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Jahn-Teller effect in the cubic fullerides A;Cg
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Compared to isolated CJ; ions, characterized by a three-dimensional equipotential trough at the bottom of the
lowest adiabatic potential energy surface (APES), the Jahn-Teller (JT) effect in cubic fullerides is additionally
influenced by the interaction of JT distortions at Cg sites with vibrational modes of the lattice. This leads to
modification of JT stabilization energy and to the warping of the trough at each fullerene site, as well as to the
interaction of JT distortions at different sites. Here we investigate these effects in three fcc fullerides withA = K,
Rb, Cs and in Cs3Cgp with bee (A15) structure. DFT calculations of orbital vibronic coupling constants at Ceg
sites and of phonon spectra have been done for fully ordered lattices (1 Cgp/u.c.). Based on them the elastic
response function for local JT distortions has been evaluated and the lowest APES investigated. To this end an
expression for the latter as a function of trough coordinates of all sites has been derived. The results show that the
JT stabilization energy slightly increases compared to an isolated Cga and a warping of the trough of a few meV
occurs. The interaction of JT distortions on nearest- and next-nearest-neighbor fullerene sites is of similar order
of magnitude. These effects arise first of all due to the interaction of Cg sites with the displacements of neighbor
alkali atoms and are more pronounced in fcc fullerides than in the A15 compound. The results of this study
support the picture of weakly hindered independent rotations of JT deformations at Cg sites in cubic A3Ceo.
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I. INTRODUCTION

Cubic akali-doped fullerides A3Cgp (A = K, Rb, Cs) have
attracted much attention due to a large variety of unusual elec-
tronic properties, such as the superconductivity in equilibrium
[1-5] and in nonequilibrium [6,7] states and the metal-
insulator transition controlled by the carrier concentration n
(number of electrons in the LUMO band) [1,8,9], the type of
alkali atom A, and applied pressure [3-5,10]. The electronic
properties of these materials are strongly influenced by the
Jahn-Teller (JT) effect on fullerene sites, notably the super-
conductivity, for which it represents the main mechanism of
Cooper pairing. One should stress that A3Cg superconductors
are remarkable in several respects. They are high-T,. supercon-
ductors with a highest critical temperature (7, = 38 K for A
= Cs) among organic superconductors. Recently a transient
superconductivity with a critical temperature exceeding many
times its value at equilibrium was found in K3Cg [6,7,11]. In
addition these are the only superconducting materials with JT
mechanism of pairing. Finally, the JT effect in these fullerides
is dynamic due to a threefold orbital degeneracy of fullerene
sites Cga imposed by their cubic site symmetry, which persists
also in metallic compounds [12,13].
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The Jahn-Teller effect in fullerene ions was thoroughly
investigated during the last decades. With increased accuracy
of DFT methods and well-resolved photoemission bands, the
value of Jahn-Teller stabilization energy in an isolated anion
C, was firmly established [14]. Recently, by applying a novel
exchange-correlation functional, the theoretical reproduction
of the magnitude of vibronic coupling constants for active
vibrational modes nH,, n = 1-8, became possible [15]. At the
same time, the Jahn-Teller effect on fullerene sites in fulleride
materials was not investigated yet.

Compared to isolated fullerene molecules, the JT effect
on Cgp sites in fullerides is expected to be more complex.
Thus, although the strength of vibronic coupling to intra-
fullerene vibrational modes is not expected to be significantly
modified compared to isolated molecules (this is confirmed
by the present calculations), the fivefold-degenerate ac-
tive vibrational modes themselves split into threefold- and
twofold-degenerate modes each, H, = T, + E,, due to the
symmetry reduction from the I to 7, group [16] when the
fullerene is placed in a cubic crystal. This effect gives a
contribution to the warping of the two-dimensional rotational
trough of the adiabatic potential of the corresponding 7 x h
vibronic problem (actually of a three-dimensional rotational
trough in the case of Cg(j ). Second, the nearest environment
of a Cgyp molecule in a cubic crystal (nearest-neighbor alkali
atoms and fullerene molecules) provides additional JT active
nuclear modes which can modify the local Jahn-Teller effect
on sites. Finally, the active JT modes at neighbor fullerene
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FIG. 1. Crystal structures of A3Cgp. Cso molecules are depicted
by the green framework. (a) Fcc unit cell; alkali atoms sitting in
octahedral and tetrahedral interstitials are shown by red and blue
balls. (b) Bece-like unit cell for A15 structure; Cs atoms are indicated
by red balls.

sites interact with each other through common phonon modes
thus hindering or eventually blocking the free rotation of
Jahn-Teller deformations on individual fullerene sites. Despite
the importance, the strength of these three effects was never
estimated in fullerides. On the other hand the quantitative
knowledge of these effects will allow to conclude on the
character of JT effect on fullerene sites in A3Cegp.

Despite intensive experimental research [17-19], it has
proved to be hardly conclusive on the details of intrasite
vibronic interactions due to the superposition of additional
effects influencing the spectroscopic bands in fullerides. On
the contrary, given the success of DFT investigation of the
JT effect in individual fullerene ions, we expect that a sim-
ilar methodology could shed light on its manifestation in
fullerides. In the present work, the the Jahn-Teller effect on
fullerene sites in A3Cg is thoroughly investigated fully taking
into account the effects mentioned above.

II. VIBRONIC INTERACTION IN CUBIC FULLERIDES

Cubic A3Cq crystalizes into face-centered cubic (fcc) and
body-centered cubic (bcc) structures (Fig. 1). In both types of
A3Cgp, one electron from each alkali atom A transfers to the ¢,
LUMO orbitals of fullerenes, due to a very strong electroneg-
ativity of the latter, resulting in their threefold population at
each Cgg site. Since all fullerene molecules reside in cubic
lattice points, their symmetry is reduced from the I, to T,
point group, implying that the ¢, orbitals keep their threefold
degeneracy (belonging now to the 7, irrep of the 7, group).
At the same time the icosahedral irrep H, splits under this
symmetry reduction into E, and 7, [16].

In the following we consider the simplest situation of fully
localized LUMO electrons at sites.
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A. The Jahn-Teller Hamiltonian for localized LUMO
electrons at Cg sites

The JT Hamiltonian for A3Cg, reads as follows:
Ay =Hp + Y (HS+ B+ V40040, ()
n
The first term is the phonon Hamiltonian of the crystal,

Hp=) <%ﬁk2k + %wikQ%k>’ @)
expressed via phononklzzoordinates Ok characterized by the
wave vector k and the branch k. The other terms in (1) are
one-site contributions with n denoting the unit cell which
is supposed to include one A3Cgo formula unit. A2 and HJ}
describe bielectronic interactions in the LUMO orbitals of the
nth fullerene molecule:
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where the second-quantization operators correspond to the
LUMO orbitals of the corresponding fullerene site, «, f =
X,V 2, and N = ZM flgo 18 the operator of total number of
electrons in the ¢, shell. The first term is the Coulomb re-
pulsion of LUMO electrons, the parameter U, describing the
repulsion of electrons in different orbitals within the same
t1, shell. Since this contribution depends only on the total
number of LUMO electrons on site considered constant in
the present work, it gives only a constant energy shift and is
dropped in the subsequent treatment. The term ﬁﬁ describes
orbitally specific electronic interactions which, due to the
isomorphism of cubic #;, and atomic p shells, depend on one
Hund’s parameter Jy. Besides exchange (Hund’s rule) cou-
pling and electron pairs transfer between different 1, orbitals,
this operator also includes (through the last term) the differ-
ence between the electron repulsion in the same and different
orbitals, UH — U, =2/4.

The last three terms in the sum in Eq. (1) describe the
vibronic interaction with three types of nuclear distortions at
a given site, with irreps (of the 7;, group) contained in the
symmetric square [T,2] = A, ® E, & T, [20],
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where ¢}, are symmetrized distortions at the nth fullerene
site transforming after the row y of the corresponding irrep;
w counts the repeating distortions of a given type. The latter
include both distortions of the fullerene itself and displace-
ments of surrounding atoms.

The operator V, depends on the total population number,
i.e., a constant in the electronic space. It does not lead to
the splitting of the #,, orbitals and merely represents a con-
stant force acting on the environment of the nth site in a
totally symmetric fashion, i.e., without destroying its cubic
site symmetry. Summed up over all sites, the effect of such
terms results in the reoptimization of the structure of the cubic
crystal, which is assumed to be already done during quantum
chemistry calculations.

The other two operators describe the JT coupling to the
local distortions at the nth site. Under the symmetry reduc-
tion I, — T}, two of five symmetrized functions of the irrep
H,, y =0, ¢, form the basis of the irrep E,, while the other
three, y = &, n, ¢, of the irrep T,. Then the Clebsch-Gordan
coefficients [the numerical coefficients in two matrices in
(4)] coincide for the two groups: (ta|I'y t8) = (ha|Hy 1,8),
where ' = E, T and «, 8 = x, y, z. Therefore, for equal vi-
bronic coupling constants of two types, Vg = V,,r, the matrix
describing the JT coupling with five symmetrized nuclear
distortions in (4) coincides with the one for the #,, ® H, JT
problem [21,22].

The assumption of localized electrons in the LUMO or-
bitals of fullerene sites is valid for insulating cubic fullerides
Cs3Cqp in the A15 structure (bee) and fcc lattice at ambient
pressure, and in all expanded fullerides such as Li;NH3Cg
[23,24]. It is a reasonable approximation in metallic fullerides
which are not far from the Mott-Hubbard metal-insulator tran-
sition. These are the fcc Cs3Cgo under pressure, Rb;Cgp, and
several A A;_ Cep compounds with different alkali atoms A
and A’. As a matter of fact, an experimental proof for the
(dynamical) JT effect in Rb3;Cgy is the detection of a spin gap
in its NMR spectrum [25].

Another approximation, of a single Cgy per unit cell, was
adopted to reduce the unit cell to one formula unit because
of complications with the calculation of the phonon spectrum.
This situation is strictly realized only in mixed compounds
AACqo. All other fullerides are characterized by different
forms of merohedral arrangement of Cg’s (their C, rotations
around a cubic axis). Thus the A15 Cs3Cqq is characterized
by the merohedral order (two Cgp’s in a unit cell), while the
three other fcc compounds investigated here are subject to
merohedral disorder [26-28]. We believe that the neglect of
merohedral arrangement will not affect the main conclusions
of this study, the main reason being the high symmetry of the
C()o balls.

B. Calculation of orbital vibronic coupling constants

The vibronic coupling constants at fullerene sites have
been extracted from the splitting of three #;,, LUMO orbitals as
a function of the amplitude of active local nuclear distortions.

I'They correspond to expectation values of the first derivatives of the
Hamiltonian with respect to the mass-weighted normal coordinates
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FIG. 2. A,Cs fragments used for the calculation of vibronic
coupling constants. (a) Fcc unit cell; octahedral and cubic alkali
atoms are shown by red and blue balls. (b) Bcc-like unit cell (A15
structure); Cs atoms are indicated by red balls. Nearest-neighbor Ceg
molecules contributing to interfullerene active JT modes are shown
by green balls.

To this end, DFT calculations of A,Cgy clusters including
nearest- and next-nearest-neighbor alkaline atoms and point
charges replacing other alkaline atoms and fullerenes (Fig. 2)
have been done with the Gaussian09 package [30]. The hybrid
B3LYP exchange correlation functional [31] and triple-zeta
basis set [6-311G(d)] were employed. The three LUMO or-
bitals have been populated by three electrons with parallel
spins. For given local nuclear distortions, ten calculations cor-
responding to their different amplitude have been performed.
From them the slopes of LUMO orbital energies in the vicinity
of the equilibrium point have been extracted via an interpola-
tion procedure and vibronic coupling constants derived for a
number of active JT modes making use of vibronic matrices
from Eq. (4).

1. Intrafullerene modes

As active JT modes, the normal vibrational H, modes of
isolated Cgp [32] have been chosen, which merely subdivide
into E, and T, modes in cubic fullerides. We also calculated
the vibronic coupling constants for intrafullerene A, modes.
The explicit form of the corresponding nuclear displacements
is given in the Supplemental Material (SM) [33]. We note
that these modes are not vibrational eigenmodes in fullerides
and have been chosen for the sake of comparison with iso-
lated Cga . We could consider arbitrary combinations of them
as well because the resulting electron-phonon Hamiltonian
is invariant with respect to any such choice. The calculated
vibronic coupling constants are shown in Table I.

Despite the molecular character of fulleride crystals, the
difference between vibronic coupling constants for E, and
T, modes appears to be non-negligible and these constants
also differ from corresponding vibronic coupling constants

of the corresponding nuclear modes [20] and involve the #,, orbitals
only because the contributions from doubly occupied orbitals are
zero due to symmetry (see for detailed discussion Ref. [29]). In
the following we use the atomic units, Ej/,/m.ay, where Ej is in
hartrees, m, is the electron mass, and a; is the Bohr radius (1 a.u. =
2.73 x 10" dyn/g'/?).
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TABLE 1. Vibronic coupling constants for E, and 7, intra-
fullerene distortions of H, genealogy compared to similar coupling
constants in isolated Cg; (in 107% a.u.).

fce AlS

K3Ceo Rb;Cq Cs3Cq0 Cs3Cqp Ceo

Eg T;Z Eg TQ’ Eg T;Z Eg TQ’ Hg

H,(1) 189 199 192 198 194 194 190 197 19.2
H,(2) 424 399 434 410 444 423 444 430 450
H,3) 80.1 78.7 802 789 804 795 81.0 79.0 754
H,(4) 563 530 56.6 533 56.7 539 548 556 554
H,(5) 715 772 76.1 768 748 763 751 753 76.6
H,(6) 58.1 585 586 589 589 594 581 598 5738
H,(7) 200.4 202.3 199.9 203.7 299.7 204.7 201.2 204.0 209.9
H,(8) 206.1 201.5 205.4 202.4 204.7 203.3 205.0 203.5 204.3
Ag(1) 66.7 67.8 70.2 70.0 26.4
Ay(2) 311.8 310.5 308.7 309.5 238.0

of isolated fullerene ions (last column in Table I). We did
not consider the coupling to intrafullerene modes of other I;,
genealogy (G,, Tig, and T5g), which according to the selec-
tion rules for the 7}, group also become active in fullerides.
Because the coupling to these modes is absent for isolated
fullerene anions, we expect it to be negligible in fullerides.

2. Alkali modes

In fcc A3Cgo each fullerene is surrounded by a cube of
nearest-neighbor and an octahedron of next-nearest-neighbor
alkali atoms [blue and red balls in Fig. 1(a), respectively].
The closest alkali environment contributes with one E; and
two T, modes of symmetrized distortions, while the octahedral
environment with one E, and one 7, modes. The expressions
of these modes via atomic displacements are given in the
SM [33] and also are depicted in various textbooks (see,
e.g., [20]). In the case of the A15 fulleride, the closest alkali
atoms form a pseudo-octahedron (two atoms at each face of
surrounding cube) as shown in Fig. 1(b). The active distortions
include two E; and two T, modes whose form is given in the
SM [33].

The calculated vibronic coupling constants are given in
Table II. As we can see, they are smaller than the vibronic
coupling constants for intrafullerene modes by about one or-
der of magnitude (an exception are alkali A, modes for fcc
A3Cqp). Nevertheless these modes are related to acoustic and
low-frequency optical phonons (see the next section); there-
fore their contribution to JT stabilization cannot be neglected
from the start. Moreover, as will be seen below, their contri-
bution is crucial for the warping of one-site APES and for the
interaction of JT distortions at different sites.

3. Interfullerene modes

Each fullerene molecule in fcc A3Cg is surrounded by
twelve Cgo’s forming a cub-octahedron [Fig. 2(a)]. The latter
yields two E; and two T, modes of symmetrized distortions.
In the A15 fulleride the nearest alkali atoms form a cube
[Fig. 2(b)] which gives one E, and two T, modes. The expres-
sions of these modes via atomic displacements are given in the

TABLE II. Vibronic coupling constants for symmetrized distor-
tions of cubic (cub) and octahedral (oct) frames of surrounding alkali
atoms in fcc A3Cq, and pseudo-octahedral (p-oct) frame in A15 (in
107° a.u.).

fcc Al5

K3Cso Rb;Ce Cs3Ce Cs3Ce

cub oct cub oct cub oct p-oct
Ag(1) 88.8 68.2 60.6 44,6 484 39.1 4.1
E (1) 2.6 2.4 1.6 1.5 1.0 1.1 1.8
Tre(1) 2.7 0.8 2.0 0.5 1.7 0.4 0.9
T5,(2) 0.2 0.2 0.1 0.9
A,(2) 57.0
E,(2) 0.8
T;(3) 0.8

SM [33]. Given a large spacing between fullerene molecules,
only the electrostatic interaction between them is taken into
account in the calculation of vibronic coupling constants.

The calculated vibronic coupling constants are given in
Table III. They are obtained one order of magnitude smaller
than the vibronic coupling constants for alkali modes (Ta-
ble II). This is because the interfullerene vibronic coupling
can be seen as an electrostatic interaction of a set of elec-
tric dipoles (arising from shifted charges g = 3¢) with the
quadrupolar distribution of #;, LUMO electrons, scaling as
R~* with a distance R to the center of Cgo. On the other
hand, there is an additional covalent contribution to vibronic
coupling constants for alkali modes.

III. THE PHONON SPECTRUM OF CUBIC FULLERIDES

In order to take into account exactly the effect of the en-
vironment on the JT effect at fullerene sites and the intersite
interaction of their active JT modes, the precise knowledge
on phonon modes of A3;Cg is decisive. Many attempts have
been undertaken to calculate the phonon dispersion. The first
calculations by Varma et al. [34] and You et al. [35] in the
beginning of the 1990s were semiempirical but reflected qual-
itatively the basic features of the phonon spectrum in A3Cgq
fullerides. In spite of that, they could not achieve a correct
description of intrafullerene vibronic interaction. Later works
[36,37] with first-principles methods also could not provide
accurate information on the low-energy phonon modes: In

TABLE III. Vibronic coupling constants for active symmetrized
distortions of fullerene molecules surrounding a given Cg in fcc and
A15 fullerides (in 107 a.u.).

fcc AlS
K3Cso Rb;Cgo Cs3Ceo Cs3Ceo
A, 35.1 343 32.5 27.7
E,(1) 0.2 0.1 0.1 0.2
E,(2) 0.2 0.2 0.2
Toe(1) 0.2 0.2 0.2 0.3
T5,(2) 0.3 0.3 0.2 0.1
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FIG. 3. Phonon dispersion for A;Cg, including A15. Red and
black lines correspond to PBE and LDA, respectively.

these calculations, the low-energy frequencies become imag-
inary. In this work, this issue is solved by employing new
ionized pseudopotentials for alkali atoms.

A. Calculation details

To reduce the calculational load, in both fcc and A15 ful-
lerides the fullerenes were supposed to be completely ordered.
Experimental lattice constants were used for the starting crys-
tal structure [2,3]; then they are fully relaxed in order to get
phonon bands without imaginary frequencies. The phonon
calculations have been done by density functional perturba-
tion theory (DFPT) [38] with exchange correlation functionals
of LDA and PBE types [39,40]. Given large unit cells in
A3Cg, soft pseudopotentials (PPs) have been employed. To
this end, following Akashi and Arias [36], we chose the
configurations (3 p)6'°(4s)0'0(3d )00, (4p)6'0(5s)0'0(4d )00 and
(5p)%%(65)°°(54)*° for K, Rb, and Cs, respectively, with
the nonlinear core correction [41]. The relativistic effects
in alkali atoms were considered within the scalar rela-
tivistic approximation [42]. All the PPs were generated by
the Troullier-Martins [43] method using the “atomic” code
within the plane-wave-based package Quantum Espresso [44].
For the LDA functional the parametrization of Perdew and
Zunger (PZ) [39] was used and for the GGA functional the
parametrization of Perdew, Burke, and Ernzerhof (PBE) [40]
was employed. The details of generation of ionized PPs and
the test calculations are given in the SM [33].

The plane-wave kinetic energy cutoff was set to 60 Ry
with the density cutoff of 240 Ry, and shifted 4 x 4 x 4
Monkhorst-Pack meshes were used to perform Brillouin zone
integration in order to ensure the convergence of the results.
The convergence of the total energy was set to be better than
10~'* hartrees and forces on the atoms were limited within
10~ Ry/a.u.

B. The phonon dispersion

The phonon dispersion for A3Cgg is shown in Fig. 3, where
the frequency range was restricted to 300 cm ™! for visibility
(see the SM [33] for the dispersion of all phonon bands). It
is evident that no imaginary modes appear anymore in the

present calculations with both PBE and LDA functionals,
contrary to the previous calculations [36,37].

Visualization of polarization vectors at the I point allows
us to conclude that the lowest three optical branches, 4-6,
correspond to opposite displacements of the fullerene and a
next-nearest alkali atom, sitting in the octahedral interstitial,
along three Cartesian axes. The next branches, 7-9, are three
librational (pure rotational) modes of fullerene molecules. The
next branches, 10-12, correspond to displacements of two
nearest alkali atoms hybridized with H,y (1) vibrations (y =
&,1n,¢) of the Cgy cage. Finally the upper mixed branches,
7-15, represent opposite translations of two nearest alkali
atoms and the fullerene. All higher branches arise from almost
pure intrafullerene vibrations. Thus the highest five bands in
Fig. 3 correspond to H,(1) intrafullerene vibrations, split at
the I" point into E, and 7, degenerate phonons according to
cubic symmetry of the lattice.

Above 150 cm™', PBE gives slightly smaller frequencies
than LDA albeit displaying similar dispersion, while in the
lower frequency range, 0-150 cm™!, the results of PBE and
LDA disagree significantly. The calculated frequencies of the
H, intrafullerene phonons at the I" point are tabulated in Table
S2 of the SM [33]. One can see that the frequencies calculated
by Nomura and Arita [37] with constrained DFPT within LDA
are close to our results, and both are in a good agreement with
the experimental Raman data [45—48].

IV. THE LOWEST ADIABATIC POTENTIAL
ENERGY SURFACE

The cooperative Jahn-Teller dynamics in fullerides is
highly complex and has never been assessed even for the sim-
plest, insulating compounds. The character of JT dynamics
can be understood by analyzing the lowest adiabatic potential
energy surface (APES) of the crystal, when all JT centers
(fullerenes) are in the ground electronic state for given dis-
tortions of the lattice.

A. Static JT effect in terms of electronic vectors at Cg sites

The potential energy operator for A3Cgp is obtained by
dropping the kinetic energy of phonons (we also neglect some
other contributions mentioned in Sec. IT A) from the full Jahn-
Teller Hamiltonian in Eq. (1):

O = Y Ler00u+ Y (H Y Y

kk '=E,T n

X Y qh, Y Y (nalHy up) égzé‘,;,), )

y(el) a,f o

where the operator of JT coupling is expressed through
Clebsch-Gordan coefficients for the icosahedral group [see
the discussion after Eq. (4)]. The lowest APES is obtained by
diagonalizing the electronic operator in (5) corresponding to
each site n and considering its lowest eigenvalues as a function
of local JT distortions g},,,. The thus obtained function of local
JT distortions of all sites of the crystal is further investigated
for extremes.
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For the investigation of the extremes of APES there exists
a more convenient approach proposed by Opie and Pryce
for molecular JT problems [49], which we extend here. It
essentially exploits the existence of a bijective relation (one-
to-one correspondence) between the extremes of an APES and
the electronic function corresponding to nuclear distortions
in these extremes. Based on this property, Opik and Pryce
proposed to find first the equilibrium nuclear coordinates for
an arbitrary form of the electronic wave function (expressed
via arbitrary fixed parameters, adiabatic coordinates), and then
to investigate the extremes of the obtained energy functional
in the space of these adiabatic coordinates. These adiabatic
coordinates can be viewed as directional cosines of the vector
representing an arbitrary wave function in the functional space
of electronic basis functions involved in the Jahn-Teller effect.
The representation via such vectors (electronic pseudospins)
was widely used for the investigation of the static JT effect
in molecular systems and cooperative JT effect in solids for
simple JT interaction on sites. It was extended for molecular
systems with multimode vibronic coupling [50]. Here we
further extend this approach over multimode JT coupling in
crystals involving multielectric JT sites, a situation realized in
our fullerides.

The basis of electronic wave functions involved in the JT
effect at a Cga ion includes spin doublet terms of the #},
electronic configuration, the atomic-like 2p and 2D molecular
terms amounting to eight electronic wave functions for a given
projection of the total spin S = 1/2 [51,52]. For arbitrary
distortions, in the presence of multiplet splitting operator HI‘{‘
all these eight electronic states (equivalently eight spin dou-
blet Slater determinants) are generally admixed to the ground
adiabatic wave function of Cga . However, it was shown [13]
that in the case of multiply charged fullerene anions, with n =
2, 3,4, the ground adiabatic multielectronic wave function
corresponds in a good approximation to the lowest eigenvalue
of the operator of JT coupling only. This means that the effect
of multiplet splitting operator I-?ﬁ can be taken into account
in the lowest order of perturbation theory. This is done in
Sec.IVB 1.

Given that the JT coupling at each site is described
by one-electron operators, Eq. (5), its ground-state mul-
tielectronic eigenfunction (W) is a Slater determinant of
the lowest occupied eigenorbitals (adiabatic orbitals) ¥} =
a™0) [Fig. 4(a)]:

Wy = aiasat] o),

AnT /\n"" ANt ANt
d3s = x“cxa" + yﬂcytl' + Z“cz; ’ (6)

Anf __ = anf = anf = ANy
dye = XnCyo + yl'lcy(r + nCrys

where the adiabatic coordinates x, y, z and X, y, Z are direc-
tional cosines of the doubly occupied and the half-filled
adiabatic orbitals [Fig. 4(a)] with respect to three Carte-
sian axes representing the reference #, orbitals [Fig. 4(b)].
The unit vectors (x,y, z) and (X, ¥,Z) are obviously orthog-
onal. Due to the electronic independence of the sites, the
ground-state adiabatic wave function of the whole crystal ®
is merely a direct product of adiabatic wave functions W} at

(@) (b) o
“ 4o <
v3
vn

»
n’
q

FIG. 4. Adiabatic orbitals at Cga sites. (a) Splitting and popula-
tion of adiabatic orbitals in the ground adiabatic electronic state W3
(b) Adiabatic orbitals 1,2,3 obtained from the rotations of orthorhom-
bic LUMO orbitals x,y, z (corresponding to #,&, @ = x,,z) by
three Euler angles.

different sites,
o = Ha;ia‘;;ag]m). (7
n

Averaging the potential energy operator (5) on the ground-
state adiabatic wave function (7), we obtain

(U) = (®|0r|®) =
kk

1 N
szkQK—kak + Z |:(‘IJ:|H}'11|‘IJ:>
n

S Y S Zqzy@mﬁw] ®

M=E,T n y(el)

where R and R are tensorial combinations of adiabatic
coordinates:

Ry = (ha|Hy tif)a"p",
a,p

R} =) (nalHy np)a"g". ©)
a.p

Next we minimize the expression (8) with respect to nuclear
coordinates. Having in mind that the phonon coordinates form
a complete, linearly independent set, we first expand the lo-
cal JT distortions on sites through the latter (the Van Vleck
expansion):

ay, =Y _ay,(kk) Q. (10)
kk

where aﬁy (kk) are Van Vleck coefficients [53]. They are
obtained by decomposition of g;,, into the displacements of
involved atoms, and the latter into phonon coordinates using
the calculated phonon frequencies and polarization vectors
in Sec. IIl. Substituting (10) into (8) and minimizing the
obtained expression after phonon coordinates, we obtain the

equilibrium value of the latter,

0= X X Yo 3 al, k2R + ).

kk n T'=E.T n y(elN)
(11)

in terms of adiabatic coordinates on sites. Substituting the
equilibrium coordinates (11) back into the potential energy
expression (8) we obtain its equilibrium (extremal after Q)
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form in terms of adiabatic coordinates only:

CIREDVHETEED ) ) ) SIANAS

n mou Iy opels

X Z Z ¢y —my)

71(€l) y2(eln)

X (2R‘y‘]1 + R‘V‘]‘)(ZR‘;j + R;zz), (12)
where the introduced parameters,
a”_ (kk)a™_ (kk)
glermy —my) =y Il S (13)
w
xk xk

describe the relaxation of the lattice along the local nuclear
coordinates g}, in response to local JT distortions g2, of
unity amplitude. Due to translation symmetry of fullerene
sites, these parameters depend only on the lattice vector con-
necting the positions of two local distortions. It is evident from
Egs. (13) and (10) that the knowledge of the phonon polariza-
tion vectors and frequencies allows us to define completely
these parameters.

The tensors R,, are obtained from Eq. (9) using explicit JT

matrices in (4):

I'=E:

1 V3
Ry = E(Xz +y) -2, R = —T(XZ -,

Re =~3yz, Ry=+3xz, Ro=+3xy,  (14)

and similar expressions (in terms of X, ¥, and Z) hold for
tensors R, (we dropped for simplicity all indices n).

It is convenient to present the APES from Eq. (12) as a sum
of one-site and two-site contributions,

O =3 W+ Y W (15)
n

n;<m

where W) and W® depend on the adiabatic coordinates of
one center and two centers, respectively. In the following we
calculate and analyze these quantities for different A3Cg.

B. APES at individual JT sites

The contributions W, [terms n; =mn, in (12)] involve
response parameters (13) obeying the following relations [54]:

EA(0) = 008y, 5 = Euyy B (16)

where {ll;l 1, 1s common for all y € I'. Then the contribution

to the APES from a given JT site can be written as follows (we
drop hereafter the index of the site):

N 1
WO = (W, | H| W) — 5 D [Z vmrv,nrc,f,m}

=E,T Lpuipn
x Z (2R, +R,)*. a7)
y(el)

The first term is the averaged multiplet splitting interaction
in the adiabatic electronic state W,,. Given that the adiabatic
orbitals can be seen as rotated reference electronic orbitals

[Fig. 4(b)] in virtue of t,-p isomorphism, the operator Hy,
being invariant under rotations of the coordinate system, could
be written in the basis of adiabatic orbitals from the begin-
ning. That is, the ¢4y, (@ = x,y, 2) operators in Eq. (3) can
be replaced by the a;, (i = 1,2, 3) operators, Eq. (6) (the
lacking operator d;, is uniquely defined for given a,, and
&43,). Therefore, the matrix element of Ay will not depend on
the adiabatic coordinates, i.e., will be a constant,

(W |Hu|V,) = En, (18)

linearly scaling with Jy.

The JT part in (17) can be conveniently rewritten as fol-
lows. Consider first equal quantities in the square brackets
for both I". Then the last summation in (17) can be extended
over all y € H which, after substituting Eqs. (14), gives the
following equalities:

S R-Y Rt

y(eH) y(eH)

Z R,R, = —1)2. (19)

y(eH)

The second relation becomes evident if one passes to a co-
ordinate system XYZ where one adiabatic vector (x,y, z) is
directed along Z and the other, (X, ¥, 2), lies in the XY plane.
The obtained relations show that the one-site APES is inde-
pendent from electronic coordinates in the considered case.
Given that the latter are parametrized by three Euler angles
[Fig. 4(b)], we conclude that a three-dimensional continuum
of equipotential minima (a three-dimensional trough) is re-
alized at the bottom of lowest APES in this approximation.
The motion at the bottom of this trough is isomorphic with
the rotation of a rigid body which determines the structure of
low-lying vibronic levels in isolated Cég ions [51,52].

Using the relations (19), Eq. (17) can be given in two
equivalent forms:

WO = By — 3Ef; + (Ef — Ef) ) QR +R, 7, Q0)
v(€T)

or

WO = Ey - 3EL + (ER — ER) D" @R, + R, 1)
v(€E)

where the parameters

1
E E
EJT = E E :VMIEV/-LZE(/.Ll;Lz’
K12

! (22)
EJT"I‘ = E Z VMITVMZTC;ZMZ’

iz

are JT stabilization energies after the distortions of E and T
type, respectively, in the case of a single electron presenting
in the #;, shell. The last term in (20) and (21) describes the
warping of the bottom of the trough in terms of adiabatic
coordinates of two occupied adiabatic orbitals (equivalently
three Euler angles). The parameter defining the amplitude
of the warping scales with the difference of energies of JT
stabilization after the distortions of £ and T type. When these
two stabilization energies are equal, the warping contribution
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TABLE IV. The JT stabilization energy and its contributions (in meV).

The JT stabilization energy of isolated C;y is —150.9 meV.

fce Al5
K3Ceo Rb;Cq Cs3Ce Cs3Ceo
LDA PBE LDA PBE LDA PBE LDA PBE
F* —1449 —153.6 —1489 —1534 —150.1 —155.3 —150.4 —156.7
—171.1 —179.5 —176.7 —181.7 —184.6 —190.4 —178.0 —187.3
A? —16.1 —-7.2 —17.6 2.5 —19.0 -39 -3.0 —2.7
—15.7 —6.8 —-17.3 —2.4 —18.7 -39 -3.0 —-2.7
FF* —0.2 —-0.2 —0.2 —0.1 —0.2 —0.1 —0.2 —0.1
—0.1 —0.1 —0.1 —0.1 —0.1 —0.1 —0.2 —0.1
A-F —0.2 —-0.2 —0.4 —0.1 —0.6 —-0.2 0.6 0.7
F-FF 0.0 0.0 0.0 0.0 0.1 0.1 0.0 —-0.0
A-FF —-0.0 —0.1 —-0.0 —-0.0 —-0.0 —-0.0 0.0 0.0
Er —161.4 —161.2 —167.1 —156.1 —169.8 —159.5 —1529 —158.8

2The data in the second row correspond to the neglect of off-diagonal contributions after w.

disappears and we end up with a three-dimensional trough
similarly to an isolated ng ion. Given the complexity of the
systems (multicenter and multimode JT effect) the expression
for W looks remarkably simple. In the following we analyze
the contributions to W) in different cubic fullerides using the
calculated vibronic constants and phonon spectra.

1. Contributions to the static JT stabilization

A consistent definition of JT stabilzation energy in the
presence of warping is obtained via averaging the second term
in Eq. (17) over all points of the trough. This is equivalent with
the averaging over adiabatic coordinates (Euler angles) of the
sums involving R, and R, for y € E and y € T, respectively.
Integration over all Euler angles gives for these terms the
weights 2/5 and 3/5, respectively. With them we can write
for the Jahn-Teller stabilization energy

Eyr =3(3Ef; + 2Ef). (23)
In the limit of an isolated Cga , when the coupling to the
vibrational eigenmodes is considered from the beginning, the
Van Vleck coefficients in Eq. (10) become elements of a unity
matrix, so that the response matrix ¢ becomes diagonal too,
o ) = 8u1ua/ @7y Then we recover the usual expression for

[L1pt
the multimode 7 ® H JT problem involving three electrons,

Eyr = (3/2) ZM VMZH/a)iH.

The first term in (17) can be evaluated more accurately than
suggested in Eq. (18), by applying a second-order perturbation
theory after Hy (see the SM [33]), yielding

i

AEyr

The first term here is the destabilization energy [the only one
given by Eq. (18)], while the second term represents a small
correction due to a small value of the Hund’s coupling param-
eter (about 40 meV) compared to the Ejr of about 150 meV
[55,56]. Note that the stabilization energy is further increased
in Cga by about 90 meV due to a dynamical delocalization of
JT distortions in the trough [55,56], which diminishes further
this correction thus enhancing the criterion of the applicability
of the single-determinant adiabatic wave function (6). In the

EY =Ju— (24)

following we neglect the contribution (24) which only gives a
constant shift of energy on sites.

This elastic response parameter {ll;l 4, can be expressed
through the lattice Green’s functions [54,57]. Evaluating the
latter via the integration over the Brillouin zone of the crystal
for atomic displacements of different pairs of atoms we obtain
the elastic response parameters for all relevant local modes
and evaluate their contribution to Ejr.

Table IV shows the calculated Ejt as well as its contribu-
tions from different modes. The components F, A, and FF are
separated contributions from intrafullerene, alkali, and inter-
fullerene modes, respectively. We can see that the off-diagonal
contributions after p (the interference terms) are important
for intrafullerene H, modes because the latter are not vibra-
tional eigenmodes in fullerides. The next rows, A-F, F-FF, and
A-FF, represent the contributions from alkali-intrafullerene,
intrafullerene-interfullerene, and interfullerene-alkali interfer-
ence terms. We may conclude that the intrafullerene modes
give the major contribution to JT stabilization as expected,
while interaction with the alkali mode increases Ejt by a few
percent in LDA calculations. At the same time the effect of
interfullerene modes is negligible.

To get further insight into the origin of these contributions
we inspect the elastic response parameters entering Egs. (22),
which have the meaning of inverse effective force constants
(rigidity) with respect to the corresponding active distortion
mode. The inverse square root of {lf . Which corresponds to
the effective frequency of the corresponding mode can be
referred to in the SM [33]. We can see that in the case of
intrafullerene modes these agree well with the corresponding
vibrational eigenmodes of the isolated fullerene ion support-
ing the molecular crystal character of fullerides. At the same
time, the effective frequencies for alkali and interfullerene
modes are much lower amounting to a few tens of wave num-
bers for some of them. This explains the obtained important
contribution of alkali modes to the JT stabilization despite that
the vibronic coupling constants are one order of magnitude
smaller than for intrafullerene modes. Partly the small value
of (5/}:#)_1/2 for alkali modes is explained by the existence
of low-frequency optical phonons involving these modes as
is evident from the phonon dispersion (Fig. 3). Another
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TABLE V. The warping parameter A and its contributions (in meV).

fcc Al5
K3Cso Rb;Cso Cs3Ceo Cs3Ceo

LDA PBE LDA PBE LDA PBE LDA PBE
F 0.044 —0.526 —0.577 —1.109 —1.112 —1.809 —0.532 —0.287
1.992 1.670 1.715 1.104 1.798 0.706 0.150 0.485
A? 4.454 1.548 4727 0.402 4.869 0.668 0.137 0.211
4.362 1.464 4.670 0.380 4.825 0.643 0.340 0.371
FF* —0.018 —0.014 —0.019 —0.015 —0.025 —0.017 —0.003 —0.006
—-0.014 —0.009 —0.015 —0.011 —0.018 —0.011 0.003 0.000
A-F 0.153 0.194 0.256 0.148 0.333 0.213 —0.179 —0.123
F-FF —0.036 —0.060 —0.043 —0.032 —0.065 —0.052 —0.003 0.003
A-FF 0.021 0.023 0.019 0.009 0.020 0.010 —0.024 —0.017
A 4.618 1.165 4.364 —0.598 4.019 —0.985 —0.605 —0.220

“The data in the second row correspond to the neglect of off-diagonal contributions after p.

contribution comes from the acoustic phonons as can be seen
from Table VIII.

2. Warping of the APES

Weighting the expressions (20) and (21) in a similar way
as in Eq. (23), we obtain

WO = Ey — Eyr + Waarp, (25)

where the warping term is given by

1 2 _
Wyarp = E(Eﬁ — Ej) [5 Z (2R, +R,)*
y(€T)

3 _
-3 > (R, +R, )2}. (26)

v(€E)

Note that the warping term now averages to zero when inte-
grated over the trough.
Using the equality

> @R, —R, =3, (27)

y(eH)

emerging from the relations (19), we can represent the warp-
ing term (26) only in terms of tensors with y € T only:
9 _
Wwarp = A|: - g + Z (2Ry +Ry)21|’ (28)
y(eT)

where the warping parameter was introduced:
A = 3(Ej; — Efy). (29)

This parameter is evaluated in a similar way as Ejp. Table V
gives the calculated A for the four materials, as well as its
separated contributions from intrafullerene, alkali, and in-
terfullerene modes and their interference. The notations and
meaning of the columns are similar to Table IV. We observe
that the main contribution to the warping comes almost en-
tirely from alkali modes in the case of fcc fullerides and from
the intrafullerene modes in the case of the Al5 structure.
In all compounds (except for potassium fulleride within the

LDA approximation) the contributions from intrafullerene and
alkali atoms are of opposite sign. Note that now the inter-
ference of intrafullerene and alkali modes is relatively large.
Table IX shows that A is mostly contributed by the acoustic
phonon modes in the case of fcc fullerides. On the contrary,
it is contributed by optical phonon modes in the case of the
ALlS5 fulleride. We stress that the warping is entirely due to
the interaction of fullerene molecules with the environment.
In the case of isolated fullerene ions the warping of the lowest
APES does not arise in the approximation of linear JT cou-
pling. On the other hand, the quadratic JT coupling was shown
to have negligible effect on its warping [32].

The warping itself arises from the second factor in (28).
This factor represents a warping function which depends on
the adiabatic coordinates only and is universal for all inves-
tigated fullerides. For the sake of analysis, consider first the
case of only two electrons in the lowest adiabatic orbital (the
case of the Cga ion). In the absence of warping this situation
leads to a two-dimensional trough in the space of spherical an-
gles 6 and ¢ because of the constraint x> + y? 4 z> = 1. The
warping function reduces in this case to an expression depend-
ing only on the adiabatic coordinates of this adiabatic orbital,
—6[x* + y* + z* — (7/10)7*], where r = 1. The expression in
the square brackets coincides up to a constant —1/10 with the
fourth-order cubic invariant [58]. Such a function was con-
sidered phenomenologically by O’Brien in connection with
the warping of the lowest APES of the d ® H JT problem
[22,52] subject to a perturbation from a cubic environment.
The obtained warping function is shown in Fig. 5(a) and has
similar extremal properties as in the case of the d @ H JT
problem. Thus two groups of extremes, three of [001] type
(tetragonal) and four of [111] type (trigonal), appear, which
are either minima or maxima depending on the sign of the
parameter A. On the contrary, six extremes of [011] type
(rhombic) are always saddle points.

In the case of Cga , the warping function will depend on
three additional adiabatic coordinates entering the tensors R,
in (28). It is easier, therefore, to investigate it in the space of
three Euler angles defining both occupied adiabatic orbitals
[Fig. 5(b)]. To this end we need to express the six adiabatic
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C > G = point measured from the minimum) separating the minima.
S — Figure 6(a) shows the dependence of the barriers on the angle
w2 /4 /2 x. One can see that the barrier does not depend on y in the

0

FIG. 5. Contour plots of the warping function in Eq. (28) for
an irreducible domain of Euler angles 6 and ¢ (a) CZ ion with
cubic warping. (b) Cross section of a three-dimensional surface,
corresponding to the APES of Cga site in cubic A;Cg, at indicated
values of Euler angle y. The lines correspond to increasing energies
for colors varying from white to black.

coordinates entering Eq. (28) via these angles [51,52],
x =sinfcos¢, y=sinfsin¢, z = cosb,
X = —sin x cosf cos ¢ — cos x sin ¢,
¥ = COS x cos ¢ — sin x cos O sin ¢,
Z = sin x sin 6. (30)

The obtained 6-¢ maps of the warping function for several
values of the angle x are shown in Fig. 5(b). We can see
that the extremal structure of the lowest APES has the same
morphology as in the case of Cga [Fig. 5(a)]. The new feature
is the cyclic shift of the landscape in function of x with a
period of . For A > 0 the minima are of trigonal type and
the lowest energy path connecting pairs of these minima, e.g.,
[111] and [1-11] (not shown in Fig. 5), is via the saddle points
([101]). For A < O the minima are of tetragonal type (e.g.,
[001]) and the lowest-energy path connecting minima of this
type are again saddle points albeit now the path passes through
them in a perpendicular direction.

case of trigonal minima, whereas its height oscillates period-
ically in the case of tetragonal minima. In all systems and for
all x the height of the barrier is smaller than 4 meV which, at
its turn, is smaller than the rotational quantum in the trough
for an isolated Cga (about 8 meV) and much smaller than
the kinetic delocalization energy of JT deformations in this
anion (about 90 meV) [55,56]. This precludes the localization
of JT deformation after 6 and ¢ in the vicinity of the minima.
At the same time, the energy of the minima is independent
from yx irrespective of their type [Fig. 6(b)]. This means that a
one-dimensional trough after the coordinate 0 < x < 27 will
be preserved for the warping of any amplitude, a situation not
realized in the case of the cubic warping of a two-dimensional
trough as Fig. 5(a) shows.

On the basis of these results we conclude that the JT dy-
namics at one site in the A3Cgo cubic fullerides corresponds
to weakly hindered rotations of JT deformations in the three-
dimensional trough.

C. Intersite interaction of JT centers

The two-site contributions to the lowest APES, Wn(ﬁ)nz, can
be extracted from Eq. (12) in the following form:

w®

2. =333 Y B —my)

't I oyiel) ya(el)

x (2R3 + R} (2R}: + RY).
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TABLE VI. The interaction parameter B2 (An) for nearest-neighbor fullerene sites (in meV), calculated by LDA and PBE (parentheses).

fcc Al5
K3Ceo Rb;Ce Cs;3Ceo Cs3Ce
E, Eg —0.55(—0.17) —0.52 (—-0.44) —0.36 (—0.39) —0.01 (—-0.02)
E, —0.06 (0.09) —0.03 (0.02) —0.02 (0.01) 0.15 (0.18)
T: —0.24 (—0.30) —0.26 (—0.22) —0.26 (—0.24) 0.02 (0.03)
T, 0.02 (0.04) 0.03 (0.01) 0.03 (0.02) 0.30 (0.27)
T; —0.01 (0.07) —0.01 (0.01) —0.02 (0.01) —0.08 (=0.13)
E. E. —0.06 (0.09) —0.03 (0.02) —0.02 (0.01) 0.15 (0.18)
T; —0.06 (—0.11) —0.06 (—0.04) —0.03 (—0.04) 0.01 (0.01)
T, —0.02 (-0.04) —0.03 (-0.01) —0.03 (—-0.02) —0.06 (—0.09)
T; —0.03 (—0.09) —0.03 (=0.01) —0.05 (—=0.01) —0.05 (—0.05)
T; T; —0.50 (—0.56) —0.65 (—0.41) —1.04 (—-0.73) 0.02 (—0.00)
T, 0.10 (0.12) 0.13 (0.12) 0.15 (0.15) —0.07 (—=0.05)
T, ~0.00 (0.02) 0.01 (0.06) 0.00 (0.04) ~0.06 (—0.04)
T, T, —0.07 (—=0.10) —0.09 (—0.08) —0.10 (—0.10) —0.18 (—0.14)
T; —0.01 (0.05) —0.01 (—0.00) —0.01 (0.01) —0.01 (0.01)
T, T, —0.11 (0.08) ~0.05 (—0.09) 0.06 (—0.06) —0.15 (=0.09)

1
Bl —my) = ) Z Z Vi Vier,

() pa(I)
X ¢l (my —my). (31

Hiyi
We calculated the interaction parameters B}’ff (An) for nearest-
neighbor and next-nearest-neighbor fullerene pairs. In the
former case An || [101] for fcc and || [111] for bee fullerides,
respectively (Fig. 1). The next-nearest-neighbors are located
along cubic axes for both kinds of lattices (An || [001]). The
results are given in Tables VI and VII.

One can see that the interaction parameters for the A15
fulleride are much smaller than in fcc compounds. A similar
situation was also found for the warping parameter (Table IX),
pointing to a generally weaker symmetry lowering effect in
bee lattices compared to fcc ones (we remind the reader
that in the present calculations the merohedral order in the

A15 compound was replaced by a full order of fullerene
molecules). In fcc fullerides the interaction parameters corre-
sponding to different pairs y;y» is highly selective. Actually,
it is non-negligible only for 86, 6&, and £& coupling in nearest
neighbors and only for 86 coupling in next-nearest-neighbor
pairs. Remarkably, the latter is significantly stronger than all
coupling in the nearest-neighbor pairs. Even so it does not
exceed 4 meV (LDA result for Cs3Cg). However, the interac-
tion with more distant fullerenes is negligible. We expect that
the interaction of these pairs is mainly governed by acoustic
phonon modes due to their larger dispersion (Fig. 2), which
implies its R~ dependence on the interfullerene separation R.

We may conclude from this study that the interaction
of JT distortions on different fullerene sites is too weak to
quench their dynamics and localize them at some points in
the troughs. There can be however some correlation in the
rotations of these distortions. For instance, for the strongest 66

TABLE VII. The interaction parameter B2(An) for next-nearest-neighbor fullerene sites (in meV), calculated by LDA and PBE

(parentheses).
fcc Al5
K3Ceo Rb;Ce Cs3Ce0 Cs3Ceo
Eg E, 2.49 (0.79) 3.25 (0.50) 4.20 (1.07) 0.04 (0.04)
E, 0.03 (0.07) 0.17 (0.05) 0.35(0.12) 0.00 (0.02)
T; —0.00 (—0.00) —0.00 (—0.00) —0.00 (—0.00) 0.03 (0.05)
T, —0.04 (—0.04) —0.04 (-0.01) —0.06 (—0.01) 0.03 (0.06)
T; 0.00 (0.00) 0.00 (0.00) —0.00 (—0.00) 0.01 (0.02)
E. E. 0.03 (0.07) 0.17 (0.05) 0.35(0.12) 0.00 (0.02)
T 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.01 (0.00)
T, —0.05 (—0.08) —0.05 (—0.00) —0.08 (—0.01) 0.02 (0.02)
T; —0.00 (—0.00) —0.00 (—0.00) —0.00 (—0.00) 0.02 (0.05)
T; T —0.02 (0.08) 0.04 (—0.05) 0.10 (—0.00) —0.09 (-0.07)
T, —0.00 (—=0.01) —0.01 (—0.00) —0.02 (-0.01) —0.05 (—=0.03)
T; 0.05 (0.05) 0.00 (—0.01) —0.01 (—=0.03) —0.08 (=0.07)
T, T, 0.03 (0.03) 0.04 (0.02) 0.03 (0.03) —0.02 (—0.02)
T; 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) —0.03 (-0.02)
T; T; —0.02 (0.01) 0.00 (—0.02) 0.02 (—0.03) 0.03 (0.04)
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TABLE VIII. The contribution of acoustic modes to the total JT stabilization energy and its components (in meV).

K3C6() Rb3C60 CS3C6() AlS

LDA PBE LDA PBE LDA PBE LDA PBE

F —0.1 —0.1 -04 —0.1 —-0.8 —-04 —-0.0 -0.0
—14 -0.2 -25 —0.1 —4.2 -0.6 —0.1 -0.3

A? —12.6 —24 —16.5 —-04 —18.3 2.3 —1.0 —-1.2
—12.1 -23 —16.1 —-04 —-17.9 -23 —-1.0 -13

FF* —0.1 —0.1 -0.0 —0.1 —-0.0 —0.1 —0.1 —0.1
—0.1 —-0.1 —-0.0 —0.1 —0.0 —0.1 —0.1 —0.1

A-F —0.1 -0.0 —-04 -0.0 -0.5 -0.0 0.0 0.0
F-FF 0.0 0.1 0.1 0.0 0.1 0.1 0.0 0.0
A-FF —-0.0 -0.0 —-0.0 —0.0 —0.0 —-0.0 —0.0 —-0.0
AEyr —12.9 —2.6 —17.3 -0.5 —19.6 —-2.8 —1.1 —14

2The data in the second row correspond to the neglect of off-diagonal contributions after w.

coupling of next-nearest-neighbor pairs the maximal negative
value of the corresponding tensorial factor in Eq. (31) reaches
—9/4 for 6 distortions on the two sites of opposite sign. For
fce Cs3Cg this gives a correlation energy amounting to half of
rotational quantum (in the LDA calculation). We can speculate
that this interaction can give rise at low temperature to an
antiferrodistortive ordering of 6 distortions at next-nearest-
neighbor fullerene sites. These static distortions are expected
to have a small amplitude and will coexist with the rotation
of JT deformations of much larger amplitude at each Cgy.
This scenario corroborates the low-temperature NMR data
for insulating fcc Cs3;Cgp which evidence weak static dis-
tortions of fullerenes gradually disappearing with the rise of
temperature [19].

Finally we would like to point out that the results of
the present and previous subsections are strongly dependent
on the type of exchange correlation functional used in the
DFT calculations. While it is not clear for the moment what
functional from the two employed here is to be preferred
for phonon calculations (there is no clear answer from the
literature), we notice that the use of more involved hybrid
functionals is prohibited for the present systems due to a
large number of atoms in the unit cell (even for the highest
degree of ordering of fullerene molecules in the lattice). To

unambiguously determine the low-energy phonon dispersion,
it is desired that such calculations will become feasible.

V. DISCUSSION AND CONCLUSIONS

In this paper, we investigate the modification of the JT
effect on fullerene anions ng when they are incorporated in
the cubic lattices of A3Cgq fullerides. The interaction of each
fullerene molecule with the environment leads to modification
of JT stabilization energy and to the warping of the trough
at each fullerene site, as well as to the interaction of JT
distortions at different sites. We studied these effects in three
fce fullerides with A = K, Rb, Cs and in Cs;Cgp with bec
(A15) structure by using the results of DFT calculations of
orbital vibronic coupling constants at Cep sites and of phonon
spectra of these materials. The key quantities defining the
character of JT effect in these crystals are the elastic response
parameters for local JT distortions, which are evaluated on the
basis of phonon calculations. Using these response parameters
and the vibronic coupling constants the lowest APES has been
calculated and analyzed in these materials. To this end, an
expression for the lowest APES as a function of trough coordi-
nates at the fullerene sites has been derived. We found that the
JT stabilization energy increases by a few percent compared to

TABLE IX. The contribution from acoustic modes to warping parameter, A, and its components (in meV).

fce Al5
K3Cso Rb;Ce Cs3Ceo Cs3Ceo

LDA PBE LDA PBE LDA PBE LDA PBE
F —0.048 —0.232 0.107 —0.263 0.256 0.093 —0.031 —0.021
0.392 —0.112 0.815 —0.130 1.379 0.174 0.008 0.049
A? 3.747 0.407 4.824 —0.003 5.191 0.480 0.035 0.119
3.617 0.395 4.747 —0.024 5.149 0.458 0.132 0.212
FF* —0.002 —0.015 0.005 —0.010 0.006 —0.004 0.014 0.005
—0.001 —0.006 0.002 —0.005 0.003 0.001 0.019 0.010
A-F 0.060 0.034 0.125 0.016 0.178 0.014 —0.037 0.012
F-FF —0.028 —0.059 —0.021 —0.035 —0.032 —0.051 —0.003 0.001
A-FF 0.013 0.020 0.011 0.008 0.010 0.010 —0.017 —0.016
Age 3.741 0.155 5.051 —0.286 5.610 0.542 —0.040 0.100

4The data in the second row correspond to the neglect of off-diagonal contributions after w.
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isolated ng and a warping of the trough amounting to a few
meV occurs in all investigated compounds. The interaction of
JT distortions on nearest- and next-nearest-neighbor fullerene
sites is quite selective with respect to to their symmetry and
turns out to be of similar order of magnitude as the warping
of the APES on individual sites. All these effects are mostly
due to the interaction of Cgy ions with the displacements of
neighbor alkali atoms.

The obtained results concerning the APES of A3Cg are
sufficient for the description of eventual static cooperative JT
effect in such systems, i.e., the distorted equilibrium geometry
and its evolution with the temperature, including the struc-
tural phase transition [20,59]. However, in cubic fullerides
the dynamical JT effect on fullerene sites, destroying any
ordering of static JT deformations, is the most probable sce-
nario [13,60] because the energy of kinetic delocalization of
JT deformations along the trough is of the order of about
90 meV [55], which exceeds by two orders of magnitude the
interaction parameters for JT active distortions on nearest-
neighbor fullerene sites (Table VI). Given this situation, the
dynamical cooperative JT effect could be considered within an
approach using a single set of H, modes (effective modes) on
each fullerene site [13,55] with JT, warping, and interaction
parameters derived in the present work. One should note,
however, that the latter will be further modified when the JT
dynamics on sites is considered in a pretty similar way as the
isotope substitution leads to localization of JT distortions in
perfectly equipotential troughs [61]. However, such modifica-
tions are not expected to change the order of magnitude of the
calculated parameters corresponding to static JT distortions.
We may conclude, therefore, that the present study supports
the picture of weakly hindered independent rotations of JT
deformations at Cgq sites in all A3Cgp.

The results obtained in this work are relevant to a number
of the observable properties of insulating cubic fullerides such
as the NMR [19] and infrared [17,18] spectra. For instance, a
weak localization of JT distortions on fullerene sites due to

their elastic coupling could slightly lower the symmetry of
Cego anions, which can be the reason for the “orbital glass”
behavior found in the NMR spectra of Cs3Cgp [19]. This
static and dynamic symmetry lowering of fullerene molecules
is also expected to show up in the fine structure of infrared
spectra of insulating A3Cgp, the reason for which the latter
have not been completely assigned by the simulations of iso-
lated Cga units [62]. Complementary information on the JT
dynamics is expected to be gained from other spectroscopy
as well such as optical absorption, Raman, and inelastic
neutron scattering. Further application of the present results
to the rationalization of various spectroscopic data of insu-
lating fullerides will result in a thorough understanding of
the physics of the dynamical cooperative JT effect in these
materials.
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APPENDIX: EFFECT OF ACOUSTIC MODES
ON Ej; AND A

Considering only the lowest three phonon branches in
Eq. (22), we calculate their contributions to JT energies,
Eq. (23), in Table VIII, and to the warping parameters,
Eqg. (29), in Table IX.
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