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General introduction 
This thesis is concerned with the dynamics of molecular crystals and adsorbed molecu
lar layers. The molecular entities in these systems are still clearly recognizable and in 
their motions one can distinguish the intramolecular vibrations and the so-called lattice 
vibrations. The latter are the center-of-mass or translational vibrations and the ori-
entational oscillations or librations of the whole molecules. In a solid these vibrations 
become collective modes which are called translational phonons and librons, respec
tively. If the solid is periodic, they can be characterized by wave vectors q which lie 
in the first Brillouin zone of the reciprocal lattice. Also the intramolecular vibrations 
are coupled in the solid through the intermolecular interactions, however, and the cor
responding modes are called vibrons. The frequencies of the translational phonons and 
librons are comparable and usually these modes are mixed, except in the points of the 
Brillouin zone where this is forbidden by symmetry. The frequencies of the vibrons are 
substantially higher, but especially in the case of large non-rigid molecules one finds 
also low-lying vibrons which can strongly mix with the lattice modes. 

For the thermodynamic properties of molecular solids the dynamics is extremely 
important. The reason for this is that especially the lattice vibrations have low fre
quencies, i.e. low excitation energies, and thus they can be thermally excited under 
most circumstances of practical interest. For instance, in considerations about phase 
stability and phase transitions it is not sufficient to look only at the packing or en
ergy effects. Even at low temperature the zero-point vibrations are essential, and at 
somewhat higher temperature one should really take into account the entropy effects 
and consider the Helmholtz or Gibbs free energies. If one knows the particulars of the 
vibrations, however, it is easy to calculate the quantum statistical partition function 
and to derive all other thermodynamic properties. 

Experimental techniques to characterize the intramolecular and lattice vibrations 
are the optical methods, infrared and Raman spectroscopy, and the inelastic scattering 
of neutrons. By the optical methods one can study only q = 0 excitations, by inelastic 
neutron scattering one can determine the vibrational excitations for arbitrary wave 
vectors. The dependence of the phonon/libron or vibron frequencies on the wave vector 
is called dispersion relation. A technique which is promising for the study of surface and 
adsorbed layer dynamics is the inelastic scattering of helium atoms. Also this method 
permits, in principle, the measurement of the complete two-dimensional phonon/libron 
dispersion relations. 

As illustrated in this thesis, it is very useful to combine the spectroscopic or scatter
ing experiments with lattice dynamics calculations. In the calculations of phonons and 
librons one starts from the anisotropic intermolecular potential. In vibron calculations 
one needs an intramolecular force field too. These potentials can be either empirically 
parametrized model potentials, of the atom-atom type for instance, or they can be ob
tained from 06 imito quantum chemical computations for small molecules. The lattice 
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dynamics calculations are usually performed by the standard harmonic method, but in 

this thesis we have developed and applied more advanced quantum mechanical methods 

(the Time-Dependent Hartree method, in particular) that hold also in the case of mo

tions with larger amplitudes. Hindered rotations of N2 molecules in the bulk solid or in 

adsorbed layers are an example of this category. In the case of quantum solids such as 

H2 or D2 the harmonic method is completely useless for the rotations (and bad for the 

translational vibrations) and one has to resort to quantum methods as applied in this 

thesis. Comparison with the spectroscopic and scattering data serves as a check on the 

potentials used and on the reliability of the lattice dynamics method. It is possible to 

improve parametrized model potentials in this manner. As illustrated in Chapters 1, 2, 

3, 7 and 8, the calculations are also helpful in the interpretation of the measurements. 

An additional advantage is, however, that they go all the way from the intermolecu-

lar potentials via the dynamics to the macroscopic thermodynamic properties of the 

system, so that one gains useful insight in the molecular origin of these properties. 

Before one can use an intermolecular potential in lattice dynamics calculations one 

has to derive explicitly the dependence of this potential on the molecular displacements. 

In the harmonic approximation these displacements are the center-of-mass translations, 

the linearized (infinitesimal) rotations and, for intramolecular vibrations, also the lin

earized atomic displacements within the molecules. One needs only the first and second 

order terms in the Taylor expansion of the potential about the equilibrium positions 

and the calculation of the required derivatives is relatively easy. Still, for intermolecu

lar potentials which are not expressed by the atom-atom model we had to derive some 

new formulas (see Chapter 4). In the quantum mechanical TDH method, the orien-

tational displacements are expressed in free rotor functions (spherical harmonics). For 

the translational displacements we have included the anhaxmonic (cubic and quartic) 

terms. The expansion of the intermolecular potential becomes much more complicated 

then (see Appendix A in Chapter 7). 

In the first three chapters of this thesis we study crystals with somewhat larger 

molecules, in direct relation with problems in the interpretation of experimental data. 

The method used is the standard harmonic lattice dynamics technique, with the in

clusion of the intramolecular vibrations. Both the intramolecular force fields and the 

intermolecular atom-atom potentials are of empirical origin. By a special technique it 

was possible to obtain information about q φ 0 vibrons in chlorinated benzene crystals 

from optical measurements. In order to interpret the spectra and to understand the 

basic phenomena the calculations described in Chapters 1 and 2 proved to be very valu

able. In tetracyano-ethene there appears to be a strong mixing between the intra- and 

intermolecular vibrations. Complete phonon/libron/vibron dispersion relations were 

measured by inelastic neutron scattering. The calculations described in Chapter 3 were 

undertaken in order to explain the anomalous dispersion observed in one of the vibron 

branches. Chapter 4 is a methodological study. On the well-known ordered a and 7 

phases of solid nitrogen we compare the different lattice dynamics methods used in the 
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remainder of this thesis, as well as the different forms to express the anisotropy of ab 
initio intermolecular potentials. 

The second part of this thesis is concerned with the dynamics of molecular layers, 
physically adsorbed on graphite. It might be thought that these layers behave as two-
dimensional crystals. It turns out, however, that the interaction of the layers with the 
underlying substrate is very important for their stability and dynamics. One finds a 
rich variety of phases, both commensurate and incommensurate with the periodicity of 
the graphite layers. The last few years there is a strong interest in the experimental and 
theoretical study of these phases. In principle, one can apply the same lattice dynamics 
methods to these layers as applied to bulk solids. In practice, however, a considerable 
amount of analytical work had to be performed first, in order to expand the molecule-
substrate interaction potential in such a form that it can be used in lattice dynamics 
calculations. This work involves the displacement expansions used in bulk solids, as 
well as two-dimensional Fourier and displacement expansions of the substrate potential 
(see Chapters 5 and 6). The resulting formulas have been implemented in the computer 
programs applied to the calculations for N2, H2 and D2 layers on graphite described in 
Chapters 7 and 8. 
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1. Vibron band s t ructure in chlorinated benzene crystals; 
lattice dynamics calculations and R a m a n spectra 
of l,2,4,5-tetrachlorobenzene 

A.P.J.M. Jongenelis"), T.H.M. van den Berg
b
), A.P.J. Jansen''), J. Schmidt") 

and A. van der Avoird
b
) 

a) Center for the Study of Excited States of Molecules, Huygens Laboratory, Leiden University, 

P.O. Box 9504, Leiden, The Netherhnda 

b) Institute of Theoretica.1 Chembtry, University of Nijmegen, Toernooiveld, Nijmegen, 

The Netherlands 

(Published in J.Chem. Phys. 89, 4023 (1988)) 

A b s t r a c t . From a. combined theoretical and experimental study of 1,2,4,5-tetrachlorobenzene 

(TCB) we conclude that this crystal shows many interesting effects. In agreement with earlier 

optical measurements, which probe the complete vibron band structure of TCB, we calculate 

that several of the vibron modes have the dispersion of a one-dimensional crystal with stacks 

of molecules along the α axis. The inclusion of fractional atomic charges in the atom-atom 

potential used in the calculations is absolutely necessary to obtain the correct vibron band 

widths. Also the sign of the vibrational coupling matrix elements, which is given correctly 

by the calculations, is determined by these charges. For other properties, such аз the crystal 
stability, the phonon frequencies, the site splitting in the vibron bands, and also the dispersion 
of the lower frequency vibrations, the interactions between the "one-dimensional" stacks are 
essential, however. The calculations predict further, in qualitative agreement with the Raman 
spectra, that the splitting between the pairs of inequivalent vibron bands in α-ТСВ (the site 
splitting) is significantly larger than the factor group splitting in ̂ -TCB. Finally we have found 
that, for those vibrations where the conditions are shown by the calculations to be favorable, 
the 3 S C1 / 3 7 C1 isotope effects are clearly visible in the Raman spectra. 

1.1. I n t r o d u c t i o n 

In a recent paper [1] an optical technique has been described to measure the frequencies 

of vibrational excitons in the molecular crystal of 1,2,4,5-tetrachlorobenzene (TCB). In 

contrast with the usual infrared and Raman spectroscopy, this technique yields not 

only the frequencies of vibrons with wave vector fc = 0, but it gives information on 

the complete vibron band structure. In the experiment the crystal is optically excited 

to the lowest electronic triplet exciton state and the phosphorescence spectrum to the 

vibrationally excited levels of the electronic ground state is inspected. The optical 

excitation and emission obey the selection rule Afe = 0, so that originally only the k = 0 

triplet exciton state is populated. This state relaxes to all other fe states in a time short 

compared with its decay time, and the population distribution of the triplet exciton band 

becomes thermalized. By controlling the temperature (in the range from 0.4 to 4.2 K), 
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or the time interval between excitation and detection of the phosphorescent emission, 

the relative population of the different к states can be affected, and the dispersion of 

the electronic triplet exciton band and of the vibron bands can be probed. Because 

the triplet exciton band structure is known (one-dimensional, with a band width of 

1.36 c m - 1 and with the k = 0 states at the top of the band [2]), information about the 

vibron band structure can be directly obtained. 

The interesting result obtained from these measurements is that the vibron bands 

can be interpreted by a simple one-dimensional band model, analogous to that for the 

electronic triplet excitation. In other words, it could be concluded that the couplings be

tween the vibrational excitations are significant only within the stacks of TCB molecules 

that lie along the crystallographic о axis. This conclusion applies to the three different 

(gerade) vibrational modes that have been studied in detail, but it is striking that the 

actual size of the coupling parameters that determine the band widths is very different 

for the various modes and also that their signs are different. 

In the present paper we describe lattice dynamics calculations on TCB which have 

been undertaken in order to understand the origin of the observed phenomena. In 

particular, it is interesting to investigate the one-dimensional character of the vibron 

bands and the relationship between their dispersion and the intermolecular interactions. 

Further, since TCB crystallizes in two different phases, it might be possible to reveal the 

effect of the crystal structure on the vibronic dispersion. These phases are the triclinic 

a phase, with two molecules in the unit cell that are not related by any space group 

operation [3,4], and the monoclinic β phase with two molecules in the unit cell that are 

related by a glide-plane [5]. The a phase is stable below 188 K, the β phase above this 

temperature. 

Lattice dynamics calculations on chlorinated benzene crystals have been reported 

earlier [4,6-10]. Especially Bonadeo et al [4,6-8] have investigated the structure and 

stability of the a and β phases of TCB and the lattice modes (phonons). The internal 

vibrations were not considered because it was expected that the vibron band structure 

in chlorinated benzenes would be completely obscured by the broadening effects due to 

the occurrence of various 3 5 C1 and 3 7C1 isotope combinations [7]. In the present paper 

we have explicitly calculated the chlorine isotope effects and we find that, rather than 

obscuring the vibron band structure, they yield interesting phenomena for some of the 

vibrational modes in TCB. 

In addition, we have measured Raman spectra for both phases of TCB. By com

paring the phonon frequencies for these phases with those previously reported [7], the 

Raman spectra ascertained that the experiments described in [l] were indeed performed 

on α-ТСВ. The Raman measurements on the internal vibrations, yielding vibron fre

quencies for fe = 0, can be compared with the results of the lattice dynamics calculations 

on a- and /3-TCB. 
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1.2. Lattice dynamics method 

1.2.1. Theory 

The lattice dynamics calculations which yield the vibron and phonon frequencies have 
been made by the standard harmonic method, as extended by Taddei and Califano et 
al [11,12] in order to include vibrons and their coupling with the phonons. This extended 
method can be written very compactly as follows. The harmonic crystal hamiltonian 

Я = І ^ Р р ^ р Р р + І ^ С р ^ р р - £ г р ( , (1) 
Ρ Ρ,Ρ' 

with the generalized inverse inertia tensor Gp and force constant matrix Fpp' (defined 

below) is expanded in the normal coordinates Qp = {Qp | λ — 1,..., ZN} of the free 

molecules and their conjugate momenta Pp. The column vectors Qp are defined as 

Í
u), for λ = 1,2,3 

$> for λ = 4,5,6 , (2) 

5> forÀ = 7,...,3JV 
where N is the number of atoms in each molecule P . The "external" molecular coordi
nates Up and Op describe the center of mass translations and the rigid body rotations of 
the molecules, respectively, relative to the lattice-fixed frame. The "internal" molecular 
coordinates qp are the normal coordinates of the free molecule vibrations. The latter 
can be calculated by means of Wilson's PG-matrix method [13] if the intramolecular 
force field is known. Thus they are obtained with respect to a molecule-fixed frame of 
reference, but they can be easily rotated to the lattice frame. 

Each of the (orthogonal) normal coordinates {Qp | λ = 1,...,3N} is a function 

of the cartesian displacements xp = {ip | t' = 1,...,3JV} of the individual atoms. 

Conversely, the atomic displacements can be expressed in terms of the molecular normal 

coordinates as follows: 

Я Р = ApQp + -Bp[Qp ® Q P ] + . . . . (3) 

The blocks of the linear transformation matrices Ap associated with the molecular 
translations Up and rigid body rotations op follow directly from the Eckart conditions 
[13]. The blocks associated with the vibrational normal coordinates qp are the (rotated) 
PG-matrix eigenvectors of the free molecules. The non-linear terms in Eq. (3), which 
are required in order to ensure the correct invariance conditions (see below), with the 
cross product denoting the dyadic product of the two column vectors Q p , arise from 
the use of curvilinear rotational coordinates 0£. The coefficients Bp of the rotational-
rotational blocks have been given by Neto et al [14,15]. Further non-zero coefficients 
Bp occur for the mixed rotational-vibrational blocks; these can be derived similarly. 
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The general force constant matrix Fpp· is given by 

Fpp. = Ap^Q.Ap· + ÔPP&PBP + Spp.wj, , (4) 

where # ρ ' and #ρρ» are matrices comprising the first and second derivatives of the 

intermolecular crystal potential with respect to the cartesian atomic displacements in 

the molecules Ρ and P' , and Wp is a diagonal matrix containing the squares of the 

vibrational frequencies of the free molecules, i.e. the .FG-matrix eigenvalues. If the 

intermolecular potential is approximated by a sum of analytical atom-atom potentials, 

of exp-6-1 type for instance, then the derivatives Φρ' and ipp« can be easily found, 

using the formulas given in Ref. [11]. 

In the original paper by Taddei et al [il], the rotational coordinates Op have been 

linearized or, in other words, the matrices Bp occurring in Eq. (3) and in the self 

term Fpp of Eq. (4) have been set to zero. In that case, the crystal hamiltonian is 

not invariant under overall rotations of the crystal, however. Later it has been shown 

[15] that the inclusion of the second term of Eq. (4) in the self term Fpp leads to 

the correct rotational invariance conditions [12] (if one starts from a crystal with the 

molecules adopting their equilibrium positions and orientations). The translational 

invariance conditions are satisfied in any case. 

The generalized inertia tensor Gp1 can be written as 

Gp1 = Apig^Ap (5) 

with the mass tensor j/p 1 associated with the cartesian atomic coordinates xp contain

ing the atomic masses on the diagonal. Fourier transformation of the crystal hamilto

nian (1) and diagonalization of each block corresponding with a given wave vector fe 

yields the lattice vibrations which, in general, can be (mixed) translational phonons, 

librational phonons and vibrons. 

1.2.S. Test calculations on benzene 

The computer program in which we have implemented this method has been tested 

via calculations on solid benzene, using the same intra- and intermolecular potential 

as Taddei et al [il] and Neto et al [14]. Both ways of writing the self term Fpp in 

Eq. (4) have been investigated. The linearized transformation between the atomic and 

the molecular displacements, i.e. setting Bp = 0, gave results which are practically 

identical to those of Taddei et al [il]. Inclusion of the full self term from Eq. (4), 

which we have derived by using the rotational invariance conditions [12], gave results 

identical to those of Neto et al [14]. The translational phonon modes do not depend on 

the way of writing the rotational and rotational-vibrational self terms; the effect on the 

vibron frequencies is practically zero. Only the libron frequencies increase, by about 

10%, when the rotational displacement coordinates are linearized. In the calculations 
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on TCB described in the sequel of this paper we have included the full self term as given 

by Eq. (4). 

Further, we may reiterate the conclusion of Taddei et al [11] that there is very little 

mixing between the lattice modes (translational phonons and librons) and the vibrons. 

In separate calculations the frequencies of the lattice modes in benzene differ only by 

about 1 c m - 1 and the vibron frequencies by less than 0.2 c m - 1 from the results of 

the complete calculation. In the case of TCB which is discussed below, the situation 

is similar. Although the lowest vibron modes have frequencies in the same range as 

the lattice modes, they hardly mix with the latter. Even the frequency of the lowest 

internal vibration, the 80 c m - 1 (Au) mode, is shifted by less than 2 c m - 1 because of 

its mixing with the phonons. 

1.3. Intra- and intermolecular potential and the molecular 

vibrations of T C B ; isotope effects 

The intramolecular potential which we have used to calculate the vibrations of the free 

TCB molecule is Scherer's force field for chlorinated benzenes [16,17]. This harmonic 

force field contains the force constants with respect to the internal coordinates: stretch, 

bending, torsion and out-of-plane wagging, and it includes also mixed terms. Using the 

well-known formulas [13] for the transformation from such internal coordinates to the 

cartesian atomic displacements, we have written the .FG-matrix problem in terms of the 

latter coordinates. Solution of this problem yields 6 zero eigenvalues which correspond 

with the 3 center-of-mass translations и ρ and the 3 rotations θρ, and 30 eigenvalues and 

eigenvectors which represent the vibrational normal modes gp of the free TCB molecule, 

cf. Eq. (2). The vibrational eigenvectors have been directly used as input for the lattice 

dynamics calculations, cf. Sec. 1.2; instead of the eigenvalues we have substituted the 

squares of the experimental frequencies [16,17] into Eq.(4)I however. The experimental 

frequencies are close to the values calculated from Scherer's force field but, according 

to the reasoning of Taddei et ai [11], they probably yield slightly better results. 

We have explicitly studied the effect of isotopie substitution on our calculated vi

brational frequencies by considering the seven possible distributions of 3 5C1 and 3 7C1 

isotopes over the TCB molecule. For each of the seven different molecular species, with 

different atomic mass distributions, we have calculated the vibrational frequencies using 

Scherer's force field. If we weight each species with a factor that can be derived from 

the natural isotope abundance, 3 5C1/3 7C1 = 0.7553/0.2447, we obtain the root mean 

square amplitude of the vibrational frequency distribution, relative to the (isotopically 

weighted) average frequency. The size of the isotope effect so defined, for each partic

ular mode in TCB, is indicated in Table I. The average frequency for a given mode 

is almost the same as the frequency calculated for that mode with all chlorine atoms 
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Table I. The frequencies of the internal vibrations of TCB in c m - 1 calculated with the force 
field given by Scherer [16,17]. The calculations have been performed for all 7 different TCB 
species which can be formed with 3SC1 and 37C1 atoms (natural abundance 3:1). The col
umn 'Average' lists the (abundance weighted) average frequencies and the column "rmsd* 
the (weighted) root mean square deviation of the frequency distribution. The experimental 
frequencies with the symmetry assignments are also from Ref. [16,17]. 

Experimental 

(symmetry) 

80 (Au) 
140 Вз,,) 
190 A s) 
209 (B 3 u ) 
218 B l u ) 
225 В,,) 
312 B 3 i ) 
348 Blf) 
352 (Ag) 
442 Bau) 
510 Bi«) 
511 Вз,) 
600 A u) 
645 B2<1) 
681 (B 2 , ) 
684 (A f) 
860 ( В 2 ( ) 
868 ВЭ с) 
878 Вз«) 

1063 Bju) 
1118 Ba«) 
1165 Ag) 
1226 Bau) 
1240 B S f ) 
1327 ( B l u ) 
1448 B2 U) 
1549 Aj) 
1566 (B 9 f ) 
3070 (A t) 
3094 Bi«) 

(MC1) 4 

81.5 
132.5 
197.8 
210.1 
210.2 
227.5 
313.0 
352.1 
347.4 
446.7 
502.7 
509.4 
600.4 
656.8 
681.6 
685.8 
867.1 
858.2 
870.3 

1073.2 
1106.8 
1162.5 
1235.0 
1241.3 
1327.3 
1455.3 
1529.0 
1573.2 
3069.7 
3070.2 

Calculatioi 

("ci), 

79.3 
131.3 
192.4 
204.6 
205.8 
226.3 
305.6 
351.5 
338.7 
446.7 
494.9 
507.7 
600.3 
650.2 
681.6 
684.8 
867.1 
855.2 
870.2 

1072.5 
1106.4 
1161.3 
1235.0 
1241.3 
1327.2 
1455.2 
1528.8 
1573.2 
3069.7 
3070.2 

ι 

Average 

81.0 
132.3 
196.4 
208.7 
209.5 
227.3 
311.2 
352.0 
345.5 
446.7 
500.9 
509.0 
600.4 
655.3 
681.6 
685.5 
867.1 
857.6 
870.3 

1073.0 
1106.7 
1162.2 
1235.0 
1241.3 
1327.3 
1455.3 
1529.0 
1573.2 
30Θ9.7 
3070.2 

rmsd 

0.47 
0.26 
1.24 
1.29 
0.81 
0.26 
1.62 
0.13 
1.82 
0.01 
1.66 
0.34 
0.03 
1.41 
0.00 
0.21 
0.00 
0.65 
0.01 
0.16 
0.09 
0.25 
0.01 
0.00 
0.03 
0.02 
0.00 
0.00 
0.00 
0.00 

given their average nuclear mass, 35.453 a.m.u.. If we use the nuclear mass of 3 SC1 

for all chlorine atoms in TCB our calculated vibrational frequencies are practically the 

same as Scherer's [16,17]. How these isotope splittings of the vibrational frequencies 

can manifest themselves in the solid will be discussed in Sec. 1.4. 

Intermolecular potentials for chlorinated benzenes are available from Bonadeo et 

al [6] and from Reynolds et al [10]. Both these potentials are based on the empirical 

atom-atom exp-6 interaction model. Reynolds et al have supplemented their potential 
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by Coulomb interactions, by introducing polarized C-Cl bonds with negative charges of 

—0.25e on the CI atoms. In our lattice dynamics studies of TCB we have used both 

these intermolecular potentiab; the relevant parameters are given in Table II. The use 

of polarized bonds appeared to be essential (see Sec. 1.4); we have introduced also 

polarized C-Η bonds with a positive charge of +0.10e or +0.15e on the H-atoms. 

Table Π. Potential parameter seta according to Bonadeo et a¡ [β] and Reynolds et al [10] for 
the ехр-б(-І) atom-atom potential Vfc/) = В ехр[-Сг,у] - Ar~a + .Dr"1. The electrostatic 
parameter D in the Reynolds parameter set corresponds to the following fractional atomic 
charges: Ci = -0.10«, C3 = +0.25«, H = +0.10« and CI = -0.25« where Ci denotes the С 
atoms of the С—H bonds and C2 the С atoms of the С—Cl bonds. 

Interaction 

С — С 
С — H 
С — C l 
H — H 
H — C l 
Cl — C l 

Interaction 

Ci - C i 
Ci - C 2 

Ci — H 
Ci — C l 
C 2 — Сз 
Сз — H 
Сз — C l 
H — H 
H - C l 
Cl — C l 

A 

(kcal mol - 1 

568 
125 

-631 
27.3 

1005 
3650 

A 

(kcal mol - 1 

568 
568 
125 

1140 
568 
125 

1140 
27.3 

250 
230O 

Bonadeo potential set [6] 

A') 

В 

(kcal mol - 1 ) 

83630 
8766 

44200 
2654 

33300 
263000 

Reynolds potential set [6] 

A«) 

В 

(kcal mol - 1 ) 

83630 
83630 

8766 
180000 

83630 
8766 

180000 
2654 

18000 
426000 

С 

(А"1) 

3.600 
3.670 
3.653 
3.740 
3.623 
3.510 

С 

(А"1) 

3.60 
3.60 
3.67 
3.62 
3.60 
3.67 
3.62 
3.74 
3.70 
3.65 

(kcal 

D 

mol"1 A) 

— 
— 
— 
— 
— 
— 

D 

(kcal mol - 1 А) 

3.32 
-8.30 
-3.32 

8.30 
20.75 

8.30 
-20.75 

3.32 
-8.30 
20.75 

1.4. Lattice dynamics calculations on a- and ß-TCB 

1.4.1. Crystal structure and phonons 

From x-ray diffraction [3] it is known that the crystal structure of ot-TCB is triclinic with 

two molecules in the unit cell. The positions and orientations of these molecules in the 

cell and the space group of the crystal, P I or PI, could not be uniquely inferred from the 

x-ray data, however. Bonadeo et al [4] have solved this problem by using spectroscopic 
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evidence, in combination with packing and lattice dynamics calculations based on the 

available empirical atom-atom potentials [6,10]. They found that the crystal space group 

of α-ТСВ is PÏ and that the centers of mass of both molecules coincide with inversion 

centers of the crystal. The orientations of the two primitive molecules are not related 

by any symmetry operation; they have been found by minimization of the calculated 

lattice energy. 

We have started our calculations by repeating the structure optimization of Bonadeo 

et al [4], using the same empirical atom-atom potentials [6,10]. However, we have chosen 

a more regular molecular geometry than these authors, who used the strongly distorted 

nonplanar geometry derived from the x-ray data on /?-TCB. Our choice is justified by 

the observation that the older x-ray measurements on p-dichlorobenzene [18] seem to 

imply a strongly distorted geometry as well, whereas the more recent x-ray data [19] lead 

to a much more regular geometry. The structure and cohesion energy that we calculate 

agree fairly well with the results in Ref. [4], but we could not compare the molecular 

orientation angles to better than a few degrees because of the differences in the molec

ular geometries. We have also tried to relax the unit cell parameters in our structure 

optimization. Using the experimental triclinic unit cell as a starting point, we obtained 

a monoclinic lattice, however, with the two molecules in the unit cell being symmetry 

related as in ß-TCB. So we conclude that the empirical atom-atom potentials [6,10] 

are not sufficiently accurate to reproduce the experimental structure of a-TCB in a full 

structure optimization. In our further calculations on α-ТСВ we have fixed the unit cell 

parameters at the experimental values [3] determined at Τ = 150 К (see Table III) and 

we have optimized the orientations of both molecules in the unit cell independently (see 

Table IV), for each potential used, before we started the lattice dynamics calculations. 

Table Ш . Unit cell parameters for the two phases of 1,2,4,5-TCB bom Refe. [3] 
and [5]. 

Unit cell parameters of TCB 

α 
b 
e 

a 

ß 
Ί 

TViclmic о phase at 150 К 

3.7Θ A 
10.59 Â 
9.60 A 

92.5° 
102.5° 
95° 

Monoclinic β phase at ~ 300 К 

3.86 A 
10.63 A 

9.73 A 

90 е 

103.5° 
90° 

The crystal structure of ß-TCB is completely known from x-ray diffraction and 

Nuclear Quadrupole Resonance [5] (although the matrix of direction cosines given in 

Ref.[5] contains a mistake). This phase is monoclinic, space group P 2 i / c , with two 

molecules in the unit cell. These molecules are located at inversion centers and their 
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Table Г . Calculated fractional atomic coordinates given by Bonadeo et α/ [4] for the optimum crystal 
structure of a-TCB and x-ray data for /9-TCB [5], compared with our results using Bonadeo's atom-
atom potential parameter set. In our calculations we used as bond lengths С—Η = 1.08 А, С—С 
= 1.39 A and С—Cl = 1.74 A, bond angles ¿ С—С—С = ¿ С—С—H = ¿ С—С—Cl = 120° and 
masses т н = 1.008 a.m.u., me = 12.011 a.m.u. and mei = 35.453 a.m.u. Calculations using Reynolds' 
parameter set with or without fractional atomic charges yield about the same crystal structure. 

o-TCB 

Molecule 1 

C(l) 
C(2) 
C(3) 
Cl(l) 
Cl(2) 
H(3) 

Molecule 2 

C(l) 
C(2) 
C(3) 
Cl(l) 
Cl(2) 
H(3) 

ß-TCB 

Molecule 1 

C(l) 
C(2) 
C(3) 
Cl(l) 
Cl(2) 
H(3) 

ζ 

0.0201 
0.1761 
0.1710 
0.0011 
0.4070 
0.2976 

-0.0460 
-0.1824 
-0.1497 
-0.0637 
-0.4212 
-0.2614 

X 

0.0193 
0.1817 
0.1623 
0.0434 
0.4090 
0.2885 

Bonadeo tt al [4] 

У 

0.1267 
0.0322 

-0.0906 
0.2848 
0.0763 

-0.1571 

0.6240 
0.5242 
0.4042 
0.7792 
0.5580 
0.3336 

Experiment [5] 

У 

0.1252 
0.0322 

-0.0929 
0.2818 
0.0727 

-0.1650 

ζ 

0.0425 
0.1407 
0.0882 
0.0993 
0.3187 
0.1606 

0.4593 
0.3661 
0.4175 
0.4030 
0.1972 
0.3492 

г 

0.0425 
0.1362 
0.0937 
0.0957 
0.3067 
0.1666 

χ 

0.0255 
0.1548 
0.1293 
0.0575 
0.3485 
0.2297 

-0.0085 
-0.1651 
-0.1566 
-0.0191 
-0.3718 
-0.2783 

χ 

0.0315 
0.1714 
0.1399 
0.0708 
0.3859 
0.2486 

This work 

!/ 

0.1272 
0.0379 

-0.0893 
0.2864 
0.0854 

-0.1587 

0.6246 
0.5249 
0.4003 
0.7807 
0.5562 
0.3228 

This work 

У 

0.1254 
0.0312 

-0.0941 
0.2823 
0.0703 

-0.1672 

ζ 

0.0469 
0.1423 
0.0954 
0.1055 
0.3203 
0.1695 

0.4606 
0.3612 
0.4006 
0.4112 
0.1874 
0.3234 

ζ 

0.0417 
0.1378 
0.0961 
0.0939 
0.3104 
0.1709 

orientations are related by reflection with respect to the ac plane. In our calculations 

on /3-TCB we have always used the experimental structure at Γ = 300 К (given in 

Table III) га a starting point, but we have optimized the molecular orientations (see 

Table Г ), while maintaining the reflection symmetry. 

Phonon frequencies of a-TCB calculated with the atom-atom potentials of Bonadeo 

et oí [6] and Reynolds et al [10], with and without addition of fractional atomic charges 
(see Table II), are listed in Table V. In the lattice sums for each of the two primitive 
molecules we have included all molecules lying within a center-of-mass distance of 12 Â, 
which is amply sufficient to converge the results. The results deviate substantially from 
those of Bonadeo et β/ [4,8] even though we used the same atom-atom potential, because 

of the differences in the molecular geometries used. We have checked that changes in 
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Table V. Observed and calculated frequencies in c m - 1 of the lattice vibrations in α-TCB. Our 
values axe obtained from complete calculations including the vibrons; values bom rigid body 
calculations are given in parentheses. The cohesion energy for the optimum crystal packing is 
also given. 

This work 

Experiment [7] Bonadeo et al [4] Bonadeo pot. Reynolds pot. Reynolds pot. 

46 

76 

90 

21 

44 
50 

66 

70 

95 

(48) 

(89) 

(99) 

(23) 

(45) 

(52) 

(68) 

(72) 

(102) 

51 

77 

108 

26 

42 

55 

69 

73 

94 

(53) 

(87) 

(107) 

(29) 

(44) 
(57) 

(71) 

(76) 

(98) 

with charges 

47 (49) 

78 (85) 

94 (104) 

25 (28) 

43 (46) 

56 (58) 

73 (74) 

76 (79) 

94 (98) 

W 
(») 

M 
(E 

(g 

(8 

(8 

(g 

(g 

— 

— 
— 

33 

43 

48 

55 

68 

— 

47 

63 

90 

33 

38 
46 

62 

68 

88 

Cohesion energy in kcal mol 1 

-18.82 -17.67 -22.05 -19.81 

the molecular orientation angles of the size that corresponds with the differences in the 

molecular geometries alter the phonon frequencies by substantial amounts. The dif

ferences between the results obtained from the different atom-atom potentials are not 

very large; the addition of the Coulomb interactions by putting fractional charges on 

the atoms does not have a very significant effect on the phonon frequencies. Moreover, 

part of these differences are caused by the changes in the equilibrium orientations of 

the molecules that result from the optimization procedures with the different potentials. 

The agreement with experimental data is reasonably good. We have not tried to mini

mize the remaining deviations, as it is sometimes done, by adjusting the parameters in 

the atom-atom potentials. 

In order to verify whether o¡-TCB is really an effective one-dimensional crystal 
as the experimental data [l] suggest, we have also made lattice dynamics calculations 
on a single stack of TCB molecules lying along the crystallographic α axis. If we use 

the molecular orientations found in the optimization of the three-dimensional crystal 

structure, some phonon frequencies become imaginary, however, which indicates the 

instability of this one-dimensional crystal. On the other hand, if we relax the molecular 

orientations in the one-dimensional stack, the optimized structure becomes very different 

from the actual structure of the stacks in a- and ß-TCB. Moreover, we have found that 
the phonon frequencies show considerable dispersion in the directions orthogonal to the 
stacks. So we conclude that both for the crystal packing and for the lattice modes (and, 
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as we shall see below, also for the dispersion of the lower frequency vibrons and for the 

splitting of all k = 0 vibrons) the interactions between the stacks in T C B are essential. 

I.4.8. Vibron frequencies for k = 0 

Before we discuss the complete dispersion in the vibron bands, we consider the splitting 

in the k = 0 vibron frequencies, since this splitting can be directly obtained from 

the Raman spectra given in Sec. 1.5 and it also plays a role in the interpretation of 

the experimental data of paper [l]. The splittings obtained from the lattice dynamics 

calculations are listed in Table VI and they can be understood as follows. Both in a- and 

/?-TCB there are two molecules in the unit cell and the molecular centers of inversion 

coincide with the inversion centers of the whole crystal. So we can expect [4] that all 

(gerade) Raman active vibrational modes of the free T C B molecule will remain Raman 

active in the crystal, and that all (ungerade) infrared active modes of the molecule will 

also be infrared active in the solid. For k = 0 each of these modes will split into two 

peaks with frequencies that are different (in principle). In /3-TCB the two molecules in 

the unit cell axe equivalent and the splitting of the k = 0 vibron frequencies is caused 

only by off-diagonal terms Fpp> in the dynamical matrix of Eq. (4). In α-ТСВ the 

two primitive molecules are not related by symmetry, however, so that also the single-

molecule or crystal-field terms i p p may be different. So in a-TCB the splitting of the 

k = 0 vibrons is caused both by the off-diagonal terms JFpp' and by the differences in 

the crystal-field terms Fpp for the two inequivalent molecules. In Table VI we observe 

that, indeed, the frequency splittings between most of the k = 0 vibrons in α-ТСВ are 

considerably larger than the splittings in /J-TCB. The differences in the crystal field 

terms appear to be dominant in determining the splitting. Since these differences in 

the single-molecule terms Fpp are larger than the off-diagonal terms Fpp> we find that 

most of the vibrons are localized on either one of the two sublattices in α-ТСВ. 

In our calculations we have further analyzed the origin of the crystal-field splittings 

in α-ТСВ and their dependence on the intermolecular potential. We have found that 

they are not so much caused by the interactions between molecules within the stacks 

along the α axis, but mainly by the interactions between molecules lying in adjacent 

stacks. So, as far as these splittings are concerned, α-ТСВ is not an effective one-

dimensional crystal. It is the repulsive exponential terms in the atom-atom potential 

that account for most of the splittings. Their effect is partly compensated by an oppo

site but smaller effect from the attractive r - 6 interactions. The Coulomb interactions 

between fractionally charged atoms have practically no effect on the crystal-field split

tings. We have also found that these splittings depend very sensitively on the molecular 

orientations. Changing the atom-atom potential changes the splittings too, but mainly 

through the change in the equilibrium orientations of the molecules. The strong de

pendence of the vibron splittings on the molecular orientations might indicate a rather 
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Table VI. Calculated splittings for h = 0 vibron frequencies and vibron band widths in the a* directions 
for a- and ß-TCB in c m - 1 . 

α-ТСВ 0-TCB 

Reynolds pot. Reynolds pot. with charges Reynolds pot. with charges 

Symmetry Splitting Dispersion" Splitting Dispersion" Splitting Dispereion" 

190 (A
f
 )' 

209 (Biu)
6 

218 (B
l u
)

b 

225 (Bïf)* 
312 (В,,) 
348 (В,,) 

352 (Α.) 

442 (Вз„) 
510 (В

1ц
) 

511 (BSí) 
600 (Au) 
645 (B2u) 
681 (Ba.) 
684 (А, ) 
860 (Bst 

868 (B
3( 

878 (Взи 

1063 (Βι„) 

1118 (B
2u
) 

11Θ5 (А
к
) 

1226 (В
2ц
) 

1240 (Вз
Е
) 

1327 (B
lu
) 

1448 (В
2и
) 

1549 (А,) 

156Θ (Bsj) 
3070 (А,) 

3094 (В
1и
) 

6.5 

4.7 

6.7 

12.1 

7.1 

6.9 

6.8 

8.4 

3.7 

3.0 

3.2 

1.2 

3.1 

6.4 

4.9 

0.6 

4.9 

1.5 

7.4 

0.8 

0.2 

9.1 

1.1 

3.2 

0.6 

0.8 

10.1 

10.0 

-2.3 У 
-12.8 

7.4/ 

-3.5/ 

0.5 / 

-9.1/ 

0.7/ 

-1.8/ 

-1.2/ 

0.0/ 

1.4/ 

-1.0/ 

0.4/ 

0.6/ 

0.0/ 

0.0/ 

-0.1/ 

0.0/ 

0.0/ 

0.0/ 

-0.2/ 

0.0/ 

-0.1/ 

0.0 

-0.2 

0.0 

0.0 

0.0 

0.7 

/-3.1 

3.9 

-3.4 

0.2 

-6.1 

0.0 

0.8 

-0.2 

0.0 

1.3 

0.5 

' 0.0 

' 0.6 

' 0.0 

' 0.0 

' 0.3 

' 0.0 

' 0.0 

' 0.0 

'-0.2 

! 0.0 

'-0.1 

1 0.0 

/-0.2 
1 о.о 
/ 0.0 

! о.о 

4.8 

3.7 

4.2 

12.0 

6.0 

11.5 

5.4 

7.9 

2.6 

3.2 

4.4 

1.4 

3.5 

5.8 

1.8 

0.3 

2.5 

1.7 

6.1 

0.9 

0.2 

7.5 

1.3 

2.6 

0.7 

0.7 

12.8 

12.7 

-1.0/ 

-8.1/ 

8.5/ 

-2.1/ 

0.4/ 

-15.3 

1.0/ 

-3.0/ 

-0.6/ 

0.0/ 

2.5/ 

1.7/ 

1.0/ 

1.2/ 

-2.5/ 

0.4/ 

-4.0 

0.3/ 

0.4/ 

1.1/ 

0.1/ 

0.9/ 

0.1/ 

1.1/ 

-0.3 

0.1 

0.3 

0.3 

1.8 

0.5 

4.0 

-1.9 

0.3 

/-8.7 

0.0 

1.5 

0.6 

0.0 

2.4 

0.2 

0.9 

1.1 

-2.5 

0.1 

/-4.0 

0.3 

' 0.1 

' 1.1 

' 0.1 

' 0.9 

' 0.1 

1 1.1 

/-0.3 

/ 0.1 

1 о.з 
/ 0.3 

3.6 

0.0 

1.0 

3.5 

0.6 

0.4 

0.2 

0.1 

0.3 

0.8 

0.0 

0.8 

0.3 

0.4 

0.4 

0.5 

1.2 

0.2 

0.1 

0.5 

0.1 

1.3 

0.0 

0.0 

0.1 

0.3 

0.5 

0.1 

-4.4/ 

-2.0/ 

3.4/ 

-1.6/ 

-0.3/ 

-9.5/ 

-0.5 / 

-1.0/ 

0.1/ 

-0.1/ 

1.6/ 

0.9/ 

0.6/ 

0.9/ 

-2.5/ 

0.3/ 

-3.8 / 

0.3/ 

0.2/ 

1.0/ 

0.1 

1.5/ 

0.2 

1.0 

-0.2 

0.3 

0.5 

0.2 

-1.2 

0.5 

2.0 

-1.4 

0.7 

-9.4 

1.2 

-0.7 

0.1 

0.1 

1.5 

0.8 

' 0.6 

' 0.8 

' -2.3 

' 0.2 

1 -3.5 

' 0.3 

1 0.2 

1 0.6 

! 0.1 

0.2 

1 0.2 

/ 1.0 

/-0.2 

/ 0.0 

/ 0.1 

/ 0.1 

α The two columns refer to the widths of the two bands. 
ъ Band widths in the b' and c* directions of the Brillouin tone 

are smaller than 0.5 c m - 1 , except for these modes. 

important vibration-rotation coupling. Although this coupling is indeed visible, for in

stance in the differences between the non-rigid and rigid molecule (gerade) lattice mode 

frequencies in Table V, it does not lead to substantial vibron-phonon mixing. Even the 

lowest vibron frequencies shift by less than 2 c m - 1 through mixing with the phonons 

(see the end of Sec. 1.2). We return to the splittings of the к = 0 vibron frequencies in 

a- and ß-TCB after the presentation of the Raman spectra in Sec. 1.5. 
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1.4-3. Vibron band structure 

The dispersion calculated for some typical vibrons, along various directions in the Bril-

louin zone, is illustrated in Fig. 1 and the band widths for most of the vibrons in a- and 

/3-TCB are tabulated in Table VI. These results have been obtained with the atom-atom 

potential of Reynolds with and without fractional atomic charges. As can be seen in 

Table VI the vibron band widths in the two phases of TCB are about the same. Since 

the crystal structure of α-ТСВ is so similar to that of /Î-TCB and since we found from 

our calculations that the band width of the vibrons is hardly affected by small changes 

in the molecular orientations, this behavior can be understood. It is in marked contrast 

with the variation of the lattice mode frequencies and with the splittings of the fe = 0 

vibron frequencies, however, which depend sensitively on the molecular orientations and 

are significantly different in the two phases of solid TCB. The lattice dynamics calcu

lations show further that in most cases there is almost no interaction between vibrons 

that correspond with different molecular vibrations, and that also the vibron-phonon 

mixing is practically negligible. So we could have obtained the vibron band structure 

from separate calculations in which only a specific molecular vibration is excited and 

we can discuss the results for each vibration separately. An exception with interesting 

consequences (discussed below) is the Fermi resonance between the 352 c m - 1 (Ag) vi

bration and the 348 c m - 1 (B l g ) mode. The mixing of these modes by the intermolecular 

interactions is symmetry allowed in the solid for all wave vectors fe. In the remainder 

of this section we concentrate on the calculations for a-TCB. 

It appears from Fig. 1 that several vibrons show dispersion, mainly in the a* 

direction of the Brillouin zone, and that the frequencies display a cosine dependence on 

the wave vector fe in this direction. So the intermolecular interactions responsible for 

most of the dispersion in the vibrons occur within the stacks of molecules along the α 

axis, mainly between nearest neighbors. Therefore, the conclusion of a one-dimensional 

vibron band structure in paper [1] seems justified. Exceptions are the low frequency 

internal vibrations (80 ( Α ε ) , 190 (Α ε ), 209 ( B Í U ) , 218 (Biu) and 225 c m - 1 (B2g)), which 

show significant dispersion in all directions of the Brillouin zone, indicating important 

interactions between molecules in different stacks. 

An interesting observation is that without the fractional charges on the atoms the 

vibrational bands in the higher frequency region (above 600 c m - 1 ) are practically flat. 

So in order to obtain the correct experimentally observed dispersion of these bands 

(see below), it is absolutely necessary to add electrostatic interactions to the exp-6 

atom-atom potential. For the lower frequency vibrons it appears that , in addition 

to the fractional atomic charges, also the repulsive exponential terms contribute to 

the dispersion. Since the amount of charge on the atoms is the dominating factor in 

determining the widths of the vibron bands, it is not surprising that calculations either 

with the potential sets of Reynolds et a¡ от with the sets of Bonadeo et al yield practically 

the same vibron band structure if the same charges are used. 
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225 ΙΒ,,Ι 
ЭІ.8 e^l and 352 IA,) 

ι/α — μ 0 к — - l/b 0 h — i/c l / a — h О к — i/bO ta —* i/c i/a — к О к —_ l/bo k~~- i/c 

Fig. X. Calculated dispersion along tbe α* and Ь" and с" directions in the Brillouin zone of four different 
internal vibrational modes of a-TCBin c m - 1 , using the potential set of Reynolds with (-) and without 
(—) fractional charges. 

The sign of the dispersion, which determines whether the k = 0 states lie at the top 

of the vibron band or at the bottom, appears to be related to the charges on the atoms. 

If the CI atoms, which carry a negative charge, are involved in the vibration, the sign is 

positive in most cases. The dispersion is negative if the Η atoms, with a positive charge, 

are involved. One exception is the 348 c m - 1 (Bi s) vibration, a pure C-Cl out-of-plane 

vibration, with a negative dispersion. As we discuss next, the calculated signs of the 

dispersion agree with the experimental results reported in Ref. [l]. 

The results of the calculations will now be compared in detail with the experimen

tally reported vibron band widths in Ref. [1]. A nice example of a one-dimensional 

vibron band with significant dispersion is the 860 c m - 1 (B2g) C-Η out-of-plane vibra

tion (see Fig. 1). This mode is reported in [l] as the 864 c m - 1 (B2g) vibration with a 

dispersion of -4.4 c m - 1 . If we calculate the dispersion with a positive charge of -t-O.lOe 

on the Η atoms we obtain -2.5 c m - 1 . Increase of this charge to -t-0.15e increases the 

dispersion to -5.5 c m - 1 . Without the charges on the Η atoms the band width would be 

smaller than 0.1 c m - 1 . 

Another example of a one-dimensional vibron band structure is the 684 c m - 1 (Ag) 

vibration, an in-plane C-Η bending. Experimentally no dispersion could be observed 

(less than 2 c m - 1 ) . The calculations indeed show only a small dispersion of 1 c m - 1 in 

the a* direction, while the frequency in the other two directions of the Brillouin zone 

does not vary. Addition of charges does not alter these results. 

An interesting case is the 352 c m - 1 (Ag) vibration (see Fig. 1). This mode is 

reported as 355 c m - 1 (As) with the largest experimental dispersion of about -15 c m - 1 . 

In our calculations we observe a very small band width for this vibration, even with 

the charges on the atoms. In paper [1] it is already suggested that the (Ag) vibration 

is in resonance with the nearby lying 348 c m - 1 (Big). In the calculations we observe 
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that this (Big) C-Cl out-of-plane vibration has a large negative dispersion of-15 c m - 1 

(-10 c m - 1 without charges on the CI atoms), but this vibration should be very weak in 

the phosphorescence spectrum [20]. However, as we can read from Table I, the frequency 

of the strong 352 c m - 1 (Ag) vibration is very sensitive to the mass of the CI atoms and 

in the crystal this vibration will not lead to a single sharp peak, but to several peaks 

or to a broad structure of several c m - 1 (see the remarks on isotope effects below). 

Further, we calculate that the (Ag) and (Big) modes mix for those wave vectors fe for 

which their frequencies nearly coincide. Hence the 348 c m - 1 (Big) vibration can steal 

intensity from the (Ag) mode over a wide frequency range, and the large dispersion of 

the (Big) mode can become visible in the spectrum. It can now be understood why it 

was impossible to fit the observed lineshape to a simple model [1]. 

For the 1165 c m - 1 (Ag) breathing vibration, which is reported in paper [l] as 

1159 c m - 1 (A s), the experimental dispersion of +7.4 c m - 1 cannot be reproduced 

quantitatively. The addition of the charges on the CI atoms gives a dispersion of only 

+1.0 c m - 1 in the a* direction. Increase of these charges from —0.25e to —0.40e in

creases the dispersion to +2 c m - 1 , but with these large charges the optimization yields 

a crystal structure which is no longer stable. So, the correct size of the dispersion in this 

vibration cannot be obtained from the atom-atom potential; the sign is given correctly 

by the calculations. 

Finally for the 225 c m - 1 (B2g) C-Cl out-of-plane vibration, which has been reported 

as 233 c m - 1 (В28) with a dispersion of less than 2 c m - 1 , we calculate a dispersion of 

about 3 c m - 1 in all three directions of the Brillouin zone, caused mainly by the short 

range exponential terms in the atom-atom potential (see Fig. 1). The charges on the 

atoms change the absolute frequency, but the splitting at fe = 0 and the dispersion 

are hardly affected. We conclude that this vibration is not a simple one-dimensional 

vibrational exciton. 

1.4-4· Isotope effects 

The differences in the vibrational frequencies of TCB due to the occurrence of different 
3 5 CI and 3 7C1 mass distributions can manifest themselves in different ways in the crys

tal. It should be realized that the 7 different molecular isotopie species, for which we 

have calculated the vibrational spectra in Sec. 1.3, occur randomly in the crystal. So 

TCB is a solid with random (isotopie) disorder, for which interesting effects can occur 

[21,22]. The nature of the spectrum is determined by the size of the isotope shifts in the 

iniramolecular vibrational frequencies relative to the size of the miermolecular coupling 

elements in the dynamical matrix. The latter coupling elements also determine the size 

of the dispersion in the vibron bands given in Table VI. 

One extreme situation occurs when the intramolecular shifts are large compared 

with the intermolecular couplings. In that case the vibrational exciton may become 
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localized in clusters of isotopically identical molecules. Such clusters occur with random 

sizes in the crystal. The spectrum of the solid will then show the vibrational peaks of 

each of the 7 molecular species, broadened by the intermolecular interactions within 

these clusters. A clear example of this case is the 312 c m - 1 (Взе) vibration which 

has an intramolecular rms isotope shift of 1.62 c m - 1 (see Table I) and intermolecular 

coupling matrix elements smaller than 0.15 c m - 1 (i.e. a vibron dispersion less than 

0.5 c m - 1 (see Table VI)). In Fig. 2 we have constructed a theoretical spectrum for the 

312 c m - 1 (Bag) mode in the solid by taking the frequencies and weights of the stick 

spectrum for the 7 molecular isotopie species, and simulating the cluster broadening, as 

well as temperature broadening and experimental resolution, by adding Gaussian line 

broadening to the stick spectrum of the molecular vibrations. We will see in Sec. 1.5 

that this theoretical spectrum agrees very well with the experimentally observed Raman 

spectrum of this mode. 

The other extreme occurs when the intramolecular isotope shifts are much smaller 

than the intermolecular couplings. In that case, the vibrational excitation will move very 
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fast between the different isotopie species and the crystal spectrum will resemble the 

spectrum calculated for a homogeneous solid with the various isotopie masses replaced 

by the average mass (the so-called virtual crystal model). In the intermediate саде, 

when the intramolecular shifts are comparable with the intermolecular couplings, the 

spectrum of the solid becomes very complex [21,22]. 

Another important effect due to the occurrence of the random isotope distributions 

concerns the selection rules. In general, random disorder lowers the symmetry and, 

thereby, weakens the selection rules. In the particular case of T C B , the most frequently 

occurring (42%) isotopie species contains three atoms of 3 5 C 1 and one atom of 3 7 C 1 . 

This species has no inversion symmetry, and neither have several other of the 7 possible 

species. Therefore, vibrational modes which are only Raman active in the homogeneous 

crystal will be infrared active as well, in the "natural" crystal. And, similarly, the 

infrared active modes will become Raman active too. This breaking of the selection 

rules will be most visible for those vibrational modes which involve particularly the 

chlorine atoms. 

1.5. R a m a n e x p e r i m e n t s 

1.5.1. Experimental procedure 

Raman spectra were obtained by exciting the crystal with 1 Watt of the 488.0 nm line 

of a Spectra-Physics Ar-ion laser (model 171). The scattered light was inspected with a 

Spex model 1402 double monochromator with two 1200 £ /mm ruled gratings blazed at 

1000 nm, which was operated at a resolution of about 1 c m - 1 . The output was collected 

by a cooled photomultiplier (EMI 9658B) and processed by a photon counting system 

(EG&G 1182 amplifier/discriminator and Ortec 449 log/rate meter). The positions of 

the lines were measured relative to the laser line and were reproducible to 1 c m - 1 . For 

the spectra at 210 K, just above the phase transition, and at 90 K, the sample was 

cooled in a stream of nitrogen vapor. The temperature of the sample was monitored 

via a resistor. Due to differences in location and heating of the sample the estimated 

accuracy of the temperature during the recording of these spectra is 5 К to 10 К. For 

the spectra between 4.2 К and 1.2 К the sample was immersed in liquid 4 H e . 

1,2,4,5-Tetrachlorobenzene was obtained from Aldrich Chemical Company and zone 

refined for 140 passes. Crystals were grown from the melt by the Bridgeman technique 

and annealed for 3 days at 2 0 C below the melting point to reduce structural imperfec

tions. Analysis by gas chromatography and mass spectroscopy established the presence 

of 20 ppm l-bromo,2,4,5-trichlorobenzene and less than 1 p p m 1,2,3,5-TCB in the final 

product. The sample, a single crystal with a thickness of less than 0.5 mm, was selected 

using a polarization microscope. 
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1.5.2. Resulta and discussion 

The Raman experiments have been performed for several purposes. First, the experi

ments yield the phonon frequencies, which makes it possible to distinguish between the 

α phase and the β phase crystal structure. In this way we were able to ascertain that the 

earlier experiments [l] were indeed performed on TCB crystals in the low temperature 

α phase since the observed frequencies are in agreement with those previously reported 

[7] . At 300 К and at 210 К the β phase lattice mode frequencies were observed. Upon 

cooling the crystal structure changed, giving the frequencies of the a phase. Either by 

quick or slow cooling it proved impossible to maintain β phase crystals at liquid helium 

temperatures. 

Further, we wanted to see whether the site splittings calculated for fe = 0 in a-

TCB and the 3 SC1/3 7C1 isotope effects could be observed in the Raman spectrum. In 

Fig. 3 the Raman signals of six internal vibrations at different temperatures are shown. 

These vibrations have been selected because there are no nearby lying gerade vibrations, 

which facilitates the assignment of the lines. The assignments are based on the analysis 

of Scherer [16,17]. The β phase spectra show lines much broader than the resolution 

limit of the monochromator. Most lines are structureless at the high temperatures, 

but the 312 c m - 1 (Вз 8 ) line and the 352 c m - 1 (Ак) line (not shown) have shoulders. 

In the region of the 225 c m - 1 (Bag) vibration three overlapping lines appear in the 

spectrum, with their peaks about 8 c m - 1 apart. Upon cooling from 300 К to 210 К 

a decrease of all line widths is observed, which continues below the phase transition at 

188 K. At 90 К the 511 c m - 1 (Вз 8 ) and the 3070 c m - 1 (A g ) vibration are beginning 

to show a double peak structure, with a splitting of 1 and 2 c m - 1 , respectively. The 

obvious conclusion is that the change from the monoclinic β phase, with two equivalent 

molecules in the unit cell, to the triclinic a phase with two inequivalent molecules, is 

responsible for these splittings. As can be seen in these spectra the splitting of the 

k = 0 vibron frequencies in α-ТСВ is indeed significantly larger than in ß-TCB, in 

agreement with the calculations (see Sec. 1.4). 

Although the calculated fe = 0 vibron splittings, small in ß-TCB and substantially 

larger in α-ТСВ, are qualitatively confirmed by the Raman measurements, the quantita

tive agreement between calculations and experiments is poor. The calculated splittings 

(see Table VI) are much larger than the observed values. Since the calculations show 

that the splittings depend very sensitively on the molecular orientations and since it 

is unlikely that the empirical atom-atom potentials reproduce the experimental crystal 

packing really accurately, the discrepancy might be explained by the inaccuracy in the 

calculated orientations of the molecules in the crystal. 

The effect of the different CI isotope masses on the vibrational frequencies is rela

tively large in modes with in-plane CI vibrations such as the 190 (A g), 312 (Вз 8 ) , 352 

(Α ε ) , 209 ( B Î U ) , 218 ( В т ) , 510 ( B l u ) and the 645 c m - 1 (Взи), see Table I. Let us 

first discuss the gerade modes, which are Raman active in the homogeneous crystal. 
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Especially in the 312 c m - 1 (Вэ8) mode, where the ratio between the intramolecular 

isotope splitting and the vibron dispersion (see Tables I and VI) is very favorable, the 

isotope splitting should be visible (see Sec. 1.4). The Raman spectrum of this mode 

given in Fig. 3 shows that this is indeed the case. The β phase spectrum taken at 300 К 

is strikingly similar to the theoretically simulated spectrum in Fig. 2 with a line width 

of 1.75 c m - 1 and the a phase spectrum at 90 К perfectly resembles the theoretical 

spectrum with a line width of 1.0 c m - 1 . The α phase spectrum at 1.2 К is slightly 

different, which is probably caused by a more marked site splitting at this temperature. 

A similar isotope splitting has been observed for the 328 c m - 1 (А8) mode in the Raman 

spectrum of p-dichlorobenzene by Bellows et ai [23]. These authors have not performed 

any lattice dynamics calculations, but they conclude on the basis of the experiments 

that the vibron band width for this 328 c m " 1 mode should be less than 4 c m - 1 . 

For the other gerade vibrations that are candidates for displaying visible isotope 

effects, the situation is more complicated. The 190 c m - 1 (Αε) mode has a considerably 

larger dispersion (see Table VI), i.e. larger intermolecular coupling matrix elements. 

The experimental Raman spectrum only shows a single peak which remains broader 

than the experimental resolution even at the lowest temperature, but which displays 

no clear structure. The dispersion of the 352 cm~1(Ag) mode is smaller but this mode 

is engaged in a Fermi resonance with the much more dispersed 348 c m - 1 (Βι ε) mode. 

We have observed three peaks in this region in the higher temperature spectra and 

five peaks at the lower temperatures, but the precise assignments of these peaks is 

difficult because of the various effects occurring (isotope splitting, site splitting, Fermi 

resonance). We expect that at least part of the structure in this region is due to isotope 

effects, however. 

The ungerade modes are infrared active in the homogeneous solid, but in the iso-

topically disordered crystal these modes may become Raman active as well. Espe

cially those isotopically mixed molecular species which lack an inversion center will 

contribute to the Raman scattering. In the region around 230 c m - 1 we observe three 

peaks which sharpen at lower temperatures. We attribute the peak at 235 c m - '· to the 

225 c m - 1 (Bag) vibration, in agreement with the phosphorescence spectrum [l] where 

this vibration is observed at 233 c m - 1 . In view of the small isotope splitting calculated 

for this vibration (see Table I) it is very unlikely that the other two peaks at 228 c m - 1 

and 221 c m - 1 are caused by different isotopie species of this (Bag) vibration. We assign 

the peak at 228 c m - 1 to the 218 c m - 1 (Biu) and the peak at 221 c m - 1 to the 209 c m - 1 

(Bju) vibration. Both these vibrations have a rather strong intennolecular coupling so 

it could be expected that no simple isotope splitting of these peales is visible. So, both 

these peaks demonstrate the breaking of the selection rules due to the isotopie disor

der. Another peak, which splits into two components in the α phase, is visible around 

510 c m - 1 but it is not clear whether, besides the 511 c m - 1 {ßzt) mode, the 510 c m - 1 

(B lu) contributes anything to the Raman scattering. 
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It is remarkable that no isotope or site splittings are observed in the low temper

ature To —» So phosphorescence spectrum of a-TCB in paper [l]. This can now be 

understood, however, since the overall resolution in Ref. [l] was about 2 c m - 1 and all 

splittings observed in the Raman spectra are smaller than a few c m - 1 . 

All Raman lines show a temperature dependent line width. The narrowest lines are 

obtained at 1.2 K, where the width of the 1165 c m - 1 (Ag) vibration is almost equal to 

the resolution limit of the monochromator, whereas, for instance, the 1560 c m - 1 (Вэ8) 

vibration shows a width of 2.7 c m - 1 which is constant below 90 K. It is known that 

the observed line width of Raman transitions can be affected by inhomogeneities (like 

impurities and crystal defects) or by relaxation. Keeping in mind that a lifetime in the 

order of a few ps can account for a line width of a few c m - 1 the narrowing observed in 

our spectra upon cooling might be explained by an increase of the vibron lifetime. This 

narrowing even continues for some vibrations (190 c m - 1 (Ag) and 1165 c m - 1 (Ag)) 

between 90 К and 1.2 K, in contrast with the benzene crystal [24] where no decrease in 

the Raman line width is observed between liquid N2 and liquid He temperatures. It has 

been pointed out that inhomogeneities have a negligible effect on the line broadening 

at low temperatures [25,26], so the observed narrowing in the low temperature region 

indicates an increase of the relaxation time. 

1.6. Conclusions 

From the lattice dynamics calculations and the Raman spectra of the low temperature 

α phase and the high temperature β phase of TCB presented in this paper, and from 

the optical spectra of a-TCB given in Ref. [l], we can draw the following conclusions. 

The calculations, based on empirical atom-atom potentials, show that the structure 

of the vibrational exciton bands, especially those above 600 c m - 1 , is one-dimensional, in 

agreement with the interpretation of the phosphorescence spectra in Ref. [l]. Significant 

dispersion occurs only in the a* direction of the Brillouin zone, due to the importance 

of the (nearest neighbor) interactions between the molecules lying in the stacks along 

the α axis. The signs of the nearest-neighbor vibrational coupling elements in the 

dynamical matrix, which determine whether the fe = 0 states lie at the top of the band 

or at the bottom, are correctly reproduced by the lattice dynamics calculations. It is 

striking that the electrostatic interactions between the molecules, which are modelled 

in the atom-atom potential by the inclusion of fractional atomic charges, are absolutely 

essential to obtain the correct vibron band widths. An exception is the 1165 c m - 1 (Ag) 

vibrational band which remains considerably too narrow in the calculations, even when 

the atomic charges are included. This vibration involves mainly the breathing motion 

of the CI atoms, so we conclude, in agreement with previous experience [27-29], that 

for the interactions between CI atoms the use of an botropic atom-atom potential is 
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insufficient. From the calculations it follows further that the widths of the vibron bands 

are not extremely sensitive to the crystal structure. So the vibrational band structure 

in /7-TCB will not be very different from that observed [l] in α-ТСВ. The Raman 

spectra have confirmed that the optical experiments in Ref. [l], which were carried out 

at temperatures below 4.2 K, refer to the a phase of TCB. 

The calculations also predict, in agreement with the Raman spectra for several 

vibrations, that the splitting of the k = 0 vibron frequencies is significantly larger in 

Q-TCB than in /J-TCB. This appears to be caused by the crystal-field terms, i.e. the 

self terms in the dynamical matrix, of the solid. In α-ТСВ the two molecules in the unit 

cell are not equivalent and they experience a different crystal field, whereas in /3-TCB 

these molecules are equivalent. However, the splittings observed in the Raman spectra 

are considerably overestimated by the calculations. Since these k = 0 site splittings 

appear to depend very sensitively on the molecular orientations, this discrepancy is 

probably due to the approximate nature of the atom-atom potential model, which leads 

to inaccuracies in the orientations of the molecules in α-ТСВ (remember that these 

have not yet been determined experimentally). 

The conclusion that the band structure, especially for the vibrations at higher 

frequencies, is one-dimensional does not imply that the interactions between the stacks 

of TCB molecules are negligible. It becomes clearly evident from the calculations that 

for the overall crystal stability, for the dispersion of the phonon bands and also the 

lower frequency vibron bands, and for the site splitting of the fe = 0 vibron frequencies 

in α-ТСВ, the interstack interactions are essential. 

Another interesting phenomenon, which emerges from the Raman spectra of both 

a- and /7-TCB, is the observation of isotope splittings. The statistical occurrence of 3 SC1 

and 3 7C1 atoms in the ratio 3:1 leads to 7 different TCB species, which are randomly 

distributed over the crystal. The calculations show that particularly for the 312 c m - 1 

(Вз8) mode, which has large molecular isotope shifts and small intermolecular cou

pling matrix elements, the isotope splitting should be visible. The perfect resemblance 

between the theoretically simulated spectrum for this mode and the observed Raman 

spectrum confirms this conclusion. This mode demonstrates one of the effects that can 

occur in crystals with random disorder: the (vibrational) excitations may lose their 

Bloch wave character and become localized in clusters of (isotopically) similar species. 

Also for other vibrations we have observed effects of random disorder, such as peak 

broadening and the detection of transitions that would be forbidden in homogeneous 

crystals (i.e. the breaking of selection rules). Summarizing, we conclude that the vi

bron band structure in TCB is not masked by chlorine isotope effects. For most of the 

vibron bands the dispersion appears to be significantly larger than the isotope shifts. 

For one vibration where the isotope shifts are larger, the peaks from the 7 different 

molecular species are clearly separated, and for the vibrations where the two quantities 

are comparable, the spectra show interesting structures. 
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Abstract. Lattice dynamics calculations of the lattice modes (phonons) and the internal 
modes (vibrons) and Raman spectra at liquid helium temperatures are presented for the β, a 
and η phase of 1,4-dichlorobenzene (DCB). It follows from the calculations and it is conErmed 
by the Raman spectra that these three phases are characteristically different with respect to the 
following properties: vibron band dispersion, Davydov splitting, 3SC1/37C1 isotopie effects on 
the bandstructure and vibron-phonon mixing. Only the low temperature η phase shows a nice 
one-dimensional band structure for some vibrations. The vibron band dispersion in all phases 
of DCB is caused by the repulsive exponential terms in the intermolecular potential. This is 
in contrast to l,2,4,5-tetrachlorobenzene, where the electrostatic interactions are responsible 
for the dispersion. Some of the ungerade vibron modes become visible in the Raman spectra 
of DCB due to the (random) occurrence of molecules with different distributions of 35C1/37C1 
isotopes. A few of the Raman lines observed could not be uniquely assigned; they are probably 
caused by Fermi resonances. 

2.1. Introduct ion 

Lattice dynamics calculations on l^^.S-tetrachlorobenzene (TCB) have been described 

in a previous paper [l]. They were performed to obtain the dispersion and the splittings 

at fe = 0 of the coupled internal vibrations in the two phases of TCB. The intermolecular 

potentials used were based on the empirical atom-atom model [2-4]. It turned out to 

be essential to introduce polarized bonds, i.e. to add the electrostatic interaction to the 

atom-atom potential, in order to reproduce the experimentally observed [5] vibron band 

widths in a-TCB. The calculations showed that some of the vibrons are one-dimensional 

in the direction of the molecular stacks (the crystallographic α axis). The lattice modes 

and the lower vibron modes, however, did not show a one-dimensional behaviour and 

also for the overall crystal stability the interactions between the stacks were important. 

It was further found that the splittings at fe = 0 in /?-TCB are much smaller than in 

α-ТСВ. This finding was confirmed by Raman spectra. Moreover, the internal modes of 

http://HuygensLa.bora.tory
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the free TCB molecule were calculated for molecules with different 3 SC1/3 7C1 isotopie 

mass distributions and the isotope shifts were compared with the calculated vibron 

band widths. The calculated isotope splittings of the vibron bands were in very good 

agreement with the splittings observed in some of the Raman lines. 

In this contribution we present similar calculations of the dispersion of the cou

pled internal vibrations in the β, a and η phase of 1,4-dichlorobenzene (DCB). This 

crystal was chosen because it also exhibits a one-dimensional stacked crystal struc

ture [6-11] and because investigations on the triplet electronic excitation by von Bor-

czyskowski et al [12,13] show that the interaction between equivalent molecules in the 

stacks (J||) is about two orders of magnitude larger than the interaction between in-

equivalent molecules. Calculations of the lattice modes (phonons) of ot- and /3-DCB 

have been reported earlier and in particular the frequencies at k = 0 and the dispersion 

of the phonons have been investigated [2-4,14,15]. In addition, we calculate the effects 

of the different 35С1/Э7С1 mass distributions on the vibron band structure. Raman ex

periments of the three phases at liquid helium temperatures are presented and confirm 

several aspects of the calculations. 

2.2. Theory 

The calculations are based on the standard harmonic lattice dynamics method, as 

extended to internal vibrations by Califano et al [16,17] and summarized in the previous 

paper [1]. We include the full self term [18,19] (Eq. (4) in Ref. [l]). 

For the calculation of the vibrations of the free DCB molecule Scherer's generalized 

valence force field for chlorinated benzenes is used [20,21]. Transformation from the 

stretch, bending, torsion and wagging coordinates to cartesian atomic displacements 

and solution of the PGr-matrix problem in terms of the latter coordinates [22] yields six 

zero eigenvalues, which correspond with the three translations and the three rotations 

of the molecule, and 30 eigenvalues and eigenvectors which represent the normal modes 

of the free molecule. 

The intermolecular potential is represented by an atom-atom potential of exp-6-1 

type: (г,-у) = Bexp[—Cr,-y] — АтТ? + Drj}. Parameter sets for this potential, without 

the electrostatic parameter I?, are given by Bonadeo et al [2] and by Reynolds et al [4]. 

In order to obtain the correct vibron band widths for TCB, it was necessary to 'introduce 

polarized C-Cl and C-Η bonds by including fractional atomic charges in both potential 

sets (charges of —0.25e on CI and -l-0.25e on the corresponding C, and charges of -l-0.10e 

on H and —0.10e on the corresponding C) [l]. In this paper we have used four potential 

parameter sets: the parameters given by Bonadeo or by Reynolds, either with or without 

fractional atomic charges. 
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2.3. Molecular vibrations; isotope effects 

The vibrational normal modes of the free DCB molecule with Вгь symmetry were 

calculated and the resulting eigenvectors have been directly used in the lattice dynamics 

calculations. The calculated frequencies were replaced by the experimental values [20,21] 

(as was also done for TCB [l]) although the calculated values are not very different. 

The effect of chlorine isotope substitution on the molecular frequencies is investi

gated by calculations on the three molecular species which can be formed with 3 5C1 and 
3 7C1 atoms (natural abundance 3:1). We define the isotope shift of a specific vibration 

as the (average) shift of the frequency of this vibration caused by the substitution of one 
3 7C1 atom by one 3 5C1 atom. It is observed that the С—Cl stretch vibrations (328 c m - 1 

(Ag) and 550 c m - 1 (Biu)) in particular are very sensitive to the chlorine mass, as is 

illustrated by their strong isotope shifts (4.0 c m - 1 and 3.7 c m - 1 ) . The (in-plane) С—Cl 

bend vibrations (226 c m - 1 (Вги) and 350 c m - 1 (Взе)) show smaller shifts (1.6 c m - 1 

and 1.0 c m - 1 ) . The out-of-plane vibrations show shifts which are very small, except 

for the 115 c m - 1 (Взи) vibration (0.8 c m - 1 ) . The same behaviour was observed in the 

case of TCB where also the С—Cl stretch vibrations were most sensitive to the chlorine 

masses. In the lattice dynamics calculations the average chlorine mass of 35.453 a.m.u. 

is used. We return to the chlorine isotope effects after the presentation of the Raman 

spectra in Sec. 2.5. 

2.4. Lattice dynamics calculations on β-, a- and ^f-DCB 

2.^.1. Crystal structure and phonons 

It is known that DCB can exist in three different phases. Under normal conditions 

DCB crystallizes from the melt at 55° С in the triclinic 0 phase (space group P i ) with 

1 molecule in the unit cell (Z = 1) [6], and transforms at 30.8° С to the monoclinic 

α phase (Ρ2ι/α ; Ζ = 2) [7,8]. Below 0° С a second monoclinic phase, the η phase, 

can exist with space group P2i/c and Ζ = 2 [9,10]. In all phases the molecules are 

located at inversion centers and in a- and Tf-DCB the orientations of the two molecules 

in the unit cell are related by reflection with respect to the oc plane. The positions and 

orientations of the molecules in the α and β phase have been determined in the late 

1950's [6-8] and the DCB molecules seemed to be heavily distorted in the crystal. Later 

more accurate and detailed x-ray studies of the three phases at different temperatures 

became available [10,11] and these new results showed that actually the DCB molecule 

in the crystal is almost regular and planar. 

We have started the calculations by a structure optimization of all three DCB 

phases, using planar DCB molecules with Djh symmetry. The unit cell parameters 

for the three phases used in the calculations are given in Table I, and were fixed in 



2.4. Lattice dynamics caicuiations 37 

Table I. Unit cell parameten for the three phases of DCB used in the lattice 
dynamics calculations and taken from Ref. [11]. The volume V of and the 
number of molecules Ζ in the unit cell are also given. 

Unit cell parameters of DCB 

β phase at 300 К a phase at 100 Κ η phase at 100 К 

α 7.361 À 14.664 A 8.624 A 
b 5.963 A 5.740 A 6.021 A 
с 3.959 A 3.925 A 7.414 A 

V 159.4 A ' 306.8 A3 305.4 A3 

α 92.13° 90° 90° 
β 113.24° 111.77° 127.51° 
η 91.42° 90° 90° 

Z I 2 2 

the optimization procedure. The optimized molecular orientations for all three phases 

calculated with the atom-atom potential sets given by Bonadeo et al [2] and by Reynolds 

et al [4] are in good agreement with the results of the x-ray diffraction measurements 

[ll]. The various potential sets give only small differences. Addition of fractional atomic 

charges hardly influences the optimized structure. 

In Table II we present the optical phonon frequencies of the three DCB phases 

obtained in a complete calculation and in a rigid body calculation with the potential set 

given by Bonadeo including fractional atomic charges. In addition we list the frequencies 

obtained in a Raman experiment at 1.2 K. Firstly, we discuss the phonon frequencies of 

/î-DCB. From Raman experiments it is known that these frequencies are temperature 
dependent. Colson et al [il] report at 300 К frequencies of 46 c m - 1 , 56 c m - 1 and 

90 c m - 1 , in agreement with 45 c m - 1 , 56 c m - 1 and 84 c m - 1 of Bonadeo et al [3], and 

at 100 К frequencies of 54 c m - 1 , 64 c m - 1 and 99 c m - 1 , compared with 56 c m - 1 , 

67 c m - 1 and 102 c m - 1 reported by Reynolds et al [4]. In our calculation with the 

potential of Bonadeo with fractional charges we obtain lattice frequencies in reasonable 

agreement with the experimental frequencies reported at 300 К and with the calculated 

frequencies reported in Refs. [2,3]. This agrees with the fact that we used the unit cell 

parameters obtained at this temperature. When the parameters of the 100 К crystal 

structure are used all three calculated lattice frequencies increase in agreement with 

experiment [11]. From our calculations we see that the lattice frequencies, as in the case 

of TCB [l], are very sensitive to small deviations from the optimized crystal structure. 

Calculations with the other potential sets (see Sec. 2.2) yield about the same results; 

the deviations are mainly caused by the small changes in the equilibrium orientation 

of the molecules. When the internal vibrations are included in the calculations the 

lattice frequencies change by less than 2 c m - 1 , indicating a very small vibron-phonon 

mixing. The lattice modes show almost equal dispersion in all three directions of the 
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Table II. The optical lattice mode frequencies of the three phases of DCB in cm - 1 . The experimental 
values are from our Raman experiments performed at 1.2 K. The calculated values are obtained from 
a complete calculation including the vibrons using the Bonadeo potential set with the fractional 
atomic charges (see text). Values from the rigid body calculations are given in parentheses. The 
relatively large discrepancy between experiment and calculation for ^-DCB is related to the fact 
that in the calculation the unit cell parameters for a crystal at room temperature are used. The 
frequencies calculated for £-DCB with the unit cell parameters at 100 К are 34, 50 and 102 c m - 1 . 

Phonon frequencies (cm 1 ) at U = О 

β phase α phase ι phase 

Symmetry Experiment Calculation Experiment Calculation Experiment Calculation 

Ы 
w (u) 

(8) 

(g) 

(g) 

(g) 

(g) 

(g) 

— 
— 
— 

56 

65 

103 

— 

— 
— 

— 
— 
— 

32 

40 

88 

— 

— 
— 

— 
— 
— 

(32) 

(40) 

(89) 

— 

— 
— 

— 
— 
— 

— 
59 

109 

33 

66 

117 

31 

37 

52 

51 

55 

104 

30 

61 

110 

(31) 

(37) 

(52) 

(51) 

(55) 

(107) 

(30) 

(61) 

(112) 

— 
— 
— 

52 

67 

143 

76 

86 

133 

44 

49 

91 

48 

61 

122 

62 

78 

115 

(44) 

(48) 

(88) 

(48) 

(59) 

(127) 

(60) 

(82) 

(121) 

Brillouin zone, leading to the conclusion that in this phase the interactions in all three 

crystallographic directions axe important. 

The lattice mode frequencies of a-DCB have been calculated using various poten

tial sets. The results from different potentials differ by 5 c m - 1 at most and the overall 

agreement with the experimentally observed and other calculated values [3] is good. In 

the complete calculation including the internal modes the lattice mode frequencies for 

this phase also change by less than 2 c m - 1 . The dispersion of the phonon frequencies 

calculated either with the Bonadeo or with the Reynolds potential set is considerably 

smaller along a* than along b* and c*, indicating that the interactions in two crystal

lographic directions are more important than in the third (a) direction. This is not 

surprising since the distance between the molecules along the α axis is much larger 

than along the other two directions in the crystal. It will be seen that the calculated 

dispersion of the internal modes shows a similar behaviour. 

The calculated lattice frequencies of 7-DCB show considerable differences (up to 

14 c m - 1 ) when the Bonadeo or the Reynolds potential parameters are used. We have 

checked that in this case the difference in optimized crystal structure does not account 

for the difference in phonon frequencies, but that it is really caused by the differences 

between the potentials. Addition of charges hardly alters the frequencies. When per

forming a complete calculation the lowest phonon frequencies change by less than 2 c m - 1 
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but the highest lattice modes, with frequencies close to those of the lowest internal vi
brations, change considerably (up to 5 cm - 1 ) . Also in the eigenvectors we observe 
(weak) mixing between the highest lattice modes and the lowest internal modes. In 
agreement with the experimental observations we see that the calculated lattice mode 
frequencies of 7-DCB are considerably higher than the frequencies of ot-DCB. As in the 
α phase the calculated dispersion is smallest in the a* direction, in agreement with the 

fact that the distance between the molecules in the о direction is the largest. From 

these results it can be concluded that the dispersion, and thus the interaction, in both 

other directions is the most significant. 

2.4.2. Davydov splittings of the vibrons 

The internal modes in a- and ·γ-ϋΟΒ are expected to be split into two components as 

a result of the presence of two symmetry related molecules in the unit cell (Davydov 

splitting). The splittings at k = 0 calculated in a-DCB, given in Table III, are small 

(< 1 c m - 1 ) except for the 115 c m - 1 (Взи), 226 c m - 1 (B2g) and 819 c m - 1 (Вз8) 

internal vibrations where we find splittings up to 7 c m - 1 . A small deviation from the 

optimized crystal structure has hardly any effect on the frequencies except for the lowest 

two internal vibrations. In the high frequency region the splittings are mainly caused 

by the fractional charges. Omitting these charges decreases the splittings at k = 0, 

for the 819 сіп - 1 (Вз и ) vibration from 3.5 c m - 1 to a few tenths of a wavenumber. In 

the low frequency region either the r - e term or the exponential term in the atom-atom 

potential gives the largest contribution to the Davydov splitting, but the effect caused 

by the dominant term is always partly compensated by an opposite contribution from 

the other part of the potential. The observation that either of these two terms of the 

potential can dominate the calculated Davydov splitting contrasts with the case of β-

TCB where the splitting in the low frequency region was mainly caused by the repulsive 

short-range interactions. 

The calculated vibron frequencies at k = 0 for 7-DCB, given in Table Г , are similar 

to those in a-DCB, but since the phonon frequencies in ir-DCB are higher than in a-

DCB mixing with internal vibrations is more significant. This explains the considerable 

splitting of 7.7 c m - 1 for the 298 c m - 1 (B2g) vibration. Compared with a-DCB the 

overall splitting of the modes in f-DCB is somewhat larger. The same decrease of 

the splittings as in a-DCB is observed in the 819 c m - 1 region when the charges are 

omitted. Analysis of the origin of the splittings in the low frequency region shows that 

in if-DCB the exponential terms of the potential give the largest contribution which is 

partly compensated by an opposite effect from the г - term. This situation resembles 

that in ß-TCB. 
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Table ІП. Calculated splittings for Jb = 0 vibron frequencies and vibron band widths in c m - 1 

in all three directions of the Brillouin zone for Q-DCB. The two columns in every direction 
refer to the width of the two bands. The Bonadeo potential set with charges is used. The 
Reynolds potential set gives similar results. Calculations without fractional atomic charges 
hardly alter these numbers. 
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6.8 

2.6 

0.9 

0.9 

0.7 

0.1 

0.1 

1.0 

0.1 

0.0 

0.6 

0.5 

3.5 

0.2 

0.2 

0.5 

0.1 

0.4 

0.2 

1.4 

0.5 

0.5 

0.4 

1.5 

0.0 

0.1 

0.4 

0.1 

0.4 

0.4 

-4.0/ 

-1.3/ 

-0.5/ 

-0.4/ 

-0.3/ 

0.0/ 

0.0/ 

-0.5/ 

0.0; 

0.0/ 

-0.3/ 

-0.5/ 

-1.4; 
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-0.1 

-0.2 

0.0 

-0.2 

-0.1 
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-0.2 
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0.0 
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0.0 
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'0.0 
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'0.0 

'2.1 
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/0.2 

/0.0 
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0.5 / 0.5 

0.7 / 0.1 
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-0.7 / -0.7 

0.8 / 0.5 

-1.3 / -1.3 

-0.4 / 0.0 

-2.4 / -2.1 

2.8 / 2.8 

0.7 / 0.2 

2.8 / 2.6 

-0.1 / -0.1 

-0.7 / 0.5 

0.4 / 0.4 

-0.2 / -0.1 

1.4 / 1.0 

1.3 / 1.2 

-0.2 / 0.2 

-0.2 / 0.0 

2.4-S. Vibron band structure 

The computed vibron band widths for ß-OCB are given in Table V and clearly show 
that the dispersion in this system is not one-dimensional. Most vibrations have a band 
width which is smaller than 1 cm - 1 , but some have a larger dispersion in one or in two 
directions. In contrast to TCB [l] addition of charges barely affects the widths of the 
vibron bands. The results hardly vary when using the Bonadeo or Reynolds potential 
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Table Г . Calculated splittings for h = 0 víbron frequencies and vibron band widths in cm - 1 

in all three directions of the Brillouin tone for -y-DCB, using the Bonadeo potential set with 
charges. The Reynolds potential set gives similar results. Л calculation without charges hardly 
alters these numbers. 

T-DCB 

Band width (cm - 1 ) 

Vibration (cm - 1 ) Splitting (cm - 1 ) в* Ь* с' 
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2.8 

7.7 

0.6 

0.0 

0.2 

2.1 

1.3 

0.1 

0.0 

0.2 

3.0 

3.6 

1.3 

0.2 

0.4 

0.3 

0.7 

1.5 

0.6 

0.1 

0.4 

0.1 

0.5 

0.0 

0.2 

0.1 

0.3 

0.2 

0.3 

-3.1 / 5.4 

4.4 / 1.7 

-0.9 / 0.5 

0.0 / 0.0 

-0.4 / -0.4 

0.3 / 0.3 

0.0 / 0.0 

-0.7 / 0.0 

0.4 / 0.4 

0.0 / 0.0 

0.3 / 0.3 

-1.7 / -0.6 

4.0 / 1.8 

-0.4 / -0.4 

0.4 / 0.4 

-0.5 / 0.3 

-0.6 / -0.6 

-0.2 / 0.2 

-2.0/-1.9 

1.6 / 1.6 

0.0 / 0.0 

1.5 / 1.4 
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0.0 / 0.0 

0.4 / 0.4 
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4.4 / 1.7 
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sets and, moreover, they are insensitive to small variations of the optimized crystal 

structure. The conclusion is that, just as for the lattice modes, the interactions respon

sible for the dispersion in /J-DCB are of about the same size in all three crystallographic 

directions. We find that in all cases the repulsive exponential term gives the largest 

contribution to the dispersion, with some compensation from the attractive r - 6 term. 

The large dispersion (« 10 c m - 1 along o* and b*) of the 328 c m - 1 (Ак) vibration is 

remarkable. As mentioned in Sec. 2.3 this vibration is also very sensitive to the chlorine 
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Table V. Calculated vibron band widths in c m - 1 in all three directions of the 

BrUlouin zone for /7-DCB. The Bonadeo potential set with charges is used. The 

Reynolds potential set gives similar results. Calculations without fractional atomic 

charges hardly alter these numbers. 

0.DCB 

Vibration (cm 1 ) 

115 (B 3 u ) 
226 (B*,) 
298 ( B 3 t ) 
328 (Aj) 
350 (ВзЛ 
407 (A«) 
485 (Взи) 
550 ( B l u ) 
626 (Вз,) 
687 (B2 î) 
747 (A t) 
815 B l s ) 
819 Bau) 
934 B 2 t ) 
951 (Au) 

1015 Biu) 
1090 B l u ) 
1096 Aj) 
1107 (Bsu) 
1169 (A,) 
1221 B2u) 
1290 Baj) 
1394 B2u) 
1477 B l u ) 
1574 Ъзг) 
1574 Aj) 
3065 Bjj) 
3070 А г) 
3090 Bzu) 
3090 Вы) 

o* 

5.7 
3.9 

-0.5 
10.0 

-0.5 
-1.1 
-1.1 
-3.1 

0.2 
0.4 
1.0 
1.7 
2.4 
1.0 

-1.2 
-0.3 
-0.6 

0.0 
-1.8 

1.4 
-0.2 

1.1 
-0.3 
-1.2 

0.1 
0.0 
0.0 

-0.1 
-0.6 

0.4 

Bandwidth ( c m - 1 ) 

b* 

0.7 
3.7 
2.5 

10.3 
-0.4 
-6.2 
-3.6 
-4.0 

1.0 
1.8 
1.0 
0.2 
2.4 
5.2 

-4.8 
0.2 

-1.2 
0.2 

-2.5 
1.7 

-0.2 
1.6 

-0 .1 
-0.7 

0.1 
-0.3 

0.0 
-0.2 

0.1 
-0.3 

c* 

-5.4 
3.7 

-1.0 
-0.6 
-0.4 
-1.1 
-2.1 

0.0 
0.5 
0.6 
0.6 

-1.2 
-5.5 

0.3 
-1.9 

0.6 
-1.5 

0.2 
-2.3 

2.7 
0.4 
2.8 

-0.1 
-0.2 

0.3 
-0.1 

1.0 
1.0 
0.0 

-0.8 

mass (isotope shifts of about 4 cm 1 ) . In Sec. 2.5 we will discuss the Натгш spectrum 

of this vibration in relation to the calculated results. 

From the calculations on a-DCB (see Table Ш) we find that the dispersion of the 

internal vibrations is very small along a* (except for the lowest vibrations) and large 

for some particular vibrations along 6* or along b* and c*. A calculation without the 

charges in the potential yields similar results. We have observed that the exponential 

terms in the atom-atom potential give the largest contribution to the band widths in 
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the α phase. The dispersion of some low frequency vibrations shows a considerable 

dependence on the molecular orientations. This effect may be caused by the weak 

mixing with the lattice modes, which we have found to be sensitive to changes of the 

crystal structure. We therefore conclude that a-DCB, which was believed to represent a 

nice one-dimensional crystal [12,23,24] with respect to the delocalization of the internal 

vibrations, is not one-dimensional at all. 

When examining the band widths for 7-DCB, which are given in Table IV, a striking 

difference with the two other phases is observed. Like in a- and /?-DCB (and like in the 

one-dimensional system TCB [l]) the lowest vibrations exhibit dispersion in all three 

directions. Some higher modes, however, such as 407 c m - 1 (Au), 485 c m - 1 (Взи), 

687 c m - 1 (Bag), 934 c m - 1 (Bag) and 951 c m - 1 (Au), show a clear one-dimensional 

dispersion up to 11 c m - 1 along b*. As in the other two phases the main contribution 

originates from the exponential term in the potential and the charges hardly alter the 

results. Since there are no experimental data on the dispersion of the vibrations in 

-y-DCB it is impossible as yet to verify these results. Our calculations suggest that the 

low temperature phase is an attractive candidate for a quasi one-dimensional model 

system. 

2.5. Raman experiments 

2.5.1. Experimental procedure 

In the Raman experiments we have studied β-, α- and 7-DCB at liquid helium tem

peratures. The experimental arrangement used in the Raman experiments has been 

described in detail in the previous paper [1]. DCB single crystals were obtained in the 

following way. l,4-Dichlorobenzene purchased from BDH (The British Drug Housed 

Ltd.) was zone-refined for 100 passes. The resulting product was analyzed by gas chro

matography and contained less than 500 ppm of DCB isomers or other impurities. Neat 

crystals of /3-DCB were grown from the melt by the Bridgman technique and subse

quently annealed to reduce structural imperfections. To maintain DCB in the β phase 

the crystal was cooled down quickly to liquid nitrogen temperatures. To obtain a-DCB 

а β phase crystal was cooled down very slowly, especially around the phase transition 

at 30.8° C. These crystals were then stored at 10 0 C where the α phase is known to be 

most stable. By quick cooling of this sample it was possible to maintain the α phase at 

liquid helium temperatures. As discussed in Ref. [9] the Ί phase is created by storing 

an undercooled β phase crystal for some time at —10 0 C . 
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2.5.2. Results and discussion 

In Fig. 1 we present the Raman spectra of the lattice modes of all three phases of DCB 
obtained at 1.2 K. Since the linewidths at this temperature are small (about 0.8 cm - 1 ) 
the peaks in these spectra are well resolved, in contrast to previously reported spectra 
which were taken at about 100 К [9]. The frequencies of the lattice modes are all in 
good agreement with previously reported values and are given in Table II. 
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Fig. 1. Raman spectra of the lattice modes of β-, a· and -7-DCB taken at a temperature of 1.2 К with 
a resolution of 0.8 c m - 1 . The energy scale gives the difference in c m - 1 with the 4880 Â laser line which 
was used for excitation. 

It is interesting to investigate whether the effects observed in the Raman spectra 
of TCB (isotope effects, site splitting and the observation of ungerade vibrations) can 
also be detected in the Raman spectra of DCB. Since both a- and f-DCB have two 
molecules in the unit cell which are related by crystal symmetry we cannot observe 
site splittings in these spectra. However, it should be possible to observe a Davydov 
splitting of the lines. 

A beautiful example of such a Davydov splitting is presented in Fig. 2 where we 
show the Raman spectra of the 298 cm - 1 (Bjg) vibration. The β phase spectrum shows 

a single line, consistent with the fact that ß-OCB has only one molecule in the unit cell. 
However, both a- and -¡f-DCB show a doublet. From the calculations summarized in 
Sec. 2.3 we conclude that a splitting of this mode as a result of the different chlorine 
isotopes should be small and probably not detectable with our resolution. Bellows et 
al [25] concluded, on the basis of the merging of the two lines in an isotopically mixed 
a-DCB crystal, that this splitting is a Davydov splitting. Comparison of our experimen
tally observed splittings with the calculated ones (see Tables Ш and Г ) shows a good 
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Fig. 2. Raman spectra of the 298 c m - 1 (Bjj) C-Cl 

out-of-plane vibration. Conditions are as detailed in 

Fig. 1. 
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Fig. 3. Raman spectra of the 1169 c m " 1 (A f) 

in-plane C-Η bend vibration. Conditions are 

as detailed in Fig. 1. 

qualitative agieement. For a-DCB we measure a splitting of 2.6 c m - 1 and calculate 

0.9 c m - 1 and for 7-DCB we measure about 12 c m - 1 and calculate 7.7 c m - 1 . So, even 

though 7-DCB seems a more one-dimensional system than a-DCB (if we consider the 

higher frequency 'internal vibrations) the Davydov splitting for this low frequency vibra

tion in the 7 phase is considerably larger owing to its mixing with the higher frequency 

lattice modes. 

The vibronic line in the To —• SQ phosphorescence spectrum of a-DCB, related 

to this 298 c m - 1 С—Cl out-of-plane vibration also shows a double peak spectrum, 

which was previously attributed to a transition from the one-dimensional triplet exciton 

to a one-dimensional vibrational exciton [23]. With this assumption a triplet exciton 

band width of about 1 c m - 1 was obtained from phosphorescence spectra at various 

temperatures. Since in the 298 c m - 1 vibron mode the Raman spectrum exhibits a 

Davydov splitting of 2.6 c m - 1 and more accurate measurements show no variation of 

the phosphorescence lineshape with the temperature, it is clear that the structure in 

the phosphorescence spectrum is due to a Davydov splitting and that this observation 

cannot be used for determination of the triplet exciton band width. 

Another Davydov splitting, shown in Fig. 3, is observed for the 1169 cm""1 (Αε) 

vibration. In the /? phase spectrum a single line is observed at 1176 c m - 1 which is 
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Fig. 4. Raman spectra of the 328 c m - 1 (kg) C-
Cl stretch vibration. Conditions are as detailed in 
Fig. 1. 
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Fig. Б. Raman spectra of the 220 c m - 1 re
gion. The signal is attributed to the 226 c m - 1 

(Bju) C-Cl bend vibration. Conditions are as 
detailed in Fig. 1. 

attributed to this vibration. In both a- and f-DCB this line is split by about 3.5 c m - 1 

and 2 c m - 1 , respectively, probably due to a Davydov splitting. The calculations predict 

a splitting of about 1.4 c m - 1 for the α phase and a splitting of about 0.6 c m - 1 for the 7 

phase. When a potential set without the Coulomb term is used, the calculated Davydov 

splittings in both phases are smaller than 0.1 c m - 1 . 

In Fig. 4 we present the Raman line corresponding to the 328 c m - 1 (Ag) vibration. 

Both for the a- and for the 7 phase we observe three lines separated by about 4 c m - 1 , 

with an intensity ratio of about 1:6:9 and linewidths of « 1.0 c m - 1 . From this ratio 

Bellows et al [25], who studied a-DCB, concluded that all three lines belong to the 

328 c m - 1 (Ag) vibration and that they are caused by the different isotopie DCB species. 

This is confirmed by our calculation of the free molecule frequencies where it is seen 

that this vibration is very sensitive to the chlorine mass and that the three peaks should 

indeed be separated by 4 c m - 1 (see Sec. 2.3). The fact that the three different isotopie 

species can actually be observed separately in the Raman spectra agrees with the lattice 

dynamics calculations on a- and 7-DCB from which we see that the dispersion of this 

vibration (< 1 c m - 1 ) is much smaller than the frequency shift caused by the isotopes. As 
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Fig. 7. Raman spectra of the 350 c m - 1 (Вэ,) 
in-plane C-Cl bend vibration. Conditions are 
as detailed in Fig. 1. 

discussed in [l] this corresponds to a situation where a vibrational excitation is localized 

on clusters of molecules of the same isotopie species (the separated band limit). In β-

DCB the situation is different. We calculate a band width of about 10 c m - 1 for this 

vibration. The intermolecular coupling is therefore comparable with the intramolecular 

isotope shift, which implies that the different isotopie DGB species axe more or less 

amalgamated in the vibron band. We expect to observe one line in the Raman spectrum 

which may have a complicated structure. As can be seen in Fig. 4 the β phase spectrum 

differs considerably from the other two spectra and the peak structure is very complex 

indeed. Since the calculations show that the isotope effects are small for all gerade 

vibrations, except the for 328 c m - 1 (Ав) vibration, it is not surprising that in the 

Raman spectra of the other vibrations no effects of the different chlorine masses can be 

detected. 

The breaking of the selection rules due to isotopie disorder, which caused some of 

the ungerade modes in TCB to become visible in the Raman spectrum (see Ref. [l]), is 

also observed in DCB. The ungerade vibrations in the Raman spectrum will be most 

intense for the DGB molecules with the lowest symmetry: molecules with one 3 5C1 and 

one CI. This means that instead of the three lines originating from all isotopie species 
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f i g . 9. Raman spectra from 1050 cm 1 to 

1110 c m - 1 . Conditions are the same as in 

Fig. 1. 

we observe only a single line. In Fig. 5 it can be seen that in the spectra of all three DCB 

phases we indeed observe a single line at about 222 c m - 1 which we attribute to the 

226 c m - 1 (B2u) vibration. The same effect is illustrated in Fig. 6 where in the region 

around 530 c m - 1 a single line is also observed which we attribute to the 550 c m - 1 (B l u) 

vibration. These two ungerade vibrations are indeed most sensitive to the chlorine mass 

(see Sec. 2.3). 

Besides the observations mentioned above some intriguing phenomena are observed 

in the Raman spectra. For instance, in Fig. 7 we show the spectra of the 350 cm" 

region. Bellows et al [25] observed a splitting in the Raman spectrum of Û-DCB in 
this region and concluded, using the same arguments as for the 298 c m - 1 vibration, 
that this splitting is a Davydov splitting. However, /9-DCB contains only one molecule 
in the unit cell which eliminates the possibility of a Davydov splitting in this phase. 
An explanation of the doublet observed in all three spectra in Fig. 7 might be a Fermi 
resonance of the 350 c m - 1 (Взг) vibration with the combination band of the 115 c m - 1 

(Взи) and the 226 c m - 1 (B2u) vibrations. Because of the symmetry in the crystal this 

resonance is possible. We cannot ascertain that the doublets in our a and if phase 

spectra derive from a Fermi resonance as well, but the Davydov splitting calculated for 

both phases is much too small to account for the observed separation of the two peaks. 
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In the 3070 c m - 1 region, shown in Fig. 8, we observe in the spectra of all three 

phases two main lines that are structured. These lines are attributed to the 3065 c m - 1 

(Bag) and the 3070 c m - 1 (Ag) vibrations. Since the structure is also observed in the 

β phase spectrum, we again think that it might be caused by a Fermi resonance with 

close-lying overtones or combination bands. 

A number of Raman lines are observed between 1050 c m - 1 and 1110 c m - 1 as 

shown in Fig. 9. The spectra are very similar for all three phases of DCB. We observe 

two strong lines, one at about 1102 c m - 1 and one at 1106 c m - 1 . These two strong lines 

are also reported by Gash et al [26] who studied the phosphorescence of o;- and ir-DCB 

at low temperatures. The splitting was previously interpreted as a Davydov splitting 

[26]; this cannot be true because we also observe it in ß-OCB. It might be due to a 
Fermi resonance between the strong 1096 cm - 1 (Ag) vibration and various overtone or 
combination bands. Gash et al also report the observation of two lines at 1068 cm"1 

and at 1072 c m - 1 which they assign to the 0 —» 2 550 c m - 1 (B lu) vibration, in Fermi 
resonance with the (Ag) vibration. All other bands in Fig. 9 may also be caused by 
Fermi resonances but the assignment is difficult. 

Spectra at 77 K, not shown here, exhibit lines which are almost a factor of 2 broader 
than those at 1.2 K. The most likely explanation is that the increase of linewidths at 
higher temperatures is caused by a decrease of the vibron lifetime. The same effects are 
also observed in the Raman spectra of TCB [l]. 

2.6. Conclusions 

From the lattice dynamics calculations on β- and a-DCB it is clear that these two 

phases are not quasi one-dimensional, neither with respect to the lattice modes nor 

with respect to the propagation of the internal vibrations. However, to our surprise 

the low temperature 7 phase shows a nice one-dimensional behaviour of some internal 

vibrations, although the phonon frequencies vary in all three directions of the Brillouin 

zone. 

In contrast to TCB, where the calculated dispersion of the internal modes could 

only match the experimentally observed values when fractional atomic charges were 

added to the potential, the dispersion in the three phases of DCB is mainly caused by 

the exponential (exchange) terms and partly compensated by the attractive г _ terms. 
Addition of charges in DCB hardly influences the results. So it is striking that in all 
three phases of DCB a mechanism different from that in TCB accounts for the vibron 
band width. 

Not only the one-dimensional vibron band structure but also the (weak) mixing 

between vibrons and phonons makes it interesting to study ir-DCB by phosphorescence 
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and Raman experiments. This vibron-phonon mixing is absent in the other two phases 

of DCB and, as we saw, also in TCB [1]. 

Calculation of the Davydov splitting for a- and 7-DCB yields small values 

(< 1 c m - 1 ) , except for some low frequency internal modes. Addition of charges in

creases these splittings especially in the high frequency region. In the Raman spectra 

of DCB Davydov splittings are indeed observed for the 298 c m - 1 (B2S) and for the 

1169 c m - 1 (Ag) vibrations. The observed splittings are in qualitative agreement with 

the computed values, especially when charges axe included in the potential. Some other 

modes also show splittings which have previously been assigned as Davydov splittings, 

but which we find also to be present in the β phase spectrum. These splittings might 

be explained by Fermi resonances with close-lying overtones and combination bands. 

The isotope splitting in the Raman spectrum of the 328 c m - 1 (Ag) vibration ob

served in a- and 7-DCB is in quantitative agreement with our calculation of the internal 

modes of DCB for different chlorine isotopes. In these two phases the splitting is visible 

because the vibron band width appears to be small compared with the isotope shifts 

(the separated band limit). Because of the much larger vibron band width of the same 

vibration in /3-DCB (calculated to be in the order of 10 c m - 1 ) the β phase Raman 

spectrum does not show the separated bands but instead shows a complicated band 

structure. So there is beautiful agreement between calculation and experiment also in 

this respect. 

Because of the breaking of the selection rules due to isotopie disorder we observe 

in the Raman spectrum the two ungerade vibrations (226 c m - 1 (Вги) and 550 c m - 1 

(Biu)) which the calculations have predicted to be most sensitive to the chlorine mass. 

Isotope effects for gerade vibrations other than the 328 c m - 1 (Ag) vibration could not 

be detected, again in agreement with the calculations. 

The lines observed in the Raman spectrum of all three DCB phases between 

1050 c m - 1 and 1110 c m - 1 are difficult to assign, but they are most probably due to 

Fermi resonances of the strong fundamental (As) transition with overtones and combi

nation bands. 
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Note 

This chapter is also included in the Ph.D. thesis of A.P.J.M. Jongenelis (University of 

Leiden, 1988). 
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3. On the anomalous vibron/phonon dispersion in solid 
te t racyanoethene, C2(CN)4 
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The NetierUnds 

(Published in J. Phys.: Condens. Matter 1, 4047 (1989)) 

Abstract. The anomalous dispersion found by inelastic neutron scattering in one of the 
vibron bands in solid tetracyanoethene appears to be due to the electrostatic interactions 
that couple the infrared-active intramolecular vibrations via the transition dipole resonance 
mechanism. This is demonstrated by way of both numerical lattice dynamics calculations and 
a simple mathematical analysis, which relates the Fourier components of the dispersion curves 
in specific directions of the wave vector h to two-dimensional lattice sums over the dipole-dïpole 
interactions between layers perpendicular to h. Only for specific orientations of the molecular 
transition dipole moments in a solid and for specific directions of U will this lead to a dispersion 
curve of an irregular shape. 

3.1. Int roduct ion 

Tetracyanoethene (TCNE), being one of the strongest π-electron acceptors commonly 

used in electron donor/acceptor complexes, has been studied extensively. Several of 

these studies address the vibrational spectrum of TCNE [1-7], both in solution and in 

the crystalline state. A wide-ranging experimental and theoretical study of the lattice 

vibrations (phonons) and the coupled internal vibrations (vibrons) in solid TCNE has 

been made by Chaplot et al [8]. These authors have measured phonon and vibron 

dispersion relations by inelastic neutron scattering and they have calculated the corre

sponding dispersion curves by lattice dynamics methods, using a simplified force field 

for the lowest intramolecular vibrations and an empirical atom-atom potential for the 

intermolecular interactions. Generally, the calculated dispersion relations agree well 

with experiment, provided that the mixing between the lowest internal vibrations and 

the lattice vibrations is taken into account. 

One of the branches showed an unusually strong dispersion, however, which has 

been determined both by constant wave vector scans and by constant energy scans with 

the triple-axis neutron spectrometer, but which is not reproduced in any way by the 

calculations. The calculations gave a smooth and rather flat energy dependence for this 

branch with no sign of the observed anomalous dispersion, even when phonon-vibron 

mixing and the mixing between the vibron-modes associated with different internal 
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vibrations were included. Chaplot et al [8] speculated that the electrostatic interactions, 
which had not been included in the lattice dynamics calculations, might be responsible 
for this anomalous dispersion. In the present paper we shall show explicitly the effects of 
including the electrostatic interactions and of the use of a more realistic intramolecular 
force field. We shall demonstrate the physical explanation for the anomalous dispersion 
and discuss the conditions for which this phenomenon can occur, in TCNE as well as 
in other systems. 

Table I. Free molecular vibrations of TCNE. 

FVequency (cm - 1)* 

Rigid Observed 

Symmetry 

ÍD,H) 

bu 

Ou 

» í 

Isu 

blu 

ь3в 

ьів 
he 
Ou 

bu 

h. 
ав 
bu 

blu 

0 Í 

he 

blu 

І2и 

ha 
ав 
blu 

o» 

*2u 

h. 

VFF 

81 

88 

133 

146 

182 

239 

260 

375 

425 

440 

452 

489 

524 

559 

559 

682 

956 

1152 

1278 

1571 

2231 

2235 

2253 

2256 

C—C=N 

model 

74 

74 

102 

152 

154 

250 

353 

-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-

IR/Raman 

spectra 

130 

180 

165 

254 

251 

360 

410 

443 

490 

555 

579 

535 

674 

958 

1155 

1282 

1569 

2230 

2235 

2263 

2247 

Character of normal mode 

(NC)—С—(CN) rocking 

C=C torsion 

(NC)—С—(CN) ecUsoring 

(NC)—С—(CN) wag 

(NC)—С—(CN) scissoring 

(NC)—С—(CN) rocking 

(NC)—С—(CN) wag 

С—C=N bend (out-of-plane) 

С—C=N bend (out-of-plane) 

С—C=N bend (іл ріале) 

С—C=N bend (in plane) 

С—С stretch / C—CEEN bend 

С—C=N bend (out-of-plane) 

C—C=N bend (in plane) 

С—С stretch / C—C=N bend 

С—C=N bend (out-of-plane) 

С—С stretch 

С—С stretch 

С—С stretch 

С = С stretch 

C = N stretch 

C=N stretch 

C=N stretch 

C=N stretch 

t 1000 c m - 1 = 29.98 THr. 
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3.2. Internal vibrations 

Empirical Valence Force Fields (VFF) [5,7] and Urey-Bradley Force Fields [2,3,6] for the 
free molecular vibrations in TCNE have been determined from the experimental infrared 
and Raman spectra. In our calculations we have used the VFF parameters of Hinkel 
and Devlin [5] for the in-plane vibrations and those of Michaelian et al [7] for the out-
of-plane motions. The molecular vibrational frequencies and the corresponding normal 
mode eigenvectors have been determined by the standard GP-matrix method [9]. We 
observe (see Table I) that the 7 lowest frequency vibrations do indeed correspond to the 
scissoring, rocking, wagging and torsional motions of the (NC)—С—(CN) groups, but 

also that the С—C=N bending motions admix to a considerable extent. For instance, in 

the 6зи wagging mode discussed in Sec. 3.4 the С—С bonds bend out of the molecular 

plane by 1.5° (C=(C<S) wagging angle 3.0°), but the С—C=N groups also bend by 

1.5°. In other words, the С—C=N groups do not really behave as rigid units in these 

low frequency vibrations. We have also simulated the rigid С—C=N model of Chaplot 

et al [8] by making all stretch force constants and the С—C=N bending force constant 

infinitely high and adapting the remaining VFF constants to obtain practically the 

same frequencies as Chaplot et al [8]. The eigenvectors are completely determined by 

symmetry in this model, but some of the frequencies differ considerably from those 

obtained in the complete VFF model (see Table I). This confirms the non-rigid nature 

of the С—C=N groups in the low frequency modes. 

3.3. Lattice dynamics calculations 

The calculations of the phonon and vibron dispersion relations are based on the stan

dard harmonic lattice dynamics method, as extended to internal vibrations by Taddei 

et al [10] and Califano et al [il]. We include the full self term [12,13], in order to ensure 

complete translational and rotational invariance of the harmonic lattice hamiltonian. 

For the internal vibrations we use the normal mode eigenvectors from the free molecule 

calculations (described in Sec. 3.2), transformed from a molecular system of axes to the 

crystal frame. The calculated free molecule frequencies are replaced by the experimental 

values, as far as available (see Table I). 

The intermolecular potential is represented by an atom-atom potential 

V(r) = B¡j·exp(—Cij-r) — AijT~6 + qi q3- r
- 1 with the same parameters А,·,·, ВІ}· and Cy 

as used by Chaplot et al [8]. The electrostatic interactions have been added, however, 

and the fractional atomic charges qi have been determined by the following procedure. 

Given the charge neutrality of the TCNE molecule as a whole and its Ι?2Λ symme

try, only two parameters qi can be determined independently. These parameters can 

be obtained from the quadrupole moment tensor of the molecule which has also two 

independent components. Calculating the quadrupole moment of TCNE by means of 
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ob ím'tío LCAO-SCF calculations in one of the standard АО basis sets with the pro

gram GAMESS [14] yields qc = -0.190e for the C=C carbon atoms, q'c = +0.489e 

for the C=N carbon atoms and q^ = —0.394e, if the split-valence 3-21G basis is used 

(and not very different values for the minimal STO-3G basis). Since later in this paper 

we shall concentrate on the 63,, out-of-plane (NC)—С—(CN) wagging mode, we have 

also made ab initio calculations for TCNE deformed along the normal coordinate of 

this mode. Thus, we could calculate numerically the dipole moment derivative along 

the 63« wagging mode and compare the ab initio value with the value derived from 

the point charges obtained previously. The agreement is reasonably good: the point 

charge model adapted to the static quadrupole tensor yields a dipole derivative which 

is 20% too large (or 20% too small if we use the normal coordinate of the simplified 

wagging model with rigid С—C=N groups). Furthermore, we have found that even the 

changes in the quadrupole moment upon deformation are reasonably well represented 

by the point-charge model. So we use these point charges'' to represent the electrostatic 

interactions between the molecules and their dependence on the internal vibrations. 

Before performing the actual lattice dynamics calculations we optimized the unit cell 

parameters and the molecular orientations. Addition of the electrostatic interactions to 

the intermolecular potential did not significantly change the optimized crystal geometry 

already calculated by Chaplot et al [8], except that the unit cell becomes slightly too 

compact. We would have to reoptimize the empirical parameters AÌJ,BÌ}· and C,·,· in 
the atom-atom potential, after the addition of the electrostatic interactions, in order to 
recover the correct unit cell volume. 

3.4. Vibron and phonon dispersion relations 

The neutron scattering experiments [8] were performed on TCNE in the monoclinic 
phase, space group P2i /n , supercooled to Г = 5K. The two molecules in the unit cell 

are centered at (0,0,0) and (o/2,6/2,c/2), respectively, and they are related by a screw 

axis 21 along the Ь direction and a glide plane parallel to the ac plane. We use the same 

convention as Chaplot et al [8] for displaying the phonon and vibron dispersion curves 

along the a*, b* and c* directions of the Brillouin zone and defining the symmetry of 

the normal modes with respect to the screw axis and the glide plane. 

When we omit the electrostatic interactions from our calculations, we obtain prac

tically the same dispersion curves as Chaplot et al [8] (1983) for the lowest 26 modes, 

which originate from the three translational vibrations, three librations and the lowest 

seven internal vibrations of the two molecules in the unit cell. So the use of non-rigid 

t Another way to obtain fractional atomic charges from ab initio LCAO-SCF calculations proceeds 
via a Mulliken population analysis. It is well known among quantum chemists, however, that the 
Mulliken atomic charges form a poor representation of the electrostatic interactions. We have also 
reached this conclusion in the present case. 
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f i g . 1. Experimental phonon/ іЪгоп dispersion relations in the monoclmic 
phase of TCNE, obtained from coherent inelastic neutron scattering by Chaplot 
et al [8]. 

С—C=N groups in the intramolecular force field practically does not influence the dis

persion relations at this level. (We shall later observe that it does when the electrostatic 

interactions are included.) Apart from the anomalous dispersion along the o* direction 

observed in the mode around 5.5 THz, the agreement with the experimental dispersion 

curves shown in Fig. 1 is rather good and we obtain substantial mixing between the 

highest lattice modes and the lowest internal modes, just as found by Chaplot et αί [8]. 

The addition of electrostatic interactions via the point charge model discussed in 

Sec. 3.3 yields the dispersion curves shown in Fig. 2. Although most of the phonon/ 

vibron dispersion curves are not much affected, their resemblance to the experimental 

picture (Fig. 1) becomes slightly better in general. All the frequencies are too high, 
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Flg. 2. Phonon/vibron dispersion relations in monoclinic TONE from lattice 
dynamics calculations, using an atom-atom potential supplemented by electro
static interactions between fractional atomic charges (see text). Lattice sums 
over the intermolecular interactions have been taken up to Д = 30 Л. 

however, which is due to the compactness of the unit cell calculated with the point 

charges without reoptimizing the remainder of the atom-atom potential. Also we find 

a too strong dispersion of some of the higher modes in Fig. 2 along the b* direction 

which is due to artificial mixing between these modes, some of which are raised more 

than others. 

Let us now concentrate on the mode around 5.5 THz in the Fig. 1 (experimental) 

which displays the anomalous dispersion in the a* direction. In Fig. 2 (calculated) this 

mode lies around 7 THz and we clearly observe an irregular shape of its dispersion curve 

along the a* direction which resembles the shape of the experimental curve. Since the 



58 3. Anomaíous dispersion in soiid TCNE 

Antisym 

Fig. 3. Vibroa dispersion of the Ьза out-of-plane wagging mode from lattice dynamics calcula
tions, using the atom-atom potential with the fractional atomic charges. The dispersion curves 
for wave vectors h along the a* direction in the Brillouin ione of the vibron modes that are 
eymmetric/antisymmetric with respect to the crystal glide plane are shown for an increasing 
radius R of truncation of the lattice sums. 

corresponding curve calculated without the addition of point charges to the atom-atom 
potential is completely structureless, as in Ref. [8], we conclude that the anomalous 
dispersion of this branch is indeed caused by the electrostatic interactions between the 
molecules. In Sec. 3.5, we shall investigate its shape and its physical origin more in 
detail. First we establish, by inspecting the eigenvector of the mode which displays the 
anomalous dispersion, that this mode is purely the 6зи out-of-plane wagging mode of 
the TCNE molecules. Inclusion of just this mode in the lattice dynamics model yields 
the dispersion curve, shown in Fig. 3, which is practically identical to the curve from the 
complete calculation, if we take the same radius of truncation (R = 30 Â) of the lattice 
sum over the intermolecular interactions. So the effects of phonon-vibron mixing or 
mixing between different internal vibrations which, via avoided crossings, are known to 
yield rather typical dispersion behavior in many instances, are not relevant in this case. 
On the other hand, we observe that the shape of the unusual dispersion curve is very 
sensitive to changes of the fractional atomic charges and to an increase of the radius of 
truncation of the lattice sum. The dispersion curve in Fig. 3 calculated with the largest 
radius, R = 50 A, shows a striking similarity in shape to the experimental curve, shown 
in detail in Fig. 4. This shape is altered also by replacement of the intramolecular 
wagging eigenvector from the complete VFF calculation by the eigenvector from the 
simplified model with rigid С—C=N groups. By means of a further analysis of the 
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Pig. 4. Fourier analysis of the experimental vibron branch in Fig. 1 which shows the anomalous 
dispersion. The curves marked in the legend include higher and higher Fourier components 
cos(mfcd/2). As explained in the text, these Fourier components correspond to the intermolec
ular couplings between crystal layers perpendicular to the a* axis with increasing distances 
md/2, where m =1,2, 3, 4, 8 and 12 (e.g. max = 1' corresponds to a maximum value m = 3). 

calculated and experimental dispersion curves in Sec. 3.5, we conclude that the coupling 

between the intramolecular wagging vibrations which leads to the unusual dispersion 

of the corresponding vibron band in the a* direction is due to transition dipole-dipole 

interactions. As is shown by its strong infrared activity [8], the transition dipole moment 

associated with the 6зи out-of-plane wagging vibration is indeed large. We next discuss 

the conditions under which such a large transition dipole moment can cause unusual 

dispersion relations. 

3.5. Anomalous vibron dispersion from transit ion dipole-dipole coupling 

From the observation that vibron dispersion curves are mostly rather smooth and 

flat, except near avoided crossings, it may be concluded that the mere occurrence of 

relatively large vibrational transition dipole moments is not sufficient to cause such a 

strong dispersion as found in solid TCNE, in one particular vibron band. Here we 

investigate which are the additional conditions required. 

A quantum mechanical system of molecules that vibrate in a single normal mode 

with (unperturbed) frequency WQ, which are coupled via transition dipole-dipole inter

actions, may be replaced (in the sense that it has the same dispersion relations) by a 
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model of oscillating dipoles with eigenfrequency wo that interact via classical dipole-

dipole interactions. Let us take a lattice of such dipoles with two equivalent sublattices, 

as is the case in solid TCNE. The transition dipole moment for the 6зи out-of-plane 

wagging mode in TCNE lies perpendicular to the molecular plane. So the molecular 

orientations in the solid fix the directions {ΰ,φ) and (ΰ',φ') of the oscillating dipole 

moments in the two sublattices. The dipole moments are written аз μ = §QQ, where 

Q is the normal coordinate of the free molecule vibration. This yields the following 

dispersion relations 

ul(k)=ul + A(k)±A'(k), (1) 

where A(k) and A'(k) are the intra- and inter-sublattice couplings between Bloch waves 

of oscillating dipoles with wave vector fe. For a given direction of k in the Brillouin 

zone (for instance, either one of the a*, 6* and c* directions shown in Figs. 1 and 2), 

we can write 

A(k) = Foo + 2 5 2 F0n cos lend 
f i = l 

00 

A'{k) = 2 Σ Fon, cosfc(n'd + d'), (2) 

n'=0 

where k b the length of the vector fe. The labels η and n' run over layers perpendicular 

to the wave vector fe. The layers η are of the same sublattice as the layer η = 0, the 

layers n' belong to the other sublattice; d is the distance between subsequent layers of 

the same sublattice and d' is the distance between layer η = 0 and the nearest layer 

of the other sublattice. The quantities Fon and .Fon.' are two-dimensional lattice sums 

over layers perpendicular to fe, which can be expanded in a two-dimensional Fourier 

series [15] 

Fon = Σ vn{g) exp(ig • τ„) (3) 
9 

and idem for n'. For a lattice of interacting dipoles the Fourier coefficients can be 

evaluated analytically [16] 

„ Ы = ?2— В (t>, φ,ύ,φ,φβ)9 exp(-(/nd) (4) 
Oc 

2 π | 3 μ | 2 

Ля) = ^ Βμ,φ,ύ',φ',φ,,) gexp[-g(n'd + d')}. 

The vectors τη and тл> describe the parallel displacements of the layers relative to the 

layer η = 0. The vector g 'is a two-dimensional reciprocal lattice vector perpendicular to 

fe, g is the length of this vector, <pg its direction and ac the area of the two-dimensional 

unit cell. The function В equals - 1 in the special case treated by Nijboer and De 

Wette [16]. In general, it depends on the polar angles {ΰ,<ρ) and (#',£>'), which describe 
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the orientations of the dipole moments in the two sublattices, relative to a frame which 

has its ζ axis parallel to the wave vector k: 

B(0i,pi,i»a,V>2,<Ρα) = [sintfi cos{pe - (pi) + icosut) 

χ [smiÍ2Cos(v5ff — Уз) + »C0St?2]· (5) 

For specific directions of the wave vector k the crystal symmetry, i.e. the screw axis or 
the glide plane, will induce special relations between {ϋ,ιρ) and {ΰ',ιρ'). 

According to Eqs. (1) and (2), the intra- and inter-sublattice coupling constants Fon 

and Fon·, which are given by Eqs. (3) to (5), are the Fourier components of the dispersion 

curves u+(k) and w_(fc), considered along specific directions of the wave vector k. In 

Fig. 4 we show a Fourier analysis of the experimental dispersion curve for k along the 

a* direction, which displays the anomalous dispersion. We observe that rather high 

Fourier components contribute to this curve, which is not surprising given its irregular 

shape. The same effect is shown by the calculated results in Fig. 3: the dispersion 

curve associated with the 6эи wagging mode becomes more and more irregular when it 
is calculated with an increasing radius of summation of the intermolecular interactions. 
The increase of this radius implies, of course, that more and more interlayer couplings 
Fon and F(,n· and, therefore, higher Fourier components are taken into account. The 
shape of the curve calculated with the largest radius of summation is strikingly similar 
to that of the experimental curve. In order to obtain the exact result we have to invoke 
the Ewald method [17]. 

3.6. Conclusions 

Through ab initio calculations we have obtained a fractional atomic charge model for 

TCNE which yields a good representation of the electrostatic intermolecular interac

tions, as well as a fairly good transition dipole moment for the ози out-of-plane wagging 

vibration in which we are especially interested. We have refined the lattice dynamics 

calculations of Chaplot et al [8] on solid TCNE, by addition of the interaction between 

these charges to the usual atom-atom potential and by the use of a more realistic force 

field for the internal molecular vibrations. The latter refinement did not prove very 

essential for the shape of the vibron dispersion curves (although it changes the vibra

tional frequencies considerably), but the addition of the electrostatic interactions shows 

clearly that the anomalous vibron dispersion found by inelastic neutron scattering for 

the 6зи wagging mode is due to strong transition dipole-dipole coupling. In a further 

analysis we have established that this coupling will only lead to such an irregular shape 

of the vibron dispersion curve for specific orientations of the molecular transition dipole 

moments in the two sublattices of TCNE and for specific directions of the wave vector 

fe. The observed hump in the dispersion curve is due to the relative importance of high 
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Fourier coefficients, which are given as two-dimensional lattice sums for the dipole-dipole 

interactions between different crystal layers perpendicular to the wave vector fe. 
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Abstract. Using a spherical expansion of an ai initio N3-N2 potential, we have calculated 
harmonic lattice vibration frequencies for solid a- and -j-nitrogen, in good agreement with 
experiment and Time Dependent Hartree calculations. Previous dynamics calculations with 
an (isotropic) atom-atom model fitted to the same ab initio potential yielded considerably too 
high libren frequencies. We conclude, therefore, that the atom-atom model does not do justice 
to the accurate anisotropy of intermolecular potentials found by ah initio calculations. The 
upward shifts of the lattice frequencies caused by the anharmonicity in the potential agree well 
with the results from Green's function calculations based on model potentials. 

4.1. Introduction 

Solid nitrogen, as one of the simplest molecular crystals, is used as a testing ground 

for modelling intermolecular potentials [1] and for lattice dynamics methods [2]. Much 

experimental data has been collected [3] and many calculations have been performed [1] 

especially on the low temperature α phase and the higher pressure η phase. In these 

ordered solids the molecules perform oscillations around their equilibrium positions 

and orientations. The angular oscillations are determined by the anisotropy of the 

intermolecular potential. This anisotropy can be modelled in different ways: implicitly, 

by the use of an atom-atom potential, or explicitly, by a spherical expansion of the 

potential, which is a generalization of the electrostatic multipole expansion [4]. In 

practice [5], atom-atom potentials are mostly understood to imply isotropic interactions 

between atoms. This restriction leads to an approximation of the anisotropy in the 

intermolecular potential. Some authors [6-10] have proposed anisotropic atom-atom 

interactions. If these are chosen sufficiently flexible, they may reproduce the exact 

anisotropy of the intermolecular potential in a rather fast converging form [8-10]. The 

use of such isotropic or anisotropic atom-atom potentials is especially attractive for 

larger molecules. 

Standard harmonic lattice dynamics calculations on a- and ir-nitrogen have been 

performed using either ab initio [ll] or semi-empirical N2-N2 potentials [l]. An 06 

imito potential, obtained from quantum chemical calculations [12], has not been fitted 
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to experimental (solid state) data and, therefore, is not dependent on the approximations 

made in the dynamics model. Such a potential can also be used to calculate gas state [13] 

or liquid state [14] properties of nitrogen and it yields satisfactory results, in general. 

Harmonic lattice dynamics calculations, using the ab initio N2-N2 potential of Berns 

and Van der Avoird [15], resulted in translational phonon frequencies in good agreement 

with experiment [11]. The calculated libron frequencies, corresponding with collective 

angular oscillations, came out about 30% too high, but this was believed to be due 

mainly to the failure of the dynamical model. Inclusion of potential anharmonicities and 

zero-point motion effects via the Self Consistent Phonon method [16] did not improve 

the libron frequencies significantly [11]. 

In order to describe strongly anharmonic motions, Briels, Jansen and Van der 

Avoird [17,18] developed a quantummechanical lattice dynamics method, based on the 

Time Dependent Hartree (TDH) formalism, in which the rotational molecular wave 

functions are expanded in a basis of free rotor functions. Also anharmonic potential 

terms up to fourth order inclusive in the translational displacements are taken into 

account. Mean Field calculations showed that the single particle rotational states are 

rather localized and that the corresponding set of energy levels resembles the spectrum of 

a two-dimensional harmonic oscillator [17]. Surprisingly, the TDH calculations yielded 

libron frequencies in good agreement with experiment, whereas the (quasi) harmonic 

models failed. 

The discrepancy between the two lattice dynamics methods described above might 

be caused by the use of different analytical representations of the intermolecular poten

tial. In the harmonic model, the force constants were calculated as second derivatives 

of an exp-6-1 isotropic atom-atom potential model [ l l ] , which was fitted to the ab initio 

N2-N2 potential surface. The inaccuracies in the fits of the individual exchange, disper

sion and electrostatic contributions are less than 10% [15]. The resulting inaccuracy in 

the overall potential, for instance, in the Van der Waals depth is larger, however. The 

TDH calculations, on the other hand, used a spherical expansion [17] of the potential, 

which represents its anisotropy exactly. 

In the following, we present analytical formulas required for the evaluation of the 

force constants of a spherical potential expansion. Using these force constants, harmonic 

lattice vibration frequencies are calculated for a- and f-nitrogen, which will be compared 

with atom-atom results, TDH and experiment. Thus, we can explicitly separate the 

effects of approximations made in the anisotropy of the intermolecular potential and 

the effects of anhaxmonicity on the calculated phonon and libron frequencies. 
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4.2. Force constants from a spherically expanded potent ia l 

The anisotropy in the interaction between two linear molecules ρ ала ρ' is represented 

explicitly by the following spherical expansion [12] 

Ур р ((а,р,ыр,,Ля,)=Еф '(ЛРя')Е( г!1

1

1 π, ¡^С&Л^СЫМС&ЦП,».), 

(1) 

which contains a summation over Í = (/і,із,1) and m = ("Ή,τηΐ,πτ). The vector 

Rppi = Rpi — Rp connects the centers of mass of the molecules at positions Rp and Rpf·, 

Cippi = (t?pp',*?pp') denotes the polar angles of Лрр' with respect to the global crystal 

frame. Further, «p = (^p>Vp) describes the orientation of the molecular axis also with 

respect to the global frame. In Eq. ( l ) , Cm is a Racah spherical harmonic function [19] 

and the symbol following the second summation sign is a Wigner Zj coefficient. The 

distance dependent expansion coefficients ФДДрр/) can be obtained from об »m'ito cal

culations [15,20]. They contain electrostatic (-Rpp'»1 - ' ' - 1), dispersion [Β,^,η = 6,8,10) 

and (exponential) exchange contributions. 

In harmonic lattice dynamics calculations, one needs the second derivatives of the 

total crystal potential with respect to the external molecular coordinates 

If the crystal potential is assumed to be a sum of pairwise interactions the force constants 

are given by 

ρλλ' _ д2Урр. , 

^ ' - dQpXdQp,x.
 ( Р * Р ) 

гАА' = γ - Э'УРР' ( 3 ) 

РР p^pdQ^dQp,.· 

The self-term J ^ contains a lattice sum that can be replaced, using translational 

ала rotational invariance conditions [21-23], by an alternative expression in terms of 

intermolecular couplings F££, with p ' ^ p. 

The rotational force constants contain derivatives of Racah harmonic functions Cm 

with respect to molecular angles φ that can be easily evaluated using [19] 

^ c W ( * l V > ) = (ím)»CÍP (*,*,). (4) 

The first derivative of a Racah harmonic with respect to ύ is also fairly standard and 

obeys [24] 

•bi»^CW(*,*>) = - (1 +1) со» «ДО (*,¥>) 

+ [(/ + l)2-m2]1/2Cr i)(tf,^). 
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Applying Eq. (5) twice and using recurrence relations for the Racah harmonics [24] we 

find 

sin2 tfi^cW(*,p) = [(I + 1) cos2 * + m 2 - Z(/ + 1) sin2 *] Ο^,φ) 

-[(Z + l ) 2 - m 2 ] 1 / 2 c o s ^ + 1 ) ( t > ^ ) . 

One has to be careful, however, if ύ = 0 or π because [24] 

Д т ^ ¿ С « ( * , * > ) = l ( - i ) « ' [ 5 m _ i e - > - ¿ ^ ^ ^ ] [/(/ + I)]1 /2 (» = 0,1), (7) 

which is not uniquely defined. A similar problem occurs for the second derivative with 

respect to д if m = —2,0 or 2. Therefore, one should avoid, by a convenient choice of 

the global frame, that at equilibrium the molecules are oriented parallel to the ζ axis. 

In order to evaluate the translational force constants it is convenient to use spherical 

tensor coordinates iîM defined by [19] 

R+i -~~Ί^ (Ä* + '-Я») 

До = Да (8) 

1_ 

л/2' 
і?- і — —f= \Rx — iRy) 

The position dependent part of the spherical expansion of Eq. (1) is a function of 

the intermolecular vector RPp'. Therefore, all derivatives with respect to individual 

molecular coordinates Rp^ and Др'д can be expressed in derivatives with respect to 

intermolecular components -Κρρ'μ according to 

я я a 

(9) dRpfi dRptp dRppip 

Using the spherical gradient formula of Refs. [18] and [19], it follows that 

д 
dR, 

and 

a 2 

- Ф Д д ) с ^ ( п ) Н - і Г Е ^ в д ( т ^ І J J ^ U n ) (io) 

dRu.dR «.μ·-
-$^)c(i)(n)=(-irççÂfcfc,Â(fc$^)(m_fc;_^ ; _ Λ μ ) 

X \m-ß μ - т ) С " » - ^ - д ' ( П ) ' 

( И ) 
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where the operator Äik is defined as 

\[1 + 1)[21 + Ζ)γ^\ά η] 
[ 21 + 1 \ [dR R\¡' 

(12) 

-^fc,i+i 

The derivatives with respect to spherical tensor components Rpil and ίΖρ·μ have to be 

transformed into cartesian derivatives. By the use of Eq. (8) together with the property 

that the pair potential Vpp· is a real function, it b easily shown that the cartesian 

translation-rotation force constants Flf, (r = i,y,z; ρ = ΰ,φ) are related to the 

spherical tensor components F£f, (μ = —1,0,1) via 

F-,=-V2Re[i#,] 

F».=>/2Tm[F£\ (13) 

'PP' -*PP-

The cartesian translation second derivatives F¿*, can be obtained from the spherical 

tensor components F££ using the relations 
PP' 

FPP'- FPP> ( 1 ) 

^ ' . = 1 ^ = - ^ Re [1^.] 

F- , = F ^ = V2Im[C.]· 

Herewith, we have given some basic analytical formulas that can be combined in order to 
evaluate the force constants corresponding with a spherically expanded intermolecular 
pair potential. These formulas will also be useful in applications of anisotropic atom-
atom potentials [8-10]. The force constants have been implemented in a harmonic 
lattice dynamics program in which they are used to construct the wave vector dependent 
dynamical matrix [21]. Diagonalization of this matrix yields the desired lattice vibration 
frequencies. 
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4 .3 . R e s u l t s a n d D i s c u s s i o n 

We have performed harmonic lattice dynamics calculations on a- and ^-nitrogen using 

a spherical expansion of the intermolecular potential as described in Sec. 4.2. The self-

term has been evaluated either as a lattice sum of second derivatives, see Eq. (3), or with 

translational and rotational invariance conditions [21-23], which yields identical results. 

Further test calculations have been performed with the exp-6-1 atom-atom model В of 

Ref. [15], which we have transformed into a spherical expansion using analytical formulas 

for the long range dispersion [25] and electrostatic interactions [4] and a fit procedure 

for the short range exponential terms. The resulting lattice vibration frequencies differ 

at most by 0.2 c m - 1 from standard harmonic calculations, in which the force constants 

are evaluated via direct analytical derivatives of atom-atom potentials. These minor 

differences are probably due to fit inaccuracies. 

In Table I experimental and calculated phonon frequencies are presented for a-

N2. It is observed that in particular the harmonic libron frequencies, obtained with 

the atom-atom model fitted to the ab initio potential, are too high compared with 

experiment (rms deviation 12.7 c m - 1 ) . A similar deviation of the libron frequencies 

was obtained with the best empirical atom-atom potential from Ref. [l], whereas the 

translational phonon frequencies agreed well with experiment (see Table I; note that 

the parameters in this empirical atom-atom potential have been fitted [l] to the lattice 

frequencies). As mentioned in Sec. 4.1, this discrepancy was believed to be due mainly 

to the failure of the harmonic model, because of large amplitude angular motions. Now 

we find, however, that the harmonic calculations which use the direct spherical expan

sion of the ab initio potential of Ref. [15], i.e. without intervention of an atom-atom 

model, are in excellent agreement with experiment, even for the angular modes with an 

rms deviation of 5.4 c m - 1 . Apparently, the direct spherical expansion provides a sub

stantially better description of the potential anisotropy than the atom-atom potential. 

This plays an important role in the rotational dynamics. In addition, the translational 

lattice vibrations are also better described (1.3 c m - 1 rms deviation). Optimization of 

the crystal structure, within the cubic P o 3 symmetry, increases the deviations slightly. 

It is interesting to compare the harmonic lattice vibration frequencies with TDH 

results [18], also included in Table I, which are obtained with the same spherical expan

sion of Ref. [15]. This comparison yields directly the anharmonic shifts in the lattice 

frequencies. The T D H libron frequencies are higher, by 1.8 up to 5.2 c m - 1 , than the 

corresponding harmonic values, which increases the discrepancy with experiment from 

5.4 to 7.5 c m - 1 if the experimental lattice constant is used (o = 5.644 Â). Further, 

the translational rms deviation is increased from 1.3 to 6.5 c m - 1 , which appears to be 

mainly due to third and fourth order anhaxmonic terms in the potential expansion with 

respect to molecular displacements [18]. The upward anharmonic shifts of the lattice 

frequencies are in good agreement with the shifts obtained from Green's function calcu

lations [27-29]. Optimization of the crystal structure lowers the TDH frequencies. The 
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Table I. Lattice vibration frequencies in α-Na (in cm - 1 ) . 

Experiment Semi-empirical 

(Ref. I»]) (Ref. [1]) 

ЛЬ initio 

Atom-atom Spherical expansion 

Harmonic Harmonic TDH [18] 

Lattice constant 

ΓΙΟ,Ο,Ο) 

Librations 

TVanelational 

vibrations 

"(ί.ΐ.ο) 

Mixed 

«(î.î.ï) 
l^anslational 

vibrations 

Librations 

a(A) 

r E, 

T. 

1 т. 
[ Av 

Ta 

Eu 

Ι· Tu 

f Ma 

Ma 

Ma 

Ma 

{ Ma 

Í Лі-
l ли 
f üf 

5.644 

32.3 

36.3 

59.7 

46.8 

48.4 

54.0 

69.4 

27.8 

37.9 

46.8 

54.9 

62.5 

33.9 

34.7 

68.6 

43.6 

47.2 

5.644 5.644 5.611* 5.644 5.588* 5.644 5.699* 

rms deviation of librational frequencies 

rms deviation of translational frequencies 

rros deviation of all lattice frequencies 

37.5 

47.7 

75.2 

45.9 

47.7 

54.0 

69.5 

29.6 

40.6 

51.8 

59.0 

66.4 

34.4 

35.7 

68.3 

50.7 

57.8 

10.6 

0.6 

6.1 

40.7 

50.9 

75.2 

50.2 

49.8 

55.8 

74.3 

33.4 

44.3 

56.6 

61.3 

68.6 

35.3 

37.3 

73.0 

55.9 

58.8 

12.7 

3.1 

8.1 

42.4 

52.8 

77.6 

52.7 

52.6 

58.9 

78.8 

34.9 

46.3 

59.0 

64.4 

72.2 

37.1 

39.2 

77.6 

58.0 

60.9 

14.9 

6.3 

10.4 

27.6 

41.6 

67.9 

44.2 

46.8 

54.8 

70.4 

24.2 

36.2 

49.8 

58.5 

65.6 

33.5 

34.6 

69.4 

48.6 

49.5 

5.4 

1.3 

3.1 

29.7 

44.3 

71.6 

47.8 

51.1 

59.8 

77.5 

25.0 

39.0 

53.2 

63.8 

71.6 

36.4 

37.4 

76.6 

51.7 

52.3 

7.6 

5.6 

6.5 

32.8 

43.4 

71.5 

50.6 

52.7 

60.2 

79.4 

28.8 

41.5 

53.3 

63.7 

72.0 

37.0 

38.4 

78.4 

50.7 

53.6 

7.5 

6.5 

6.7 

31.0 

41.0 

68.0 

47.2 

48.8 

55.6 

73.1 

27.6 

39.1 

50.2 

59.1 

66.5 

34.4 

35.8 

72.3 

47.9 

50.8 

5.0 

2.1 

3.4 

* obtained via minimization of tbe lattice energy. 

resulting overall deviation is 3.4 cm - 1 , which is almost equal to the harmonic deviation 
of 3.5 c m - 1 (at the experimental structure). 

In addition, we have performed TDH calculations with the atom-atom potential 
model В of Ref. [15], via the spherical expansion used in the test calculations described 

above. This shows a similar deviation from experiment as the harmonic atom-atom 

results; in particular the TDH libron frequencies in α-nitrogen calculated with the 



70 4. Modelling the anisotropy of ¡ntermolecula.r potentials 

Table Π. Lattice vibration frequencies in f-Nz (in cm 1 ) . 

Lattice constant 

Lattice constant 

Γ (0,0,0) 

Librations 

Tranalational 

vibrations 

rms deviation 

e(A) 
c(A) 

' Et 

S i . 

1 At, 

Г B . 

1 ft. 

Experiment 

(Ref. [26]) 

3.957 

6.109 

55.0 

98.1 

-
65.0 

-

Semi-empirical 

(Ref. [1]) 

3.940 

5.086 

50.5 

74.8 

105.1 

58.3 

103.1 

14.2 

Atom-atom 

Harmonic 

3.957 

5.109 

56.0 

101.8 

122.5 

68.6 

112.2 

3.0 

4.181* 

5.126* 

48.6 

70.6 

92.4 
55.7 

83.2 

17.2 

Ab initio 

Spherical 

Harmonic 

3.957 

5.109 

65.7 

102.1 

118.3 

58.1 

106.0 

7.7 

4.039* 

5.246* 

54.4 

89.1 

103.2 

47.9 

86.0 

11.2 

expansion 

TDH [18] 

3.957 3.961* 

5.109 5.104* 

67.5 67.6 

104.2 103.3 

125.1 124.4 

65.0 65.2 

115.8 114.9 

8.0 7.9 

* obtained via minimization of the lattice energy. 

atom-atom potential came out about 30% too high. So, we conclude that the substan

tial differences between harmonic and TDH results fovmd earlier [17,18] are mostly due 

to the different modellings of the ab initio potential, especially of its anisotropy. Lattice 

dynamics calculations on the 7 phase, where the librational motions are more strongly 

localized, yield a similar conclusion (see Table II). Apparently, the specific strength of 

TDH lies not so much in the low temperature dynamics of ordered molecular crystals, 

but rather in the description of disordered phases (/3-nitrogen [30], for example), quan

t u m crystals (solid hydrogen [31]) and the combination of lattice dynamics with spin 

waves (in solid oxygen [2]). 
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5. Analytical two- and three-dimensional lattice sums 
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(Published in Chem. Phys. Lett. 160, 223 (1989)) 

Abstract. We present a rapidly convergent analytical Fourier expansion of the interaction 
between an electrostatic multipole moment and a two-dimensional lattice of multipoles, which is 
a generalisation of two-dimensional monopole-monopole and dipole-dipole lattice sums. Three-
dimensional lattice sums can be obtained via analytical planewise summation. 

5.1. Introduction 

Lattice sums of pairwise interactions occur in many branches of solid state physics. 
A textbook example is the calculation of the cohesion energy of an ionic crystal [1]. 
Because of the crystal symmetry, it is sufficient to consider only the total mteraction 
between an ion at a specific lattice site and the ions at all other lattice sites. Thus, 
the electrostatic cohesion energy can be written as a three-dimensional lattice sum of 
pairwise Coulomb potentials. In lattice dynamics calculations on ionic crystals, the 
Coulomb potential is expanded with respect to charge displacements, which, within the 
harmonic approximation, results in lattice sums of electrostatic dipole-dipole interac
tions for the force constants. Similar dipole-dipole sums occur in the dielectric theory 
of solids, for example, in calculations of the macroscopic polarisation of a dielectric 
material. Lattice sums of higher order multipole-multipole interactions are important 
for anharmonic lattice dynamics calculations, where the Coulomb potential is expanded 
beyond the harmonic approximation. They are also needed in lattice energy and dy
namics calculations of molecular crystals with intrinsic higher order molecular multipole 
moments. 

Often, special techniques are used to evaluate lattice sums of electrostatic multipole-
multipole interactions, because the direct summation is either slowly or condition
ally convergent [2-5]. Two classic examples aie the treatment of Madelung [6] (for 
the Madelung constant) and the Ewald method [1,7], which can be applied to three-
dimensional lattice sums of pairwise dipole-dipole interactions. Nijboer and De Wette [2] 
have developed an elegant and efficient method of evaluating three-dimensional lattice 
sums of general multipole-multipole interactions, which decay faster than the dipole-



5.2. Derivation 75 

dip ole interaction with increasing distance. It weis first used in connection with the 

theory of neutron scattering in dense systems [8]. 

Nijboer and De Wette [3] have also derived an expansion for the interaction between 

a dipole and a two-dimensional lattice of parallel dipoles, which are oriented perpendic

ular to the lattice plane. Because of the two-dimensional translation symmetry, the sum 

over pairwise dipole-dipole potentials can be replaced by a rapidly convergent Fourier 

series. They have used this expansion to evaluate the electric field within a slab of 

dielectric material via planewise summation. Steele [9] has derived a similar Fourier ex

pansion for the interaction between an atom and a two-dimensional lattice of substrate 

atoms, adopting a Lennard-Jones 12-6 atom-atom potential model. This expansion has 

proved to be valuable in various dynamics calculations of molecules adsorbed or scat

tered on a surface. Steele has also given an explicit formula for the Fourier transform in 

the case of a Coulomb potential. This result was first derived, via direct solution of the 

Poisson equation, by Lennard-Jones and Dent [10]. Moreover, Steele has analytically 

evaluated, via planewise summation, the interaction of a charge with a semi-infinite 

three-dimensional ionic substrate. 

In the present paper, we show that for general multipole-multipole interactions the 

occurring two- and three-dimensional lattice sums can also be evaluated analytically. 

Thus we extend the electrostatic monopole-monopole expansion of Steele [9] and the 

dipole-dipole expansion of Nijboer and De Wette [3] to a general multipole-multipole 

Fourier series which, to our knowledge, has not been derived before. 

5.2. Derivation of tbe lat t ice sums 

The electrostatic multipole moments QC·*) of a charge cloud A are defined as spherical 

tensors with components [11,12] 

Q{k} = Σ ** «'л с£АМл,^). (i) 

The polar coordinates «,·Α, ι>,·Α and (ріл denote the positions of the charges ZiA with 

respect to a local coordinate system, which is centered at position г л and which is chosen 

to be parallel to a global frame. The function C^} is a Racah spherical harmonic [13]. 

Consider the interaction of these multipole moments localised at тд with a two-

dimensional lattice of multipole moments Q('B) at positions 

τ в = kioi + fc202 (2) 

in the xy plane of the global reference frame. Here, αχ and a^ are two-dimensional lattice 

vectors, fci and fcj are integers. The pair interaction between the multipoles Q C * ) and 
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Q^B\ at positions тд and гд, is written in the well-known spherical expansion [11,12] 

тл=—іл тв =—IB 

(3) 
with coefficients 

сСлЫ =(_!) '- njU + 2lB + m *(1л h U + IB \ (4] 

т л т в У ) y {2lA)\{2lB)\ \ \mA mB -mA-mB)
 K> 

which comprise a Wigner Sj-symbol. The function TL , occurring in Eq. (3), represents 

an irregular solid Racah harmonic [13] 

TÍ¡?(r)=r-'-lcW(#,p) (5) 

where ΰ and φ denote the polar angles of the vector r . From Eqs. (2) and (3) it 

follows directly that the total interaction between a single multipole QÍ'-*) and a two-

dimensional lattice of identical multipoles Q('B) contains a lattice sum 

8®Ы= Ε Σ ϊίΰί'ϋ-*!«!-*^) (6) 
fci = —со ¿ з = —oo 

of pairwise irregular solid harmonics. 

Because of the two-dimensional periodicity this lattice sum can be Fourier expanded 

as follows [9] 

5 ' ί ) Μ = Σ ^ ) ( ί Ι ^ β Χ ρ ( « ΐ · τ ) (7) 
α 

with reciprocal lattice vectors 

g = піЬі + пгЬг (α; · by = 2π5^·). (8) 

In Eq. (7), the vector r = rA is decomposed into its projection r on the xy plane and 

its component zez along the z-axis. The Fourier coefficients are given by the Fourier 

transform [9] 

А И = -J- ƒ T < 0 ( T + zez) exp(-iff · τ)άτ (ζ ф 0) (9) 
Oe JXy 

where oc is the area of the two-dimensional unit cell and the integration has to be 

performed over the entire xy plane. We will derive an analytical expression for the two-

dimensional integral of Eq. (9). To this end, we use the following cylindrical expansion 

of a two-dimensional plane wave 

exp(-»s-T)= E ï~nJn{gT)*xp{iTup„)exv{-in<pT) (10) 
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which comprises Bessel functions J n of the first kind [14]. The symbols <pa and φτ 

denote the angles of the vectors g and τ with respect to the x-axis, g and г are the 

lengths of these vectors. The irregular solid harmonic is written in terms of associated 

Legendre functions P (

m as [13] 

( " ) 
After substitution of Eqs. (10) and (11) into Eq. (9) and performing the integration 
over <pr we obtain 

{l-m)\' 
«'m ƒ#(»!*) expíimp,) (12) 

with radial integrals 

«№) - Г ( е т Г ρ·" (^7f) J " w r¿r· (13) 

The integrals of Eq. (13) are relatively simple in the case g — 0. Because of the property 

[14] 

Jm(0) = <W) (14) 

they reduce to 

/ Ü ) ( 0 | * ) = ¿ m 0 z - ' + 1 ¡ p,-,Pi(P)dp = 6u6m0 (1>1) (15) 
Jo 

with ρ = z/y/z2 + r 2 . We observe that the integral of Eq. (15) does not exist for the 

monopole-monopole interaction (/ = 0). 

Although the radial Fourier integrals of Eq. (13) are much more complicated for 

g > 0, an analytical solution is also possible in this case. These integrals are closely 

connected to specific Hankel transforms which are tabulated in Ref. [15]. Alternatively, 

they can all be derived from the well-known isotropic {I = 0) integral 

ƒ(%!*) = £ exp(-ffz) (16) 

given in Ref. [9], with the aid of the relation 

/i?W«) = 9m (-i)'- j r ^ І^г/ГЫ*)· (« > 0) (17) 

This relation is derived in two steps. First, it can be proved, using partial integration 

and some properties of the associated Legendre and Bessel functions [14], that the 

indices I and m of fm' can be raised simultaneously for / = m using 

/ im )(sk)=í;/ im_-1
1 )( í7|z). ( m > l ) (18) 
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Secondly, from the derivative of Eq. (13) with respect to z, it follows that 

№(9\z) = -Tè^§-zft
149\:) ( ί > 1 ) (19) 

which can be used to raise the index / for fixed m. After successive application of 

Eqs. (18) and (19) to the monopole integral we arrive at Eq. (17), which is not directly 

applicable for negative values of the index m. In that case, however, the symmetry 

property 

/11Ы*) = {^Л^|г) (20) 

can be used as an intermediate step. The combination of Eqs. (16), (17) and (20) results 

in the desired analytical expression 

which is surprisingly simple. This expression, which is also given in Ref. [15], is valid 

for all relevant m-values. After substitution of Eqs. (15) and (21) into (12) we obtain 

the final result 

sM(g\z) = i % S n 6 m 0 (¡7 = 0 , / > 1 ) 

l й K' - mW + "»JT* »•"ff'-1 «P ( - Í* ) «P(*'"V.) ія > o)· 
(22) 

We have now transformed the sum over pair interactions, occurring in Eq. (6), into a 

two-dimensional Fourier series (7) with coefficients that can be calculated with the aid of 

Eq. (22). Thus, the two-dimensional lattice sum has been written analytically. Eq. (22) 

is not valid if ζ = 0, i.e. if the single multipole lies in the lattice plane. A method of 

evaluating the two-dimensional lattice sum for that case can be found in Ref. [2]. 

The analytical two-dimensional Fourier series derived above is abo convenient to 

evaluate three-dimensional lattice sums of general multipole-multipole interactions for 

semi-infinite and infinite crystals, via planewise summation. For a semi-infinite three-

dimensional lattice we replace Eq. (2) by 

гв = ¿χα! + /Ьгаг - кзаз [кз > 0) (23) 

and substitute this into Eq. (6). If we then write the interlayer translation 03 as 

Ar = Δ τ + Δζεζ the summation over the layers can be performed analytically with 

the aid of the rapidly converging series 

00 

У* exp \кз{-дЬг + ig · Δτ)] = -. : — — г (24) 
£ί0 1 - exp [-gbz + гд • Δτ] 

file:///-gbz
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which yields 

έ sW(,+jfe,Ao=-i(i-m)!(í+fn)q-* г- 53 g '" l e x p í~rtTg +;g;T l · 
^ ' m ' σ0

 LV ; ч '' ¿-' 1 - exp \-gAz + ig • Δτ 
(25) 

The combination of two of these semi-infinite lattice sums with the two-dimensional lat

tice sum for ζ = 0 [2] gives the three-dimensional lattice sum for an infinite crystal. One 

has to be careful, however, if / < 2, because in that case the original three-dimensional 

lattice sum of irregular solid harmonics is conditionally convergent, i.e. the result de

pends on the order of summation which is prescribed by the macroscopic shape of the 

crystal [2-5]. As pointed out by Nijboer and De Wette [3] this implies that for I < 2 

the layerwise summation is only correct for slablike materials. For / > 3 the lattice 

sum is absolutely convergent, i.e. independent of the crystal shape, so that a planewise 

summation may always be applied. 
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Note 

After this paper was published, it came to our knowledge that our results are in agree

ment with results of V. Massida and J.A. Hernando (Physica 101B, 159 (1980)). 
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Abstract. We present an analytical potential expansion for a molecule interacting with a two-
dimensional lattice of atoms which is convenient in quantummechanical scattering and lattice 
dynamics calculations. It combines the following three ingredients: a spherical expansion in 
symmetry adapted free rotor functions of the molecule which represents the anisotropy of the 
potential explicitly, a translational displacement expansion that goes beyond the harmonic 
approximation, and a two-dimensional Fourier expansion, which reflects the translational sym
metry parallel to the substrate. As an example, we show some numerical results for N2 on 
graphite which illustrate the convergence of the various expansions. The potential anisotropy 
is visualized explicitly. At an adsorption site, the in-plane anisotropy appears to be negli
gible with respect to the out-of-plane anisotropy. The anharmonic terms in the molecular 
displacement expansion are so important that they will influence the out-of-plane translational 
vibrations. 

6.1. Introduction 

The interaction between molecules and substrates plays an important role in many 

interesting physical phenomena. It can be probed by molecular beam surface scattering 

experiments [1,2]. Furthermore, it leads to the adsorption of molecules or molecular 

layers on the surface, which can take part in many interesting processes. Adsorbed 

layers are (quasi) two-dimensional systems which occur in a rich variety of phases [3] 

that can differ strongly from the ordinary bulk phases. Of course, in an adsorbed layer 

the admolecule-admolecule and the substrate mediated interactions [4,5] must also be 

taken in account. The competition between all types of interactions determines, for 

instance, whether an adsorbed molecular layer is commensurate or incommensurate with 

the underlying crystal [6,7]. However, in this paper we concentrate on the molecule-

substrate interactions. 

In order to calculate the dynamics of adsorbed or surface scattered molecules, one 

needs expansions of the total molecule-substrate potential. First we summarize what is 

available in the literature. Steele [8] has derived a powerful expansion for the interaction 

between an atom and a two-dimensional lattice of substrate atoms, adopting an atom-

atom pair potential model. Because of the two-dimensional translation symmetry, the 
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sum over pair potentials can be replaced by a rapidly convergent Fourier series. Steele 

has given explicit formulas for the Fourier transforms in the case of a Lennard-Jones 

12-6 atom-atom potential. The extension to exponential potentials has been made by 

Belak [9]. Both types of Fourier series have proved to be valuable in various classical 

molecular dynamics and harmonic lattice dynamics calculations on adsorbed molecular 

layers [10,11]. In these calculations the interaction between an adsorbed molecule and 

a substrate atom is considered to be a sum of atom-atom potentials, so that the total 

molecule-substrate potential can be written as a sum over atom-substrate Fourier ex

pansions. The lowest order term of such a molecule-substrate Fourier expansion only 

depends on the height of the atoms above the substrate. Sokolowski, in his calcula

tions of second virial coefficients and other properties of adsorbed linear molecules, has 

expanded this term into spherical harmonics and numerically evaluated the expansion 

coefficients [12,13]. Further, we remark that the atom-substrate Fourier series has been 

expanded with respect to atomic displacement coordinates in order to get harmonic 

force constants. 

Another type of expansion which is useful in molecule-molecule scattering calcula

tions and in dynamical calculations of molecular complexes (Van der Waak molecules) 

and molecular bulk solids, is the so-called spherical expansion [14]. Such an expansion 

represents explicitly the anisotropy of an intermolecular potential. If the intermolecular 

potential is given as a sum of atom-atom potentials this spherical expansion can be ob

tained with the aid of analytical transformation formulas which are known for inverse 

power law [15] and exponential atom-atom potential types [16]. However, spherical 

expansions are much more general than atom-atom potential models and they can be 

used to fit experimental or ab initio data directly. They can also be further expanded 

with respect to translational molecular displacement coordinates [17], which is useful 

for the calculation of the vibrational states in molecular complexes or solids. Com

bined spherical and displacement expansions have proved to be valuable for example, 

in quantummechanical lattice dynamics calculations on solid nitrogen and oxygen [18]. 

In the present paper we are interested in molecule-substrate interactions and we 

combine the two ingredients, atom-substrate potentials and molecule-molecule poten

tials, in order to derive new formulas for molecule-substrate potentials. We combine 

the advantages of spherical, molecular displacement and Fourier expansions. 

In Sec. 6.2 we describe a general method to obtain a molecule-substrate Fourier 

potential series starting from a spherical expansion for molecule-atom pair potentials. 

In Sec. 6.3 we derive an alternative method, which is applicable and preferable in the 

special case that the pair interaction can be approximated by an atom-atom potential 

model. In Sec. 6.4 we give some quantitative examples. 
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θ.2. General method 

6.2.1. Spherical expansion of anisotropie molecule-atom potentials 

Consider a molecule interacting with a substrate, that consists of discrete atoms or 

ions. The total interaction between the molecule and the substrate is assumed to be 

the sum of molecule-atom pair potentials. Three particle and higher order terms are 

neglected. In order to represent the anisotropic behaviour, we use a spherical expansion 

to describe the molecule-atom pair potentials 

ν(Α,ω) = £ ¿ vlm.{R) ^ (-ircll(H)D<l,M*. (1) 
1=0 m' = -¡ m=-l 

This is a special case of the more general expansion for two interacting molecules given 
by Van der Avoird et al [14], which follows easily when one of the molecules is replaced 
by an atom. In a forthcoming paper we will use the more general spherical expansion in 
order to derive analytical expressions for the interaction between an electrostatic mul
tipele and a two-dimensional lattice of multipoles. In Eq. (l) Cm is a Racah spherical 
harmonic and DUm, is a Wigner D function in the active convention [19]. These angle 
dependent functions are coupled. The result is a scalar, which ensures the invariance 
of the total expansion with respect to an overall rotation of the system. Furthermore, 
the vector R — (R, R) connects both centers of mass, pointing from the atom to the 
molecule and the molecular orientation is described by the Euler angles ω = (α,β,η). 

For a linear molecule these angles are the polar angles ω = (ιρ,ϋ,Ο). In that case the 

sum over m' must be omitted and the complex conjugated Wigner D functions have to 

be replaced by Racah spherical harmonics according to Ref. [19] 

σ£{ύ,<ρ)=θ120(<ρ,ύ,0)\ (2) 

In the special case that the molecule consists of a single atom, the expansion of Eq. (1) 

reduces to an isotropic (Í = 0) atom-atom potential. 
If the molecule possesses a molecular symmetry group G of order nc, then the total 

molecule-atom pair potential expansion must be invariant under all operations of this 
group. It is convenient to exploit this property with the aid of the totally symmetric 
projection operator [17] 

s = ^-Σρω· (3) 

The molecular symmetry operators Ρ (g) act on D functions according to the Wigner 

convention [20]. It can be shown that the corresponding symmetry adapted functions 

are linear combinations of D functions, 

GSLH = ŜÜL»* = Σ Ί Ι ' ^ » * . (4) 
η 
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An example of symmetry adapted functions can be found in Ref. [17], where the tetra-
hedral rotation functions are listed for / < 10. Using the symmetry adapted functions 
from Eq. (4), we can write the spherical expansion of a molecule-atom potential as 

ν{κ,ω) = £ 5 > W ( Ä ) ¿ (-іГсі1(іг)с(1'И· (5) 
/ m' m = - í 

There may be more than one symmetric linear combination of D functions for a fixed 
value of /. In Eq. (5), the summation over m' has to be performed over different 
combinations only. 

It is assumed that the expansion coefficients $¡mi, occurring in Eq. (5), are (analyt
ical) functions of the intermolecular distance R. These functions are usually obtained 
by an analytical fit of ab initio or experimental data. The simplest and most popular 
forms are of the inverse power or exponential type, but many other forms have been used 
[21]. The functions Ф/ т ' can also be derived from an atom-atom potential model, with 
the aid of explicit formulas, as given in for instance Refs. [15] and [16]. This does not 
imply, however, that a spherical expansion is always equivalent to a sum of atom-atom 
potentials. On the contrary, it is much more general. 

6.2.S. Molecular displacement expansion 

In dynamical calculations on adsorbed molecules which perform small oscillations around 

an equilibrium configuration, one often needs an expansion with respect to molecular 

displacement coordinates. For this reason we make the following Taylor expansion of 

the pair potential given by Eq. (5) 

V(R + u,w) = Y/^-^-V{R,u), (6) 
a=0 a' 

where и denotes a small molecular displacement vector. The substrate is considered to 

be rigid. 

This expansion is most conveniently performed with the aid of the spherical gradient 

formula [22], as demonstrated by Briels et al [17,18]. Since the formulas given in Ref. [17] 

are very complex, we summarize the result in a compact notation 

{К + и,ш) = £ Д д ( Я ) и в С & ) ( й ) с Ц . ( и ; ) , (7) 
л 

where the combined index A is defined by 

A = (/,m,m',a,ii,mi) 0 < h < a , ii + a = even. (8) 

In Eq. (7), the coefficients E^{R), which depend on the equilibrium intermolecular 
vector, appear to be given by 

I j " M ' 
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Here, the summation over /j and т г is limited to a few terms because of the selection 

rules that can be obtained from the Wigner 3j symbol. For a fixed combination of J and 

m' the distance dependent functions И ^ г ^ і , in Eq. (9) can be calculated by means of 

the initialization 

W^U,, (Л) = *і1о«і1і>/5ППф І т.(Я) (10) 

and the recurrence relation 

^ , ? „ ( Α ) - ( » Ι + Ι ) ( - Ι ) ' + Ι Σ Σ ( Ϊ ; Ό1)!!· ϊ [} 
Si Λ 

χ Aiah[R)w¡^.jtíaiR) (и) 

where the operator Ajt¡t(R) is defined by 

¿АіЛД) = ( - l ) A U..A-I 

[г-І]}· '12> 
See Ref. [17] for further details. 

We have now obtained a useful potential expansion, see Eq. (7), for the interac

tion between a molecule and an atom. As we have mentioned before, this expansion 

represents explicitly the anisotropy of the pair potential. Furthermore, it includes an 

expansion with respect to molecular displacements, that goes beyond the harmonic 

approximation. 

6.5.5. Fourier transformation of the pair potential sum 

As a final step, the total molecule-substrate interaction can be obtained as a sum over 

the expanded molecule-atom pair potentials. In most practical cases the substrate 

atoms are ordered in lattice planes, so that the molecule-substrate potential shows a 

two-dimensional periodicity parallel to the substrate surface. This symmetry property 

can be exploited by transforming the sum over pair potentials into a two-dimensional 

Fourier series, as will be demonstrated in this subsection. 

Assume, for simplicity, that the molecule is interacting with a single two-dimensional 

lattice of substrate atoms. We choose a global reference frame, so that the і у plane 

coincides with the lattice plane. Further, it is assumed that there are n, different sub

strate sublattice types s, which are translated by a vector τ , with respect to the origin. 

The position of a single substrate atom, of type s, can then be written as 

T.fcjfc, = τ, + kiai + £202 (1 < θ < п.), (13) 

J2{2J2 - 1 ) 

2J2 + 1 

4* d У2 + І ] 
dR R J 

-ft,,. Л + 1 
(j2 + l)(2j2 + 3) 

2j2 + 1 
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where αϊ and a j are the two-dimensional lattice vectors and fci and ¿2 are integers. 
Let ж denote the (equilibrium) position of the molecular center of mass. The total 

molecule-substrate potential 

U[» + η,ω) = E F A ( * K C £ ) ( Û ) G | 1 , H (14) 

л 

is assumed to be the sum of two particle interactions only, so that 

*Ά(*) = Σ Σ Σ SA(*-T < f c l f c , ) , (15) 
¿ = 1JEI = — OO fca= — oo 

where we have used Eq. (7). The combined index A is defined in Eq. (8). The function 
FA, is invariant under a lattice translation parallel to the substrate surface. For this 
reason, the following two-dimensional Fourier transformation is possible 

FA(*) = Σ ** to ι *) е х р(й · т ) (16) 
а 

with г denoting the projection of χ on the xy plane, so that * = τ + ze,. The 

summation has to be performed over all wave vectors g, which are linear combinations 

of the reciprocal lattice vectors bi and 62 

S = n 1 b 1 + n2b2 (ai-b1=2nSij), (17) 

where n¿ is an integer. 
It appears, in analogy with Ref. [8], that the «-dependent Fourier coefficients are 

given by means of the Fourier transformation 

h(9\z) = ì-
Oc 

Σ 6 χ ρ ( - » 3 · Ό 
L « = l 

/ E A ( r + ze,) е х р ( - й · τ ) dr, (18) 

in which the parameter ac equals the substrate unit cell area and where the integration 

has to be performed over the whole xy plane σχν. In the following, we will reduce the 

two-dimensional integral of Eq. (18) to a simpler form. To this end, we separate the 

integrand into a radial and an angular dependent part, using the following cylindrical 

expansion of a two-dimensional plane wave 

+ 0 0 

exp(tff-T)= Σ »"•Mffr) exp ím^) ехр(-і7цзт) (19) 
n = — OO 

which comprises the Bessel functions Jn of the first kind [23]. The symbols φβ and φτ 

denote the angles of the vectors g and τ with respect to the 1 axis. Further, it can be 

shown, with the aid of Eq. (9), that 

i?A(T + ze,) =*A(r 1 z)exp(- t (m + m 1 ) p r ) , (20) 
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with 

(21) 

Here, the associated Legendre function P,™' and some of the algebraic factors originate 
from the following expression for the Racah harmonics [19] 

Cfe> (r fíe.) - (-,)- Л ^ , Г ( ^ ) -Pi*-*,)- M 

The argument of P,"1* equals the cosine of the angle between the vector χ and the 

г axis. Note that the 3j symbol in Eq. (21) can only be nonzero if mj = —(m + mi), 

which explains the argument of the exponential function in Eq. (20). After substitution 

of Eqs. (19) and (20) into Eq. (18), we obtain the following expression for the total 

molecule-substrate potential 

U{*+u,<j) = J2 Σ PA (ff \г)ехр{ід-т) uec£>(u)GÍl'H· (23) 

This expansion is a combination of a spherical, a displacement and a Fourier expansion. 
The Fourier coefficients are given by 

PA(ffM = ^ Σ exp(-ty · т.) ΦΑ (ff I z)exp(-i{m + mi)pg), (24) 

with 

We have now transformed the sum over pair potentials, occurring in Eq. (14), into 

a two-dimensional Fourier series with Fourier coefficients that can be calculated with 

the aid of Eqs. (24) and (25). Thus, the two-dimensional lattice sum has vanished, 

but some one-dimensional Fourier integrak, see Eq. (25), remain to be calculated for 

each wave vector length g. These integrals can be evaluated numerically using a Gauss 

Legendre quadrature. For special cases, analytical expressions can be given, as shown 

below. 
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6.2.4- Analytical Fourier transforms 

If we want to evaluate the radial Fourier transforms of Eq. (25) analytically, a problem 
arises because the integrand contains a product of a cylindrical Bessel function Jm, and 
an associated Legendre function F™'. Unfortunately, integrals with such a combination 
of functions in the integrand are very difficult. However, there are two special cases in 
which either J m , or Ρ,"1' is a constant function, so that an analytical solution of the 

problem exists for some special types of pair potentiab. We will give some examples in 

the following. 

In the first case we consider the isotropic (A = 0) Fourier transforms that de

scribe the interaction, without displacement expansion, of a structureless molecule, or 

an atom, with a substrate. In this case the associated Legendre function vanishes and 

the integrand can be further reduced with the aid of Eq. (10). So, the isotropic Fourier 

integrals are given by 

Φο(<? | z) = ƒ J 0 ( S r ) Фо ( > Д 2 + г 2 ) таг. (26) 

These integrals are known for isotropic inverse power law pair potentials 

Ф„ф{Н) = И'", ν > 3 (27) 

as shown by Steele [8]. The corresponding Fourier transforms can be calculated analyt

ically with the aid of [23] 

Í ¡ r b * - ^ 2 (ff = 0) 
V»;o[9\*)=\ j / „ ч ( - 2 ) / 2 (28) 

Here, Kn is a modified Bessel function and Г is the ordinary gamma function. An 

exponential pair potential 

Фехр;о(Д) = ехр(-сЯ) (с > 0) (29) 

is also commonly used [9]. In that case the isotropic Fourier integral equals [24] 

«W,o(s I z) = c(c2 + ff2)"3/2 [(c2 + g*)*/** + l] exp (-*(e 2 + ff2)1/2) . (30) 

The second example concerns the flat [g = 0) terms in the Fourier series. These 

terms describe the interaction of a molecule with a flat surface, in other words the 

molecule is unaffected by the discrete atomic structure of the substrate layer. For a 

fixed displacement vector «, the flat part of the Fourier series of Eq. (23) must be 

invariant under a rotation of the molecule around an axis parallel to the global ζ axis 
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and through the molecular center of mass. This property implies that the index m must 

be necessarily equal to zero. Further, because of the property [23] 

^ т 3 ( 0 ) = «т,0 (31) 

the radial Fourier transform of Eq. (25) reduces to 

* A ( 0 | z ) = 5 m o W > ¿ E ( o 0 θ) 

x / f * « „ , ( ^ * . (7=Т=) rar. (32) 

We have derived an analytical expression starting with an inverse power law expansion 

function 

Ф.,;Іт'(Д) = Ovxlm· Л " " ( f > 3) (33) 

in the pair potential of Eq. (5). In this case the functions W^ÎJ^,, , , occurring in the 

integrand, are also of the inverse power law type, according to 

^i^uw^-aUii.^"^^. ( з 4 ) 
where the coefficients u;^a,m,., , can be obtained with the aid of the recurrence relation 
of Eq. (12) together with Eq. (11). After substitution of Eq. (34) in (32), the remaining 
integrals are all of the type [25] 

L 
1 и * , ^ * π 1 / 2 2 - ' ' - 1 Γ ( μ + ΐ) 

where the new integration variable ρ equals the cosine of the angle between the vector 

ж and the ζ axis, i.e. the argument of the Legendre polynomial in Eq. (32). It can be 

shown, with the aid of Eq. (35), that the resulting flat Fourier transform equals 

Ф , ; А ( 0 I *) = Αηοίπ,,ο b # m ' ; l l * - ( " + - » ) , (36) 

where the coefficients Ь ^ т , . , are given by 

(β) 7r*r(t/ + a-2) τρ /fr /а l\ 

uil") 

ri^ + Je-^-^rt^+Ae + i y 
(37) 

We can draw the following conclusion from the examples, described above. For 

some specific model pair potentials, the isotropic (A = 0) and flat [g = 0) Fourier in

tegrals of Eq. (25) can be evaluated analytically. This means that either the molecule 
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or the substrate is considered to be structureless, which is a good approximation for 

large distances ζ between the molecule and the substrate. However, for smaller values 

of 2, the anisotropic (Α φ 0) and corrugated (¡7 φ 0) Fourier integrals are not negligi

ble. As we have mentioned before, the latter types of integrals are difficult to handle 

analytically, because of the occurrence of a cylindrical Bessel function and an associ

ated Legendre function in the integrand. So, in general, the anisotropic and corrugated 

Fourier transforms can only be calculated numerically. However, it appears that in the 

special case that the pair potential of Eq. (5) is equivalent to, or derived from, a sum 

of atom-atom potentials, all Fourier transforms can be tackled analytically with the aid 

of an alternative method. This will be proven in the next section. 

6 .3 . A l t e r n a t i v e m e t h o d for a n a t o m - a t o m pair potent ia l mode l 

6.S.I. Atom-atom potential model 

In this section we adopt an atom-atom model for the interaction between the molecule 

and a single substrate atom 

(П,ы)=^2М\^ + Ыш)\), (38) 
α 

which is of course less general than a spherically expanded molecule-atom potential. The 

vector J Î connects the centers of mass of the molecule and the atom and ω describes the 

orientation of the molecule, as in Sec. 6.2. Further, the vectors Ta denote the relative 

positions of the atoms о within the molecule with respect t o the molecular center of 

mass. These vectors depend on ω according to the relation 

r a ( « ) = Μ{ω)τ°, (39) 

where Μ(ω) is an active rotation matrix and r j is the position of atom о with respect 

to a body fixed frame that coincides with the global frame for ω = 0. 

In principle, it is possible to transform the sum of atom-atom potentials in Eq. (38) 

into a spherical expansion [26], given by Eq. (5). Thus, the method of Sec. 6.2 can be 

applied in order to obtain a Fourier series for the total molecule-substrate potential. 

The disadvantage of the latter method is that not all Fourier integrab can be calculated 

analytically, as appears from Sec. 6.2.4. The main reason for this problem is that 

the spherical expansion of the atom-atom potentials introduces associated Legendre 

functions which cause problems in the Fourier transformation. On the other hand, if the 

Fourier transformation is performed first and the spherical expansion afterwards, then 

only isotropic Fourier integrals are needed. Such integrals can be handled analytically 

for an inverse power law or an exponential pair potential, as appears from Eqs. (28) and 
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(30), respectively. So, it seems to be profitable to write the total molecule-substrate 

potential first as a sum of atom-substrate potentials 

tf(* + u,u0 = ^ / o ( * + r o ( ü 0 + u ) , (40) 

where г denotes the equilibrium position of the molecule and u is a small displacement 

vector, in accordance with Sec. 6.2. The Fourier series 

/o(*o) = Χ ) /a (ff I *o) exp(ig · τ·0) (41) 

describing the interaction between atom a and the substrate, is isotropic. So, it follows 

from Eqs. (24) and (26) that the Fourier coefficients can be written as 

fa[9\z«) = ^ Σ exp(-ti7-T4) 
L Í = 1 

Фа{д I Zo), 

with 

Mg I **) = ƒ Мят) Φα (у/ζ* + г 2) i-A-, 

(42) 

(43) 

where фа denotes the atom-atom pair potential, as in Eq. (38). 

The main goal of this section is to write Eq. (40) explicitly in terms of the molecular 

orientation ω and the molecular displacement u. Thus we obtain a form similar to 

Eq. (23), with alternative formulas for the Fourier coefficients F^{g \ z) that will be given 

analytically. In order to obtain the desired result we have to perform two expansions 

of the atom-substrate Fourier series, one for the vector(s) r a and one for u, as will be 

demonstrated in the next two subsections. 

6.S.2. Spherical expansion of atom-substrate Fourier series 

In first instance, the molecular displacement vector u is considered to be zero, so that 

we have to make the following expansion of the atom-substrate Fourier series 

ƒ (x + r) = Σ Kg I * +1" * e*) «Piff · r ) exp(*ff ' Ό . (44) 

where we have omitted the label a and the explicit dependence on ω. 

Expanding Eq. (42), it follows that 

f{g | ζ + r - ez) = — 
o0 

Σ «PÌ-V·1"«) 
,<=i 

Σ^^^ι*) 
J 0=0 

β\ 

with 
a" №{9\z) = jr$ï>{g\z). 

(45) 

(46) 
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It appears to be possible to rewrite the expansion of Eq. (44), in combination with (45), 
in spherical tensor form, as will be shown in the sequel. As a first step we substitute 
into Eq. (42) the following spherical expansion [27] 

(*-.)' = ·•'Σ fflpAi +1) 

Al 

(jU-AOüp + A ^ l ) ! ! 

x Σ CfrHè.) CfrH*)· ( λ ι + / ϊ = even) (47) 
μ ι = - Α ι 

and 

σ^ 1 ,(*.) = «μ1ο. (48) 

Further, we make use of the well-known spherical expansion of a three-dimensional plane 

wave [28] 

ехр(»г·r) = Σ Σ »'λ,(2λ» + « ^Ляг) с£>Цд) С^Цг)', (49) 
λ ] μ ι 

where j \ t is a spherical Bessel function of the first kind. After substitution of Eqs. (45) 
and (49) into Eq. (44), the f-dependent Racah harmonics are recoupled with the aid of 
Gaunt's rule [22] 

C^(frc(^(fr = ÇÇ(2 / + l) (£; £ ¿ ) ^ * J) CW(»). (50) 

Finally, the explicit dependence of the expansion on the molecular orientation ω is 

introduced with the aid of [19] 

σί?(») = Σσί?'(*0)Βί1.Μ*. (si) 
m' 

where f and f0 are related to each other via Eq. (39). As a result we obtain 

/(«+гН) = Σ YlSim[g\z,r) ехр(іут) <$(*0)Í><LM*- (52) 

Here, the summation is performed over the combined index 

A '=( i ,m,m' ) (53) 

which can be considered as a special value of A, see Eq. (8), with α = li = mi = 0. In 

Eq. (52), the Fourier transforms S/m appear to be 

Sim(g \z,r) = — Σ exp(-»ff-Ti) 
• = 1 

Σ^ ,(ίΊ*)χί» )(ίΙ'·) (54) 
β=0 
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with 

A I r) -(« + l)r> t ( ^ - A ^ + l + DH Σ ^(ЗА, + 1) Λ,ΟΤΓ) 

х (ο ο' ¿) (o' -t i ) 0 ^'» (>.+/»—)•(«) 
After summation over all atoms within the molecule, the total expansion can be written 

in terms of totally symmetric symmetry adapted functions GjJ^« with the aid of [17] 

ΣΣ<$(*ΣΑΜ* = Σ«Β А . и · (56) 
a€<c m' 

Неге к denotes a class of symmetry related atoms with the same distance ΓΚ to the 

molecular center of mass. In Eq. (56), the Racah harmonics are constant coefficients 

which must obey the molecular symmetry. As a result, the total molecule-substrate 

potential expansion becomes 

ü(m,u) = Σ Σ ^'fc I z) exp( t'g ' T ) 

A' L a 

with an alternative formula for the Fourier coefficients 

" n, 

Σ exp(-<? · т.) 

mm \ t (57) 

Oc 
L«=l κ. β=0 

This equation does not contain difficult anisotropic Fourier integrals, which is, from an 

analytical point of view, a remarkable simplification with respect to Eqs. (24) and (25) 

for A = A'. 

6.S.S. Molecular displacement expansion 

As a final step the Fourier series of the molecule-substrate potential, see Eq. (57), is 

expanded with respect to molecular displacement coordinates, according to 

U(n + u,u) = Σ 
α = 0 

¡ф м (59) 

We will perform the expansion with the aid of the following gradient formula 

+ 1 

(u · V) Fv{9 I *) exp(iff · r ) = u expfr · τ ) Σ [Мя) h'(g \ *)] C™ (ô) (60) 
< r = — 1 
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where the operator Ασ{ο) is defined by 

σ = 0 

^-[ijiw —М-
(61) 

It can be proved, with the aid of the recoupling formula (50), that successive application 

of the gradient formula results in the following expansion for the z- and τ-dependent 

part of Eqs. (57) and (58) 

ψ W (g | ζ + « · e.) expfr · (τ + «)) = ¿ ¿ ¿ ^ [ w , ^ (ff | z) exp(ig · τ)] 
α = 0 ' í i = 0 г7Ц = — ί ι 

x u a С ^ (û) (α + ίι = even) (62) 

in which the expansion functions Wl'^' can be calculated by means of the initialisation 

w'Ä)(si^)=^oimiov;w(ffi^ (63) 

and the recurrence relation for fixed β,g and ζ 

ñ¡S?l)b ι *) =(-i)mi(2/2+1) Σ Σ Σ 
í i m i <τ 

Defining, in agreement with Eq. (8), 

A = (Α',α,/ι,τηι) = (/.m.m'.a.Ji .mi), (65) 

we obtain from Eqs. (57), (58) and (62) the final expression for the Fourier series of the 

molecule-substrate potential 

U{x + u,w) =Σ 53 .FA (у | ζ) exp(tff-T) «eCtii)(û)GÎl,H, (66) 

which is indeed equivalent to Eq. (23) with 

h(g\z) = ^ 53 exp(-ifl-T4) 
« = 1 

¿ Σ «il Σ ^«Äfe ιг) s^to ι г.)· (67) 
^ = 0 

The results of the alternative method, described above, can be summarized as 

follows. Starting from an atom-atom potential model, we have derived an alternative 

formula for the Fourier transforms F^g \ z), see Eq. (58), which is valid for A = A'. 

The extension to Α φ A' has been made with the aid of the recurrence relation (64). In 

the next subsection we will show that the new expressions can be evaluated analytically, 

for the most commonly used atom-atom potentials. 
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6.S.4- Analytical derivatives of isotropic Fourier integrals 

In order to use the alternative formulas for the Fourier transforms F^[g \ z), we need 
the derivatives of isotropic atom-substrate Fourier integrals, as appears from Eq. (58) 
for A = A' and from the relations (63) and (64) for A ^ A'. All other factors in both 
equations are independent of the atom-atom potential and axe easy to calculate. So, 
the only remaining problem is the evaluation of the derivatives of the isotropic Fourier 
integrals. 

First, we start with an exponential atom-atom potential type 

¿exp(p) = exp(-cp) (c > 0). (68) 

In this case the isotropic Fourier integral is given by Eq. (30), which is a product of a 
linear and an exponential function. With the aid of 

ЯР 
^ j (zexp(z)) = {z + β) exp(z) (69) 

it is not difficult to prove that the derivatives of the isotropic Fourier integrals are given 

by 

№1(9 I «) = (-1)" c(C

2 + ,»)('-»>/» [(c2 + 9ψ*ζ +1 + β} exp ( - ( с 2 + ff2)1/**) . 

(70) 
Secondly, we consider the more difficult case of an inverse power law atom-atom 

potential 

фп{р) = P~n, n>3 (71) 

The corresponding isotropic Fourier integrals 

ЫЗ I ^ = Г Мят) (ζ2 + τ2)-"'2 τ dr (72) 
Jo 

are products of inverse power law and modified Bessel functions of z, as appears from 

Eq. (28). In principle, it is possible to make use of the well-known differentiation 

formulas for the modified Bessel functions [23], but this results in some tedious algebra. 

It is easier to use the relation 

^0r,(ff | «) = -nz фп+2(д | г), (73) 

which can be proved by exchanging the differentiation and the integration. After suc
cessive application of Eq. (73), the isotropic Fourier derivatives can be written as a sum 
over zeroth order integrals 

E{0/2) 

№(9\z)= Σ 'Р^Фп+ -ЖІ*), (74) 
i=0 
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where E denotes the entire function. The coefficients c: ' can be calculated with the 

aid of the initialisation 

40 ) = 1 (75) 

and the recurrence relation 

с!""·-1) = _(n + 2ß- 2i)c[ß) + {β + 2 - 2i)c\ß_\, (76) 

where ĉ "̂  is defined as zero if i is negative or greater than β/2. Although Eq. (74) is 

also applicable for g = 0, in which case the Fourier integrals are inverse power functions 

of zt the corresponding derivatives can be better calculated directly with the aid of 

So we have derived analytical expressions, see Eqs. (70), (74) and (77), for the 

derivatives of the isotropic Fourier integrals starting from an exponential or an inverse 

power law atom-atom potential. After substitution of these derivatives into Eq. (63), the 

Fourier transforms ίΆ(ί I z) c a n be obtained analytically with the aid of Eq. (67). We 

conclude that, at least for an exponential and inverse power law atom-atom potential 

model, all Fourier transforms can be calculated analytically. This is an important 

improvement with respect to the general method, described in Sec. 6.2. 

6.4. A potential expansion for N 2 on graphite 

In Sees. 6.2 and 6.3 two methods have been described to obtain a combined spherical, 

displacement and Fourier expansion for a molecule interacting with a two-dimensional 

substrate of regularly ordered atoms. In this section we will show some numerical results 

for Nj on graphite which illustrate the convergence of the various expansions. As far 

as the isotropic (I = 0) part of the potential expansion is concerned, our results are 

similar to those of Steele for noble gas atoms on substrates [8]. However, with the aid 

of the potential expansion terms with I > 0 we can visualize the potential anisotropy 

explicitly. Further, with the aid of the included displacement expansion the importance 

of anharmonic terms in the molecule-substrate potential can be demonstrated. 

Adsorbed monolayers of N2 molecules on graphite can occur in a rich variety of 

interesting quasi two-dimensional phases. Neutron scattering experiments [29-31], low-

energy electron diffraction [32-34] and heat-capacity measurements [35] have shown that 

the low temperature ground state of a N2 adlayer on graphite is an orient at ionally or

dered phase with a commensurate (\/3 χ і/з)Я30о center of mass structure. This is 

confirmed by molecular dynamics [10] and Monte Carlo simulations [36,37]. For this 

ground state structure two classical harmonic lattice dynamics calculations are reported 
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[38,39], which are valuable for the determination of, as yet unknown, experimental ad-

layer phonon frequencies. The molecule-substrate force constants, used in these calcu

lations, are derived from a sum of atom-substrate potentials. In a forthcoming paper 

we will present a quantuInmechaлical lattice dynamics calculation, where the molecule-

substrate potential expansion of the present paper will be used. 

6.4.I. Spherical, displacement and Fourier expansion of atom-atom potentials 

Before we show the numerical results for N2 on graphite we will first derive further 

analytical expansion formulas for a homonuclear diatomic molecule on a substrate, using 

a Lennard-Jones 12-6 atom-atom potential model 

¿(P)= Σ 5 · (78) 
га=6,12 И 

So, the molecule-atom interaction is a special case of Eq. (38), where the sum over 

atom-atom potentials is restricted to two terms 

ν(η,ω)=φ(\Κ + τ(ω)\) + φ{\Κ-τ{ω)\). (79) 

As previously defined, the vector Л connects the molecular center of mass with a sub

strate atom and ω = (ϋ, ιρ) denotes the molecular orientation in polar angles ύ and φ. 

Further, the position of one atom within the molecule with respect to the molecular 

center of mass is described by the orientation dependent vector r (ω) with length r. 

In the sequel we will first apply the general method of Sec. 6.2 in order to ob

tain an explicit expression for a combined spherical and displacement expansion of 

the molecule-atom pair potential. This expression can be used to calculate the total 

molecule-substrate potential expansion as a sum of pairwise contributions. With the 

aid of the pair potential expansion formulas we will also derive an explicit analytical 

expression for the Fourier transform with g = 0, describing the interaction with a flat 

surface. However, as we have explained previously the Fourier transforms with g ф 0 are 

difficult to evaluate analytically with the method of Sec. 6.2. A solution to this problem 

is provided by the special method of Sec. 6.3, which can be applied in this case because 

we have started with an atom-atom potential model. We will show that the method of 

Sec. 6.3 results, of course, in the same Fourier transform with g = 0, as obtained with 

the method of Sec. 6.2. Although the Fourier transforms with g Φ 0 cannot be tackled 

analytically with the method of Sec. 6.2, the latter method is not useless in this example 

for it results in formulas for the sum of molecule-atom expansions, that can be used to 

check the convergence of the Fourier series numerically. 

In order to apply the general method of Sec. 6.2, we must first transform the 

molecule-atom pair potential of Eq. (79) into a spherical expansion similar to Eq. (5). 

For a linear molecule, the symmetry adapted rotation functions С ^ т , of Eq. (5) are 
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simple Racah harmonies Cm, as follows from Eq. (2). So, Eq. (5) reduces to 

ViR,w) = ХІФДЛ) ¿ (-l)mCÍ'L(Á)C(í)H, (80) 
m=-¡ 

where the summation over / is limited to even values because the molecule possesses an 
inversion center. Further, the radially dependent functions ФІ, occurring in Eq. (80), 

can be evaluated analytically with the aid of so called one-center spherical expansion 

formulas, see for instance Ref. [15], applied to Eq. (79). The result is 

* ! ( * ) = Σ Σ ^Г ( ^ е еп) (81) 
n=6,12v=n+t 

with r-dependent expansion coefficients 

2cn(2l + 1) (ι/ - 2 - Q! (u - 2 + Q!! r 1 " 

^ ' (η - 2)! (ι/ - η +1 + 1)!! {и - η - /)!! («/ - 2 - i)!! " 
(82) 

Secondly, we expand the molecule-atom pair potential of Eq. (80) with respect to a 

molecular displacement vector «, using Eq. (9) substituted into Eq. (7) 

(Л+«,и) = Σ 
lì rnt s ' 

tt«ciii)(û)cWH. 

(83) 
Here, a summation has to be performed over the combined index A = (/,τη,α,/ι,ιτίι), 

as defined in Eq. (8). In Eq. (83), the radially dependent functions Wy."', determine 

the potential derivative of order α with respect to the intermolecular vector. These 

functions are, just as Φ| in Eq. (81), of the inverse power law type according to 

< ? ! , ( * ) = Σ Σ " % ^ O n e v e n ) . (84) 
η=6,12ι/=π+ί 

The coefficients ги^".,., ( in this equation can be computed with the aid of the recurrence 

relation of Eq. (11), starting with the initialisation condition of Eq. (10). However, in 

this case it is also possible to derive an explicit analytical expression for these coefficients 

if one considers the combined spherical and displacement expansion of Eq. (83) from 

another point of view. To this end, we write 

(Я + u,<j) = ¿(| R + u + r(w) |) + ¿(| R + u - r(w) |) (85) 

and perform a so called double spherical expansion of the two atom-atom potentials. 

With the aid of analytical double spherical expansion formulas, see Ref. [17], Eq. (83) 
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can be obtained almost immediately. After some elementary algebra, we arrive at the 

desired explicit expression for the expansion coefficients 

(«) = ( l i '2 I \ bn cA (-1) '1 (2*i + l)(2t2 + 1)(2< + l) r»-» 
"'«/Willi» ^ O O O ; ( n - 2 ) ! ( i / - n + ; + l ) ! ! ( i / - n - Z ) ! ! 

(i/ + tt-/a-3)l!(»/ + tt + / 3 - 2 ) l l . 
(e + lx + l j l l í a - í i ) ! ! * l ' 

So far, we have obtained explicit analytical expressions for the molecule-atom pair 
potential expansion. Summation over all pairs results in the following useful combined 
spherical and displacement expansion for the total molecule-substrate interaction 

U(x + и , * ) = £ Л ( ш К С і у ( о ) С і Р Н (87) 
λ 

which is a special case of Eq. (14). In Eq. (87), the vector к represents the position 

of the molecular center of mass with respect to a global frame as defined in Sec. 6.2. 

Further, the functions F^ contain a sum over pair contributions similar to Eq. (15), 

that can be replaced by a two-dimensional Fourier series, see Eq. (16), 

FÁ (β) = 5 3 h(д I ζ) exp(i* · τ) (88) 
α 

with τ denoting the projection of * on the іу plane, so that β = τ + ze,. In Sec. 6.2 

it has been demonstrated that the Fourier coefficients with д = 0 can be evaluated 

analytically for the inverse power law pair expansion functions of Eq. (84). Using 

Eqs. (24), (36) and (37) we obtain 

FA(o|,) = w m i o ^ Σ f; | j b ï i») 
e n=6,12i/=n+l 

where η . is the number of substrate sublattices. Further, the coefficients ЬІ„.,.і are 

given by 

Λα) = 2 e n ( -I) ' * (21 + Щ2І, + 1) („ + q - 3)1 г - " 
«Mili (η-2)\{ν-η + 1 + ΐ)\\(ν-η-1)]\{α + 11 + 1)1][α-11)\\' K ' 

As we have explained in Sec. 6.2, the higher order Fourier components (g φ 0), are 

difficult to evaluate analytically because the radial Fourier integral of Eq. (25) contains 

a product of a cylindrical Bessel function and an associated Legendre function in the 

integrand. However, in this example we have started with an atom-atom potential 

model, so that the method of Sec. 6.3 can also be applied. The application of this 

alternative method is rather straightforward and results in the following expression for 

the Fourier coefficients 

« 47Γ 

Oc 
5 3 exp(-íj · г.) 
« = 1 

¿ Σ Е ^ - Т ^ И х ^ Ы г ) , (91) 
η=6,12 ν=η 
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which is a special case of Eq. (67). The coefficients x}^, (g | r) are defined in Eq. (55) 

and the functions W, ~n'a' can be calculated with the aid of the recurrence relation 
i i m i 

Eq. (64) together with the initialisation condition of Eq. (63). Of course, the Fourier 

coefficients of Eq. (89), derived with the general method of Sec. 6.2, must be equivalent 

to Eq. (91), i.e. the result of the special method of Sec. 6.3. In order to check this 

equality we use Eq. (55), which reduces to 

^-nH0\r)=6m0{v_J^y:;ll + iyi ( u - n = l,l + 2,..). (92) 

From Eqs. (63) and (77) we conclude that 

< ; Г 0 ) ( 0 I г) = ¿M Smi0 ^ - ^ . (93) 

After substitution of Eqs. (92) and (93) in Eq. (91) we obtain Fourier transforms similar 

to Eq. (89) without molecular displacement expansion (a = 0) and with coefficients 

b(0) _ , 2cn(2l + l)(v-3)lT»-» 

« W i l - " Ι 0 (η - 2)! (ι/ - η + Í + 1)!! (ι/ - η - /)!! ( > 

in accordance with Eq. (90). The higher order terms with α > 0 fulfil the recurrence 

relation of Eq. (64), which can be simplified to 

( Q) _ (t/ + α - 3) 
« W î i , 2/1 _ iuw,i,ii-i ^ 2li + 1 »"-.Wi+i (95) 

where 6^ '̂.,., equals zero by definition if ίχ is negative or greater than a. It is not difficult 

to prove that the coefficients of Eq. (90) obey the recurrence relation of Eq. (95). So, the 

methods of Sees. 6.2 and 6.3 result in the same flat (¡7 = 0) Fourier transform. However, 

the method of Sec. 6.3 is more powerful because with the aid of Eq. (91) the Fourier 

transforms with g φ 0, which describe the surface corrugation, can also be evaluated 

analytically. 

6.\.2. Numerical results 

In the following we present some numerical results for a N3 molecule interacting with 

a single graphite layer. In order to obtain a real physical molecule-substrate system, 

with graphite consisting of several layers, we have to consider a sum of such single-layer 

contributions. It is instructive to start with one substrate layer, because this illustrates 

clearly which terms in the total potential expansion can be neglected for the subsequent 

layers. 

The С atoms in one graphite layer are ordered in a two-dimensional two-sublattice 

structure (n, = 2) with primitive cell vectors αχ and 02 of equal length 0.246 nm which 
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make an angle of 60°. We choose the origin of the global frame in the center of a 

graphite hexagon and orient the χ axis along the lattice vector αχ. With respect to this 

reference frame the two substrate atoms within the primitive unit cell are positioned at 

τ . = | α ι + | α 2 (β = 1,2) (96) 

Further, we use the empirically determined atom-atom potential parameters c<¡ = 

—1.469 J mol -1nme and сц = 2.050 mJ m o l - 1 nm 1 2 corresponding with a mini

mum £ = 0.2631 kJ m o l - 1 of the N-C potential at a distance ρ = 0.375 nm [38]. The 

parameter r, occurring in the expansion formulas, equals half the bond length of the 

N2 molecule which is 2r = 0.1094 nm. 

In first instance we neglect the surface corrugation of the molecule-substrate inter

action, i.e. we approximate the expansion coefficient ^¿(e) in Eq. (87) by the lowest 
order Fourier transform ίΆ(0 | z) th3·* c a n be calculated with the aid of Eqs. (89) 

and (90). We observe that Sokolowski [12,13] has used similar potential expansion 

coefficients in his calculations of the second virial coefficient and other statistical ther

modynamics properties of N2 on graphite. Sokolowski, however, did not calculate the 

expansion coefficients with the aid of analytical formulas, but he evaluated the occurring 

integrals numerically. In Fig. 1 we have plotted some of the lowest order coefficients 

•Fim.(0 I z) with / < 12 and а = /χ = mi = 0 as a function of the distance ζ between 

the molecule and the substrate layer. In this case the index m is necessarily zero as 

appears from Eq. (89). From Fig. 1 we conclude that the flat (g = 0) isotropic (/ = 0) 

coefficient is strongly dominant especially at large distances between the molecule and 

the substrate plane. Further, it has a relatively deep minimum of —7.2 к J m o l - 1 at a 

distance ζ = 0.36 nm. Of course, the higher order terms with I > 0 in the potential ex

pansion, including Racah harmonics that describe the anisotropy, have also to be taken 

into account in order to find the minimum of the flat (g = 0) part of the total potential 

expansion. These higher order terms cause a shift of the flat potential minimum with 

respect to the isotropic minimum towards the substrate plane (z = 0.334 nm, 1? = 90°). 

Further, the 1 = 2 flat Fourier transform possesses also a recognizable minimum, al

though its depth is relatively small (—0.25 kJ m o l - 1 ) . Another interesting observation 

is that for all / values the spherical Fourier coefficients become strongly repulsive at 

short distances. 

In order to investigate the influence of the surface corrugation on .Fjm(sB), we have 

included the Fourier terms with g φ 0. The projection of the molecular position χ on 

the substrate plane, the xy plane, is fixed in the center of a graphite hexagon, as is 

for instance the case in the two-dimensional commensurate (\/3 χ \/3)-R30o N2 adlayer 

[29]. The number of m values for which .Fzro(as) does not vanish is limited because the 

molecule is positioned at the global ζ axis, which is a sixfold rotation axis so that m 

must be a multiple of six. Further, the potential is also invariant under a reflection 

with respect to the xz plane so that all remaining expansion coefficients .F|m(as) are real 
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Fig. 1. Potential expansion coefficients Fim with i < 12, describmg the interaction between 
a Nj molecule and a single uncomigated graphite layer, i.e. only the lowest order Fourier 
coefficients with 9 = 0 are taken into account. 

numbers. From Fig. 2, which represents expansion coefficients F|m(a:) with / < 12 and 

m = 0, we observe that the / = 0 and / = 2 curves strongly resemble the corresponding 

curves of Fig. 1, apart from a small shift towards the substrate plane at short distances. 

However, for I > 4 the higher order Fourier contributions, describing the corrugation, 

have a great influence, probably caused by nearest neighbor pair interactions. In Fig. 3 

all independent expansion functions Fim. with I = 6,8,10,12 and m = 0,6 are shown. 

The coefficients with m = 12 are omitted, because they are practically zero within the 

plot domain. From this figure we conclude that the m φ 0 terms, which are responsible 

for the ^-dependence of the molecule-substrate potential, are negligible at distances 

greater than 0.3 nm. This is an important conclusion because it implies that if the 

N2 molecule is adsorbed beyond this critical distance, then the total molecule-substrate 

interaction cannot couple in-plane and out-of-plane rotational motions. 

So far, we have considered the expansion coefficients Fimfe) describing the inter

action between a N2 molecule and a single graphite layer. For a corrugated surface, 
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Distance ζ (nm) 

0.7 

Fig. 2. Potential expansion coefficients Fim with J < 12 and m = 0 for a N2 molecule 
interacting with a single corrugated graphite-layer. The molecule is positioned at a distance 2 
above the center of a graphite hexagon. 

we have only presented results for the case that the molecule is positioned above the 

center of a graphite hexagon. As we have mentioned before, the potential expansion 

coefficients for a real graphite substrate, consisting of several layers with an interlayer 

distance of 0.337 nm, can be obtained as a sum of single-layer contributions. In this 

sum the Fourier coefficients with д φ 0 are negligible for the second and lower lying 

substrate layers, as can be concluded from Figs. 1 and 2, i.e. the lateral positions of the 

substrate atoms within these layers are of no influence. Further, in order to describe the 

interaction between a N2 molecule and a complete graphite substrate it appears to be 

sufficient to include only one corrugated top layer and ten flat (</ = 0) layers. Minimiz

ing the total molecule-substrate potential, we find that a single N2 molecule is adsorbed 

above the center of a graphite hexagon of the top layer, at a distance г =0.33 nm, with 

equilibrium angles 1? = 90° and φ = 0 е. The only φ dependence of the total potential 

originates from expansion terms containing coefficients .F;m(*) with m Φ 0 resulting 

in a very weak sixfold barrier of 0.5 J m o l - 1 in the φ direction. On the other hand, 
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Fig. 3. Potential expansion coefficients Fin, with 6 < ! < 12 and m = 0, б with the same 
conditions as in Fig. 2. 

the anisotropy in the t? direction is relatively strong, as is illustrated by a rotational J? 

barrier of 10 kJ m o l - 1 . So, at an adsorption site the φ anisotropy of the Na-graphite 

interaction is negligible compared with the i? anisotropy, in agreement with a previous 

conclusion drawn from Fig. 3. 

For quantummechanical lattice dynamics calculations on a commensurate (\/3Χ·\/3) 

J2300 N2 adlayer with two-dimensional space group p2(?p, it is interesting to compare the 

anisotropy of the Na-graphite interaction with the anisotropy of the N2-N2 interaction. 

We use the N2-N2 potential of Berns and Van der Avoird [40], which is a spherical 

expansion of an 06 initio potential surface. Because the molecule-molecule and molecule-

substrate interaction are given in the same representation, they can be easily combined 

in the potential calculation, as well as in the lattice dynamics calculation. Optimization 

of the adlayer crystal structure, assuming a rigid substrate and fixing the molecular 

centers of mass at adsorption sites, results in molecular axis orientations parallel to the 

substrate surface (t? = 90°). The equilibrium in-plane orientation for a molecule of the 

first sublattice becomes φ\ = 48°. A molecule of the second sublattice can be obtained 
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Fig. 4. Anisotropic part of the intralayer crystal field that is experienced by a Nj molecule 
within a commensurate (y/i χ y/3)R30° Nj adlayer as a function of the molecular angles t5 and 
φ. The molecule-substrate interaction is omitted and all other N3 molecules are fixed in their 
equilibrium positions and orientations, see text. 

from the first by means of a glide-reflection, resulting in an equilibrium in-plane angle 

<P2 = 132°. 

We will now investigate the anisotropy of the crystal field, with and without Nj-

graphite interaction, that is experienced by a molecule of the first sublattice, assuming 

that all other N2 molecules are fixed in their equilibrium positions and orientations. 

In Fig. 4 we have plotted the anisotropic part (/ > 0) of the intralayer crystal field, 

i.e. without substrate, as a function of the angles tf and <p. From this contour plot 

we observe that the intralayer crystal field shows a strong φ anisotropy especially for 

tf = 90° with a rotational barrier of 5 kJ m o l - 1 . Further, for ΰ = 90° and ip = 48°, 
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Fig. 5. Superposition of the anisotropic part of the N2-graphite interaction and the intralayer 
crystal field of Fig. 4 within a commensurate ( /з x \/3).R30o Nj adlayer. 

there is a saddle point, so that the planar two-dimensional crystal structure is not stable 

without molecule-substrate interaction. In the neighborhood of this saddle point the 

•& anisotropy is relatively weak compared with the φ anisotropy, in contrast with the 

anisotropic behaviour of the Na-graphite potential as discussed previously. 

In Fig. 5 we have added the anisotropic part (/ > 0) of the N2-graphite inter

action to the intralayer crystal field of Fig. 4. Comparing these figures, we conclude 

that because of the strong anisotropy of the N2-graphite interaction in the t? direction, 

the saddle point in Fig. 4, obtained without substrate, is replaced by a minimum in 

Fig. 5. However, the φ anisotropy caused by the intralayer interaction is practically 

not influenced by the molecule-substrate interaction. Summarizing, we expect that in 

the commensurate (\/3 χ ^ Д З О 0 Ns-adlayer the out-of-plane rotational dynamics, 
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Fig. β. Nj-graphite interaction u a function of the distance * with respect to the corrugated 
top layer. The molecule is positioned above the center of a graphite hexagon and the molecular 
orientation is fixed at angles )> = ЭО" and φ = 46°. The dashed curves represent various Taylor 
approximations up to order α = 2,3 or 4, inclusive. 

described by the coordinate tf, will be governed by the Nj-graphite interaction and the 

in-plane dynamical behaviour, corresponding with motions in the φ direction, will be 

strongly determined by the N2-N2 interaction. This does not imply, however, that the 

φ anisotropy of the molecule-substrate interaction is always negligible. For example, in 

an incommensurate N2-adlayer [32], where the molecules axe not adsorbed above the 

centers of graphite hexagons, the corrugated part of the molecule-substrate interaction 

can cause a (p barrier of 0.5 к J mol" 1 , which is 10% of the intralayer value. On the other 

hand, the tf anisotropy appears to be practically independent of the surface corrugation. 

So far, we have fixed the molecular centers of mass in their equilibrium positions. 

In lattice dynamics calculations, including the translational vibrations, the Taylor ex

pansion of Eq. (87) with respect to molecular displacements « is useful. Because the 

out-of-plane translational motions are, just as the out-of-plane rotations, strongly deter

mined by the molecule-substrate interaction we will investigate the convergence of the 

Taylor expansion with respect to displacements perpendicular to the substrate surface. 
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In Fig. 6 the solid curve represents the total N2-graphite potential as a function of the 

distance ζ with respect to the substrate top layer. AH other molecular coordinates are 

set equal to their equilibrium values in the optimized commensurate adlayer, although a 

variation of tp would not be visible on the energy scale used here. Within the harmonic 

approximation, represented by the dashed curve with [a = 2) in Fig. 6, the bound state 

energies can be characterized by a fundamental oscillator frequency of 0.4 kJ mol - 1 . 

From Fig. 6 we conclude that the harmonic approximation is good if the molecule is in 

the ground state at -9.5 к J m o l - 1 , where it oscillates with a translational amplitude of 

0.01 nm with respect to the potential minimum. However, for the first excited state at 

-9.1 kJ m o l - 1 , corresponding with an amplitude of 0.02 nm, the harmonic approxima

tion is not accurate enough. Although the third order Taylor approximation [a = 3) is 

better within a greater domain, it is dangerous to use this approximation because the 

first excited state is nearly at the same level as the local maximum at ζ = 0.36 nm. This 

implies that, at finite temperatures, the molecule can easily escape from the surface if 

the third order Taylor approximation is used. Of course, this is an undesired artifact 

that is avoided if one only uses Taylor approximations of even order, see for instance 

the dashed curve corresponding with α = 4 in Fig. 6. 

β.5. Conclusion 

We have elaborated on two methods to obtain an analytical potential expansion for 

a molecule interacting with a substrate that consists of atoms which are ordered in a 

two-dimensional lattice. 

The most general method, shown in Sec. 6.2, starts with a spherically expanded 

molecule-atom potential which represents the anisotropy explicitly. This pair potential 

is expanded with respect to molecular displacements. Finally, because of the two-

dimensional translation symmetry parallel to the substrate surface, the lattice sum over 

the expanded molecule-atom pair potentials is replaced by a two-dimensional Fourier 

series. We have given analytical expressions for the isotropic (f = 0) and flat (g = 0) 

Fourier transforms. As far as the corrugated part of the molecule-substrate poten

tial expansion is concerned, the anisotropic Fourier transforms are difficult to evaluate 

analytically, however. 

In Sec. 6.3 we have presented a special method that is applicable if an atom-atom 

model is used for the molecule-atom pair potential. This method starts with a Fourier 

transformation of isotropic atom-substrate potentials. After a spherical expansion of 

the atom-substrate Fourier series, followed by a translational displacement expansion, 

the final expression has a similar form as the result of the general method of Sec. 6.2. A 

great advantage of the special method of Sec. 6.3 is that all expansion coefficients can 
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be evaluated analytically for exponential and inverse power law atom-atom potential 
types. 

As an example, we have applied both methods for a homonuclear diatomic molecule 
on a substrate, resulting in some simplifications and further analytical formulas. In order 
to illustrate the convergence of the expansion, some numerical results have been shown 
for N3 on graphite. At an adsorption site, the in-plane anisotropy of the N2-graphite 
interaction, caused by the corrugation, appears to be negligible compared with the out-
of-plane anisotropy. In the commensurate (у/3 Ж y/3)R30o structure the out-of-plane 

crystal field anisotropy is strongly determined by the N2-graphite potential and the 

in-plane anisotropy is dominated by the N2-N2 interaction. The anharmonic terms in 

the molecular displacement expansion are so important that they will influence the out-

of-plane translational vibrations. Truncation of this expansion after the cubic terms 

should be avoided, since this produces the artifact that an adsorbed molecule can easily 

escape from the surface. 

Finally we observe that the techniques developed in this paper can also be used to 

obtain general expressions for the interaction between electrostatic multipole moments 

and a two-dimensional lattice of multipoles. This will be treated in a forthcoming paper. 
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Abstract. For the ordered commeneurate and incommensurate N2 monolayers which are 
formed at low Τ on the basal plane of graphite we have calculated the structure and lattice 
dynamics by means of the quantum mechanical Mean Field and Time-Dependent Hartree 
methods. The potential used is an ah initio potential for the N2-N2 interactions, with its 
anisotropy expanded in spherical harmonics, and an empirical atom-atom potential for the N2-
graphite interactions, with variable parameters. The molecular center-of-mass vibrations are 
expanded in three-dimensional harmonic oscillator functions and the librations in a free rotor 
basis; translation-rotation coupling is explicitly included. We discuss the anharmonie shifts in 
the frequencies of the in-plane and out-of-plane phonons and librons, but we find that these 
shifts, with the exception of the soft out-of-plane libration in the compressed incommensurate 
herringbone phase, are not larger than in bulk nitrogen in the ordered α and 7 phases. For 
the incommensurate monolayer we find at zero pressure that the planar herringbone ordering, 
which occurs also in the commensurate phase, is more stable than the pin-wheel structure. At 
higher pressures, but probably still before bilayer formation, the pin-wheel structure seems to 
be more stable, however. For the commensurate monolayer we obtain good agreement with 
the phonon frequencies from inelastic neutron scattering, except for the acoustic phonon gap. 
Since this gap is directly related to the corrugation in the Nj-graphite potential, we must 
conclude that this corrugation cannot be correctly reproduced by an atom-atom model, even 
when the parameters are varied within reasonable limits. 

7.1. Introduction 

Physically adsorbed layers of N2 molecules on graphite occur in a variety of quasi-two-

dimensional phases. Of basic interest are the stability and dynamics of these phases, the 

transitions between them and the way in which their behaviour depends on the inter-

molecular and molecule-substrate interactions. Especially the last few years a number 

of experimental and theoretical studies have appeared. Structures and phase transitions 

have been characterized by neutron, X-ray and low energy electron diffraction and by 

specific heat measurements [1-12]. The adlayer dynamics has been investigated recently 

by inelastic neutron scattering [13-15] and, in the near future, will be studied probably 

in more detail by inelastic helium scattering [16-18]. Theoretical investigations have 

started from empirical model potentials; they involve static potential energy calcula

tions [19] and the use of harmonic [15,20-22] or quasi-harmonic [23] lattice dynamics 
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and classical Monte Carlo [24-28] or Molecular Dynamics (MD) [21,29-31] methods. An 

excellent review of the results that have been obtained from these studies is given in 

the recent paper by Roosevelt and Bruch [23]. 

In the present paper we concentrate on the commensurate {y/3 X v3)R30° mono

layer for which the most experimental data are available, and on the incommensurate 

monolayers. These phases are orientationally ordered and stable at low temperature, 

for lower and higher coverages, respectively. For the (y/3 X y/3)R30o phase a her

ringbone ordering of the N2 molecules is well established [6,8,11]. Also the uniaxially 

incommensurate phase has the herringbone structure, but for the so-called triangu

lar incommensurate phase that occurs at higher pressures both a herringbone and a 

pin-wheel structure are still considered possible [8,10,32]. We study the dynamics of 

these phases; the (theoretical) method that we use for this purpose is in several re

spects complementary to the (quasi-)harmonic and classical MD methods used before 

[15,20-23,29-31]. 

The pair potential assumed between the N2 molecules in the adsorbed layer orig

inates directly from ab initio calculations [33]. It is not fitted to a site-site model as 

used in the other calculations [19-31], but instead its anisotropy is explicitly expressed 

by a converged expansion in spherical harmonics [34]. In recent work on solid nitrogen 

[35-39] it has been confirmed that this representation of the orientational dependence of 

the potential is essential for obtaining accurate librational frequencies. With a site-site 

model fitted to the same ab initio data the librational frequencies in solid α-N2 and 

'у-Кг are 30% too high. The use of this anisotropic expansion of the potential implies 

that the molecular quadrupole and higher multipole interactions axe exactly included, 

without recourse to a point charge model. For the molecule-substrate interactions we 

use the same empirical atom-atom potential of Steele [40] that was used in other calcu

lations [19-31]. Because of the uncertainty in these interactions we apply a systematic 

variation of the parameters in this potential. 

The method that we use to perform the lattice dynamics calculations is the Time-

Dependent Hartree (TDH) method [37,41]. At zero temperature this method is equiv

alent to the Random Phase Approximation (RFA). It is also equivalent to the suscep

tibility approach [42-44] which has been used for the (semi-empirical) description of 

orientational order/disorder phase transitions. In our group this method has been ex

tended in order to include the anharmonic center-of-mass vibrations of the molecules, 

which are expanded in a basis of 3-dimensional harmonic oscillator wave functions. 

The librational wave functions are expanded in spherical harmonics and the effects of 

rotation-translation coupling are explicitly taken into account. As illustrated by appli

cations to solid a- and f-nitrogen [35-39] this method is suitable for the calculations 

of motions with larger amplitudes. The anharmonic effects enter in two ways. First, 

there is a dilation of the lattice by the averaging over the (zero-point or temperature) 

vibrations of the molecules in the anharmonic potential wells. This effect, which leads 

in general to a downward shift of the frequencies, is also included in the quasi-harmonic 
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theory. In commensurate overlayers it cannot occur in the directions parallel to the 

surface, but in the perpendicular direction it is expected to be rather important [45]. 

Secondly, there is a direct effect of the (mainly cubic and quartic) anharmonic terms 

in the potential, which leads to an upward shift of the frequencies in bulk nitrogen 

[39]. Classical MD calculations [21] indicate that these anharmonic effects are larger for 

adsorbed layers than they are in bulk solids. On the other hand, our TDH study is com

plementary to the classical MD treatments [21,29-31] in that it includes the quantum 

mechanical zero-point vibrations and librations which reduce the cohesion or adsorption 

energies in these systems [46-48] by about 15%. This is essential in considerations about 

phase stability. 

7.2. Formal ism 

7.2.1. The Hamiltonian 

The center-of-mass positions of the molecules in the adsorbed layer are denoted by 

Гр = u p + Up, where Rp are the equilibrium positions and Up the displacements of 

the molecules p. The orientations of the molecules are described by a set of polar 

angles Wp. We assume that the motions of the molecules in the adsorbed layer are 

separable from the graphite lattice vibrations which have much higher frequencies and 

small amplitudes. We use a rigid graphite substrate, so that the molecule-substrate 

potential Vp for a given molecule ρ depends only on the coordinates Up and ωρ of that 

molecule. The pair potential between the molecules within the adsorbed layer is denoted 

by Φρρ'. Many-body interactions, as well as substrate-mediated interactions between 

the adsorbed molecules are neglected. Then, the Hamiltonian for the adsorbed layer is 

given by 

В = X>(u p) + Σ,^Ρ) + Σ vp(up.wp) + è Σ Σ *ΡΡ·(«Ρ.»Ρ.«Ρ·.»Ρ') • (!) 
ρ ρ ρ ρ P V P 

It contains the kinetic-energy terms for the translational center-of-mass motions Τ and 

the rotational motions L of the molecules, the molecule-substrate potential Vp and the 

intermolecular potential Φρρ'. 

The anisotropic intermolecular potential is written in the form of a spherical ex

pansion [34] 

Фрр,(«р,«р,«р.,ЫрО=С^(ГррОС(^1 ^ ¿,) (2) 

х С ^ ) ( и , р ) С ^ ) ( " р ' ) * ^ р р ' ) -

The intermolecular vector is given by Гррі = (Яр« + Up«) — (Лр + Up) and fpp< is the 

unit vector along τρρι. The Racah spherical harmonics C^. (w) that describe the orien-

tational dependence of the potential are coupled to a scalar function by the summation 
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over τη = {mi, т г , т з } , with the large parentheses denoting a 3-j symbol [49]. The 

first summation runs over I = {/і,/2>'з} a n d the factors £>i(»"pp') are the expansion co

efficients that reflect the anisotropy of the potential. Each expansion coefficient <p¡(r) 

consists of dispersion contributions (~ r - 6 , r - 8 and r - 1 0 ) and short range contributions, 

which depend exponentially on r . The quadrupole-quadrupole interaction (~ r - s ) ap

pears in the hthth = 2 ,2 ,4 term and the higher multipole interactions (~ r ~ ' 5 - 1 ) in 

the other terms with i i +12 = I3. The parameters in all these contributions have been 

directly obtained from oò initio calculations on the N2-N2 dimer [33]. The expansion 

appears to be converged for /χ, /3 < 6 with /1 + /2 < 10. 

The potential as written in Eq. (2) depends on the molecular center-of-mass dis

placements Up and u p/ through the intermolecular vector ^pp». Its dependence on Up 

and Up» can be made explicit by a double Taylor expansion [37]. In Appendix A we 

describe a more efficient expansion in u p ' — Up which leads to essentially the same result 

« l^(«p,«p,tV.«R')=EE( t tp)e iCMJi1 ,(Ûp)C^(«p)XAl4 l(JV) 
Ai A, (3) 

where Up = (tip, up) are the displacement vectors in polar coordinates and the label 

A stands for the set of indices {α,λ,μ,Ι,τή}. The expression for XAiAj(-Rpp') which is 

given in Appendix A is much faster to evaluate than the expression in Ref. [37]. The 

summation over cti and a j extends to αχ + α2 < Omaxt where атах is equal to the 

order of the Taylor expansion in the displacements. An expansion with атах = 2, for 

instance, yields a potential Фрр» which is harmonic in the center-of-mass displacements 

Up and Up». In the present calculations we carry this expansion up to ашах = 4 inclusive. 

For the summations over λ and μ holds: 0 < λ,· < Qi and —λ; < μ,· < Xi, where A¿ has 

the same parity as 04. After this expansion we have a pair potential which is explicitly 

dependent on the displacement coordinates of the molecules and thus easy to use in 

lattice dynamics calculations. 

The interaction Vp of a molecule ρ with the substrate is considered as a sum of 

pair interactions between the molecule and the individual substrate atoms. The most 

general form for such molecule-atom interactions is of course a spherical expansion, i.e. 

a special case of Eq. (2). We model this interaction by the atom-atom model 

с 
ν (Ι Лр + Up + o(wp) - Л с |) + « (| Л , + «ρ - a(wp) - Re I) 

(4) 

where the vectors Re denote the positions of the carbon atoms С in the substrate and 

the orientation dependent vectors α{ωρ) describe the positions of the nitrogen atoms 

with respect to the N2 center-of-mass. Just as the previous calculations [19-31] we choose 

an atom-atom potential v(\r \) of the Lennard-Jones type as parametrized by Steele [40], 
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but we investigate systematically the effects of the variation of these parameters (see 

Sec. 7.3). 

In Ref. [50] it is shown that the atom-atom interactions can be summed to an 

atom-substrate interaction with the aid of an analytical Fourier transformation. Next, 

a spherical expansion of the molecule-substrate interaction can be made to expose its 

anisotropy explicitly and, finally, a molecular-displacement expansion of the spherical 

expansion is used to make the molecule-substrate potential explicitly dependent on the 

displacement coordinates of the molecule [45]. Thus, we have obtained the molecule-

substrate potential in the following form 

Vp(up,W p) = £F A (2M(«p) e cW(Gp)C<i)( W p) (5) 
λ 

where again A indicates the set of indices {α,λ,μ,Ι,τή}. The coefficients F^Rp) can 

be written as a two-dimensional Fourier series 

a 

with Tp denoting the projection of Лр on the graphite basal plane (the xy-plane), so 
that Jîp = Tp + zpex. The vector g is a vector in the two-dimensional reciprocal lattice 
of a substrate layer. Analytical expressions for the expansion coefficients Fj¡.{g \ zp) 
are given in Ref. [45]. The terms with g = 0 describe the flat (but anisotropic and 
anharmonic) potential which depends only on the height ζρ of the molecules above the 

graphite surface, the terms with g φ 0 contain the effects of the surface corrugation. 

In order to summarize the result of these manipulations we introduce the notion 

of dynamical variables [42,43]. In the harmonic method these are the center-of-mass 

displacements and the infinitesimal (linearized) angular displacements of the molecules. 

In our treatment the dynamical variables are 

^fc^ _ J Cm' («ρ) with и = ρ = (/, m) for the molecular rotations [k = r) 
P I (up)aW» (**p) with υ = τ = (л, λ, μ) for the c.o.m. vibrations (к = t) 

(7) 
and the lattice Hamiltonian for the adsorbed molecular layer can be written as 

H = Σ Γ Ρ + Σ Σ FriRpWQ? 
pk ρ ρτ 

+ Σ Σ Σ Т.я?я х~*ліі*)(Г/яУ 
Ρ Ρ* Ρ'ΪΡ Ρ'τ' 

The kinetic energy Tp is either transi at ional, T£ = T(tXp), or rotational, ! £ = L[u>p), 

and the coefficients ^ ( Л р ) and Х^ ;ріт'(Лрр') are the same as in Eqs. (5) and (3). The 
complete expressions for these coefficients can be found in Ref. [45] and in Appendix A, 
respectively. 

(8) 



116 7. Phonons and iibrons in І 2 monolayers 

7.2.2. The Time-Dependent Hartree method 

The first step in our treatment is a Mean-Field (MF) calculation. The translational and 

rotational motions are decoupled at this level so that we obtain two effective particles 

per molecule [37]. This yields the following MF Hamiltonian 

H^T^ + ̂ c^Q^, (9) 

with 

$" = ТХОУЧРМЛР) + Σ ^x^Mt^W/HQ*/)]. (10) 
ν p'/p P'r' 

where к denotes the complement of the type of the motion A:, i.e. r = t and t = r. The 

thermodynamic average of a dynamical variable is defined by 

{Qk

pn=K{pk){dk

pQ
k

p'
v} (11) 

i.e. by a single-particle trace with the MF density operator dp. The MF equations 

Яр* |tfp'a> = ^ ' 0 Ю (12) 

are solved self-consistently in a basis of tesserai harmonics (real spherical harmonics) 

for the rotational states (fc = r) and three-dimensional harmonic oscillator functions for 

the translational vibrations (k = i). For the case at hand, we have included tesserai 

harmonics up to /miLX = 12 or 13, for ortho or para N2, respectively, and spherical 

harmonic oscillator functions up to principal quantum number n m a x = 6. 

The coupling between the molecular motions, neglected at the MF level, is regained 

with the aid of the Time-Dependent Hartree (TDH) method. This method is briefly 

summarized in Appendix B. The excitation and de-excitation energies of the adsorbed 

layer that correspond with the translational phonons, the Iibrons or, in general, with 

mixed modes of wave vector q, are the eigenvalues of the following dynamical matrix 

M{q)=e-PQW{q)QT . (13) 

This matrix comprises the MF excitation energy matrix ε and the density operator 

difference matrix Ρ with the elements 

^•Jtob;»'fc'a'b' = tii'Skk'Saa'tbb' (sp'
a - £p' ) (14) 

and 

Pikab;i'k'a'b' = ^ц'бкк'^аа'бьЬ' (dp

a — dp· ) . (15) 

The molecules are labelled here by ρ = {η, t'}, where η labels the unit cells and i the 

sublattices. Furthermore, Eq. (13) contains transition matrix elements 

(16) 
Qikab-.i'k'v — Qikba\i'k'u 
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of the dynamical variables. The coupling information is contained in the Fourier trans

forms 

Www(g) = ^ exp [iq . (Up, - Яр)] W%*'"' (17) 
η 

with ρ = {0, i}, ρ' = {η, t'} and 

(18) 

^•(Лр)+ Σ Σ^-'^ί^ρρΌ^ρ-χ^ρ») 

Ι/ Ι/ 

+ ipp'Äfcfc' 

The first term in Eq. (18) couples the motions of the molecules at different lattice 
sites, the other terms are translation-rotation couplings on the same site. Both the 
molecule-substrate potential and the intermolecular potential are active in the latter. 

It is proved in Appendix В that the TDH method is exactly equivalent to the 
approach that uses generalized susceptibilities [42-44]. The frequency-dependent single-
particle susceptibility corresponds with the MF model and it is given in terms of the 
matrices in Eqs. (13), (14) and (15) by 

xW(w) = QT(u1-e)-iPQ. (19) 

The generalized crystal susceptibility x(q,u) for wave vector q is related [42] to χ^(ω) 

and to the coupling matrix W[q) in Eq. (17) by the Dyson equation 

х{ч,»)-1 = х10Ч»)-1 + Щя)· (20) 

It is shown in Appendix В that the frequencies of the poles in x{q,w) are exactly equal 
to the eigenvalues of the dynamical matrix M{q) in Eq. (13), i.e. to the (de-)excitation 
frequencies of the crystal calculated by the TDH method. 

Before we present the results we mention some further computational details. The 
width parameter A in the three-dimensional harmonic oscillator basis [37] for the center-
of-mass vibrations is chosen as A = (mw/ft)1'2, where m is the nitrogen molecular mass 
and ω is the average of the MF fundamental excitation frequencies. We use 1.42 À 
as the nearest neighbor distance between the carbon atoms within the graphite layers 
and 3.37 Á as the distance between the layers. If not indicated otherwise, we have 
used Steele's [40] parameters σ = 3.343 A and e = 0.2631 kJ/mol in the atom-atom 

model for the molecule-substrate potential. Only the top layer of the graphite substrate 

contributes to the corrugation (i.e. the terms with g φ 0) in this potential. It is summed 

over molecule-atom pairs within a range of 30 A. The next 10 underlying graphite layers 

are taken into account in the first Fourier term [g = 0) in Eq. (6) by analytic summation 

[45]. The intermolecular potential in the adsorbed layer is summed over 8.1 A and the 

rotational constant of N2 is taken as В = 2.013 c m - 1 . All calculations are performed 
at zero temperature. 
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7.3. Results and discussion 

In order to illustrate the effects of the anharmonicity and the corrugation in the po

tential we compare the results of the full TDH calculations with more approximate 

treatments. The first approximation consists of limiting the dynamical variables, see 

Eq. (7), to the terms with αϊ + 02 < ûmax = 2. This approximation implies that 
the Hamiltonian in Eq. (8) becomes harmonic in the translational displacements. The 
anharmonicity in the librations is fully retained through the expansion in spherical har
monics. The next level of approximation is a pure harmonic treatment based on the 
spherical expansion (SE) of the αό int'tto intermolecular potential [33], cf. Eq. (2). The 

required first and second derivatives of this potential with respect to the translational 

and librational displacements are given in Ref. [39]. Finally, we compare also some 

results obtained with the site-site (SS) model potential [33] that was fitted to the ab 

initio data. In order to study the effects of the surface corrugation we may switch off 

this corrugation at the various levels, as it has been done previously in (quasi-)harmonic 

calculations [21,23]. We will not distinguish between ortho and para N2 layers, since 

the MF and TDH calculations with even or odd / free rotor functions in the basis yield 

practically the same results for the ordered phases considered here. 

7.S.I. Commensurate monolayers 

First we discuss the results for the commensurate (\/3 X y/3)R 30° monolayer with the 

nearest neighbor distance of 4.26 Â fixed by the substrate. It is illustrative to begin 
with the fundamental excitations at the single-particle level (see Table I). Even in the 
fully anharmonic TDH treatment it is easy to recognize the normal mode contents of 
the translational vibrations and librations and to assign the corresponding quantum 
numbers. Especially for the librations this is striking since their wave functions have 
been expanded in a free-rotor basis. The frequencies of overtones and combination bands 
are surprisingly close to the sums of the fundamental frequencies. Also the adsorption 
energy is close to the harmonic value including the zero-point motions. 

Still, one clearly observes the frequency shifts which are due to the anharmonicity. 
For the out-of-plane translational motions there is already a difference between the 
harmonic calculations and the MF calculations with атаж = 2. This may be unexpected 

since these calculations use exactly the same potential and the MF scheme with a m a x = 

2 involves a Hamiltonian that is harmonic in the center-of-mass displacements. We have 

found that the difference is due to the averaging over (anharmonic) librations which is 

performed in the MF calculations with o:max = 2, but not in the harmonic treatment. 

When the cubic and quartic (a — 3 and 4) displacement terms are switched on, we find 

an upward shift of about 4.5 c m - 1 for the in-plane vibrations and a downward shift of 

5.4 c m - 1 for the out-of-plane vibration. In order to understand this result we remind the 

reader that the commensurate adsorbed layer cannot expand in the parallel directions, 
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Table I. Single-particle excitations in the (\/3 X л/з)Д 30 е monolayer. 

<1>Т ( С П » " 1 ) 

CJL ( c m - 1 ) 

«.(A) 

(«.> (A) 
{«î>1/3 (A) 

(«J)172 (A) 
W ) 1 / 3 (A) 
*». C) 

(coea ύ) 

(em2 tf сов 2φ) 

(sin3 «S sin 2φ) 

E (kJ/mol) 

Mean Field 

a m s x — 4 

34.7 
42.0 
55.7 
71.3 
77.4 
86.0 
90.4 
96.7 

48.0 

52.4 
96.6 
99.0 

104.8 

3.305 

0.054 

0.124 

0.128 

0.117 

42» 

0.040 

0.059 

0.884 

-11.143 

am«=2 

30.4 
37.3 
61.1 
61.5 
68.0 
74.7 
92.0 
98.7 

52.1 

52.8 

102.3 
103.7 
108.2 

3.305 

0.025 

0.132 

0.136 

0.103 

42') 

0.037 

0.060 

0.887 

-11.145 

Harmonic 

selfterm 

29.7 
36.7 
57.7 
59.4 
66.4 
73.4 
87.4 
94.4 

55.3 

55.9 

110.6 
111.2 
111.8 

3.305 

42.0 

-11.130/-12.537 

1 0 01 
o i o i 
0 0 1 
2 0 0 ^ 
1 1 0 
0 2 0 
1 0 1 
O l l J 

1 0 

0 1 

2 0' 
1 1 
0 2 

') 

Mode 

character"' 

(in-plane) 

(out-of-plane) 

(overtones 
and 

combinations) 

(out-of-plane rf) 

(in-plane φ) 

(overtones 
and 

combinations) 

"' Three vibrational quantum numbers are assigned to the translations and two to the 
libratione. 

b> these numbers indicate the maximum in orientational probability. 
c' including/without the zero-point vibrations. 

but it can be lifted from the surface by the anharmonicity. It has been observed already 

[45] that the potential is strongly anharmonic in the z-direction and we find here that the 

average center-of-mass positions axe higher by (ил) = (г) —ze = 0.054 A than the static 

equilibrium positions. For the librations we find anharmonic shifts of about —3.2 c m - 1 

and a further shift of —4.1 c m - 1 in the out-of-plane libration when the anharmonic 

displacement terms are switched on. The latter shift is caused by the lifting of the 

adsorbed layer. 
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Wave vector 

Fig. 1. Phonon/Iibron dispersion curves for a commensurate (\/3 x З)Л 30° Nj mono
layer on graphite from TDH calculations (owx = 4). In-plane (solid curves) and out-of-
plane (dashed curves) branches have been decoupled by the omission of coupling blocks 
in the TDH matrix of Eq. (13). 

In Figs. 1 and 2 we show the phonon and libron dispersion curves calculated by 

the TDH method. These curves are similar to the harmonic results [21]. Due to an 

artificial symmetry which is present only at the harmonic level one can decouple [21] 

the in-plane motions from the out-of-plane motions by switching off the corrugation in 

the molecule-substrate potential. At the TDH level only the natural symmetry of the 

system occurs and we study the effect of the in-plane/out-of-plane (de) coupling by the 

omission of the corresponding coupling terms in the TDH matrix given by Eq. (13). 

Even in the decoupled curves in Fig. 1 we have retained the g φ 0 contributions in the 

molecule-substrate potential, as evident by the presence of the phonon gap. Comparison 
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Ftg. 2. Phonon/libron dispersion curves for a commensurate ( з X V3)R 30° Na mono
layer on graphite from TDH calculations ( a m u = 4). Symmetry group p2gg, Brillouin 
ione points Г = (0,0), X = (τ/α,Ο), Y = (0, іг/Ь) and S = [κ/α,π/Ь). 

of Figs. 1 and 2 shows that also in the full TDH computations there is a near separation 

between the in-plane and out-of-plane motions. This separation and also the observed 

near separation between the translational phonons and the librons holds in the entire 

Brillouin zone, except near the avoided crossings. The in-plane motions are primarily 

determined by the N2-N2 intralayer potential, the out-of-plane motions by the N2-

substrate potential. Yet, we observe in Figs. 1 and 2 that the dispersion of the out-of-

plane libron frequencies is substantial. The out-of-plane translational phonon band is 

very flat indeed. 

The q = 0 phonon and libron frequencies, as computed at the different levels 

of approximation, are given in Table II. The lowest two values are the frequencies of 
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Table П. Lattice frequencies for q = 0 (in cm 1 ) for 
the commensurate (%/3 x л/3)Я30о monolayer. 

symmetry TDH Harmonic 

group 

p2gg 

in-plane 
translations 

out-of-plane 
librations 

out-of-plane 
translations 

in-plane 
librations 

(Вг 

B2 
Вг 

{BL 

[В, 
U 
[Al 

\A2 

[A, 
U 

OmiX— 4 

6.9 
7.1 

35.6 
48.8 

40.6 
51.6 

55.9 
55.5 

60.4 
69.9 

< W = 2 

7.4 
7.7 

33.0 
43.2 

44.7 
54.1 

60.6 
61.1 

61.2 
70.5 

SE»' 

6.2 
6.8 

32.7 
42.7 

47.6 
57.1 

57.4 
57.7 

63.3 
75.0 

SS»' 

6.4 
6.6 

35.9 
43.9 

47.5 
57.2 

57.4 
57.7 

59.7 
68.9 

a> using the same spherically expanded ab initio Ng-Nj po
tential as in TDH; equilibrium height z, = 3.305 Â, angle 
ip, = 42.0° and static adsorption energy E = —12.537 
kJ/mol. 

*' using the site-site model [33| for the ab initio N2-N3 
potential; equilibrium height z, = 3.305 Â, angle ipe = 
44.0° and static adsorption energy E = -12.618 kJ/mol. 

the acoustic phonon modes which are not equal to zero because of the corrugation in 
the molecule-substrate potential. These values characterize the so-called phonon gap 
[13-15]. The translational and librational anharmonicities appear to have very little 
influence on this gap. The anharmonic shifts in the optical phonon frequencies and 
in the libron frequencies are strikingly similar to the shifts discussed at the single-
particle level. So, these shifts are mainly determined by the anharmonicity in the field 
experienced by an adsorbed molecule, which is due to the other molecules in the layer 
as well as to the substrate atoms. The difference between the site-site model of the 
N2-N2 potential and its representation by the spherical expansion is mostly apparent in 
the frequencies of the in-plane phonons and librons, as might be expected. The effect 
on the libron frequencies is substantially smaller than in bulk nitrogen, however [39]. 

Next we compare our results with the data obtained from inelastic neutron scatter
ing [13-15]. The quantities that have been measured are: a phonon gap of 13.4 cm - 1 , 
the frequency of the out-of-plane translational phonons « 50 cm - 1 , the width of the 
in-plane phonon and libron density of states « 45 c m - 1 and the average frequency of 
this density of states « 36 cm - 1 . The latter two quantities are rather global and they 
are consistent with the calculations. For the frequency of the out-of-plane phonon band 
we find a value of 56 cm - 1 . The corresponding harmonic value is 58 cm - 1 , both in our 



Table ΠΙ. Lattice frequencies (in cm - 1 ) for the (л/з χ %/з)Л30< monolayer as a function of the molecule-substrate interaction parameters σ and e (from 

harmonic calculations with the spherical expansion of the Nj-Nj potential). 

e (U/mol) 

α (λ) 

1 . ( A ) 
v. П 

static energy E (kj/mol) 

in-plane 
translations 

out-of-plane 
librations 

out-of-plane 1 
translations 1 

in-plane 
librations 

fui 
Вг 
Vi 
DI 

Dt 
Bt 

At 

At 

Ai 
Aj 

0.20 
2.5 

2.436 
41.96 
-6.88 

5.1 
1.4 

29.9 
41.5 

40.8 
50.6 

49.2 
49.G 

63.4 
75.1 

0.20 
3.0 

2.957 
41.98 
-8.68 

6.1 
6.2 

31.6 
42.4 

38.9 
49.7 

49.6 
50.0 

63.3 
75.0 

0.20 
3.5 

3.463 
41.99 

-11.00 

5.1 
5.5 

32.4 
42.5 

39.0 
50.2 

50.3 
50.6 

63.3 
75.0 

0.20 
4.0 

3.958 
41.99 

-13.89 

3.8 
4.5 

32.4 
42.5 

40.2 
51.2 

51.2 
51.5 

63.3 
75.0 

0.25 
2.5 

2.436 
41.95 
-7.87 

5.5 
4.3 

31.3 
42.2 

46.8 
55.8 

55.0 
55.3 

63.4 
75.1 

0.25 
3.0 

2.957 
41.98 

-10.15 

6.7 
7.2 

32.4 
42.7 

45.5 
55.3 

55.5 
55.7 

63.3 
75.1 

0.25 
3.5 

3.463 
41.99 

-13.04 

5.7 
6.2 

32.6 
42.6 

46.2 
56.0 

56.3 
56.5 

63.3 
75.0 

0.25 
4.0 

3.958 
41.99 

-16.66 

4.2 
4.7 

32.5 
42.4 

47.6 
57.2 

57.2 
57.5 

63.3 
75.0 

0.30 
2.5 

2.436 
41.94 

-8.91 

5.9 
5.5 

32.0 
42.7 

52.5 
60.8 

60.3 
60.6 

63.5 
75.1 

0.30 
3.0 

2.957 
41.98 

-11.61 

7.4 
8.1 

32.7 
42.9 

51.6 
60.4 

60.7 
61.0 

63.3 
75.1 

0.30 
3.5 

3.463 
41.99 

-16.09 

6.2 
6.8 

32.8 
42.7 

52.5 
61.3 

61.6 
61.9 

63.3 
75.0 

0.30 
4.0 

3.958 
41.99 

-19.43 

4.6 
5.1 

32.6 
42.6 

54.0 
62.6 

62.7 
63.0 

63.3 
75.0 

to 

Ei 
E. 

с 

o 
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calculations and in Ref. [21]. The calculated phonon gap of 6.9 c m - 1 is too small by a 

factor of two, as in the previous harmonic calculations [15,21]. 

Since the largest uncertainty in the calculations concerns the molecule-substrate 

potential we have systematically varied the Lennard-Jones parameters σ and e in the 

atom-atom model for this potential. The results, which are listed in Table III, can be 

summarized as follows. As expected, the frequencies of the in-plane optical phonons and 

librons are rather insensitive to the parameters in the Nj-substrate potential. The out-

of-plane frequencies depend only slightly on the parameter er, although the height of the 

adsorbed layer and the adsorption energy change considerably with σ. The dependence 

of the out-of-plane frequencies on the well-depth parameter e is nearly as e 1 ' 2 . The 

acoustic phonon gap depends on σ and e, but it does not reach a value that is close 

to the experimental number. So we must conclude that an atom-atom model as used 

here and in other calculations [15,19-31] for the molecule-substrate potential cannot 

represent the correct surface corrugation. This holds even when the parameters in this 

model are varied, within limits that are reasonable in view of the measured adsorption 

energy [51] and the out-of-plane phonon frequency of « 50 c m - 1 . 

7.S.S. Incommensurate monolayers 

The results for the incommensurate monolayers have been calculated by switching off the 

corrugation, i.e. omitting the g ψ 0 contributions, in the molecule-substrate potential. 

First we have optimized the structure, i.e. the two-dimensional lattice parameters and 

the height of the adsorbed molecules above the substrate. For the herringbone structure 

with plgg symmetry the lattice parameters α and Ь have been varied independently; 

there are two molecules in the unit cell with the same height, which may lie (on the 

average) within the layer plane or they may be tilted out of the plane. For the pin-wheel 

structure [23] with p6 symmetry there is only one independent lattice parameter and 

there are four molecules in the unit cell. The height of the pin molecule above the 

substrate will be different from the height of the three wheel molecules, so these heights 

have been optimized independently. The wheel molecules may be tilted out of the layer 

plane. 

Minimization of the static energy for the herringbone structure at zero pressure 

yields α = 4.224 Â, 6 = 7.124 Â and the energy E = -12.486 kJ/mol. The MF 

calculations yield о = 4.36 Â and Ь = 7.21 Â with energy E = -11.036 kJ/mol, so 

it is essential to include the zero-point motions. The latter value of α is even larger 

than the corresponding lattice parameter for the commensurate monolayer, but we note 

here t h a t the incommensurate phases are stable only at higher pressure. For the pin-

wheel structure the MF calculations yield nearest neighbor distance о = 4.14 Â and 

E = -10 .895 кJ/mol with average heights (ζ) = 3.382 Â and 3.742 Â for the wheel 

and pin molecules, respectively. The wheel molecules lie within the layer with φ = 40°, 

160° and 280° and the pin molecules are indeed localized around the z-direction. The 
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Table IV. Lattice frequencies for q = 0 for the incommensurate herringbone 
monolayer (lattice constants α = 4.15 A and 6 = 6.87 À). 

symmetry 

group 

p29g 

height ζ 

( 
angle *: 

. ( A ) 

*.) (A) 

.n 
energy E (kJ/mol) 

Lattice frequencies (cm - 1 ) 

in-plane 
translations 

out-of-plane 
librations 

out-of-plane 
translations 

in-plane 
librations 

\Bl 

B3 

B3 

1*1 
¡B2 
[Bi 

U* 
L î 

ГЯі 
Ua 

TDH 

ammx=i 

3.324 

0.064 

40 

-10.716 

0.0 
0.0 

51.4 
80.5 

19.5 
37.5 

53.0 
56.1 

78.6 
88.4 

am.™=2 

3.324 

0.031 

40 

-10.705 

0.0 
0.0 

48.7 
74.8 

27.3 
42.7 

60.0 
62.1 

79.6 
89.9 

Harmonic 

SE") 

3.324 

38.9 

-12.3804 

0.0 
0.0 

49.2 
76.3 

25.2 
44.2 

55.0 
57.5 

84.5 
96.2 

ss») 

3.324 

40.3 

-12.393 ь ' 

0.0 
0.0 

55.1 
78.9 

30.3 
46.9 

54.9 
57.6 

79.6 
88.7 

· ' with different N2-N2 potentials, as in Table II. 
b' not including zero-point motions. 

amplitude in the angle i> is substantially larger for the pin molecules (23°) than it is 

for the wheel molecules (11°) and the fundamental librational frequency is considerably 

smaller (33.0 c m - 1 , twofold degenerate, versus 49.7 c m - 1 , out-of-plane, and 52.3 c m - 1 , 

in-plane). All these results for the wheel molecules axe similar to the corresponding 

values for the molecules in the herringbone layer shown in Table I, but the pin molecules 

behave rather differently. 

In order to perform the calculations for non-zero two-dimensional pressures we 

proceed as follows. For the herringbone structure we choose a grid of three points a 

and three points 6 around the values of the lattice parameters which we expect to find 

for a given pressure. We calculate the MF energies at these grid points and we fit these 

energies by a second order form in α and 6. From this form it is easy to determine 

the ratio b/a that minimizes the MF energy for constant surface в = ^об. At zero 

temperature the MF energy is equal to the Helmholtz free energy A. On the curve of 

optimized b/a ratios we calculate the two-dimensional pressure ρ = — [dA/ds)T, as well 

as the chemical potential μ = A + ps. This procedure has been repeated for different 

grids, i.e. different ranges of s and p, in order to obtain the μ{ε), μ{ρ) and p(s) curves 
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Table V. Lattice frequencies for q = 0 (in 
cm - 1 ) for the incommensurate pin-wheel mono
layer (nearest neighbor distance α = 4.057 A). 

symmetry 

group 

p6 

in-plane 
translations 

out-of-plane 
librations 

out-of-plane 
translations 

in-plane 
librations 

(E1 

В 

Ei 

Ει 
(B 

В 

\E7 

lA 

0.0 
31.4 
38.8 
62.4 
73.5 

24.3 
50.6 
Б2.1 

51.7 
53.1 
54.5 

41.7 
68.6 

TDH 

0:m«3c=4 

pin+wheel 
wheel 
pin+wheel 
pin+wheel 
wheel 

pin+wheel 
wheel 
pin+wheel 

pin 
wheel 
pin+wheel 

wheel 
wheel 

for the herringbone structure. The corresponding procedure for the pin-wheel structure 

is trivial, since there is only one independent lattice parameter. Only the optimization 

of the heights of the pin and the wheel molecules is tedious. 

The molecules in the herringbone layer stay within the plane and the optimized 

Ь/а ratio is equal to about 1.65 for the whole range of pressures investigated (p < 

0.090 N/m which corresponds to о > 4.15 A). For still higher pressures corresponding 

with а = 4.05 A and 6 = 6.68 A the herringbone structure becomes unstable; one of 

the TDH frequencies is imaginary. The ratio Ь/а = 1.65 implies a reduction of b% 

with respect to the value of y/Z that holds for the commensurate monolayer, in good 

agreement with the experimental observation [52] that the monolayer structure for a 

range of pressures is uniaxially incommensurate with a reduction in 6 that ranges from 2 

to Ъ%. For the pin-wheel structure the wheel molecules stay within the layer also. The 

calculated μ(ρ) curves for the herringbone and pin-wheel structures are similar to those 

in Ref. [23j. At zero pressure we find with the use of the ai ι'ηιέιο N2-N2 potential that 

the herringbone structure is more stable than the pin-wheel structure by 0.14 kJ/mol. 

The pin-wheel structure is considerably more compact, however, so it will be favored 

at higher pressures. Since the μ(ρ) curves run nearly parallel it is hard to determine 

the transition pressure. From the difference in surface per molecule, 3 = 15.76 A2 for 

the herringbone layer and з = 14.84 A2 for the pin-wheel layer, we estimate that the 

transition occurs around ρ = 0.025 N/m. The chemical potential μ = -8.62 kJ/mol 

at this pressure is considerably lower than the bulk value of -5.92 kJ/mol [37] and it 

is lower also than the value of -7.3 kJ/mol estimated [23] for the beginning of bilayer 
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Wove vector 

Fig. 3. Phonon/libron dispersion corves for an incommensurate N3 herringbone mono
layer on graphite from TDH calculations ( a m u = 4) with the uncoirug&ted {g = 0) 
molecule-substrate potential· Lattice constants α = 4.15 À, h = 6.87 A. 

formation. So we conclude that the incommensurate monolayer may adopt the pin-wheel 

ordering at higher pressures. 

The phonon and libron dispersion curves for the optimized incommensurate her

ringbone layer with о = 4.15 A, 6 = 6.87 A and s = 14.25 A2 are shown in Fig. 3 and 

the optical (q = 0) frequencies are listed in Table Г . Although some of the avoided 

crossings occur at different points in the Brillouin zone, Fig. 3 is qualitatively not so 

different from Fig. 2. The frequencies of the in-plane modes axe considerably higher, 
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Γ Κ Μ Γ 

Wave vector 

Fig. 4. Phonon/libron dispersion curves for ал mcommensurate N2 pin-wheel mono
layer on graphite from TDH calculations (атлж = 4) with the uncomigated (g = 0) 
molecule-substrate potential. Nearest neighbor distance α = 4.057 À. Symmetry group 
рб, Brillouin ione points Г = (0,0), К = (2τ/3α,0) and M = [іг/2а,ж/2ауД). 

however, and their dispersion is larger, due to the compression of the adsorbed layer. 

Note that there is no phonon gap for q = 0, of course, since there is no corrugation in 

the molecule-substrate potential. The anharmonic frequency shifts are similar to those 

discussed for the commensurate monolayer, but slightly larger. Especially the large 

downward shift of the lowest out-of-plane libration is noticeable. The low frequency of 

this libration and its large anharmonicity are the signs of this mode becoming soft and 

the molecules wanting to rotate out of the plane at still higher pressures. The phonon 

and libron curves for the pin-wheel structure are drawn in Fig. 4 and the character of 

the modes for q = 0 is indicated in Table V. Due to the different symmetry and the 

fact that this structure contains two distinct types of molecules the resulting picture is 
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rather different from the dispersion curves for the herringbone layer. We observe also 

that the frequencies axe much lower, although the calculations leading to Figs. 3 and 4 

have been performed for the same surface per molecule (s = 14.25 A2). This is related 

to the pressure which is substantially lower for the pin-wheel ordering than for the her

ringbone structure. To our knowledge the phonon frequencies for the incommensurate 

monolayers have not been measured yet. 
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Appendix A 

In Ref. [37] the intermolecular potential given by Eq. (2) is written as a double Taylor 

expansion in the center-of-mass displacements up and upi. Here, we derive a similar 

expansion in a form that is amenable to much faster numerical calculation. First we 

expand the part of the potential that depends on the displacements as a Taylor series 

in UOBi = u 0 . - u„ 
-pp' 

nMC!#{9„,) = f ) ( U p P ; / , V ) t t ^ ^ p O C & > ( g r P ' ) · (Al) 
α = 0 

We can evaluate this expression by means of the gradient formula in spherical tensor 

form [53] 

kl 

(A2) 

where the operator Aitki{Rpp') is given by 

s Г(/з + 1)(2із + 3 ) 1 1 / 2 / d ¿з \ \ 
(A3) 
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χ 

The use of this relation in Eq. (Al) gives 

klk\ ν (A4) 

Et-W*; S -'i .)^ 0^)^^)· 
The coefficients 'WJ^l (Rpp·) can be calculated with the following recursion relation 

' < ^ ) = ( 2 * Ι + Ι ) ( - Ι ) ' ' + Ι Σ ( { ; l о1){л S Ί3} ÍArt 
Л У» (А5) 

with 

'^iSaí^PP·) = *fci.0ÍJb1.l,V'2/s + lw(App·) ( А 6 ) 

while the expression in curly braces is a 6-j coefficient. 
Now we can split (uppi)''Cnl (ûpp>) in factors dependent on the molecular dis

placements Up and «pi [54] 

a o í mia(fci + A i , a j ) 

Κρ'Γ^υρρΟ = Σ : Σ Σ ΣΣ*&:;.«>,„ .... 
α ι = 0 λ ι = 0 Aj = |Jt i-Ai | μ ι Hi \Λ'> 

x(uprclíl>(up)(.vr,^Í0(ív). 
where аг is given by аз = a — a i and the coefficients are 

в«*»» ^f i i ^ + " · (a + fei + l)!!(Q-fci)!!(2A1 + l)(2A2 + l) 
«ιΑ^ια,Α,« I 4 (a x + Ai + ^ » ( а ! - AO^oa + Aa + l)i!(aa - Aj)!! 

Д і Αχ λ 2 \ / * ! Ai λ 2 \ 
^ 0 О О J {-η! μι μ2 J ' 

(Α8) 

Introducing this into Eq. (2) and Eq. (A4), the intermolecular potential reads 

Φ Ρ Ρ ' Κ . «ρ,«,,, «V) = Σ Σ Κ Ο 0 1 ^ 0
 ( 0Р)С)І 1, )(«Р)ХАІА.(ЛРР') 

AI A, (A9) 

where A stands for the set of indices {α,λ,μ,/,τπ}, and XAIAJ is given by 

ΧΑΙΑΑΡΉΣ^ ¿ ¿ίΣ^Γ^^ϊΣΣί-ΐ)" 

Vm Па - m j ^ ' l K PP'^aiAi M 1 a 3 J 

(AIO) 

ι 
AjMj' 

This expansion is considerably simpler than that given in Ref. [37] because only one 

recurrence relation is needed for the coefficients 'Wj^l (Rppt), instead of two. 



Appendix В 131 

Appendix В 

The TDH method can be derived [37,41] by looking at the response of a system to a 

time-dependent perturbation. It is assumed that this perturbation can be represented 

by a sum of single-particle operators /ι£(ί) and that the perturbed density operator is a 

product of single-paxticle density operators (¿£(i) = dp + i* (i)· The density operators d* 
correspond to the unperturbed MF model and the operators 6% [t) describe the response 
of the system to the perturbation. The column vectors h(q,u)) and tf(g,w) contain the 
space-time Fourier transforms of the transition matrix elements of the single-particle 
operators /ip(i) and Α* (ί) in a (finite) basis of MF states ψρ'α 

hikab(q,u) = (2πΛΓ)-1/2 ƒ (Üexp( t W t )53ex P (w .Ä p ) (^ 0 | ^ ( i ) |V>^ b ) (BI) 
η 

and 

Soabiq, w) = ΡπΝ)-1'2 J dt expput) £ e x p f a · Л р ) ( ^ ' 0 1 # ( * ) | ̂ ' b > . (B2) 

As shown in Ref. [37] the Liouville equation, which describes the time evolution of the 
density operator, reduces in first order to the linear response equation 

[ω - M[q)]S[q,U) = -Ph{q,U) . (B3) 

The density operator difference matrix Ρ is given by Eq. (15) and the matrix M(q) by 

Eq. (13). The TDH (de-)excitation energies are the eigenvalues of the matrix M(q). 

The response properties of the system as given by Eq. (B3) can also be expressed 

by the generalized susceptibility x(q,u). To that end, we define the perturbation /i£(t) 

as the action of an external field with components ¿¿'"(t) on the dynamical variables 
Qp'", see Eq. (7). For the Fourier component with frequency ω and wave vector q this 

yields, in matrix form 

fc(i,w) = -QB[q,b>) , (B4) 

where the matrix Q is given by Eq. (16). When the response of the system is also 

expressed in terms of the dynamical variables 

Y{qtu>) = Q'T6{q,u,) (B5) 

and the generalized susceptibility x(q, ω) is defined by 

Y{q,b>)=x{qiU)E{q,u>) (B6) 

then it follows from Eq. (B3) that 

x(9,w)=QT[w-M(9)]-1PQ. (B7) 
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The TDH (de-)excitation energies of the system, i.e. the eigenvalues of the matrix M (g), 

correspond with the poles of the susceptibility χ(ς ,ω) . Analogously, we define the MF 

single-particle susceptibility by 

χΜ{ω)=$Ύ[ω-ε}-1Ραί (B8) 

where the matrix e contains the MF (de-)excitation energies, see Eq. (14). If we in

sert Eq. (13) for M{q) into the linear response equation (B3), multiply the latter by 

QT(w - e ) - 1 and substitute Eqs. (B4), (B5) and (B8) we obtain 

[i + x{04")w(q)}Y(q,") = χ ( 0 ) Η^(9.«) • (В9) 

Comparing this result with Eq. (B6) we find that the relation between the collective 

TDH susceptibility x(q,w) and the single-particle MF susceptibility Х^(ш) is given by 

the Dyson equation, Eq. (20). 

In considerations about orientational order/disorder phase transitions [42,43] the 

rotational MF Hamiltonians are replaced by free rotor Hamiltonians, with well-known 

eigenstates. The rotational single-particle susceptibility X^0'(w) can then be evaluated 

relatively simply, in some models even analytically. The translational susceptibility 

is usually approximated by the analytical formula for harmonic oscillators. At higher 

temperatures, these susceptibilities are sometimes calculated within the classical ap

proximation [42]. Cubic and quartic terms in the lattice Hamiltonian, Eq. (8), are 

neglected and only the lowest order dynamical variables for the rotations, see Eq. (7), 

are retained. This yields a simplified coupling matrix W{q) which does not depend on 

averaged dynamical variables as occurring in Eq. (18). In our calculations we avoid such 

approximations. The accuracy to which Eq. (20) is equivalent to TDH is only limited 

by the use of a finite basis. 
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Abstract. For the commensurate (ν/3 χ \/3) R 30° phase of p-H2 and o-Dj on graphite we 
have calculated the phonon and roton band structure by the time-dependent Hartree method. 
A basis of three-dimensional harmonic-oscillator functions (up to η = 8 inclusive) is used for 
the translational vibrations and a basis of spherical harmonics for the weakly hindered rota· 
tions. The anisotropic potential between the molecules in the adsorbed layer is taken from ab 
initio calculations. An anisotropic molecule-substrate potential is modelled semi-empiricaUy. 
Both potentials are explicitly expanded with respect to the molecular displacements, with 
the inclusion of high anharmonic terms, and with respect to their anisotropy. Moreover, the 
molecule-substrate potential is Fourier expanded to expose the effects of the surface corru
gation. The structure of the in-plane phonon band agrees well with the data available from 
inelastic neutron scattering. For the peak which has been ascribed previously to the out-of-
plane phonon band we suggest an alternative assignment. For the rotons we have derived, 
both numerically and analytically, the dependence of the band structure on the (unknown) 
anisotropy of the molecule-substrate potential 

8.1. Introduction 

A subject that has aroused interest recently is the structure and dynamics of H2 and 

D2 layers physisorbed on the basal plane of graphite. A variety of adsorbed phases 

and transitions between these phases have been identified by means of low energy elec

tron diffraction (LEED), neutron diffraction and specific heat measurements [1-9]. For 

the commensurate {у/З χ у/з) Л 30° phase, which occurs up to 1.08 monolayer cover

age for Hj and up to 1.05 monolayer coverage for D2, at temperatures below 20 K, 

also the dynamics has been investigated by inelastic neutron scattering (INS) [10-15]. 

Although it was not possible to study single crystals and thus to measure directly the 

full two-dimensional phonon dispersion curves, an elegant experimental setup and in

terpretation allowed the determination of phonon frequencies for different points in the 

two-dimensional Brillouin zone. 

The motions and stability of these Hj and D2 overlayers on graphite are determined 

by an interplay between the intermolecular interactions in the adsorbed layers and the 

interactions of the adsorbed molecules with the periodic substrate. The (т/з X \/з) R 30° 
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phase can be considered as a two-dimensional molecular crystal with a nearest neighbor 

distance of 4.26 Â (which is substantially larger than the nearest neighbor distances 
of 3.79 Â and 3.61 Â in bulk hydrogen and deuterium). Because of this large lattice 
spacing and the small masses of H2 and D2 the molecules exert large, and probably 
strongly anharmonic, zero-point motions. The quantum nature of these systems is most 
evident from the molecular rotations, however. One expects to find nearly free rotations 
of the molecules in the layers, characterized by quantum numbers j and m. Even values 
of j occur for ρ-Ή.2 and 0-D2, odd j values for 0-H2 and р-Ог- Due to the large 

rotational energy splittings between different j states the molecular rotations are just 

weakly perturbed by the anisotropic environment and weakly coupled by anisotropic 

intermolecular interactions. So the ground state of р-Нг and 0-D2 is orientationally 

disordered with nearly spherical (j = 0) molecules and collective rotational excitations 

to a j = 2 roton band. Also 0-H2 and P-D2 are orientationally disordered, except at 

very low temperatures [16,17] where the j = 1 ground state is split into states with 

m = 0 and m = ± 1 . Most experimental studies [1-15] concern these orientationally 

disordered phases of para, ortho or mixed (normal) hydrogen and deuterium layers. 

It will be obvious from these considerations that the standard (harmonic) lattice 

dynamics method and the classical molecular dynamics (MD) method which are usually 

applied to the ordered and disordered phases of molecular crystals and, more recently, 

also to adsorbed layers, cannot be applied here. Gotlieb and Bruch [18,19] have calcu

lated the vibrational ground state of Ή2 and D2 layers adsorbed on graphite by a vari

ational Quantum Monte Carlo method. Their vibrational wave function was a product 

of single-molecule functions for the center-of-mass vibrations, multiplied by a Jastrow 

function to account for the correlation between these vibrations. The molecules were 

assumed to be effectively spherical and, thus, to interact via an isotropic pair-potential. 

The center-of-mass vibrations were restricted to be planar, i.e. parallel to the graphite 

surface. Novaco [20] has shown that it is essential to include also the displacements of 

the molecules perpendicular to the surface, even if one is primarily interested in their 

vibrations in the parallel directions. He has calculated the dispersion relations for the 

in-plane phonons in commensurate H2 and D2 layers on graphite by means of the self-

consistent phonon (SCP) method and found the results to be in good agreement with the 

available INS data [10-15]. Also in this calculation it was assumed that the H2 and Dj 

molecules are effectively spherical and interact via botropic potentials. This assumption 

was verified by Novaco and Wroblewski [21] who calculated the single-molecule rota

tional states in H2, HD and D2 layers on graphite in the anisotropic field originating 

from the substrate. The anisotropic interactions between the adsorbed molecules were 

neglected, however. 

In the present calculations for commensurate (у/з χ \/з) R 30° layers of H2 and D2 

on the basal plane of graphite we compute both the in-plane and the out-of-plane phonon 

states, as well as the collective rotational (roton) states and their coupling to the phonon 

states (which appears to be small indeed). We use the full anisotropic intermolecular 
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potential for hydrogen from a6 mííío calculations [22,23]. For the molecule-substrate 
interaction we construct an anisotropic model potential which generalizes the isotropic 
Hj-graphite potential obtained from selective adsorption measurements [24,25] (in the 
same way as Novaco and Wroclewski did [21]). Phonon-, roton-, and possibly mixed, 
states are calculated by means of the time-dependent Hartree (TDH) method. Basis 
functions at the first (mean-field) level of this calculation are the free rotor functions 
of Нз or Dj (spherical harmonics) and three-dimensional harmonic oscillator functions 
for the center-of-mass vibrations of the molecules. This TDH method with the same 
at initio H2-H2 potential has been applied previously to H2 and D2 solids [26]. It 
was found, even for the smaller nearest neighbor separations that occur in these bulk 
solids, that the use of Jastrow functions for the correlation between the center-of-mass 
vibrations could be avoided if the full anharmonicity of the intermolecular potential 
was included and the harmonic oscillator basis for these center-of-mass vibrations was 
sufficiently large, so that the wave functions at the mean-field level could adapt to 
this anharmonicity. Results are presented for commensurate р-Нг and 0-D2 layers on 
graphite; in a forthcoming paper we will discuss results for 0-H2 and P-D2 overlayers. 

8.2. Theory 

8.2.1. The Hamiltonian 

The center-of-mass positions of the molecules in the adsorbed layer are denoted by 
Гр = Rp + Up, where Rp are the equilibrium positions and Up the displacements of 
the molecules p. The orientations of the molecules are described by a set of polar 
angles Up. We assume that the motions of the molecules in the adsorbed layer are 
separable from the graphite lattice vibrations which have much higher frequencies and 
small amplitudes. We use a rigid graphite substrate, so that the molecule-substrate 
potential Vp for a given molecule ρ depends only on the coordinates Up and a»p of that 

molecule. The pair potential between the molecules within the adsorbed layer is denoted 

by Φρρ'. Many-body interactions, as well as substrate-mediated interactions between 

the adsorbed molecules are neglected. Then, the Hamiltonian for the adsorbed layer is 

given by 

tf=Στκ>)+EL(WP)+Σνρ("ρ>ωρ) + è Σ Σ »я.·(«P.«Ρ.«Ρ·,«Ρ·) · (i) 
ρ ρ ρ ρ pVp 

It contains the kinetic-energy terms for the translational center-of-mass motions Τ and 

the rotational motions L of the molecules, the molecule-substrate potential and the 

intermolecular potential. 

In the mean-field formalism the translational and rotational Hamiltonians are given 

by 

Ярт(ир) = Г Ю + (УРЫР^,))1·' + £<*PP'(«P.«p,tv,cv))I''V'V (2а) 
PVP 
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Н£(Шр) = £(«„) + (Vp(«p,ü,p))T ' + £ , ^ P P ' ( « p , « P , t V , c v ) > L ' ' T ' T ' ' (26) 
PVP 

where (X)Kr means the thermodynamic average of an operator X over the eigenstates 
of Hp with Κ = Τ or L. From these equations it follows that the translational and 

rotational Hamiltonians are coupled and we have to solve the problem in an iterative 

way. The translational Hamiltonian is diagonalized in a basis of three-dimensional 

spherical harmonic-oscillator functions [27]. The basis for the rotational Hamiltonian 

consists of tesserai harmonics (real combinations of spherical harmonics). 

The single-molecule eigenstates for the translations and rotations can then be used 

to calculate the collective excitations of the adsorbed layer. For this purpose we use the 

time-dependent Hartree (TDH) method [27,28], which at zero temperature is equivalent 

to the random-phase approximation (RPA). In the TDH method the excitation energies 

are the eigenvalues of the matrix 

MW-\ РФ(д) - х + рф{д)) · W 

The diagonal matrices χ and Ρ contain the mean-field excitation energies and the 

mean-field population differences 

ХаЫК;а'Ь'і'К' = ^aa'^wki^KK'^iK ~ εΐκ) (Ό 

ΡαϋηΚ-,α'ννΚ1 = &аа'1>Ы>'8іі'6кК'[Рік — Рцс) (5) 

ejjç is the mean-field energy of excitation level β of a molecule of sublattice i and К = Г 
or L. The population of this excitation level is given by 

exp(-/?gjg) 

Е ь е х р ( - / ^ ) 
p W _ «xp(-/?g&>) r e i 

with β = ( И 1 ) - 1 . 
The matrix Φ(q) describes the coupling between the mean-field excitations on 

different molecules, as well as translation-rotation coupling 

ФаЫК;а'ЬЧ'К-(д) = ^ e x p f a · Л«) (ф^фЩ (»(o.«»^*'})**"*'^ | tfMft) 

+fa'feiri Σ Σ (tòVKìl {•(o.iH-M-,)™"*· I ФІЬМ0 
η" i" 

+ 6«.6ΚΚί (Ф№Ф&І\ {О,І}\Ф№Ф&І) 

(7) 
where ф$ is the mean-field wave function corresponding with ejj?; q is the wave vector 
of the collective excitation, η and n " label the unit cells and K,. is the complement of K. 

The TDH matrix contains elements with Κ φ К'. These elements mix the translations 
and rotations so that the translation-rotation coupling which was neglected in the mean-
field treatment is restored by the TDH method. 
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8.2.2. The mtermolecular potential 

The mtermolecular potential is written in the form of a spherical expansion 

Ф р р-(и р,« р,« р-,М р,)=^1Р І(г р р.)^( г^
1

і ¿ M 

x C ^ ) ( W p ) C ^ ) ( W p , ) C ^ ) ( f p p , ) . 

The intermolecular vector is given by Гррі = (Лр> + tip>) — ( Л р + u p ) and f ρ,,· is the 

unit vector along τρρι. The Racah spherical harmonics Cm (w) that describe the orien-

tational dependence of the potential are coupled to a scalar function by the summation 

over τη = { т і , т 2 , т э } , with the large parentheses denoting a 3-j symbol [29]. The 

first summation runs over I = {Іі,І2,Із} and the factors v>i{rpP') are the expansion co

efficients that reflect the anisotropy of the potential. They will be specified in Sec. 8.3. 

A Taylor expansion of the potential can be made in both the molecular displace

ments u p and u p ' , so that the potential becomes explicitly dependent on these displace

ments. This expansion is amply described in Refs. [26,27] and the resulting form of the 

potential looks as follows 

Ф р р , ( и р , Ы р , и р , , а , р - ) = ^ Х ; ( и р ) ^ С ( А / ) ( « р ) С ^ Ю Х А 1 А , ( Л р Р ' ) 
Ai A, ( 9 ) 

where A stands for the set of indices {α, Χ,μ,Ι,τη} and the expression for X/LliLJ(RPpi) 

is given in Ref. [26]. The summation over oti and a j extends to αϊ + аз < а т а і , where 

tXmax is equal to the order of the Taylor expansion in the displacements. An expansion 

with amax = 2, for instance, yields a potential Фррі which is harmonic in the center-

of-mass displacements u p and u P ' . In the present calculations we carry this expansion 

much further, see Sec. 8.3. For the summations over λ and μ holds: 0 < λ, < α» and 

—Xi < μ,- < λ,·, where λ,- has the same parity as Oj. After this expansion we have a 

potential which is explicitly dependent on the displacement coordinates of the molecules 

and thus easy to use in lattice dynamics calculations. 

8.2.S. The moUetile-stibstrate potential 

Following previous calculations [20,21], we consider the interaction Vp of a molecule ρ 

with the substrate as a sum of pair interactions between the molecule and the individual 

substrate atoms. The most general form for such molecule-atom interactions is of course 

a spherical expansion, i.e. a special case of Eq. (8). From selective adsorption mea

surements [24] only the first, isotropic, term in such an expansion is known, however. 

As we wish to investigate also the effects of the anisotropy in the molecule-substrate 

(8) 
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interaction, we model this interaction by the atom-atom model, which contains this 

anisotrop/ implicitly. So, we write 

Vp(up,wP) = 5 3 ν (| Rp + t i p + α(α)ρ) - Rc |) + ν (| u p + «p - o(wp) - Л с |) 

(10) 

where the vectors Rc denote the positions of the carbon atoms С in the substrate and 

the orientation dependent vectors α(ωρ) describe the positions of the hydrogen atoms 

with respect to the H2 center-of-mass. Just as Novaco and Wroblewski [21] we choose 

an atom-atom potential v(|r |) of the Lennard-Jones type, which is parametrized in such 

a manner that the isotropic component of the resulting molecule-atom potential agrees 

with the isotropic potential from the selective adsorption measurements (see Sec. 8.3). 

In Ref. [30] it is shown that the atom-atom interactions can be summed to an 

atom-substrate interaction with the aid of an analytical Fourier transformation. Next, 

a spherical expansion of the molecule-substrate interaction can be made to expose its 

anisotropy explicitly and, finally, a molecular-displacement expansion of the spherical 

expansion is used to make the molecule-substrate potential explicitly dependent on the 

displacement coordinates of the molecule [31]. The molecule-substrate potential can 

then be written in the following form 

7P(«P1«P) = E^ÍBpíWCWíujcWíwp) (11) 
A 

where again A indicates the set of indices {α,Χ,μ,Ι,τη}. The coefficients .Гд(Яр) can 

be written as a two-dimensional Fourier series 

FA (Яр) = Σ FA (g \ zp) expfo · τ ρ ) (12) 
в 

with Tp denoting the projection of Яр on the graphite basal plane (the iy-plane), so 

that Яр = Tp + zpex. The vector g is a vector in the two-dimensional reciprocal lattice 

of a substrate layer. 

Analytical expressions for the expansion coefficients FA(Í7 | Zp) are given in Ref. [31]. 
The terms with g = 0 describe the flat (but anisotropic and anharmonic) potential which 
depends only on the height zp of the molecules above the graphite surface, the terms 
with g φ 0 contain the effects of the surface corrugation. 

8.2.1^. Analytical model for the roton bands 

Due to the large rotational constants of H2 and D2 the rotational excitation (roton) 

energies are rather large (« 360 c m - 1 for p-Hj and « 180 c m - 1 for 0-D2). Since the 

typical excitation energies for the translational vibrations (phonons) are much lower (see 

Sec. 8.4), one expects little mixing between the rotons and the phonons. The dependence 
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of the roton band structure on the anisotropy of the intermolecular potential and of the 
molecule-substrate potential may be derived analytically. Since the latter anisotropy is 
not known this will be very useful in the interpretation of (future) experimental data. 

After substitution of Eq. (9) for the intermolecular potential and Eq. (11) for the 
molecule-substrate potential into Eq. (2b), we can write the rotational mean-field Hamil-
tonian as 

Я > р ) = L(Wp) + £ ; ÍU*P)CW(«P) 
(m 

+ Σ Σ Σ й^^лдрЛфы (с&ч- ))1''', (із) 
p'/p'x'j "»ima 

with 

and 

Ят(Яр) = Σ ^(Лр) ((иРГС#)(«, )))Т ' (14) 
αλ/Α 

Йітг.І.тЛЛррО = Σ Σ ( ( « ρ Γ ^ Ϊ ^ ΰ ρ ) ) 2 " ' 
βιλιμι азЛзмэ 

χ Χ λ ι Α , ( Η ρ ρ ' ) ( ( « ρ ' ) α , ^ λ , ΐ ) ( ΰ ρ ' ) ) Τ ρ ' • (15) 

For the systems under consideration one can make several approximations. The only 

significant terms in the intermolecular potential and in the molecule-substrate potential 

are the terms with /χ,/2 < 2 and I <2 (see Sec. 8.3). The terms that are relevant for 

the roton frequencies are the anisotropic interactions with Ζχ, I2 or Ι φ 0. Because of the 

sixfold symmetry at the adsorption sites the terms with τα φ 0 vanish. In the ground 

state of P-H2 and 0-D2 the molecules are very nearly in a pure j ' = 0 state. So, the 

expectation values (Cm (wp))J'» are practically zero, except for Ζ = m — 0. Using all 

these simplifications we are left with the following rotational mean-field Hamiltonian 

Я ^ р ) = BJ 2 ( W p) + «2 C%\wv) , (16) 

where В is the rotational constant of H2 or D2, J 2 is the molecular total angular mo
mentum operator and «2 is the strength of the anisotropic crystal-field at the adsorption 
sites 

«2 = •Рг.о(Лр) + Σ ^2,o;o,o(Hpp') · (17) 
PVP 

The first contribution to this crystal-field originates from the molecule-substrate inter

actions, the second term from the anisotropic interactions between the molecules in 

the adsorbed layer. Diagonalizing this Hamiltonian in a basis of spherical harmonics 

Ym (wp) with j = 0 and j ' = 2, we find that only the states with m = 0 are mixed 

V><0> = Y 0
( 0 ) - Í Y 0

( 2 ) 

(0) ( I 8 ) 
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with the mixing coefficient δ given by 

¿ « ^ ^ . (19) 
245 Β v ' 

The corresponding mean-field energies are 

The eigenstates ψ^2 »̂ Ф^3\ Ф^ and ψ'5) with m ^ 0 are the pure basis functions У,̂  ' 
with m = ±1 and m = ±2 and the corresponding eigenvalues are 

e(2,3) = 6 B + 1 2 

2 ( 2 1 ) 

The roton frequencies are the eigenvalues of the TDH matrix in Eq. (3), restricted to 
the pure rotational excitations (0) -» (1), (2), (3), (4), (5). We take Τ = 0 К so that 
the matrix Ρ becomes minus the unit matrix and we rewrite the eigenvalue problem 

for the matrix in Eq. (3) into the following eigenvalue equations 

χ 1 / 2 [χ + 2 Φ ( 9 ) ] χ 1 / 2 β ( ς ) = х(д)П*(д) . (22) 

The diagonal matrix χ is now defined as 

Χαα' = ί«α' ( ^ " ^ ( 0 ) ) , (23) 

and the Fourier transformed anisotropic coupling matrix can be written as 

х ] Г е х р ( * д · JR.) (r0-T l

5cW(fo„)}T 0 T , X . (24) 

Here, we have used the fact that all the adsorbed molecules are equivalent. Moreover, 

we have observed that the anisotropic intermolecular interactions with ii = /3 = 2 are 

dominated by the quadrupole-quadrupole interactions (Q is the molecular quadrupole 

moment of H2). The eigenvalue matrix ß 2(q) obtained by solving Eq. (22) contains 
the squares of the roton frequencies w0(q) on the diagonal. 

It follows from Eq. (24) that for q = 0 the matrix Ф(у) is diagonal. This is 

related to the sixfold symmetry of the adsorption sites which causes only the terms 

with т з = 0 to survive. This leads to mi = —тпг and, since the mean-field states ф^ 
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are characterized by quantum numbers m, we find immediately that Φ(0) is diagonal 

with elements 

Φι. ι (0)= jS 

$2.2(0) = Ф3,з(0) = - ! $ (25) 

«4,4(0) = Ф5,5(0) = | 5 , 

where S is the two-dimensional quadrupole-quadrupole lattice sum 

s = ^ 2Σ('o-M 4W))T o T ,^ (26) 
η 

For the optical roton frequencies we obtain from Eq. (22) 

ωα(0) = [ ( e W - eW) (eW - e«» + 2Φ ο α (0))] ^ . (27) 

The crystal-field strength «3 from Eq. (17) and the quadrupole-quadrupole coupling S 

are much smaller than the rotational energy splitting 6B. In very good approximation 

we find that the roton frequencies are given by 

Ші{0)=6В + -8 + - 2+— ^ form = 0 

w 2 , 3 ( 0 ) = 6 . B - i s + it>2 + ^ ^ form = ± l (28) 

ω^5{0)=6Β + -5--ν2 + — Ц for m = ±2. 

In this approximation the splittings between the roton frequencies for q = 0 are addi-

tively determined by two contributions: the quadrupole-quadrupole lattice sum S and 

the effects caused by the crystal-field vj. For general wave vectors the quadrupole-

quadrupole interaction matrix Φ (ς) is no longer diagonal but, essentially, we obtain 

the same additivity. The crystal-field leads to splittings between the roton subbands 

of different |m|, the quadrupole-quadrupole coupling leads to dispersion of these sub-

bands. Degeneracies between the different branches cause avoided crossings. Roton 

bands calculated for different V2 will be discussed in Sec. 8.4. According to Eq. (28) we 

can directly obtain the strength of the anisotropic crystal-field V2 and, in particular, the 

unknown contribution F2,o(-Rp) of the molecule-substrate interaction from the splittings 

between the subbands. 
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8.3. C o m p u t a t i o n a l a s p e c t s 

The intermolecular potential used in our calculations is an 06 initio calculated H2-H2 

potential of Schäfer and Meyer [22] improved by Schäfer and Köhler [23] through a multi-

property analysis. This potential is represented by a spherical expansion, Eq. (8), with 

all the anisotropic contributions for Іі,І2 < 2. Each expansion coefficient V5i(r) consists 

of dispersion contributions (~ г - , r - 8 and r - 1 0 ) and a short-range contribution which 

depends exponentially on r. The quadrupole-quadrupole interaction (~ r - 5 ) appears in 

the ! i , Í21 ' э = 2,2,4 term. This potential has been used in lattice dynamics calculations 

on solid H2 and D2 [26] and has proved to yield satisfactory results. 

The modelling of the anisotropic molecule-substrate potential is described in Sec

tion 8.2.3. Our atom-atom model parameters are fitted to the empirical isotropic C-H2 

potential determined by selective adsorption measurements [24]. The Lennard-Jones pa

rameters that were derived from these measurements are с с - н , = 2.89 A and е с - н а

 = 

0.3753 kJ/mol. We choose the Lennard-Jones parameters for the atom-atom C-Η poten

tial so t h a t the isotropic term of the expansion in Eq. (11) (when restricted to only one 

carbon atom) matches the empirical isotropic C-H2 potential. Thus, the anisotropic part 

of the molecule-substrate potential is determined by the separation of the two hydrogen 

atoms. If we use the experimental bond length of the hydrogen molecule (0.7417 A) 

the Lennard-Jones parameters for the C-Η interaction are σα-Η = 2.76 A and е с - н 

= 0.2184 kJ/mol. By changing the apparent bond length we can scale the anisotropy, 

just as done in Ref. [21]. With these parameters we find that the isotropic term of the 

molecule-substrate potential has a minimum above the centers of the carbon-rings at 

ζ = 2.785 A. 

In previous lattice dynamics calculations on bulk hydrogen it was shown that due 

to the large zero-point motions of the hydrogen molecules the displacement expansion 

of the potential should not be truncated before the sixth-order terms [26]. Both for the 

intermolecular and for the molecule-substrate potential we have therefore extended the 

displacement expansion to атах = 6. The spherical expansion of the molecule-substrate 

potential is only extended to lmax = 2, because of the weak anisotropy of the hydrogen 

molecules. 

The two-dimensional character of the adsorbed layer causes the translational mo

tions of t h e molecules to be strongly anisotropic. The amplitude of the in-plane vibra

tions turns out to be very different from that of the out-of-plane vibration. Therefore, 

a large basis of spherical harmonic oscillator functions is needed for the translational 

motions. With harmonic oscillator functions up to Пта* — 8, which results in a basis 

of 165 functions, the results are well converged. In these spherical harmonic oscillator 

functions occurs a scaling parameter A which is used to optimize the basis [27]. For a 

three-dimensional isotropic oscillator A = (Mu/h)1/2, where M is the molecular mass 

and ω t h e harmonic-oscillator frequency. In the case of an adsorbed layer, with the 
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in-plane frequencies very different from the out-of-plane frequency, we average over the 

three fundamental excitations 

. Г,Л(* ( 1 ) - ε ( 0 ) ) + (ε ( 2 ) - ε ( 0 ) ) + (ε ( 3 ) - e™)}" ' " Α= \Μ —, 

which yields better convergence with the same number of basis functions. Because of 

the weakly anisotropic interactions a small basis of tesserai harmonics up to jmax — 2 

is sufficient for the calculation of the rotational mean-field states. 

In all calculations we use 1.42 À as the nearest neighbor distance between the carbon 
atoms within a graphite layer and 3.37 A as the distance between the graphite layers. 
The nearest neighbor spacing between the adsorbed molecules in the (\/3 χ уЗ) R 30° 

overlayer then equals 4.26 A. The range of the two-dimensional lattice summation over 

the intermolecular potential is set at 8.0 A. From Ref. [31] it is clear that only for the 

interaction of an adsorbed molecule with the top layer of the graphite substrate the 

corrugation has to be considered. This is achieved by summation over the molecule-

atom pair potentials within a range of 30 A. The rest of the graphite crystal is taken 

into account by including in Eqs. (11) and (12) the first Fourier term (g = 0) of the 

interaction with the next 10 layers. For the rotational constant of hydrogen we take 

В = 59.06 c m - 1 and for deuterium В = 29.83 c m - 1 . All calculations are performed at 

zero temperature. 

8.4. Results and discussion 

From the single-particle states of the molecules calculated at the mean-field level one 

can derive various quantities, such as the total Helmholtz free energy, the translational 

and rotational energy and the expectation values of the displacements of the molecules. 

These are listed in Table I. 

Our first observation is that the vibrationally averaged height (г) of the molecules 

above the graphite surface is substantially greater than the height ZQ = 2.785 A of the 

equilibrium positions of the molecules. These equilibrium positions are calculated from 

the isotropic term in the molecule-substrate potential and they lie above the centers of 

the sixfold carbon-rings. For р-Нг and 0-D2 we find that (u,) = (г) — ZQ equals 0.178 A 

and 0.122 A, respectively. This reflects the strong anharmonicity of the out-of-plane 

vibrations. Although the choice of origin should be irrelevant for a complete basis, we 

have located the basis functions for the translational vibrations at height (г), since this 

appears to yield the best converged results for a fixed number of basis functions. 

We observe further a strong anisotropy in the translational vibrations. The root-

mean-square amplitude of the in-plane vibrations is almost twice as large as the ampli

tude of the out-of-plane vibrations, both forp-H2 and for 0-D2. We find good agreement 

(29) 
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Table I. Helmholtz free energy (F), translational kinetic energy (Εχ) and average 
displacements (at Τ = О К) for commensurate p-Hj and 0-D2 layers on graphite. 

This work Ref.[20] Ref.[2l] Ref.[l9] Exper.[9] 

P-Hj 

F (kJ/mol) -3.963 -4.247 
ET (kJ/mol) 0.776 

(2) (A) 2.963 3.0 2.92 
("2> - (u.) 2 (A2) 0.053 0.04 0.042 
(u^ + uj) (Aa) 0.345 0.353 0.436 

o-D 3 

F (kJ/mol) -4.438 -4.717 
ET (kJ/mol) 0.531 

(z) (A) 2.907 2.9 2.88 
(u|) - (u,)2 (A2) 0.037 0.04 0.029 
(u2 + uj) (A2) 0.270 0.268 0.328 0.25 

with the amplitude of the in-plane vibrations in 0-D2 which has been determined from 

neutron diffraction intensities [9]. 

The TDH calculations yield the phonon and roton band structure, as well as pos

sible mixing between these bands. Since the roton frequencies in p-Hj and 0-D2 are 

considerably higher than the phonon frequencies there is very little mixing, however, 

and we discuss the phonons and the rotons separately. In the calculations of the phonon 

bands we have included 5 excited center-of-mass vibrations of each molecule: the two 

fundamental in-plane vibrations, the fundamental out-of-plane vibration and the two 

lowest in-plane overtones. The latter were taken into account because they appear to 

be nearly degenerate with the fundamental out-of-plane mode. Thus, one might expect 

Fermi-resonances between these modes which will affect the phonon band structure, 

except in those points of the two-dimensional Brillouin zone where such resonances are 

forbidden by symmetry (e.g. the Г-point). T h e following characteristics of the in-plane 

phonon band structure have been determined by INS [10-15]: the lowest phonon fre

quency at the Г-point (u>o)i the total width of the in-plane phonon band (Δω), the 

frequency of the transverse phonon at the M-point (wr) and the frequency of the lon

gitudinal phonon near the K-point (w¿). The mode with frequency WQ is an acoustical 

phonon mode (an overall translation of the entire adsorbed layer). 

The value of ωο (often called the phonon gap) is a direct measure for the corrugation 

in the substrate-adsorbed layer potential. The results which we have obtained for these 

quantities are shown in Table II, together with the experimental data and the results 

available from calculations by Novaco et al. [20,21] and by Gottlieb et al. [18,19]. Phonon 

dispersion curves are displayed in Figs. 1 and 2. 
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Table П. Phonon frequencies") (in c m - 1 ) . 

This work Ref.[20] Ref.[l9] Exper.[ll,15] 

P - H 2 

WO(JFI) 34.1 32.4 27.2 32.9 

Δω 2S.5 29.3 19.1 
ω Γ 45.7 45.1 40.2 
ωχ, 56.0 58.2 49.Θ 

ω(Ε2) 107.6 
ωΐΑι) 115.3 (157) 

o-D3 

шо(£і) 25.3 25.β 21.7 27.8 
Δω 10.5 10.3 β.β 
ωτ 30.8 30.7 30.8 
Ы£ 34.4 35.0 33.4 

»{Ез) 67.7 
ω(.Αι) 71.3 

α) ωο(Ει) is the phonon gap, i.e. the frequency of the Εχ mode at 
the r-point (space group p6mm). 
Δω is the band width of the in-plane phonon band. 
ωγ is the frequency of the transversal phonon mode at the M-
point. 

ωχ, is the frequency of the longitudinal phonon mode near the K-
point. 
(¿(Ei) is the frequency of the in-plane two-phonon excitation at 
the Г-point. 
ω[Αι) is the frequency of the ont-of-plane mode at the Г-pomt. 

The results from our TDH calculations lie very close to the in-plane phonon fre

quencies from the SCP calculations by Novaco [20]. 

Apparently these phonon frequencies are determined mainly by the isotropic po

tential. The isotropic term in the molecule-substrate potential is derived from selective 

adsorption measurements [24], both in our calculations and in those of Novaco [20]. For 

the H2-H2 interactions he applies a semi-empirical isotropic potential of Silvera and 

Goldman [32], whereas we use an anisotropic ab «m'fio potential [22,23]. Moreover, we 

include the out-of-plane phonons and the rotons, which we find to be well separated 

from the in-plane phonons, however. Our results are in good agreement with the exper

imental data [11]; the dispersion of the in-plane phonons is just slightly overestimated. 

We have also modelled the Ha-graphite interactions with empirical atom-atom poten

tials derived from solid hydrocarbons [33], but the results appeared to be substantially 

worse. 

Prom Figs. 1 and 2 it is obvious that the out-of-plane phonons mix with in-plane 
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Fig. 1. Phonon dispersion curves for a p-Hj monolayer on graphite, from TDH calculations 
at Τ = 0 K, compared with the experimental values of ωο, Ü>¿, and u>r (a) from refs. [11,12] 
(a — 4.26 À is the nearest neighbor distance in the adsorbed layer). 

two-phonon states. The frequencies of the out-of-plane phonons are close to the out-
of-plane vibrational frequency (122.4 cm - 1) of a single H2 molecule obtained from 
selective adsorption measurements [24]. The frequency for the out-of-plane mode which 
was deduced from the INS spectrum of р-Нг on graphite [15] is substantially higher, 

however (157 c m - 1 ) . An alternative assignment of the INS spectrum [15] might be 

suggested. This spectrum contains a strong peak at 118 c m - 1 which is due to the 

j = 0 —• 1 rotational transition. This transition is optically forbidden, but it is induced 

by neutron scattering. We think that the out-of-plane phonons (calculated at 115.3 

c m - 1 for g = 0) might be hidden under this peak. (Actually a side peak is observed 
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Fig. 2. Phonon dispersion curves for an o-Dj monolayer on graphite, compared with the 
experimental values of ωό, ωχ, and ωχ (•) from refs. [11,12]. 

at 114 cm - 1 . ) The broad peak around 157 c m - 1 should then be assigned, probably, 

to a combination band of the j = 0 —• 1 rotational transitions or the out-of-plane 

phonons with the in-plane phonon modes. Such a combination band may range from 

151 to 170 c m - 1 (4.53 to 5.08 THz) which is consistent with the broad peak in the 

experimental spectrum. If this alternative assignment is not correct, then we would 

have to conclude that the shift in the out-of-plane vibrational frequency from 122 c m - 1 

for a single Hj molecule to 157 c m - 1 for a full Щ monolayer is caused by substrate-
mediated interactions between the molecules in the adsorbed layer. In our calculations 
these interactions have been ignored. It would be surprising, however, if they affect so 
strongly the out-of-plane vibrations, while the in-plane modes are in good agreement 
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320' ' ' ' 

Г К M Г 
4π/3α 2n/\J3a 

Tig. S. Roton dispersion curves for л р-Нг monolayer on graphite, from TDH calculations at 
Τ = 0 К. Solid curves: with tij from Eq. (17). Dashed curves: with «j = 0. 

with experiment. Therefore, we prefer the first explanation. 

The structure of the roton bands for р-Щ and 0-D2 layers on graphite is shown 

in Figs. 3 and 4. Since the anisotropy of the molecule-substrate potential is entirely 

unknown (see Sec.8.2.3 and 8.2.4), we have varied the strength of this anisotropy by 

changing the anisotropy parameter «2 in the crystal-field, see Eqs. (16) and (17). 

The dashed curves are obtained for из = 0, the solid curves are calculated with 

the values of «2 (65.1 c m - 1 for р-Нг and 69.9 c m - 1 for 0-D2) that are obtained from 

the anisotropic H2-H2 potential within the layer, in combination with the atom-atom 

model for the H2-substrate interaction (see Sec. 8.2.3). The latter values of V2 are 

almost certainly overestimated as it is known that the atom-atom model overrates the 
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Pig. 4. Roton dispersion curves for an o-Dj monolayer on graphite. Solid corvee: with Vj 
from Eq. (17). Dashed curves: with uj = 0. 

asphericity of the Нд molecule and it appears from NMR measurements [17] for 0-H2 

and p-Dj on graphite that з is probably rather small. It is obvious that the value 

of t>2, which is dominated by the anisotropy F2,0 in the molecule-substrate interaction, 

see Eq. (17), has an enormous effect on the roton dispersion curves. This effect can be 

completely understood from the derivation in Sec. 8.2.4 which leads to Eq. (28). 

One observes nearly parallel shifts of the roton subbands when va is changed. The 

shape of these subbands, which is primarily determined by the quadrupole-quadrupole 

interactions within the adsorbed layer, is practically not altered, except for avoided 

crossings. Prom Table ΙΠ it appears that the simple formula given by Eq. (28) is indeed 

capable of yielding rather accurate roton frequencies. This will be very valuable when 
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Table Ш . Optical (q = 0) roton frequencies (in c m - 1 ) , ob
tained from the full TDH calculations including phonons, and 
obtained from Eq. (28) with fa calculated from Eq. (17) and 5 
from Eq. (26), see text. 

p 6 m m 

symmetry 

Et 
Αχ 

Ρ-

Eq. (28) 

339.0 
363.7 
382.1 

Ha 

TDH 

339.5 
362.3 
381.2 

o-D2 

Eq. (28) TDH 

165.7 165.4 
192.5 190.1 
214.9 210.6 

these frequencies will be measured, because Eq. (28) allows the direct calculation of vj 

from the splittings between the (optical) roton frequencies. Experimental data for р-Нг 
on graphite are available [34] from electron energy loss spectroscopy (EELS). A peak has 
been observed at 379 ± 16 c m - 1 , which agrees in particular with the frequency of the 
calculated optical roton with polarization perpendicular to the surface (symmetry Ai). 
The resolution of these measurements was too low to observe any splittings. Moreover, 
the selection rules effective in EELS might prevent the observation of rotons polarized 
parallel to the surface. 
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Note 

This chapter will also be included in the Ph.D. thesis of W.B.J.M. Janssen. 
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Summary 
The subject of this thesis is: lattice dynamics calculations on molecular crystals and 
physically adsorbed molecular layers. The methods used are the standard harmonic 
method for the solids with larger molecules (chlorinated benzenes and tetracyano-
ethene) and the Time-Dependent Hartree (TDH) method for N2, H2 and D2 crystals 
and overlayers. The harmonic method is extended to include the coupled intramolecular 
vibrations (vibrons). In the quantum mechanical TDH method the translational vibra
tions of the molecules (phonons) are expanded in a basis of three-dimensional harmonic 
oscillator wave functions and their collective librations (librons) or hindered rotations 
(rotons) in a free rotor basis. For the larger molecules we have used semi-empirical atom-
atom potentials, for H2, D2 and N2 we have based ourselves on ab initio intermolecular 
potentials, with their anisotropy given explicitly in spherical harmonics. 

Chapters 1 and 2 describe a combined spectroscopic and computational study of 
chlorinated benzene crystals. The calculations appeared to be indispensable to under
stand the vibron band structure in the various crystal modifications, as well as the effects 
of the random 35C1/37C1 isotopie disorder. Chapter 3 deals with the phonon/libron and 
vibron dispersion in tetracyano-ethene as observed by inelastic neutron scattering. It is 
found that the anomalous dispersion measured in one of the vibron branches is caused 
by the long range electrostatic coupling between strong vibrational transition-dipole 
moments. Near the center of the Brillouin zone, the shape of the dispersion curve for 
the mode involved appears to be sensitive to the size and shape of the macroscopic 
crystal domains. Chapter 4 is a methodological study. On the well-studied case of solid 
nitrogen we compare different lattice dynamics methods and different expansions of the 
06 mítí'o potential and we calculate the anharmonic effects. 

Chapters 5 and 6 contain the theory that was required before we could apply the 
TDH lattice dynamics method to the study of adsorbed layers. We had to derive explic
itly the anisotropy and the displacement dependence of the molecule-substrate potential 
and to perform two- and three-dimensional lattice sums. For these sums we have de
rived the two-dimensional Fourier components which describe the corrugation of the 
periodic substrate. The resulting formulas have been coded and included in a (modi
fied) two-dimensional lattice dynamics program package. In Chapters 7 and 8 we have 
used this package for computations on N2, H2 and D2 monolayers on graphite. For N2 
on graphite we have treated both the commensurate and incommensurate monolayers, 
their thermodynamic stability and the (anharmonic) phonon and libron frequencies. 
For P-H2 and 0-D2 layers the use of a quantum mechanical method is essential. We 
have calculated the phonon and roton dispersion curves and compared the results with 
the scarce experimental data. More detailed summaries of the work and the conclusions 
can be found in the individual chapters. 



Samenvatting 

Het onderwerp van dit proefschrift is: roosterdynamica berekeningen aan moleculaire 
kristallen en geadsorbeerde moleculaire lagen. De gebruikte methoden zijn de standaard 
harmonische methode voor vaste stoffen met grotere moleculen (gechloreerde benzenen 
en tetracyano-etheen) en de Time-Dependent Hartree (TDH) methode voor N2, H2 en 
D2 kristallen en geadsorbeerde lagen. De harmonische methode is uitgebreid voor gekop
pelde intramoleculaire vibraties (vibronen). In de quantummechanische TDH methode 
worden de translationele moleculaire vibraties (fononen) geëxpandeerd in een basis van 
drie-dimensionale harmonische oscillator golffuncties. De collectieve libraties (libronen) 
of gehinderde rotaties (rotonen) worden ontwikkeld in een vrije rotor basis. Voor de 
grotere moleculen hebben we gebruik gemaakt van semi-empirische atoom-atoom po
tentialen. Voor N21 H2 en D2 hebben we ons gebaseerd op ab initio intermoleculaire 
potentialen, waarbij de anisotropie expliciet gegeven wordt in termen van sferisch har
monischen. 

In hoofdstuk 1 en 2 wordt een gecombineerd experimenteel en theoretisch onderzoek 
aan gechloreerde benzeen kristallen beschreven. De berekeningen bleken onmisbaar te 
zijn voor de interpretatie van de vibron bandstructuur en van 3SC1/37C1 isotoop effecten 
in de diverse kristalmodificaties. Hoofdstuk 3 behandelt de fonon/libron en vibron dis
persie in tetracyano-etheen zoals gemeten m.b.v. inelastische neutronenverstrooiing. De 
gemeten anomale dispersie van een van de vibronbanden blijkt veroorzaakt te worden 
door de elektrostatische koppeling tussen sterke overgangsdipoolmomenten. De vorm 
van de betreffende dispersiecurve is gevoelig voor de grootte en vorm van de macrosco
pische kristaldomeinen. Hoofdstuk 4 beschrijft een methodologische studie. Voor het 
veel bestudeerde vast stikstof vergelijken we verschillende roosterdynamica methoden 
en verschillende expansies van de ab initio potentiaal en berekenen we anharmonische 
effecten. 

Hoofdstuk 5 en 6 bevatten de theorie die nodig is om de TDH roosterdynamica 
methode te kunnen toepassen op geadsorbeerde lagen. De anisotropie van de mole
cuul-substraat potentiaal en de afhankelijkheid van translationele uitwijkingen hebben 
we expliciet afgeleid. Voor de in deze potentiaal optredende twee- en drie-dimensionale 
roostersommen zijn twee-dimensionale Fourier componenten afgeleid, die de corrugatie 
van het periodieke substraat beschrijven. De resulterende formules zijn geprogrammeerd 
en toegevoegd aan een (gemodificeerd) twee-dimensionaal roosterdynamica programma. 
In hoofdstuk 7 en 8 hebben we dit programma gebruikt voor berekeningen aan N2, Hj 
en D2 monolagen op grafiet. Voor N2 op grafiet hebben we zowel de commensurable 
als de incommensurabele monolagen onderzocht. Met name is gekeken naar hun ther-
modynamische stabiliteit en naar de (anharmonische) fonon en libron frequenties. Voor 
P-H2 en 0-D2 lagen is het gebruik van een quantummechanische methode essentieel. 
De fonon en roton dispersiecurven zijn berekend en vergeleken met de eerste experimen
tele resultaten. Meer gedetailleerde samenvattingen en conclusies zijn te vinden in de 
afzonderlijke hoofdstukken. 



Curriculum vitae 
van Tom van den Berg (geboren op 18 april te Schijndel). 

Mei 1979 

Eindexamen Atheneum В aan het Maaslandcollege te Oss. 

September 1979 

Aanvang studie Technische Natuurkunde aan de Technische Universiteit Eindhoven. 

November 1985 

Ingenieursexamen Technische Natuurkunde. 

Afstudeerrichting: Theoretische Natuurkunde (bij prof.dr. B.J. Verhaar). 

Eerste graads onderwijsbevoegdheden: Wiskunde, Natuurkunde en Mechanica. 

Januari 1986 

Aanvang promotieonderzoek in de vakgroep Theoretische Chemie aan de Universi

teit Nijmegen onder leiding van prof. dr. ir. A. van der Avoird. 






