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The dynamical Jahn-Teller effect on fullerene sites in insulating Cs;Cg is investigated fully ab initio.
The vibronic excitations of rotational type are at = 65 cm™!, while the net kinetic contribution to the
Jahn-Teller stabilization energy constitutes approximately 90 meV. This means that no localization of
distortions by intermolecular interactions is possible in these fullerides; therefore, free rotations of
deformations take place independently on each Cgy. The latter destroy the orbital ordering and establish
a conventional exchange interaction between S = 1/2 on fullerene sites. The corresponding exchange
model is derived and predicts the Néel temperature for A15 Cs3Cgq close to experiment.
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The alkali-doped fullerides A;Cg attracted much atten-
tion in the past as prominent examples of purely organic
high-T,. superconductors [1]. Recently a critical tempera-
ture of 38 K has been observed in the superconducting
Cs;3Cy¢p [2], reviving the interest in these fullerides due to
their closeness to the Mott-Hubbard metal-insulator tran-
sition [3-7]. It was found that by applying an external
pressure (P), these materials can be brought from insulator
to superconductor [2-4]. Such transformation was
explained by the increase of the width w of the partly
occupied threefold degenerate ¢;, band under pressure,
and the concomitant reduction of the ratio U/w (U is the
intrafullerene electron repulsion parameter), which causes
a Mott-Hubbard transition above some critical pressure.
A thorough investigation of 7. in a wide range of applied
pressures revealed its nonmonotonic dependence on pres-
sure (or interfullerene distance) in the metallic phase [2].
The maximum of T.(P) testifies about non-BCS behavior
of Cs;Cq close to the Mott-Hubbard transition. The non-
monotonic behavior of superconductivity has been quali-
tatively reproduced by dynamical mean-field calculations
[8-10], which explained the decline of superconductivity
close to the Mott-Hubbard transition by the suppression of
a metallic (and superconducting) fraction of electronic
density induced by strong electron correlation [9].
Furthermore, the NMR studies of these compounds [5—7]
have evidenced that the maximum of T.(P) corresponds to
the onset of the effects of strong electron correlation on
superconductivity. Indeed, it was found that the nuclear
spin lattice relaxation time 7 for Cs;Cg starts to deviate
from a BCS-like dependence when the pressure is
decreased from the value corresponding to the maximum
of T.(P) towards the Mott-Hubbard transition [6]. At the
same time, in the domain of higher pressure the depen-
dence of T, vs interfullerene distance merges with the
smooth curve found on the other A;Cqy compounds [11].

The similarity of the T.(P) dependence for Cs;Cqy with
the dome structure of 7, on the 7-n phase diagram for
cuprates has tempted some authors to suppose a close
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mechanism of superconductivity, based on strong electron
correlation, in both these materials. In the case of cuprates
and iron pnictides there is a strong evidence that super-
conducting pairing arises from magnetic fluctuations.
However, in the case of fullerides such a pairing mechanism
is expected to be much less efficient because the exchange
interaction in the latter amounts to few meV, i.e., is two
orders of magnitude smaller than in cuprates. This points to
the electron-phonon coupling as the main contribution to
the pairing interaction in Cs;Cg, as was already found for
less correlated fullerides K;Cgq, and Rbs;Cgqy [1]. The
electron-phonon coupling in the LUMO band of fullerides
comes mainly from the local vibrations of total-symmetric
a, and Jahn-Teller (JT) h, type. The latter give a four to five
times larger contribution to the stabilization of an electron
on a fullerene site [12,13], the same for the relative con-
tribution to the superconducting pairing [1]. More impor-
tantly, it was found that the contribution of JT phonons to
the superconducting pairing is suppressed by strong elec-
tron correlations at much lesser extent than the contribution
from the total symmetric vibrations [9], making them a
prime source of superconducting pairing in Cs;Cgj.

The actual role of Jahn-Teller effect (JTE) in fullerides
gave rise to controversial opinions. It seems to be firmly
established nowadays that cubic A,Cq, (A = K, Rb, Cs,
n = 1-6) show no static JT distortions in experiments
probing their structure. Among the recent confirmations,
the structural data from the synchrotron x-ray diffraction at
10 K show no JT distortions of ng ions in Cs3Cg full-
erides [2,3]. The absence of detectable JT distortions in the
x-ray data of metallic fullerides was interpreted by many
authors as their suppression by band effects. At the same
time the nonobservability of these distortions in insulating
A4Cq is considered to be due to their disordering and
partial dynamic delocalization between different minima.
In expanded cubic fullerides, deeply immersed in a
Mott-Hubbard insulating state [14], a dynamical JTE of
rotational type on fullerene sites was inferred [15]. Finally
in insulating Cs3;Cg, another type of dynamical JTE,
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corresponding to fast jumps between different local minima
of potential energy surface, was claimed to be the reason for
the observed features of the infrared spectra [16]. Note that
in all these cases the details of JTE have not been known
a priori but rather inferred from available experiment [12].
In this Letter we present the first fully ab initio treatment of
dynamical JTE on Cga sites in insulating Cs3Cg and show
its crucial role for the observed magnetism in this fulleride.

In insulating Cs3Cg, the electrons from the #;, band
become localized at fullerene sites. The 73, shell of each
trianion C3, splits into three electronic terms, *S ® 2P @
2D, at an extent comparable to JT stabilization energy
(vide infra). Formulated as mixing of the terms, the JT
couplings appears only between the >P and the D terms
[17]. Using the complex wave functions of the terms
{I?P, Mp), ’D, MpY; Mp = —1,0,1, M, = —2,—1,0,1, 2},
the Hamiltonian matrix is given by

H=Hy+ Hy + He, (1)
A 8 2 A A ~
A=Y > tw,bl, b,.lI )
pu=1m,=-2
. 8. /3 Op M
Hyr = Z—ﬁw#gﬂ ot ) 3)
wn=1 MM OD
H.. = 2J4lp. 4)

Here, m,, denotes the complex basis for hg vibrations [18],
p indices the uth h, vibrational mode, w, is the
corresponding frequency, BL,mU (b wm,) 18 the creation
(annihilation) operator of the vibration uh,m,, Iy is the
projection operator onto the term I' = P, D and [ = I, +
Ip, g u isAthe dimAensionless orbital vibronic coupling
constant, Op and Op, are the 3 X 3 and the 5 X 5 zero
matrices, MM is defined by (¢,,, = qum,)

\/56171 \/§CI0 \/§CI1 \/5612 0
M}L: =29, —q- 0 q1 2q, >
0 V29, —VBg-i —V3qy —V2q,
&)

with g, ,, = [l;}:mv + (—1)’”1!5%,,,1“]/\/5, and Jy is the
Hund’s rule coupling constant. In Eq. (1) the zero of energy
corresponds to the energy of 2D term plus the zero-point
vibrational energy.

The JT Hamiltonian (1) commutes with the vibronic
angular momentum J> and its projection J . [19], and
with the “parity”” operator,

which commute also between themselves. Then each vibronic
state will be characterized by the quantum numbers
J=012..),M,(=—J,—J+1,...,J) and P(= =1).

As g, in Eq. (3), we use the values calculated by
density-functional theory (DFT) with hybrid B3LYP func-
tional and those derived from the photoelectron spectrum
(PES) of C¢, (set (2) and (3) in Table S1 of Supplemental
Material, respectively [20]) [13,21]. Given the good com-
parison of calculated and measured g,’s for Cq, (g,’s
derived from several methods are compared in Table V of
Ref. [13]), we applied the same approach to calculate
orbital vibronic coupling constants on fullerene sites in
Cs3Cqo [22]. To this end a fragment including one ng
with nearest-neighbor Cs™ ions was considered in the
Madelung field of the rest of the crystal. The results [set
(1) in Table S1] prove to be remarkably close to the case of
one isolated Cg, [set (2) in Table S1]. This means that the
interaction with the lattice and the fullerene charging are
insignificant for orbital vibronic constants. We applied the
same DFT approach to evaluate the Hund’s coupling con-
stant for Cga and obtained Jy = 44 meV which is close to
the suggested value of about 50 meV [23]. Then, with
experimental frequencies for the eight h, modes [1], all
terms of the Hamiltonian (1) are completely defined.

The JT Hamiltonian (1) was diagonalized numerically
using the Lanczos method as in the case of Cg, [12,13].
However now the problem is more demanding because of a
stronger JTE in Cga and the need to mix all eight electronic
wave functions of the terms 2P and 2D. The vibrational
wave functions for each of them included linear combina-
tions of products of uncoupled oscillators after 40 {w/1,m,,}
vibrations with total excitation not exceeding seven
vibrational quanta.

The ground vibronic state corresponds to J =1 and
P =1, i.e., is threefold degenerate after vibronic momen-
tum. Table I shows that the total stabilization energy with
respect to the 2D term (the ground doublet state in the
absence of vibronic coupling) is ca 210 meV. This cannot
be attributed solely to JT stabilization because JTE in this
system implies mixing of 2D and %P terms leading to the
rise of electronic energy, Eq. (4), by ca 40 meV. Extracting
this contribution from the total energy we obtain the JT
stabilization energy of ca 250 meV. This consists of a
stabilization energy due to equilibrium static JT distortions
(when the kinetic energy of nuclei is neglected [19]) and
due to dynamic delocalization of JT distortions in the
three-dimensional trough of the ground state potential

TABLE 1. Contributions to the ground state vibronic energy of
C}, (meV).

Set  Total (H,) JT stabilization  Static ~ Dynamic
2) -—-196.2 410 —237.2 —150.6 —86.6
3) —2233 409 —264.2 —173.1 —91.1
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energy surface. The former contribution is three times the
static JT stabilization energy for a singly charged fullerene
[18] (Eyr in Table S1) and is ca 160 meV. Extracting this
value from the total JT stabilization energy we obtain that
ca 90 meV corresponds to the dynamic contribution, which
is more than half of the static JT stabilization energy.

The low-lying vibronic states are characterized by con-
secutive increase of J (Table II). This quantum number
corresponds to three-dimensional rotations of JT deforma-
tions in the trough of the lowest potential energy surface
and its increase with the energy of low-lying levels is
generally expected [19]. However the spacing between
these levels differs drastically from the predictions of
simplified vibronic models of Cgo_ [17,18]. To get more
insight into this problem we derive an effective one-mode
£* X h JT Hamiltonian [retaining the bielectronic term,
Eq. (4)] that reproduces the static JT stabilization
(Table I) and the energy of the first excited vibronic level.
For set 2 (3) we obtain the effective vibronic coupling
constant g.; = 1.07 (1.15) and the effective frequency
for h, vibrations ey =707 (704) cm™~!. From the
obtained g.; we conclude that the JT effect in Cga is of
intermediate coupling strength. The dynamic contribution
to JT stabilization differs by only 11 meV from the exact
result. In the strong coupling limit this contribution
is (3/2)hwey [17,18], which is ca 50% higher. The
excited states obtained with the effective one-mode JT
Hamiltonian do not simulate well the low-lying vibronic
spectrum, even give wrong order of levels (Table II). This
contradicts the general belief that low-lying states of a
multimode vibronic problem can be described satisfacto-
rily by an effective one-mode Hamiltonian [17,24].

The ground vibrational level of non-JT term *S has the

energy EE)3/2) = —3Jy = —132 meV, i.e., lies higher than

the ground vibronic state of the spin doublet (Eol/ 2)) by
64.2 and 91.3 meV for sets (2) and (3) in Table I, respec-
tively. While the last value is close to the estimate for the
spin gap in this material (0.1 eV) [5] we note that the
activation energy for the spin quartet state should also
include the difference of the entropy of vibrational levels

for spin quartet (an%z)) and vibronic levels for spin

doublet states (an%z))

AEG) = gG/) _ gu/2

— kT(nz8P —mzW?). ()

TABLE II. Energies of low-lying vibronic levels in
Cga (cm™1) calculated for two sets of vibronic parameters.

Set (2) Set (3)
J, P) Exact Effective Exact Effective
1, +D 0 0 0 0
2, -1 65.7 65.8 63.6 63.9
@3, -1 254.1 453.3 251.1 427.8
4, +1 283.0 393.9 273.8 369.1

Dynamical JTE in the spin doublet state leads to a denser
spectrum of vibronic levels as compared to vibrational
spectrum of the spin quartet resulting in th/)z) > Z%z)
for any temperature. Then the entropic term in (7) will
increase the activation energy for 7' > 0, which thus can
rise significantly with temperature. This can explain why
no contribution of § = 3/2 was seen for NMR relaxation
times in Cs;Cg at room temperature [6].

The average value of EE)S/ 2 Ef)l/ 2) (approximately
80 meV) is comparable to the dynamic contribution to JT
stabilization energy (last column in Table I). This means
that if the JT deformations become localized by low-
symmetric surrounding of Cgo_ or random strains, the
vibronic levels will approach the vibrational spectrum, so
that the dynamic contribution to JT stabilization will be
quenched. As a result the spin gap E(()3/ 2 - E(()l/ 2 will be
strongly reduced, the same for the entropic term in Eq. (7)
and the entire activation energy AE®/2. One should note,
however, that the low-symmetric environment can itself
lead to the splitting of the #;, shell in undistorted fullerenes
by several tens of meV [25] giving an independent
contribution to the spin gap, that can thus survive in
low-symmetry fullerides.

In cubic environment the vibrational 7, modes of Cg
split into 7, and e, cubic modes, leading to the warping of
the adiabatic potential energy surface (APES). The energy
difference between the resulting maxima and minima of
the lowest APES can be expressed via the frequencies of
the corresponding modes (,, and w,,) as 2[(w?, — w7,)/
(w2, + wi,)]Eyr [17]. Table S2 in Supplemental Material
[20] gives the frequencies of 7, and e, modes obtained
from fragment DFT calculations of Cs;Cgy [22]. One can
see that the splitting of h, vibrations in this fulleride does
not exceed few wave numbers. Passing from frequencies in
Table S2 to single effective 7, and e, modes [17,24], we
estimate with the above formula the warping amplitude as
3.1 cm™!, which proves to be too small to hinder the free
rotations of JT deformations on Cga (cf. the spacing of
low-lying vibronic levels in Table II). On the other hand the
second order JT effect in C§, [24,26-28] is expected to
result in similar amplitude of warping of the lowest APES,
as quantum chemistry calculations show [29,30], and will
not hinder the rotations of JT deformations either [31].
Finally, the magnetic interaction between fullerenes (of the
order of Néel temperature, Ty = 46 K [2-7]) and the
intermolecular phonons (with frequencies amounting to
several tens of wave numbers [1]) are comparable in
energy with the lowest vibronic excitation (65 cm™!) but
are still much smaller than the dynamical contribution to
JT stabilization energy. We conclude, therefore, that each
fullerene in Cs;Cgq is characterized by unquenched rota-
tions of JT deformations in the trough of the lowest APES.

Accordingly, the exchange interaction between fullerene
sites corresponds to averaging after nuclear coordinates

056401-3



PRL 111, 056401 (2013)

PHYSICAL REVIEW LETTERS

week ending
2 AUGUST 2013

over all points in the three-dimensional trough of each Cga .
The way this averaging is done and the resulting exchange
mechanism depends on the structure of vibronic state.
Overlap integrals of the ground vibronic states with spin
doublet configurations ' 5> 5*, ny + ny + ny = 3, of
three adiabatic orbitals i/; (the ones which diagonalize
the static JT problem for a given JT distortion) show that
the ground configuration ¢2 ¢} (see Fig. 1) enters with the
weight 0.86 and 0.87 for set (2) and (3), respectively. Such
a high weight of a single adiabatic configuration is rather
surprising given that Cga is far from the strong coupling
limit as was mentioned above. The main contribution to the
exchange interaction between such adiabatic configura-
tions of two fullerene ions comes from superexchange
interaction between half filled adiabatic orbitals ¢,
(Fig. 1). It can be shown [22] that in this case the exchange
interaction between the lowest states of fullerene sites is of
conventional Heisenberg form for spins § = 1/2, with
exchange parameters J*/ obtained by averaging their values
at fixed JT distortions, J(a;, B;, vi» @, B}, ;). over the
Euler angles parametrising the angular part of nuclear JT
distortions of the two fullerene sites (JT coordinates in the
troughs). In the case of Anderson’s superexchange, which
is likely to dominate in fullerides [33], the dependence of
J'/ on the angular coordinates of the troughs enters via the
electron transfer parameters between adiabatic orbitals of
two fullerene sites [35]. Averaging these expressions we
obtain the exchange parameters for nearest-neighbor (AB)
and next-nearest-neighbor (AA) ng sites corresponding to
the main exchange mechanism in Fig. 1 (see the
Supplemental Material [20]),

4
JAB = T [(#28)* + (128)* + (128)?],
8)
4 (
I = S LGP + (P + (247,

9UAA

where A and B denote two fullerene sublattices merohe-
drally rotated with respect to each other in A15 Cs;Cq
[2,3]; 14 are electron transfer parameters between orbitals
of type a and S of two fullerene sites, defined with respect
to corresponding tetragonal axes of the crystal; U = U) —
(10/3)Jy + (4/3)Eyr + Vo, is the averaged electron

E (meV) (1) (2)
A CGU C()O
300 |- (A
Ve
150 t ; v,
A A |
U | £ 7 | v v,

FIG. 1. Basic mechanism of a superexchange interaction
between fullerene sites in insulating Cs;Cgy.

promotion energy between two Cga . Next in importance is
the exchange interaction coming from virtual electron
transfers involving empty and doubly occupied adiabatic
orbitals (¢, — 3, 1 — o, | — 3 within adiabatic
ground state configurations in Fig. 1), which after
averaging over JT angular coordinates in the troughs
give the following contributions (see the Supplemental
Material [20]):

4EJT - 16.]1.[
3UAB

4EJT - 16JH
3UAA

J?B — 11148 , J?A — J114A ,

)

which are ferromagnetic (J, < 0) contrary to contributions
(8). The transfer parameters have been evaluated by DFT as
matrix elements of Kohn-Sham Hamiltonian between
Wannier orbitals constructing from #;, band orbitals [36]
(second row in Table III). An independent fit of the disper-
sion of #;, band [22] (Fig. S1 in Supplemental Material
[20]) gives an alternative set of transfer parameters (first
row in Table III). The electron repulsion within the same
t,, orbitals of Cgy has been calculated by DFT taking into
account the RPA screening in insulating Cs;Cgy, U =
1.14 eV, the same for averaged electron-hole attraction
for nearest-neighbor fullerene sites, VAE = —0.34 eV
[36]. For next-nearest-neighbor fullerenes we took the
value VA4 = VABR . p/Ryq = —0.29 eV, where R,p and
R,, are the corresponding interfullerene distances. With
these values we obtain UA® =0.72eV and U =
0.77 eV. Then with Egs. (8) and (9) we obtain for JA8 =
JUB + 3B and JAA = J4 + J)4 the values given in
Table III. Having in mind that each fullerene has eight
nearest and six next-nearest-neighbors, we calculate the
Néel temperature, Ty = S(S + 1)(8J48 — 6J44)/3k, and
find close agreement with experiment for both sets of
transfer parameters (Table III). Similar calculations of
Weiss temperature, @ = —S(S + 1)(8J42 + 6J44)/3k,
give, however, lower absolute values than the experimental
one, —68 K (Table III).

This can be understood by the closeness of metal-
insulator transition in Cs3;Cgy at ambient pressure, which
enhances charge transfer fluctuations between fullerene
sites, thus increasing JA8, J44, and |®|. The same reason
explains why u.s [3] extracted from spin susceptibility
measurements (1.32) is smaller than the value correspond-
ingto S = 1/2 (1.73). On the other hand the increase of Ty
by these fluctuations will be compensated by its decrease

TABLE III. Calculated exchange parameters (meV) and Néel
temperatures and Weiss temperatures (K) for two sets of transfer
integrals (meV), from the present work and from Nomura et al.
[36].

AB AB B (AA A A AB AA
txx tyx t?x txx t/;}y t?z w Jex Jex TN @

Present —20.1 325 5.6 48 —17.6 —6.7 512 2.12 0.17 46 —52
Nomura —20.6 329 53 73 —7.9 —18.0 535 2.18 0.20 48 —54
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due to quantum spin fluctuations in the antiferromagnetic
phase, thus approaching the mean-field 7y calculated
above to the experimental value.

These calculations give additional evidence for indepen-
dent rotational dynamics on fullerene sites in insulating
Cs;3Cq, since the isotropic Heisenberg model is a finger-
print for such vibronic phase. On the contrary, when the
vibronic dynamics is quenched, like in low-symmetry
insulating (NH3)K;Cgyq [37], the half filled orbitals (¢, in
Fig. 1) will be orthogonal for some nearest-neighbor
fullerenes leading to ferromagnetic exchange interaction
similar to J48 in Eq. (9). Accordingly, the antiferromag-
netic interaction with other fullerene neighbors becomes
nonfrustrated, resulting in elevated Néel temperature for
this fcc lattice, Ty = 28 K [37]. For comparison, Ty is
only 2.2 K in the cubic fcc fulleride Cs;Cg [4], which is
explained by isotropic Heisenberg exchange interaction
arising in this fulleride due to unquenched dynamical
JTE on Cga sites and, therefore, unavoidable frustration
of antiferromagnetic exchange interactions in this lattice.
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