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The lowest energy excitations in bulk alkali halides are investigated by considering five different
excited state descriptions. It is concluded that excitation transfers one outermost halide electron in
the fully ionic ground state to the lowest energy vacant s orbital of one closest cation neighbour
to produce the excited state termed dipolar. The excitation energies of seven salts were computed
using shell model description of the lattice polarization produced by the effective dipole moment
of the excited state neutral halogen—neutral metal pair. Ab initio uncorrelated short-range inter-ionic
interactions computed from anion wavefunctions adapted to the in-crystal environment were aug-
mented by short-range electron correlation contributions derived from uniform electron-gas density
functional theory. Dispersive attractions including wavefunction overlap damping were introduced
using reliable semi-empirical dispersion coefficients. The good agreement between the predicted ex-
citation energies and experiment provides strong evidence that the excited state is dipolar. In alkali
halide nanocrystals in which each ionic plane contains only four ions, the Madelung energies are
significantly reduced compared with the bulk. This predicts that the corresponding intra-crystal ex-
citation energies in the nanocrystals, where there are two excited states depending on whether the
halide electron is transferred to a cation in the same or in the neighbouring plane, will be reduced
by almost 2 eV. For such an encapsulated KI crystal, it has been shown that the greater polarization
in the excited state of the bulk crystal causes these reductions to be lowered to a 1.1 eV-1.5 eV
range for the case of charge transfer to a neighbouring plane. For intra-plane charge transfer the
magnitude of the polarization energy is further reduced thus causing the excitation in these encapsu-
lated materials to be only 0.2 eV less than in the bulk crystal. © 2012 American Institute of Physics.

[http://dx.doi.org/10.1063/1.4764307]

I. BACKGROUND

There is much interest, both experimental"6 and

theoretical,”™ in the properties of nanocrystals prepared by
encapsulation in single walled carbon nanotubes (SWNT).
These constrain the structures of the encapsulated materials
preventing them from reverting to the bulk structure. The
structures of several of these encapsulated crystals have been
accurately determined by recently developed methods in high
resolution transmission electron microscopy.'®!'! A few such
crystals exhibit novel structures unrelated to that of the bulk
material.® However, rather more have structures clearly re-
lated to those of the bulk, although showing significant dis-
tortions. Many of the encapsulated alkali halides, with the io-
dides being particularly well studied,'= have structures based
on the rock-salt lattice. These encapsulated crystals exhibit,
when viewed down the nanotube axis, a fragment of the
(0,0,1) plane of a rock-salt lattice containing either four or
nine ions in cross-section depending on the diameter of the
encapsulating SWNT so that there are four or nine chains of
ions. Thus in the four chain (2 x 2) case, as shown in Figure 1,
each plane consists, to within the accuracy of the experiment,’
of a square arrangement of four ions with those of the same
charge located at the ends of the diagonals. Although each
four or nine chain structure is based on the rock-salt lattice,
the inter-ionic separations are significantly distorted. Thus the
inter-plane separations (b) are slightly reduced compared with
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the bulk while the closest cation-anion separations (@) within
each plane are appreciably dilated.:> Although there is cur-
rently significant interest in developing theoretical methods
for understanding and predicting these structural distortions,
the modifications of their electronic spectra from those of the
bulk have received scant attention.

The most widely accepted description of the lowest en-
ergy excitation in a bulk alkali halide is that this arises as an
inter-ionic charge transfer in which one of the most loosely
bound halide electrons enters the lowest energy vacant s or-
bital on just one nearest neighbour cation.'””'> The discus-
sions presented in both Sec. II B and in Secs. A and B of sup-
plementary material'® provide strong evidence for rejecting
four alternative descriptions. In the ground state of an alkali
halide crystal, an anion electron occupies a spatial region in
which its potential energy is lowered through its interaction
with neighbouring ions, particularly its nearest cation neigh-
bours. The dependence of this interaction on the position of an
anion electron with respect to its nucleus can be expanded in a
series involving spherical harmonics.'”'® For a crystal having
either the rock-salt or cesium chloride structure, the leading
non-vanishing contributions consist of a dominant term inde-
pendent of any angular variables followed by one containing
fourth order spherical harmonics. For the crystal at equilib-
rium with closest cation-anion distance R,, the dominant po-
tential energy contribution has a constant value'’~'” of —M/R,
when the electron is at any distance from the anion nucleus

© 2012 American Institute of Physics
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FIG. 1. A four chain (2 x 2) nanocrystal of potassium iodide encapsulated
in a carbon nanotube.

less than R, (M is the Madelung constant). Terms containing
fourth and higher order spherical harmonics do not contribute
to the energies of electrons occupying orbitals of s or p sym-
metry. Similar arguments'”~'” show that a cation electron ex-
periences a constant destabilization of M/R, when it is at any
distance from the cation nucleus less than R,. This shows!>'4
that, in the anion to single cation description of the excitation,
interaction with the crystalline environment produces a con-
tribution of (2M—1)/R, to the energy (AE,,) of charge trans-
fer. The term —1/R, arises because, after transfer to a cation,
the electron interacts with one fewer anion neighbours than
does a cation electron in the crystal ground state. The energy
of 2M—1)/R, is the largest contribution to AE,,, being, for
the alkali halides, greater than that arising from the difference
between the metal ionization potential and the halogen elec-
tron affinity.

Acceptance of the charge transfer description for bulk al-
kali halides would suggest that the lowest energy purely intra-
crystal excitation of an encapsulated salt proceeds through
the same mechanism. A study®” using a Born type model, of
the structures of (2 x 2), (3 x 3), and (4 x 4) nanocrystals
of alkali halides, presented values for the Madelung function
Mp(x) which yields, for square planes of ions, the potential
energy experienced by an anion electron as —M}(x)/b where
x = a/b. Arguments identical with those used for the bulk
materials show that, for the nanocrystal transition in which
the electron is transferred to a neighbouring plane, the point
charge electrostatic contribution to AE,, is (2My(x)—1)/b.
Comparison of this result with the corresponding expression
(2M—1)/R, for the bulk shows that this contribution is smaller
in the nanocrystal because M;(x) is less than the 1.74756
value of M. For (2 x 2) nanocrystalline KI having its ex-
perimentally observed structure, M, (x) is>?° 1.51131, which
lowers this contribution by slightly less than 2 eV. The natu-
ral expectation that this reduction is carried over to a redshift
in AE,, would be justified if two other significant terms were
to remain essentially unchanged on passing from the bulk to
the nanocrystal. The first of these is the polarization response
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consisting the energies of the interaction between the dipoles
induced on the ions as a consequence of two of them being
replaced by neutral species. The second is the difference be-
tween the energy of interaction of a neutral alkali atom with
its surroundings and that of its cation with the same surround-
ings after disregarding all point charge electrostatic interac-
tions and all polarization responses.

This paper has two objectives. The first is to present
a thorough investigation of the nature of the lowest en-
ergy electronic excitation in bulk alkali halides using both
modern computational methods and more reliable experi-
mental data neither of which were available to the previ-
ous investigators.'>~!> This study not only disposes of earlier
criticisms”! of the charge transfer description of the first ex-
cited state but also provides strong evidence that this state
is composed of just a single neutral metal-neutral halogen
pair as envisaged previously.'>”'* This conclusion allows the
present investigation to be confidently extended to achieving
the second objective. This is to investigate the nature of the
lowest energy intra-crystal electronic excitation in encapsu-
lated nanocrystals. In particular the aim is to test the above
prediction that this transition will exhibit a redshift of slightly
less than 2 eV relative to that in the bulk alkali halide.

Il. THEORY

A. General formulation for charge transfer
descriptions

In any solid there are two fundamentally different types
of excitation, those designated band to band, in which the
excitation is delocalized over the entire crystal and those of
the exciton type in which the excitation is localized either on
only one ion or, at most, on a small number of ions imme-
diately neighbouring the anion from which the electron was
excited. For the alkali halides, the lowest energy excitation is
of the second of these two types. However, there are two fun-
damentally different types of description of even these low-
est energy excitations. In the first of these,?! the excitation is
considered to be entirely localized on the anion and thus the
states are labelled with purely atomic quantum numbers with
the analysis®* relying heavily on comparison with the exten-
sive experimental data for the iso-electronic excited states of
the isolated noble gas atoms. In the second description of the
excitation, one outermost anion electron is taken to be trans-
ferred into the unoccupied s orbital of one or more neighbour-
ing cations. The purely one-centred description of the excita-
tion will not be considered further in the main body of this
paper because the evidence presented in Sec. A of supplemen-
tary material'® indicates that this description not only fails to
predict the correct number of allowed optical absorptions but
also, at least in its simplest form, yields qualitatively incorrect
predictions for the excitation energy.

For an alkali halide, either in the bulk or as an encapsu-
lated nanocrystal, any charge transfer description of the exci-
tation yields its energy as'>~'#

AEy = Ay + Iy + AE + AEY? 4 EPY (1)
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TABLE 1. Metal ionization potentials, cation polarizabilities and neutral
halogen electron affinities and polarizabilities.*-?-¢

Species X Na K Rb Cs F Cl Br I

Iy Ap (eV) 5.139 4341 4.177 3.894 3400 3.616 3.365 3.066
acag (au) 1.002 5339 905 1528 3.641 14.71 20.58 33.91

2Alkali metal ionization potentials from Moore (Ref. 40); halogen electron affinities
from Smirnov (Ref. 41).

bCation polarizabilities «¢, Na™, and K* from ab initio computations (Refs. 42 and 43);
Rb* and Cs* from analysis (Ref. 44) of experimental molar polarizabilities.

“Neutral halogen polarizabilities ay, F, Cl, and Br from PNO-CI computations
(Ref. 45-47); T average of two values (Ref. 48).

where I), is the ionization potential of the neutral metal and
Ay is the halogen electron affinity, defined as positive. Here
AE’" is the difference between the total electrostatic en-
ergy of the excited state of the entire crystal plus encapsu-
lating tube and that of the ground state with all ions and neu-
tral atoms treated as un-polarized point charges. The quantity
AE®P is the difference between the total energy arising from
the dispersive attractions in the excited state and the corre-
sponding total in the ground state. For the encapsulated crys-
tal, AEYsP naturally includes also the difference between the
dispersive attractions of the excited and ground states of the
crystal to the SWNT wall. The charge transfer description of
the excitation implies the existence, in agreement with exper-
iment, of two transitions closely spaced in energy because the
neutral halogen can be left not only in its ground 2P, but
also in the 2Py, state.'* The use of the ground state halogen
electron affinity in (1) causes this to predict the lower energy
of these two transitions.

For cubic crystals, the ions in the ground state reside on
sites at which there are no electric fields; consequently these
ions will have their usual spherical symmetry. The transfer of
one anion electron to neighbouring cations introduces an in-
homogeneity into the crystal in comparison with the ground
state thereby creating non-vanishing electric fields and field
gradients at both the remaining ions in the crystal as well
as at the species directly involved in the electron transfer.
The energy EZY in (1) is the total energy arising from the
responses of all the species to these fields and their gradi-
ents. This total naturally includes not only the energy of in-
teraction of each dipole induced by the non-vanishing elec-
tric field created by the ion charges but also the non-point
charge electrostatic energies of interaction between the in-
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duced dipoles. The acquisition of a dipole changes the charge
distribution of each species, which thereby causes the ener-
gies of both the short-range overlap dependent interactions
and the dispersive attractions between the species to differ
from the corresponding interactions between the undistorted
species. These energy changes therefore constitute contribu-
tions to E,”O{;l because they are a necessary consequence of
the induced dipoles. In this work, only the leading polar-
ization response of each atomic species, namely the electric
dipole induced by the presence of non-zero electric fields, is
considered.

The differences between the short-range forces in the ex-
cited and ground states of the crystal other than those enter-
ing E,’Zf;l will be much smaller than the terms considered in
Eq. (1). Such differences will therefore be neglected as ly-
ing outside the scope of the present investigation. The data
presented in Tables I and II show that the polarizability (o)
of a halogen and that («4) of its corresponding in-crystal
halide ion are not very dissimilar. The coefficient [Ce(XY)]
governing the dipole-dipole dispersive attraction between the
species X and Y is closely related to the polarizabilities of
the two species, this link being made explicit in the Slater-
Kirkwood approximation as described in Sec. C1 of supple-
mentary material.'® Consequently, the dispersion coefficients
for the interaction of a neutral halogen and another species
will not be very different from those for the interaction of the
corresponding halide ion with the same other species. This
shows that the differences between the dispersive attractions
involving a neutral halogen and those experienced by the cor-
responding anion can be neglected as constituting only a mi-
nor contribution to AE,.;. However, the polarizability («y, see
Sec. C1 of supplementary material;'® Table SIII) of a neu-
tral alkali atom is at least 26 times greater than that («¢, Table
I) of its cation. The consequent difference between the disper-
sive attractions between the neutral metal and its surroundings
compared with those between the cation and its surroundings
will therefore produce the leading contribution (AE:}W ) to
AE®sP_The basic result (1) then becomes

AEy = Ay — Iy + AE" + AES” + ELS 2)

A merit of the formulation provided by (1) and (2) is that
E,p,)‘;l can be computed using the general utility lattice pro-
gram (GULP) program”’ with the polarization of each species
described using the shell model?* provided that, for all pairs

TABLE II. Closest equilibrium separations (R,) and molar polarizabilities (o) of bulk crystals and in-crystal anion polarizabilities (a.u).2bc

NaF KF RbF CsF NaCl KCl RbCl NaBr KBr RbBr Nal

R, 4.355 5.018 5.280 5.682 5.287 5.904 6.172 5.599 6.180 6.446 6.056
e 7.950 13.443 17.424 24.456 22.155 28.195 32.460 29.828 35.969 40.558 42.852
s 6.948 8.104 8.374 9.176 21.153 22.856 23.410 28.826 30.630 31.508 41.850

KI RbI CsI(8:8)
R, 6.608 6.863 7.375
er 50.208 54.864 61.882
oy 44.869 45.814 46.602
“R, (Ref. 28).

b, (Ref. 49).
€y derived as «.,—o ¢ using the data in Table L.
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of species, both the short range overlap dependent repulsive
interactions and the dispersive attractions are known. Each
neutral halogen polarizability, differing from that of its anion,
is used to evaluate EX7 .

B. Four possible charge transfer processes
in bulk crystals

In a purely one-electron orbital description of the ground
and excited states, an electron initially occupying the outer-
most p orbital of one halide ion is transferred to some lin-
ear combination of vacant s orbitals on the nearest neighbour
cations. For a rock-salt structured crystal, symmetry shows
that there are only three possible such final states, namely
those in which the transferred electron resides respectively
in an Ey, Ajg, or Tj, combination of cation s orbitals.!>*
The symmetries of the possible overall final states have been
derived'’ by taking the direct product of the each of the three
above symmetries with that (T,,) of the neutral halogen left
after the electron transfer. Any final state, in which the trans-
ferred electron resides in either the A, or the E; combination
of s orbitals, has u symmetry. The analysis'> shows that there
is at least one allowed transition both to states in which the
excited electron occupies such an E, orbital as well as to a
state with this electron in such an A, orbital. However, any
state with the excited electron in such a Ty, orbital will have
g symmetry so that there are no allowed transitions to such
final states. For each of these three possible final states, to be
called the quadrupolar, symmetrical, and forbidden, respec-
tively, the charge distribution, relative to that of the bulk crys-
tal, is depicted in Figure 2. These charge distributions have
a quadrupole, hexadecapole, and quadrupole, respectively,
as their lowest non-vanishing multipole moment. In each of
these three cases, the energy of the remaining lattice (i.e., ex-
cluding any ion whose total charge differs from that in the
unexcited crystal) will be lowered as a result of the polariza-
tion of the individual ions caused by the non-vanishing elec-
tric fields created by the mutlipole moment of the total central
structure of neutral halogen plus partially reduced cations.

A purely orbital model might be thought to preclude the
existence of the excitation process in which the halide elec-
tron is transferred to just one cation neighbour, that is to an
excited state of the type to be called dipolar as shown in
Figure 2(a). The motivation for this observation would be that
this final state does not have the correct symmetry in that it
does not transform according to an irreducible representation
of the Oy, site symmetry of the neutral halogen. However, it is
implicitly assumed, both in this observation as well as in the
analysis in the preceding paragraph, that the final state can be
represented by a single electronic configuration to which the
lattice then responds. However, if the entire wavefunction for
the final electronic state of the entire crystal in Figure 2(a),
thus including the electrons on the ions in the remainder of
the lattice which become polarized as a result of the charge
transfer process, is called g, there is a state yr;, which is de-
generate with Y g. The state i, differs from 1z only in that
the halide electron is transferred to the cation lying to its left
rather than, as shown in Figure 2(a), to the cation located to
its right. One of the two combinations (l/ﬁ)(wR + ;) will
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(a) (b)

{ 1a
C7 + [—? - A1 A, A‘SaﬂABb + SaﬂA‘ab A
Cib
C A . .
2 2 A Asaﬂ Az, A,
A,
(c) A, (d)
A, = A A, C, A
16, ‘
A‘ ﬁ 1l6, ﬁ A1 A! 12 + 12 A1
A -1/6 A, Az G A,
A,

FIG. 2. Views of the xy plane for four different excited states of bulk
rock-salt structured alkali halides in which one anion electron is transferred
to one or more neighbouring cations. The origin of the right-handed co-
ordinate system is located at the centre of the defect. The subscripts on
the respective cation and anion labels C and A distinguish between dif-
ferent sets of equivalent positions. The ions with labels not carrying a
prime sign are those for which the electric fields are reported in Table SI
of the supplementary material. Ions in positions related by symmetry are
labelled with a prime sign. The charge on each species is measured rel-
ative to that in the ground state fully ionic lattice. The neutral halogen
atom is denoted by the + sign with all cations that have been either par-
tially or wholly reduced being denoted with a — sign. The charges of
partially reduced cations are indicated either above or below the — sign.
(a) The dipolar excited state: The absence of a charge on the — sign denotes
the metal atom carries a charge of —1 relative to that in the ground state of
the fully ionic lattice. There are two more ions A’; located at (R./2, 0, £ R,).
(b) The quadrupolar excited state: The symbols A3z, and A’3, denote anions
located at a distance R, respectively above and below the partially reduced
cations, so that ion Az, is located at (R, 0, R,). (c) The symmetrical excited
state: The symbols —1/6, and —1/6y, denote partially reduced cations carry-
ing a charge of —1/6 located at a distance R, respectively above and below
the neutral halogen. There are two more ions A’ located at (0, 0, + 2R,) and
eight more ions A’; located at (+ R,, 0, £+ R,) and (0, + R,, & R,) taking all
possible combinations of the &+ sign. (d) The forbidden excited state. There
are two more ions C’| located at (0, 0, & R,). The ion A4 is located above
Cj at (0, R,, R,) with symmetry related ions A’4 at (0, R., —R,) and (0, —R,,
+ R.).

have T, symmetry so that the transition to this state from the
ground state will be allowed. The correct energy will be cal-
culated considering only ¥ g provided that the matrix element
linking this with v, is small. For a macroscopic solid, this
matrix element should be expected to be vanishingly small
because the electronic Hamiltonian contains only one-body
and two-body terms while the two wavefunctions each con-
sist of a sum of products of a large number of one-electron
orbitals with each orbital in ¥ having an overlap with the
corresponding function in v, which is less than unity. Thus
the matrix element will contain products of a very large num-
ber of overlap integrals causing each product and hence the
entire matrix elements to be vanishingly small. In this situ-
ation, it has been pointed out,”® by invoking Ocam’s Razor,
that the correct states to use are the symmetry breaking v
and g rather than the symmetry adapted linear combinations
(1//2)(Y g £ 7). These symmetry broken states are analo-
gous to those of N+ and O, ™ produced”®?’ by ionization of
a ls core electron from N, and O, neutral molecules where
the 1s hole has an equal probability of being localized on one
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of the two atoms rather than being delocalized over the entire
molecule.”’

The use of the combination Ay—Iy; in (2) for the
quadrupolar, symmetric and forbidden final states will pro-
vide a very good approximation even though the transferred
electron is delocalized over more than one cation because the
matrix elements between different cation wavefunctions will
be small. Clearly there is no such approximation in using the
combination Ay—I) for the dipolar final state.

The contribution (AEZIIW ) to AE%P would be expected
to be similar for the four different final states shown in
Figure 2. Consequently the differences between these four
excitation energies will be essentially determined by dif-
ferences in the lattice polarization term E’2. The fields
generated by point dipoles, quadrupoles, and hexadecapoles
decrease with increasing distance as R~3, R™*, and R, re-
spectively. It would therefore be expected, provided that the
description of the defect as a point multipole is not grossly
in error, that the fields created by the dipolar defect would be
greater than those arising from the three defects having only
higher non-vanishing multipoles. Each multipole will create
an electric field at any other ion X thereby producing an en-
ergy —(12)ax|F }2(| additional to that of the ion in the crystal
ground state. Here | F }2(| is the square magnitude of the elec-
tric field at X created by the multipolar defect. However, use
of the point multipole description of the defect must be ques-
tionable for an ion located at a distance R, from any species
in the central multipole. The field at each such ion having a
central multipole species as a nearest neighbour was evalu-
ated, as detailed in Sec. B of supplementary material,'® by
summing the fields created by each individual species con-
stituting the multipole. The total polarization energy arising
from all these closest ions was then derived by summing the
quantities —(1/2)ax|F §| over all of these closest bulk ions.
Since all the lengths in this calculations are proportional to
R., with the field generated by each point charge being pro-
portional to R, the polarization energies arising from each
of these four defects are proportional to R;*. These four po-
larization energies are distinguished by having different co-
efficients multiplying the individual ion polarizabilities. The
resulting expressions for these close neighbour contributions
to E ,p()';l are presented in the first numerical column of Table I1I
(for the forbidden defect the four anions located at a distance
V2R, from the neutral halogen were also included as close
neighbours). The symmetry of the dipolar final state enables
the result to be expressed in terms of the molar polarizabil-
ity @, = a¢ + a4. Ions located at distances greater than R,
(and /2R, for the forbidden state) from any ion in the mul-
tipole were treated, as described in Sec. B of supplementary
material,'® as a continuous distribution of polarizable material
having a density «,/V,, with V,, the molar volume. The re-
sulting contributions to the polarization energy, again propor-
tional to R;4’ are presented in the second numerical column
of Table III. The contributions of the close neighbour ions are
at least four times greater than those yielded by the continuum
description of the more distant ions. Furthermore the clos-
est neighbour contribution in the dipolar excited state
(Figure 2(a)) is much greater than that in the quadrupolar
(Figure 2(b)) case and is, furthermore, at least 21 times greater
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than the energy in the symmetrical (Figure 2(c)) state. The
contribution from the more distant ions in the symmetric case
is therefore negligible and hence not reported in Table III. The
total polarization energies E,’zf;l reported in the last column of
Table III were derived by summing the contributions in the
two preceding columns. Since, for the dipolar excited state,
E,po{;l (negative) is so much greater in magnitude than for ei-
ther the quadrupolar or symmetric cases, it can be concluded
that neither of the latter two charge distributions is present in
the first excited state. This conclusion is strengthened by not-
ing that the coefficient (1.724) of the anion polarizability for
the dipolar state is 7 times greater than that for the quadrupo-
lar state; anion polarizabilities being significantly larger than
those of cations. Furthermore, since not only is the magnitude
of E,poot] in the dipolar state significantly greater than that in
the forbidden state (Figure 2(d)) but also the transition to this
state is forbidden, it can be concluded that the first ex-
cited state contains the dipolar charge distribution shown in
Figure 2(a) as originally envisaged in the 1930s.'>"'* The
magnitude of E,poo,l predicted for the dipolar state is so much
greater than that in the other three excited states, that the con-
clusion that the dipolar state lies lowest in energy would not
be altered by including in the calculations the interactions be-
tween the dipoles induced on the individual ions. Hence, in
all the following calculations, the excited state will be taken
to have the dipolar structure.

For the dipolar excitation, the point charge electrostatic
contribution (AE"") reduces, for bulk crystals having either
the rock-salt or cesium chloride structures, to (2M — 1)/R,
for the reasons presented in the introduction. In this case the
result (2) becomes

AEy = Ay — Iy + (M —1)/R, + AEY? + EPS
3)

For bulk crystals, this is key relation upon which all the
numerical computations presented in this paper are based.
These computations automatically include in E”' the interac-
tions between the dipoles induced on the individual mononu-
clear species.

An approximate analytic expression for E,po‘;l was pre-
sented many years ago as detailed in Sec. IV B. The predic-
tions from this approximate result can be compared with the
significantly more accurate values computed from the result
(3) using the GULP program.

C. Dipolar description of intra-crystal excitations
in encapsulated crystals

For an encapsulated alkali halide in which each plane is
(2 x 2) in cross-section containing four ions, there will be
two intra-crystal charge transfer transitions to final states con-
taining an alkali atom immediately neighbouring the neutral
halogen resulting from the electron transfer. There are two
such final states, even after disregarding spin-orbit coupling
in the neutral halogen, because, as depicted in Figure 3, the
neutral metal-halogen pair can either be orientated perpen-
dicular to the nanotube axis with the pair lying entirely in one
plane or it can be aligned parallel to the axis with the neutral
atoms occupying adjacent planes. The arguments, which yield
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TABLE III. Approximate formulae for the lattice polarization energies for four possible excited states of rock-

salt structured crystals (au).2b

Excited state Close neighbours More distant Total

Dipolar —1.367a., —0.357ccr —1.724a.,
Quadrupolar —(0.418a¢c + 0.21404) —0.030ct,, —(0.448ac + 0.244014)
Symmetrical —0.082a, —0.082c,
Forbidden —(0.836a¢c + 0.62204) —0.121ecr —(0.957ac + 0.74304)

aEP in a.u. given by multiplying the tabulated result by R>* with R, in a.u.
bClose neighbours are those at a distance R, from any species in the defect with further anions located at ~/2R, from the neutral

halogen being also included in the forbidden case.

the result (2) for the bulk crystals, show that the energies of
the intra-crystal charge transfer transitions in the encapsulated
alkali halide nanocrystals can be predicted from

AE.(f) = Ay — Iy + AE'(f) + AESP(f) + ELS ().
4)

Here the parameter f, which can take either of the values L
or ||, distinguishes between the two possible orientations of
the neutral pair with respect to the nanotube axis. The energy
AE°™!(f) is the difference between the point charge electro-
static energies of the final and initial states in the absence of
the polarization response. The result (4) is valid even if the in-
dividual planes of four ions are not square but are diamond in
shape as predicted by the computations’ for the ground state
structures. In this case, AE®! (f) has to be computed with the
GULP program after removing the shell model description of

(a) . 1

(b) | |

°@0
)
I K I x

r ® I K

FIG. 3. Schematic diagrams of the lowest energy intra-ionic excitations of a
four chain alkali halide encapsulated in a carbon nanotube. A photon is ab-
sorbed by an anion (yellow) leaving a neutral halogen (violet) with an elec-
tron transferred to a cation (gray), which becomes reduced to an atom (red)
of the normal metal. (a) The transition to the “perpendicular” state with the
transferred electron remaining in the same four atom plane. (b) The transition
to the “parallel” state with the excited electron transferred to the neighbouring
four atom plane.

the ion polarizabilities because, in contrast to the bulk crys-
tals, there is, in general, no analytic result.

Although the computations predict diamond shaped
planes, the deviations of the inter-ionic angles from 90° are
smaller than the errors in the experiments® from which it was
deduced that the four ion planes are square. In the latter case,
AEel‘”(f ) reduces to 2M;(x)/b—1/d(f), when (4) becomes

AEq(f) = Ay — Iy +2My(x)/b — 1/d(f)
+AESP() + ER) (5)

with the distance d(f) taking the value a for f = L butis b for
f=1.

lll. METHODS FOR THE DIPOLAR DESCRIPTION

The metal ionization potentials and halogen electron
affinities required to calculate the excitation energies in both
the bulk salts and the encapsulated nanocrystals are pre-
sented in Table I. For the bulk crystals, the equilibrium closest
cation—anion separations>® R, used throughout are presented
in Table II. The computations with the GULP program require
the values of the individual ion polarizabilities as well as those
of the neutral halogen atoms, all these quantities being pre-
sented in Tables I and II. _

Evaluation of the dispersive contributions AE%* and
AE°"(f) requires values for the coefficients governing both
the dipole-dipole and dipole-quadrupole dispersive attractions
as well as for the parameters controlling the damping®3° of
these attractions for separations at which overlap of wave-
functions of the interacting species is not negligible. For
the intra-crystal interactions, the required numerical val-
ues, presented in Sec. C1 of supplementary material,'® were
derived using the previously described methods of proven
reliability.'®3!'=3* For the encapsulated crystals, the coeffi-
cients governing the dispersive attractions between the car-
bon atoms and the ions have already been presented’ while
those (see Sec. C1, Table SVI of supplementary material'®)
for the interactions between the carbon atoms and neutral
alkalis were calculated using the same methods.* For both
the carbon atoms and the neutral halogens, the dispersive at-
tractions were derived as their spherical averages. Both the
Axilrod-Teller interactions and higher order dispersive attrac-
tions were omitted since these will be much smaller than the
dispersion terms included.

The GULP computation of the total polarization en-

ergy E?? requires, in addition to the polarizability of each
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TABLE IV. Bulk crystal lowest excitation energies computed using Eq. (3) and the GULP program (eV).*

KCl RbCl KBr RbBr KI RbI CsI(8:8)
Ap—Iy —-0.73 —-0.56 -0.98 —0.81 —127 - L11 —-0.83
(2M—1)/R, 11.50 11.00 10.99 10.53 10.27 9.89 9.32
AE? —151 —145 —1.49 —1.48 —1.46 —1.40 —1.83
EPY —155 —1.66 —158 —158 —1.96 —1.66 —121
AE,; comp. 7.71 7.89 6.94 6.66 5.58 573 5.45
AE¢ expt. 7.60 7.40 6.58 6.43 5.63 5.55 5.69°

2All experimental results from Table VIII (p. 242) of Ref. 13 except for Csl.

bTaken from Figure 3 of Ref. 50.

mononuclear species, the shell charges and spring constants
entering the shell model. For the SWNT carbon atoms, these
parameters have already been reported® while, for the cations
and metal atoms, the derivation of the two latter quantities
is presented in Sec. C1 of supplementary material.'® For the
anions, further experimental dielectric data are needed to de-
termine the shell charges and spring constants. The deriva-
tion of the necessary parameters, using methods®>* of es-
tablished reliability, is described in Sec. C1 of supplementary
material.'® The GULP computations require, in addition to the
dispersive attractions, the short-range overlap dependent re-
pulsive interactions between all pairs of species. Those for
the purely intra-ionic interactions have either been presented
previously, as for RbCI*° and the iodides,*’ or were computed
by the same methods based on using the in-house RELCRION
program as described in Sec. C2 of supplementary material.'®
The short-range interactions between the ions and SWNT car-
bon atoms have already been computed.’ The predicted exci-
tation energies naturally depend on the nuclear positions. The
shell model computations of the polarization responses there-
fore needed to be performed using a predicted equilibrium nu-
clear geometry closely reproducing experiment. The full de-
tails are presented in Sec. C3 of supplementary material.'®

IV. BULK CRYSTAL PREDICTIONS FOR
THE DIPOLAR DESCRIPTION

A. Fully computational approach

The availability of suitable inter-ionic potentials allows
the lowest excitation energy in seven bulk alkali halides to be
predicted using the GULP program from the full theory based
on Eq. (3) thereby including, through the term E”', the entire
polarization response. These results both constitute a funda-
mental test of the charge transfer description of the excitation
as well as providing a benchmark against which the reliability
of calculations based on the approximate theory presented in
Sec. IV B can be assessed.

The bulk alkali halides considered in Table IV all have
the six-fold co-ordinated (6:6) rock-salt structure excepting
Csl, which has the eight fold (8:8) coordinated CsCl struc-
ture. All the predictions for their excitation energies agree
well with experiment. This constitutes good evidence that
the excitation process consists of the transfer of one halide
electron to just a single neighbouring cation. The results in
Table IV show that, while the point charge Madelung term
makes the largest contribution to AE,,, each of the three

other terms constitutes a significant factor acting to reduce
the excitation energy. This disposes of one of three previ-
ous criticisms?! of the charge transfer description, namely the
comment that use of just terms Ag—Iy; and 2M—1)/R, failed
to reproduce experiment. The well-founded theory underlying
the computations of EZS and AES"” coupled with the good
agreement between the calculated and experimental values of
AE,, disposes of the two further criticisms. The first of these?!
was that the overestimation of AE,, arising by considering
only the first three terms of (1) or (2) could only be rectified
by introducing questionable assumptions and second was that
the metal dependent terms could not be properly evaluated.

Increase of the polarizabilities of the constituent ions en-
hances the dispersion coefficients thereby acting to augment
the magnitudes of the AE¢,"”. Furthermore, increasing ionic
polarizabilities also act to enhance the magnitudes of E,’Z;l
However, crystals with larger ion polarizabilities have larger
R, values, which therefore act to reduce the magnitudes of
both AES"” and ELS' in opposition to ionic polarizability ef-
fect. This explains why these two contributions to AE,, are
not markedly dependent on crystal for the rock-salt structured
materials. In particular all six values of AE:}W differ from
—1.47 eV by no more than a mere 0.07 eV.

The values (first line of Table V) of the lattice polariza-
tion energies calculated for the dipolar final states by using
the approximate expression presented in Table III are smaller
in magnitude than the E”?' values (Table V) computed us-
ing the GULP program because the latter also include the po-
larization energies of the neutral metal and halogen atoms.
However, the polarization energy, denoted E gfl’f;P , of the lat-
tice alone excluding those of the neutral atoms has been com-
puted using the GULP program as described in Sec. IV B.
The results, reported in the first line of Table VI show that
the magnitude of ECYLP is overestimated by the approximate

polcr
(Table III) expression. This overestimation arises because

TABLE V. Approximate lattice polarization energies predicted for four pos-
sible final states (eV).?

State KCl1 RbCl KBr RbBr KI RbI

Dipolar -1.09 —-104 -—-115 -—-110 —-124 —1.16
Quadrupolar —0.18 -0.18 -0.18 -0.19 -0.19 -0.19
Symmetric —-004 —-004 —-005 —-004 —-0.05 —-0.05
Forbidden -049 —-049 -059 —-061 —-0.60 —0.61

#Calculated from the formulae in the last column of Table III using R, values and polar-
izabilities in Tables I and II.
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TABLE VI. Analysis of bulk polarization energies (eV).*-"

KCl1 RbCl KBr RbBr KI RbI Csl

Eg(f,’;” —-083 —091 —-092 —-095 —097 —093 —093
E,?O’{,,L/’ —050 —038 —039 —045 —042 —039 —0.02
ESUET =010 —009 —012 -014 —012 —0.11 —0.08
EPGD%LP —143 —138 —142 —154 —151 —143 —1.03
Eanal —145 —137 —155 —146 —1.69 —157

pol

2GULP predictions computed as described in the text.
bE g’;f’ calculated as the sum of the polarization energies of the crystal (Eq. (8)) and the
neutral halogen (Eq. (9)).

the interactions between the induced dipoles were neglected
in the latter calculations. However, the result that the
overestimations of the magnitudes of Efolljcfp by the ap-
proximate expression do not exceed 30% of the accurate
(Table IV) values shows that the predicted magnitudes of this
quantity for the quadrupolar, symmetrical, and forbidden fi-
nal states will similarly be overestimated. However, the mag-
nitudes of all three of these quantities (Table V) are so small
that AE,, would be seriously underestimated, by at least 1 eV,
compared with experiment if the accurate values of Et’:f,l in
Table IV for the dipolar final state were to be replaced by
those predicted for any of the other three final states described
in Sec. II B. This result coupled with the variational argu-
ments provides conclusive evidence that the excitation pro-
cess not only involves anion to cation electron transfer but
also that this transfer is to only a single cation thereby generat-
ing the dipolar final state as envisaged in the publications'>~'*
from the 1930s.

For seven pairs of crystals, Table VII presents an anal-
ysis of the differences (A[AE.]) in the excitation energies
as derived from the results (Table IV) of the GULP computa-
tions. The R, value in the first member of each pair is smaller
than that of the second so that the change A[(2M—1)/R,] in
the point charge Madelung contribution is always positive.
Since the contributions AE;*” in all the six rock-salt struc-
tured crystals are so similar (Table IV), the differences in
these terms hardly contribute to any of the seven differences
A[AE,] considered in Table VII. The results for the first four
pairs reveal the effect of increasing anion size keeping the
cation fixed. The increase of anion polarizability with increas-
ing anion size more than outweighs the effect of increased R,

TABLE VII. Analysis of differences of bulk crystal excitation energies
computed using the GULP program (eV).*

KCI RbCl KClI RbCl KI KBr KCl1
Pair KI RbI KBr RbBr Rbl RbBr  RbClI

AAp—Iy) 054 055 025 025 —0.16 —0.17 —0.17
A[CM-1)/R.] 123 111 051 047 038 046 050
A(AESISP) —0.05 —0.05 —0.03 003 —0.06 —0.01 —0.06
A(EPY 039 056 001 048 —030 00 —047
A(AEg)comp 211 217 074 123 -0.14 028 —0.20
A(AE,) expt. 1.97 185 1.02 097 -0.15 015 020

%Change AP in excitation energy contribution P equals value of P for crystal in top line
minus the value for the crystal in the second line.

J. Chem. Phys. 137, 184104 (2012)

causing E f;oll to be of smaller magnitude for the crystal with

the smaller anion. This causes AE}Z‘;I to be positive thereby
re-reinforcing the tendency of the point charge Madelung con-
tribution to increase A[AE,,]. This contrasts the situation with
the last three pairs considered in Table VII examining the ef-
fect of increasing the cation size keeping the anion constant.
The cation polarizabilities are significantly smaller than those
of the anions, which cause the effect of increasing R, to more
than offset the increased polarizability of the heavier cation in
each pair. This causes E,’:,’;[ to be greater in magnitude for the
crystal with the lighter cation. Consequently, the differences
A[AE,,] are small for these pairs as the two largest contribu-
tors A[(2M — 1)/R,] and AE!S' have opposite signs.

B. Simplified analytic description

The GULP computations could only be performed for
those systems for which the potentials and anion wavefunc-
tions computed using the RELCRION program were available.
The evaluation of the dispersive attractions requires the anion
wavefunctions to derive the anion dispersion damping param-
eters. The approximate theory presented in this subsection is
of interest because it enables the excitation energies to be pre-
dicted for other alkali halides for which inter-ionic potentials
have not so far been computed. In particular, it is important to
show that the charge transfer description of the excitation does
not experience any catastrophic breakdown when applied to
other alkali halides, particularly fluorides since these do not
appear amongst the seven crystals investigated using GULP
computations.

The systems not studied computationally can be investi-
gated by using the theory'>'# of the dipolar excitation pre-
sented in the 1930s. This theory, which contains essentially
the same physics as that described by Eq. (3), expresses AE,,
as

AE; = Ay — Iy +(Q2M — 1)/R, + EP” + AEy + AEy.

(6)
Here E%” is the energy arising from the polarization of the
lattice induced by the neutral pair generated by the charge
transfer. The energy Eg"r”l does not include any of the contri-
butions arising from polarization of either of the two neutral
species that result from the charge transfer excitation. The
quantity AEy is, disregarding the point charge electrostatic
effect included in the (2M — 1)/R, term, the difference be-
tween the interaction with the remaining lattice of a neutral
halogen and a halide ion. The last term in (6), AE), , is simi-
larly the difference between the interaction with the remaining
crystal of the neutral metal and that of the cation precursor of
the metal. The two largest contributions to AE), are the polar-
ization energy (E2") of the metal induced by the electric field
created by its neural halogen neighbour and the greater disper-
sive attraction of the metal to the remaining lattice when com-
pared with the attraction experienced by the cation. After ne-
glecting the differences between the short-range interactions
of the metal and cation with the remaining lattice, expected to
be much smaller as discussed in Sec. II, it is seen that

AEy = AEy" + Ejf. @)
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If the differences, expected to be small, between the
short-range interactions involving the neutral halogen and its
anion are neglected, the sum of the three terms E-”, AEy,
and E f,,”l constitutes the total polarization contribution to AE,,
in the approach yielding (6). This sum is thus describing the
same physics as the term in E”' (3) although the later will be
more accurate as its computation includes the interactions be-
tween the different induced dipoles. These are only partiall?/
included in (6) because there the three contributions EZ”,

AEy ,and E i;’ ! are taken to be additive.

For the rock-salt structure EZ”, evaluated in the point
dipole approximation, has been reported to be*®

EP' = —2.027a,, /R?. (8)

The alternative approximate result (Table IIT) derived in this
paper is similar to (8) differing only in the replacement of
—2.027 by —1.724. For the alkali halides, the predictions (Ta-
ble V) are only 0.2 eV smaller in magnitude than those de-
rived from (8). The contribution AEy was interpreted solely
as the polarization response, again treated as a point dipole,
of a neutral halogen of polarizability oz and thus given by'?

AEp = —(1/2)an/R;. ©)

The only contribution in (6) that cannot be evaluated an-
alytically from readily available experimental data is AE),.
It was, therefore, this term, which presented the greatest diffi-
culty in previous applications of (6). Thus in one work,* AEy,
was taken to be constant with a value of about —1 eV for all
alkali halides whereas in another'? it was estimated as the ge-
ometric mean of the sublimation energies of the bulk alkali
metal and bulk ionic crystal. In a third investigation,'* a value
of —1.6 eV was deduced for NaCl by substituting the exper-
imental value of AE,, into (6) and then using the relations
(8) and (9). The results (Table IV) computed using the GULP
program show that, for the rock-salt structured crystals, the
dispersion contribution (AEZIHP ) to AE), are very similar de-
viating by no more than 0.07 eV from the average value of
—1.47 eV. The result that this contribution, although only
one of the two terms of AE), , is somewhat similar to
previous'*'*3% more empirical evaluations of AEy is evi-
dence for the correctness of their conclusion'** that the in-
teraction between the metal atom and the remaining lattice
cannot be neglected. Considering only the AE%”’ contribu-
tion to AEy and taking this to be constant at the average
(—1.47 eV) of the values we have calculated for the six rock-
salt structured crystals considered in Table IV enables AE;
for all the rock-salt structured alkali halides to be predicted
from (6), (8), and (9).

For the six rock-salt structured crystals considered in
Table IV, the excitation energies (AE,;, Table VIII) predicted
from the analytic formula (6), implemented as just described,
agree well with both experiment and those yielded by the
GULP computations. Furthermore, for the materials not con-
sidered in Table IV, the discrepancies between experiment
and the predictions (Table VIII) thus derived from (6) are no
greater than those for the former six crystals. This shows that
the materials not considered in Table IV do not provide any
evidence against the dipolar charge transfer description of the
first excited state.

J. Chem. Phys. 137, 184104 (2012)

TABLE VIII. Bulk lowest excitation energies predicted using Egs. (6), (8),
and (9) (eV)."P¢

KCl1 RbCl KBr  RbBr KI RbI

EP! —128 —123 —136 —130 —145 —1.36
AEy —0.17 —0.14 —0.19 —0.16 —024 —021
AE,comp. 782 762 706 678 584 581
AE,; expt. 760 740 658 643 563 555

NaF KF RbF CsF  NaCl NaBr Nal
EP! —122 —1.17 —124 —129 —156 —167 —176
AEy —014 —008 —006 —005 —026 —028 —034
AEqcomp. 1102 987 928 864 803 692 557
AEqexpt. 1070 998 921 919 78 650 539

2See footnote a to Table IIT for first six crystals, NaBr and Nal, fluoride values taken
from the experimental spectra presented in Ref. 22, NaCl value from Ref. 51.

bEﬁ;’[ neglected.

“For first six crystals full calculation of A E%*?, for last seven crystals A E%*” approxi-
mated as constant at —1.47 eV, see text.

The good agreement between the analytic predictions
and experiment (Table VIII) might seem surprising in view
of the neglect, in the present implementation of (6), of the
contribution E ]’l’;l arising from the static dipole polarization
of the metal atom. The significance of both this contribu-
tion and the accuracy of the point dipole expressions (8) and
(9) can be probed by computing each of these three terms
with the GULP program. This was achieved by performing,
for each crystal, three separate GULP computations in which
only the metal atom, all the ions and just the neutral halo-
gen were polarizable. Subtraction of both the point charge
Madelung energy (AE?™) and AE{;*” from the computed

values of AE,, yields the GULP predictions, denoted EI?ULI%IP s

Egolljfrp , and Egol{flp , for the separate polarization responses

of the metal atom, ionic lattice, and neutral halogen, respec-
tively. The results, presented in Table VI, show that the sum

of these three polarizations (E/{") underestimates the full
p

polarization energy (E,(,(;l) presented in the fourth numerical
row of Table IV. However, it is only for KI that the discrep-

ancy exceeds 0.18 eV. The computed results for E75" show

that E f;l cannot be reliably evaluated as the point dipole re-
sponse —(1/2)ap/RA, analogous to (9) for AEy. Thus, us-
ing the metal atom polarizabilities (see Table SIII of the sup-
plementary material'®), this expression predicts E /" to be
—3.28 eV, —2.99 eV, and —2.09 eV for KCI, RbCl, and KI,
respectively. These values are at least four times greater in
magnitude than the reliable computed results presented in
Table VI. Similarly the predictions (Ef,”l, Table VIII) of
the crystal polarization energies provided by (9) are 0.4 eV
—0.5 eV greater in magnitude than those (EPGGZIJCLFP , Table VI)
computed using the GULP program. The magnitudes of the an-
alytic predictions of the halogen polarization energies (AEp)
are also roughly twice the small (~0.1 eV) values derived
from the GULP computations. The analytic formulae overes-
timate the magnitudes of all the polarization responses com-
pared with the more reliable GULP predictions because the
former do not take account of the damping of the polariza-
tions caused by the differences between the short-range re-
pulsions of polarized and unpolarized species. These effects
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are in included in the GULP computations through the interac-
tions between different shells.

The above comparison of the analytic and GULP polar-
izations shows that the closeness of the agreement between
the present analytic (Eq. (6)) and the computed predictions of
the total excitation energies (AE,,) is slightly fortuitous. Thus
Eq. (6) overestimates the magnitude of the sum of the crystal
and halogen polarization energies by 0.4 eV-0.5 eV, which is
precisely the range of values predicted by the GULP compu-
tations for the metal polarization energies neglected in (6).
However, the agreement between experiment and the pre-
dictions of (6) for the systems not studied using the GULP
program are no worse than those for the six studied computa-
tionally. This result coupled with the fact that the discrepan-
cies in the individual polarization components do not exceed
0.5 eV shows that the systems not studied computation-
ally do not provide any evidence to contradict the conclu-
sion that the first excited state has the dipolar structure in-
volving electron transfer to just a single cation as shown in
Figure 2(a).

V. INTRA-CRYSTAL EXCITATIONS IN ENCAPSULATED
POTASSIUM IODIDE

A KI nanocrystal, effectively infinite in length along
the SWNT axis with each plane consisting of four ions has
been encapsulated’ in a SWNT whose experimental radius
was, to within experimental error, equal to that of a (16,0)
tube. The distance (a) between two closest ions of opposite
charge in any one four-ion plane was deduced” from electron
microscopy to be 3.98 A, there being no experimental evi-
dence that these planes are not square. The interplane distance
(b) was measured in the same experiments to be 3.50 A. For
the case in which the four ion planes are square, the final state
(f) with the anion electron transferred to a cation in a neigh-
bouring plane will be designated Sq|| while that with a purely
intra-planar excitation being labelled Sq.L. The correspond-
ing final states with diamond shaped planes will be denoted
Di| and Di_l, respectively. The computations for the square
planes were performed using the above experimental values
of a and b. There is currently no experimental data on the ge-
ometry of the diamond shaped planes predicted as the optimal
structure by the computations.’ The a and b values of 3.97 A
and 3.54 A predicted by these computations will therefore be
used to define the geometry.

The predictions for the excitation energies and their com-
ponents derived using (4) or (5) are compared in Table IX
with those computed for bulk KI. The total excitation en-
ergies (AE.(f)) predicted for all of the four possible ex-
cited states are lower than that in the bulk material. For the
excitations to the parallel (||) final states, the energy decreases
of 1.16 eV and 1.45 eV are significant. This confirms the sug-
gestion of a redshifted excitation motivated by considering
just the electrostatic contribution in the case of the Sq| final
state as discussed in the introduction. For this case AE®!(||)
is reduced by 1.903 eV (10.275 eV-8.372 eV) compared with
the bulk. The analytic approximation (47) of Ref. 20 predicts
that M,(x) is 1.5113 when x has the 1.137 (=3.98/3.50) value
for square four ion planes thus yielding a result of 8.321 eV
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for AE°™" (||). The very close agreement of this result with the
exact value of 8.372 eV justifies using the approximation® in
the motivation of the present investigation. For the Di|| final
state the electrostatic contribution of 2.14 eV to the redshift is
similar to that of 1.90 eV for the Sq|| case.

For all four excitations, the change in the electrostatic
contribution (AE*(f)) has a greater magnitude than that in
either of the other two terms (A Eifp (f) and EP°'(f)) entering
AE.(f) in Eq. (5). However, for the transition to either of the
perpendicular (L) excited states, the electrostatic contribution
to the redshift is reduced by (1/b)—(1/a) a.u. compared with
that for the transition to the || state having the same nuclear ge-
ometry. These differences arise, as demonstrated by both the
relations (4) and (5), because the electron transferred to the
cation interacts with one fewer anion neighbours than does a
cation electron in the ground state, the oxidized anion being
further from the cation for L excited states. For the final states
having respectively the square and diamond shaped (2 x 2)
planes, the redshift reductions (= (1/b)—(1/a)) in AE*™'(f) are
0.50 eV and 0.43 eV.

The redshifts in AE*(f) might not be fully reflected in
the reduction of AE,(f) because, on passing from the bulk to
the nanocrystal, the two remaining contributions (EP°!(f) and
AE$P(f)) could, in principle, change significantly. How-
ever, a combination of two factors causes the dispersion con-
tributions (AE;{;S" (f)) to be very similar for all four final
states of the nanocrystals. Thus, first, each term (AEX,;SP )
is a simple sum of the contributions from the interactions of
either the metal atom or its cation with all the other species
present while, second, the inter-species separations in the
states having the diamond shaped planes are very similar to
those for the states with square planes. The result that the
magnitude of AES(f)) is slightly greater for the encap-
sulated material than for the bulk crystal shows that the in-
teractions with the nanotube carbon atoms must be signifi-
cant. The presence of these interactions in the encapsulated
material more than compensates for the absence, compared
with the bulk crystal, of some of the dispersive attractions be-
tween the metal atom and ions located at greater distances.
However, the near equality between the dispersion contribu-
tions in the bulk crystal with those for the encapsulated mate-
rials might be specific to the case of KI.

The data presented in Table IX show that the polariza-
tion contribution (EP’/(f)) to AE.(f) is significantly reduced

TABLE IX. Intra-crystal excitation energies for encapsulated (2 x 2) KI
(ev)'u

Excitation,f  AES'(f)  AERT(f) () Sum®  AE.(f)
Bulk 10.27 — 146 —-196  6.85 5.58
Sqi 8.37 - 151 -L17 570 4.42
Sql 8.87 -150 -073  6.64 5.36
Di| 8.13 -1.59 —-1.14 540 4.13
Dil 8.58 —-1.59 —-038 6.6 5.34

2 AES!(f) for the nanocrystals computed using the GULP program. For the square || and
square L crystals, the finite analytic approximation (47) of Ref. 20 predicts respective
values of 8.42 eV and 8.82 eV.

bSum is the total of the previous three columns, that is AE(f) without the contribution
Ap—Iy.
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in the encapsulated material compared with that for the bulk
crystal. This explains why the redshifts in AE (f) for the ex-
citations to the Sq|| and Di|| states are reduced to 1.16 eV
and 1.45 eV, respectively, compared with the predictions of
1.9 eV and 2.14 eV derived considering only AE**'(f). Fur-
thermore, the magnitude of EP?/(f) is significantly reduced on
passing from the || to the L excited states explaining why
the excitations to the latter final states show only small red-
shifts of about 0.2 eV compared with that in the bulk crystal.
The crystal polarization, in contrast to the dispersive attrac-
tions, is a non-additive co-operative phenomenon extending
over considerable distances. This observation can rationalize
the greater bulk crystal magnitude of EP°/(f) compared with
those in the encapsulated materials even though the latter po-
larization has contributions from the nanotube carbon atoms.
The greater polarizations in the | final states compared with
the L ones can be rationalized by noting that in the former
the electric fields created by the primary dipole of the metal—
halogen pair acts along a chain in the same direction as those
created by the dipoles induced on the other ions in the same
chain whereas these effects are in opposition in the L states.

VL. CONCLUSIONS

For each of the bulk alkali halides, the predicted en-
ergy of the longest wavelength transition agrees well with
experiment when this excitation is described as a trans-
fer of an anion electron to just one single nearest neigh-
bour cation. This produces the excited state described here
as dipolar. The combination of the discussion and numeri-
cal results presented in this paper show that three previous
criticisms”!-?? of the charge transfer description of the first
excited state cannot be substantiated. The first of these was
that the consideration of just the metal ionization potential,
halogen electron affinity, and changes in the point charge
electrostatic energy could not explain the observed excita-
tion energies. The second criticism was that the first criti-
cism could only be countered by introducing questionable as-
sumptions while the closely related third criticism was that
the metal dependent contributions to the excitation energy,
that is the term AE)y in (6), could not be reliably calcu-
lated. We have shown that this term is automatically included
without any difficulty in the most accurate theory based on
Eq. (5). Furthermore the good agreement with experiment of
our numerical predictions derived from (5) using the GULP
program provides further evidence in favour of the charge
transfer description producing the dipolar excited state while
also refuting the criticisms. Three different possible types of
excited state in which the halide electron is delocalized over
several cation neighbours have been shown to have polariza-
tion energies smaller in magnitude than that of the dipolar
state thus predicting excitation energies significantly greater
than experiment. Arguments have been presented for rejecting
a previous suggestion’! that the excitation process is purely
one-centred. First this approach has been shown to yield val-
ues for the excitation energies that are far too small. Second
it predicts the wrong number of allowed transitions and, even
after introducing spin-orbit coupling, cannot account for the
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observed relative intensities of the transitions. An approxi-
mate analytic theory based on work'* ' dating from the 1930s
has been applied to those alkali halides for which GULP com-
putations were inhibited due to the lack of ab initio potential
data. The resulting predictions were only slightly less accu-
rate than those of the GULP computations thereby showing
that these crystals do not constitute any evidence against the
dipolar nature of the first excited state.

Encapsulation in a carbon nanotube of an alkali halide
crystal produces a nanomaterial consisting of stacks of planes
each of which contains four ions. The two lowest energy
purely intra-ionic excitations produce dipolar excited states in
which the halide electron is transferred to either a cation in the
same four ion plane or one in an immediately neighbouring
plane. It has been shown that, for encapsulated KI, the point
charge electrostatic contribution to each of these excitation
energies is approximately 2 eV smaller than in the bulk crys-
tal. This result does not fully transfer to the same reduction
of the total excitation energies on encapsulation because the
magnitudes of the polarization energies in the excited states of
the encapsulated crystals are significantly less than that in the
bulk material. However, for the final states in which the elec-
tron is transferred to a neighbouring plane, the total excitation
energy is reduced by 1.16 eV relative to the bulk if the four
ion planes are taken to be square, a possibility consistent with
the electron microscopy.” If these planes are taken to have
the form slightly distorted to a diamond shape predicted by
computations®> using the GULP program, an excitation energy
lowering of 1.46 eV is predicted. The polarization energies of
the excited states in which the transferred electron remains in
the same four ion plane are significantly smaller in magnitude
than those of the states in which the electron is transferred to
a neighbouring plane. This causes the excitations to the for-
mer types of excited state to have energies only about 0.2 eV
smaller than that in the bulk crystal.
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