey,. At ambient pressure, the low
yield of the relaxation via free electrons makes this
channel efficient only at low temperatures. The local-
ized states provide the most efficient relaxation, which
dominates at T > 100K in spite of their higher acti-
vation energy (£, = 739K A ~ 130 meV),

For the NMR relaxation by the localized triplet
electronic states the relaxation rate Tn._éir can be
written as for paramagnetic impurities [23], the
thermally activated concentration of those being

Table 1. Parameters extracted from the fit of T;™! (T) by the law
aexp(—E,/T) + bT and the correlation time, 7, and the density of states at
the Fermi level, N(0) from eqns (7) and (8)

Pressure a E, b I N(0)
(kbar) ) K 6K (10-4s)  (eV.spin-mol)”t
0.001 111 739 0 23 0
8 169 529  0.0038 3.5 6.7
12 426 333 0.0052 0.9 7.8
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defined by Boltzmann statistics:

_ AV E,
Tide = <E> T exp<—ﬁ> (7)

where 7, is the relaxation time of the paramagnetic
moments themselves and A is the hyperfine coupling
constant defined independently on the source of
relaxation (Fermi contact or dipolar mechanism).

We attribute the second contribution in eqn (6) to
band electrons with a small activation energy
Ey < 100K (6 < 20meV) at ambient pressure. Both
the valence and conduction bands are expected to
broaden under pressure at a rate which can be esti-
mated from the NMR study of K3Cgq under pressure
to be 2meV - kbar™' [24]. Therefore, we can infer that
a pressure less than 5kbar should be large enough to
close the indirect gap § assuming that there is no
significant  difference in ° lattice compressibility
between A3;Cg¢y and AyCyy. According to Table I,
the existence of a linear term in the temperature
dependence of 77! at 8 and 12kbar may be the
signature for a finite density of states at the Fermi
level. Therefore a semiconducting to semimetal transi-
tion should arise below 8 kbar leading to a Korringa-
type relaxation for TlTiLd- We could not detect any
visible paramagnetic shift of the NMR line due to the
isotropic part of the Knight shift. However, this
contribution could be small if the main contribution
to the Knight shift is of dipolar origin as for A;Cy¢q
compounds [25].

In the metallic regime, the relaxation caused by the
band carriers, T[iﬁld is given by

A 2

The same relation can be used either for a Fermi
contact or a dipolar relaxation, the differences
between the two mechanisms being included in the
definition of A.

For the numerical estimates, the hyperfine coupling
constant, 4, was obtained from the Korringa-type
relation (eqn (8)) which is well obeyed by T;7! in
Rb;Cy between 30 and 100K. Using N(0) = 10.5
states/(eV - spin-molecule) deduced from LDA
calculations [25] and (T17)' =9.5.107(Ks)~!
from the plot of Fig. 4, we have obtained 4=
2.32.107%7 J. We have made the assumption that the
same value for the hyperfine coupling constant, 4,
which is an atomic property, can be used in both
Rb;Cyy and RbyCq (in spite of the possible presence
of a Jahn-Teller distortion in RbsCqy). From the
preexponential factors of the activated contribution
to T7"! (a parameter in Table 1), we have deduced the

characteristic correlation times 7, in eqn (7) for the
different pressures, which are also reported in Table 1.
Note the very short relaxation time 7, for the localized
spins in comparison with the usual characteristic times
of the spin-lattice relaxation of paramagnetic impu-
rities: & 1078 to 107% s at room temperature [23] and
its strong decrease under pressure. The question about
the origin of 7, requires careful consideration. One of
the possible mechanisms could be the usual diffusion
of excited states, which grows with increasing inter-
molecular interactions under pressure. A more likely
mechanism is the decay of localized states which is
favourable when the indirect gap closes under pres-
sure. It is also unclear whether localized paramagnetic
moments still exist up to P = 12kbar. Using eqn (8)
and the b parameter in Table 1, we have extracted
N(0) for the different pressures which are also
reported in Table 1. At P = 12kbar, the temperature
dependence of 7! is dominated by the Korringa
channel with (T,7)"'=52-103(K.s)™' and
shows a great similarity with the data obtained on
K;Cq at lbar ((7T;7)7' =6.6-107(K-s)™") [26]
although the hyperfine coupling constants may be
different in the two compounds.

Altogether the semiconducting structure at ambient
pressure, the transition to a semimetallic state under
pressure, the nature of the localized states, their
coexistence with band carriers at intermediate pres-
sure and the decrease of the activation energy E,
under pressure can be described on the basis of the
Jahn—Teller effect in A4;Cgy compounds. Theoretical
studies [27] of the isolated Cfy ions show that for
n # 0and 6 we should expect a spontaneous symmetry
breaking of the icosahedral Cgq cage. Energy is gained
because of the splitting of the partially filled ty,
LUMO orbitals which is known as Jahn-Teller
effect. For the isolated molecule this effect can be
smeared out by quantum fluctuations (see Ref. [27]
and references therein) while in the crystal, it competes
with the band structure effect. This last effect seems to
dominate in A;Cgg compounds where no Jahn-Teller
distortion has been observed till now. In the case of
A4Cq compounds, the Jahn—Teller effect is necessary
to understand their semiconducting behaviour at
ambient pressure. It should be strong enough to
overcome the bandwidth effect which was taken into
account in the band calculations, predicting a metallic
nature for AsC¢ [1]. In RbyCyy, four additional
electrons occupy the threefold-degenerate t;,
LUMO level (basis functions x, y, z). The Jahn-
Teller effect comes from the interaction of electrons
with Hj, intramolecular phonon modes and leads
to the splitting of the t;, level into the twofold-
degenerate x % iy lower level E; and the z higher
level E,, the Cq molecule being slightly squeezed
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along the z-direction. The Jahn-Teller gap in the
electronic spectrum is £y = E, — Ey. For the isolated
molecule in the ground state, the x £ iy level is com-
pletely filled by the ny =4 electrons forming the
singlet. The crystal structure leads to the band disper-
sion of these Jahn-Teller split levels (Cf7). We
assume, however, that at ambient pressure the bands
dispersion 7 does not close the Jahn-Teller gap but
leads to its substantial reduction to ~ (Ajp — ¢). The
neutral triplet state corresponds to the first excited
molecular eigenstate C¢y* which differs from Cf by
the inverse arrangement of the x & iy and z electronic
levels and by the elongation of Cgy molecule [27]. The
lower z level is completely filled by two electrons and
the higher x & iy level is partially filled by the two
residual electrons. The latter, according to the Hund
rule, form the triplet state giving rise to thermally
activated localized paramagnetic centres. The activa-
tion energy of such a type of exciton is 1/2Ejt (see
Appendix 2). Let us remark that all energy levels of the
excited states are within the crystal gap. With increas-
ing pressure the bandwidth increases, the localized
states become resonance states and their lifetime
decreases.

The activation energy E, for the direct process,
which is an intramolecular property, is however
strongly depressed under pressure but does not dis-
appear when the indirect band gap § closes. This
feature can be understood in terms of a screening of
the Jahn-Teller effect by excited carriers in the
indirect gap band structure (see Appendix 2).

Finally, let us discuss the essential difference
between our empirical value for the Jahn-Teller gap
Ejr and the values obtained in optical measurements
[9] and theoretical calculations [27]. Our value E,, is
about three times higher than the gap, which was
obtained in Raman experiments (50meV) [9] and
five times less than the theoretical estimate
(720meV) [27]. We see two possibilities to explain
the difference with the Raman measurements:

(1) The localized states are created at the I'-point of
the Brillouin zone. It can happen that the mini-
mal direct gap detected in Raman experiments
is in the other point of the Brillouin zone.

(2) There exists an orientational disorder of the Cgq
molecules in the tetragonal lattice which has not
yet been taken into account in any band calcu-
lations (the five-fold axis of the molecule is not
compatible with the four-fold symmetry of the
lattice). While this disorder is weak in terms of
molecular positions it exerts strong random
perturbations for the intermolecular hopping
amplitudes. As a result, there is no quasi-
momentum conservation and no selection

rules for the optical transitions. In such a case,
the optical transitions between the states with
different wave-vectors are possible and the litera-
ture gap becomes less than the real direct one.

6. CONCLUSION

The present NMR investigation performed in
RbsCqy under pressure points out the essential role
played by the Jahn-Teller splitting of Cgo' molecular
levels on the band structure of this material. Assuming
that the dominant activated NMR relaxation
observed at 1 bar is provided by localized paramag-
netic centres, we can estimate the Jahn~Teller splitting
as Ejr ~ 130meV. The band structure evolves from a
narrow indirect gap semiconductor at ambient pres-
sure to a semimetallic material under pressure. The
linear contribution to 77" observed above 8 kbar
gives a finite density of states at the Fermi level
increasing with pressure. The value of N(0) derived
under 12kbar is only slightly lower than the value
obtained in A;Cg compounds undergoing a super-
conducting transition. Therefore, a search for super-
conductivity has been made in Rb;Cqy under 15 and
10kbar using the ac susceptibility method. We have
been able to detect the superconducting transition
ascribed to a minority phase (=10%) of Rb;Cqg
(T.,=145K at P=15kbar and T, =20K at P=
10 kbar) contained in the Rb,Cyy sample, but no other
transition could be detected down to 0.39 K. One of
the reasons may be the following. In spite of similar
values of the density of states at the Fermi level for
K;Cq at ambient pressure and for RbyCg at
P = 12kbar, they have different origins. In K;Cq,
the density of states is related to the metallic Fermi
surface, while in RbyCyq the density of states derived
from the NMR data at high pressure is indeed a
summation over several band structure valleys. There-
fore the density of states of an individual valley may be
too small to stabilize superconductivity in the investi-
gated temperature domain,
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APPENDIX 1: NUCLEAR MAGNETIC RELAXATION
RATE CAUSED BY THE BAND CARRIERS

The relaxation caused by the band carriers both for

a semiconducting and for a metallic regime is deter-
mined by their density of states (DOS) N(e)

B A4 2 v
T hand = Wh(ﬁ) Zjnq(l — ng,) NP (&) de,

1

o« AR ] (A1)

n

Here 4 is the hyperfine constant, 4 is the chemical
potential and N;(¢;) is the DOS of the i-th band. The
summation is over the total number v of the free
carrier bands.

Near the band extrema we can write

dmp? dp;
Ni(E[)=2 TP, D; 3

—a’; - +P,~2 (A2)
(2mh)* de;

o
T2 " 2m
where a° is the volume per Cg molecule, m; is the
effective mass in the i-th band. The momentum p; is
counted from the minima position in the Brillouin
zone. Using (A1) and (A2) we derive a general formula
for the relaxation by intrinsic carriers

3
- ANV 2 & (mra?
T oans = <%> 72(‘%2‘“) (kT )?

o~
" n
1

x In(1 -+ exp(=6,/2kT)). (A3)
This formula is valid for any sign of §, ie. in a
semiconducting region, where § > 0 and in a semi-
metallic region, where § < 0.

Generally we expect that m} ~ h? / 1;a%, where 1, is
the width of the i-th band. In a semiconductor we
obtain for §; > T:

- 2 (AN (KT)?
Tl,bland=F<F1>Zt_i( [2) exp(—6;/2kT) (Ad)

and for §; « T

- 2 (AP (KT )?
l _— — — —
Lband = 73 (h) P In2.
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For a semimetal or a metal (§; < 0), we have the
crossover from the semiconducting relaxation to the
Korringa relaxation for | §;| > T

_ A 2 v
T hana = (ﬁ) kTZ NP (er) (A6)

We have obtained the formula (A3) for the relax-
ation by intrinsic carriers, when the chemical potential
wis constant and the number of carriers is determined
by the temperature. In the case of relaxation by
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extrinsic carriers the number of carriers is constant
with temperature and the usual formula of Ref. [2§],
T ~ /T is obtained.

APPENDIX 2: THE JAHN-TELLER EFFECT
IN A,Cqy CRYSTALS

The Jahn—Teller effect of the isolated C¢5 molecule
results in the uniaxial cage distortion and in the
splitting of the ty, level into a two-fold-degenerate
(x,y) level E; — A/3 and a non-degenerate (z) level
E, = +2A/3 [27). For the crystal in thermal equilib-
rium, the gap Ejr = A is determined by the minimisa-
tion of an appropriate thermodynamical potential:

w=1KA*+Q,

Q= —TZE:In[I -i—exp(l + Nk;éﬂ

(A7)

where K is the elasticity modulus, p is the chemical
potential and e = E} ,(p) are the energies E| , broad-
ened by the intermolecular overlap. The sum is taken
over all states of the t;, band. We obtain the equations
for A and

A Zn(e)g—z -
-A—0=—E—T; Zn(e)=n0=4
.é_A_ €

e<0

(A8)

where Ay = 4/3K is the Jahn-Teller gapat T’ = 0 and
in the absence of the band overlap, § > 0 (we use the
notation of Appendix 1). The sum in the denominator
of (A8) is taken over the filled subband E;, while the
sum in the numerator contains the weighted compet-
ing contributions of both subbands E; , and decreases
with temperature and pressure increasing. For illus-
tration we suggest the linear dependence of 6 on A in
eqn (A8), then

y e =1y,

ny =ng —ny (A9)

where 1., are the numbers of the electrons in the £~
subband and holes in the E;-subband.

In the crystal ground state n, and ny, should be
regarded as averaged over the Brillouin zone numbers
and n, = ny,. Then for the gap Ejr we have

B _ 30

A, g

where 1, ~ ¢™ T at § > 0; n, ~ (=6/kT) at § < 0.
(A10)

In general we find that in the semiconducting regime
Ejr decreases, but stays finite. In the semimetallic
regime & < 0, electrons and holes form small pockets.
Then Ejp disappears at the critical concentration
n; ~ 1 (within the model (A9) ni = 4/3). We conclude
that there is a large region of overlap (when § < 0), i.e.
of pressure, where the Jahn-Teller gap may coexist
with the electron-hole pockets.

For the localized excitations n, and ), should be
regarded as the local integer numbers. The local gap at
the excited molecule decreases A, < Eyr, giving rise
to localized levels within the gap. As a whole the
molecular state is activated with E, = W(Ay.) —
W(Eyr). In accordance with the adiabatic limit of
Ref. [27] we have

e-polaron: n, = 1, ny = 0; Ao = Eyp/2;
W= —EJT/6§ E, = EJT/Z'
h-polaron: #, = 0, ny, = 1; Ay = 3E1/4;
W = -3Ejr/8; E, = TEjr/24.
exciton 1: ne =1, my = 1; Ao = Eyr/4;
W= —EJT/24; Ea = ISEJT/24
exciton 2: n, = 2, ny = 2; A = —Ejp/2;
W= —EJT/6; Ea = EJT/Z'

For all types of excitations E, are of the same order.
But for the e-, h-polarons which are actually C and
C3; configurations, we expect additionally the high
positive contribution from the Coulomb energy which
makes them energetically non-favourable with respect
to neutral triplet states. We attribute the experimen-
tally observed activation energy E, to the exciton 2,
which has the lowest energy among the two triplet
excitons.




