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The full potential linearized augmented plane wave method as embodied in the program package 
WIEN95 was originally developed for crystalline solids and is based on crystal periodicity. The present 
work demonstrates that it is applicable to isolated molecules with the examples of CdCl2 , HgF2 , and 
HgCl2 by investigating the required size of artificially enlarged unit cells and by calculating bond dis-
tances and vibrational frequencies in excellent agreement with experimental data. The dependence of 
electric field gradients at Cd and Hg, respectively, on bond angle is investigated. A point charge like be-
haviour of energetically low lying states is found, whereas large discrepancies from the point charge 
model occurred for the energetically high lying valence states. 

1. Introduction 

In the past years, the full potential linearized augmen-
ted plane wave (FPLAPW) method as embodied in the 
program package WIEN95 [ 1 ] has proven to be an accu-
rate and powerful method to calculate electron densities 
and electric field gradients (EFG) in crystals [2], For 
molecules, this method is not directly applicable since it 
requires crystal periodicity. On the other hand, most 
methods designed to calculate molecules are specialized 
in describing the chemical bonding (in particular for 
lighter elements) and therefore suffer from a poor basis 
set near the nuclei and are thus not applicable to heavy 
nuclei. Nevertheless, Hemmingsen and Ryde [3] calcu-
lated the EFG at Cd in CdCl2 using the Hartree-Fock-
method including some correlation corrections, but no 
experimental or competing theoretical data are available 
to check these results. 

We investigated the possibility to apply WIEN95 to 
isolated molecules. By comparing measurable properties 
(bond distances, vibrational frequencies) with the calcu-
lated values we can test the quality of such calculations1. 
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in isolated molecules of CdCl2 , HgF2 , and HgCl2 . 
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Encouraging results would allow us to calculate EFGs in 
molecules, too, with the same method as successfully 
used for solids. Comparisons to other methods applicable 
to molecules only would be possible. In isolated mole-
cules, effects from the crystal structure are not superim-
posed on the contributions from different electronic 
states, influences of bond angles and distances. There-
fore in a free molecule the origin of the EFG could be 
understood more easily than in solids and common rules 
could possibly be extracted. 

We compare our results with EFG measurements in 
crystals and other calculations (results of Fraenzke and 
Butz [4], Trögeret al. [5], and Hemmingsen and Ryde [3]). 

2. Method 

The FPLAPW method divides the unit cell of a crystal 
into spheres around the atoms and an interstitial region. 
The wave functions of the valence states at a £-point in 
the first Brillouin zone are expanded in spherical har-
monics within the spheres and in plane waves in the inter-
stitial region: 

+ B?m
k uf{r,Ef )\Ylm{r) 

<Pk(r) = \ u c a W sphere of atom ß 
ikr 

IK uK e ' K r interstitial region . 
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/ and m are the angular momentum quantum numbers, 
wf(r, E f ) is the (numerical) solution of the radial 
Schrödinger equation within the sphere ß at energy E^, 
uj3 is its energy derivative, K runs over the vectors of the 
reciprocal lattice, and the ufc are the plane wave coeffi-
cients. For each fc-point these coefficients have to be cal-
culated by diagonalizing a matrix with dimensions equal 
to the number of K vectors. Therefore, the plane wave 
expansion is severely limited by the available size of the 
computer main memory. 

The core states (in this work: F Is, CI Is to 2p, Cd Is 
to 4s, and Hg 1 s to 5s) are treated as spherically symmet-
ric. The influence of Hg 4f states on the EFG was tested 
by treating them as valence states and found to be in the 
order of 1 %. Therefore, these states were treated as core 
states in further calculations. 

Full point group symmetry was used to decrease the 
computational effort. 

To apply the FPLAPW method to molecules it is ne-
cessary to construct a large supercell which contains one 
molecule. This supercell is repeated periodically in all 
three directions. Only one fc-point k = (0, 0, 0) is needed, 
and the unit cell dimensions must be chosen sufficiently 
large that interactions between atoms from neighbouring 
cells are negligible. This can be tested by increasing the 
unit cell dimensions and checking the convergence of 
some calculated properties. We used a tetragonal unit cell 
(dimension axbxb) with the molecule axis along the 
jc-direction (coordinates (0, 0, 0) for the metal atom and 
(±x, 0, 0) for the halogen atom, see Figure 1). To use the 
space of the unit cell as efficiently as possible and to 
preserve the (100) mirror plane as symmetry element 
while bending the molecules (Section 5.2) we placed the 
halogen atoms at ( ± R x _ Y / a cos 0 , Rx_Y/(<2b) s in0 , 
/?x_y/(V2 b) sin 0 ) with 0 = n-6/2, d being the bond 
angle and Rx_Y the bond distance between the atoms X 
and Y. 

All calculations were performed using the generalized 
gradient approximation (GGA) [6]. 

c I Ia I Ia M 

c Ha IIa V 

3. Test of Basis Set 

The application of the FPLAPW method to molecules 
requires extended tests of basis sets. 

The quality of the plane wave basis set can be charac-
terized by the parameter RKmax defined as 

RKmax '•= min{/?o } max {I AH}, 
ß K 

(2) 

where Rß is the radius of sphere ß. Obviously, the basis 
set improves by increasing RKmax but the parameter 
range is restricted by main memory limitations (see Sec-
tion 2). 
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Fig. 1. Geometry of the unit cell. 
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Fig. 2. Total energy £ (with arbitrary zero), force on CI atom F 0 1 , 
and V„-values versus convergence parameter R K m a x for CdCl2 . 
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In Fig. 2, the influence of the plane wave basis set 
on the total energy, the force on the Cl atom, and Vzz at 
the Cd and the Cl nuclei are plotted for CdCl2 with 
a = 16 a.u.2, 6 = 8 a.u.. and /? c d_ c i = 4.16 a.u. Conver-
gence could be reached for RKmax>1.5. Due to the large 
computing time and main memory requirements all fur-
ther calculations were performed using a slightly small-
er RKmäx (ßÄ"max = 7.0), which saves computer time but 
is still sufficiently accurate. 

Furthermore, we tested the WIEN95-specific param-
eters NPT and RO defining the radial mesh within the 
spheres, on which uj* is calculated [7]. As expected, all 
these parameters have only minor influence on the re-
sults and thus are not reported here (see [8]). 

4. Test of Unit Cell Dimensions 

For HgCl2 the convergence of molecular properties 
versus unit cell dimensions was tested. Holding 6 fixed 

2 Within this paper atomic units are used: 1 a.u. = 5.29177 • 
10"" m. 
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at 6 = 8 a.u. and 6 = 1 2 a.u., respectively, a was varied 
from A = 13 a.u. to a = 28 a.u. while the bond distance 
^Hg-ci w a s kept constant (/?Hg_cl = 4.24 a.u.). Subse-
quently, for a = 19 a.u., 6 was varied from 6 = 6 a.u. to 
6 = 1 2 a.u. The results are plotted in Figure 3. 

Convergence was reached for a >19 a.u. and 6> 
10 a.u. For further calculations a = 20 a.u. and 6 = 1 2 a.u. 
was used. 6 was increased more than a because we want-
ed to bend the molecules. Since HgCl2 contains the larg-
est atoms of the investigated halogenides, we used these 
unit cell dimensions for all three compounds. 

5. Calculations of Properties of Isolated Molecules 

Using the unit cell dimensions described in Sect. 4 we 
calculated total energies, forces, and electric field gra-
dients as functions of bond distance and bond angle. 

J. 1 Bond Distances 

The bond distances Rx_Y were varied in the range from 
4.12 a.u. to 4.32 a.u. (CdCl2), from 3.60 a.u. to 3.70 a.u. 
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Fig. 3. Total energy E (with arbitrary zero), force at Cl atom F°\ and V^-values versus unit cell dimensions for HgCl2 . For this 
calculation, /?A"max = 8.0 was used. 
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(HgF2), and from 4.20 a.u. to 4.40 a.u. (HgCl2), respec-
tively. The results are plotted in Figure 4. 

The total energies show a nearly quadratic dependence 
on R x-Y a r ,d consequently the forces (defined as 
Fx=-bE/bRx, where Rx is the position of atom X, but 
calculated directly using the wave functions at each geo-
metry [7]) show only small deviations from linearity. The 
equilibrium bond distances were determined by both 

minimizing total energies and adjusting for vanishing 
forces. The results are summarized in Table 1 and com-
pared with experimental values from electron diffraction. 
A quadratic fit of the total energy dependence on Rx_Y 

allowed to determine the force constants leading to 
the stretch vibration frequencies given in Table 1, in 
good agreement with the experimental results from [9, 
10], 

-20 tf 

Fig. 4. Total energy E (with arbitrary zero), force at halogen atom F Y , and V„-
tice constant a = 20 a.u.) for CdCl2, HgF2, and HgCl2. 
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Table 1. E x p e r i m e n t a l and ca lcu la t ed m o l e c u l a r proper t ies of 
C d C l 2 , H g F 2 , and H g C l 2 . 

X Y , CdCU HgF2 HgCl2 

Crystals 
Distance Rx_Y [a.u.] 
Coordination number 

of X 
V J J at X [1021 V/m2] 
r\ a tX 
Va at X [1021 V/m2] 
77 at X 

5.002(10) 4.53 [17] 4.378/4.393 

calc 
calc 
exp 

6 
2.4(5) 
0.0(0) 

±2.2(4) [4] 

8 117] 

exp 0.12(7) [4] -

2 
-71.8 [5] 

0.064 [5] 
t75.7 [5] 

0.065 [5] 

Molecules 
Rx_y [a.u.] from total 

energy 
Rx_y [a.u.] from force 
/?x-Y [a.u.] 

[cm -h 

4.24(3) 
4.22(3) 
4.21 [18] 

357 
329 [9] 

ö̂bcnd lcm ] 

V„ at X [1021 V/m2] 

calc 
calc 
exp 
calc 
exp 
calc 88 
exp 88.5 [9] 
calc -35.0(2) 
calc 3.82(5) 

3.64(2) 
3.64(2) 

620 
588 [10] 
164 
171.5 [10] 
-58.9(3) 

5.86(4) 

4.23(3) 
4.23(3) 
4.29 [18] 

345 
346 [9] 
100 
107 [9] 
-73.3(5) 

4.72(3) 

The V^ values at the metal atoms were fitted with a func-
tion a0x~3, assuming a point charge like dependence and 
a0x~a> as predicted by Butz [11, 12], assuming a stronger 
dependence of V^ on the bond distance. The first function 
did not fit the results well, whereas the second function is 
adequate. The exponents a t are given in Table 1. 

5.2 Bond Angles 

For the equilibrium distances given in Table 1 (using 
the force criterion) the bond angles were varied from 180° 
to 80°. The resulting forces were split into their radial 
and tangential component, and the latter was used to 
calculate the bending vibrational frequencies given in 
Table 1. The agreement with experimental data taken 
from [9, 10] is excellent. 

Furthermore, the contributions from different elec-
tronic states (Cd-4p, Cl-3s, Cd-4d, and valence states for 
CdCl2; Hg-5p, F-2s, Hg-5d, and valence states for HgF2; 
and Hg-5p, Cl-3s, Hg-5d, and valence states for HgCl2) 
to the EFG at the metal atoms were investigated. The re-
sults are presented in Fig. 5 in the form of Czjzek-plots 
(see e.g. [13]). Within a point charge model Vzz, r\-tra-
jectories of a three-atomic molecule would start in such 
a plot at the lower line for 77 = 0 corresponding to a 
stretched molecule (6= 180°), cross the line at 77 = 1 at 
20m a g i c= 109.47°, get reflected at the upper line at 77 = 0 
for 0=90°, cross r\ = 1 again at 6 = 180° - 2 0magic , and fi-
nally reach the starting point for 0 = 0 ° again, as shown 
in the last plot of Figure 5. Note that 0 m a g j C = 54.74° is 
the magic angle for which 3cos2 0 m a g j C - 1=0-

Fig. 5. C z j z e k - p l o t s of the con t r ibu t ions of d i f f e r en t s ta tes to 
the meta l E F G in C d C l 2 , H g F 2 , and H g C l 2 . • . . . 0 = 9 0 ° . T h e 
f irst plot con ta in s the da ta of H e m m i n g s e n and R y d e [3], the 
last s h o w s the p red ic t ions of the poin t cha rge m o d e l ( P C M ) . 
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Obviously, the EFGs from the metal p-(semicore), the 
F 2s-, the Cl 3s-, and the Cd 4d-states exhibit a point 
charge-like behaviour, whereas those from the Hg 5d-
states, the valence states, and the total EFG do not at all. 
Furthermore, it can be seen that the different contribu-
tions have opposite signs and therefore partially cancel 
each other. 

Figure 5 also contains the results of Hemmingsen 
and Ryde for CdCl2 [3]. They used a bond distance 
flCd_a = 4.734 a.u. (the sum of the covalent radii of the 
atoms) which differs from the equilibrium atom distance 
calculated within the present work (Section 5.1). 

6. Results for Crystals 

In order to compare the free molecule with the crystal 
of the same compound, CdCl2 was calculated as a solid 
using the structure determined by Pauling and Hoard 
[14], The space group is R3m with Cd at (0, 0, 0) and Cl 
at (u, U, U). The reported internal coordinate w = 0.25(1) 
was checked by minimizing the total energy and found 
to be u = 0.251 (2), in excellent agreement with the X-ray 
value. The EFG at Cd sites exhibited a very strong de-
pendence on u and at the equilibrium geometry was de-
termined to be +2.4(5) • 1021 V/m2, in good agreement 
with the experimental value ±2.2 • 1021 V/m2 found by 
Fraenzke and Butz [4], Similar calculations and experi-
ments on HgCl2 have been performed by Tröger et al. [5] 
and showed the same good agreement. 

For comparison, all results and some relevant crystal 
structure data are summarized in Table 1. 

7. Discussion 

7. / Basis Set 

Figure 2 shows how the investigated physical proper-
ties converge with respect to RKm a x and good conver-
gence is found for RKmax>l. The dependence of total 
energy can easily be interpreted in terms of the variation-
al principle: The better the basis set, the lower the total 
energy. The negative value of the force F on Cl at 

= 6.0 illustrates the importance of a good basis set: 
A poor basis set can cause qualitatively wrong results. In 
other calculations too (see e.g. [15]), we observed that 
the basis set had a stronger effect on the forces than on 
other properties (e.g. V,-). 

7.2 Unit Cell Dimensions and Molecular Properties 

The convergence of molecular properties with respect 
to the unit cell dimensions and the related intermolecu-
lar distances is shown in Figure 3. A separation of about 
10 a.u. (5 A) between atoms belonging to different cells 
is sufficient to make the spurious interactions negligible. 
Furthermore, molecular properties are calculated with-
out additional information (e.g. on bond distances). Bond 
distances can be obtained using two different numerical 
approaches, namely from the total energy or directly 
using the forces at the nuclei. Usually these two meth-
ods yield almost identical results and the small discrep-
ancies (e.g. in the case of CdCl2) as related to numerical 
reasons due to the truncated basis set. 

The quadratic (linear) dependence of the total energy 
(force) is expected due to the expansion of the potentials 
(nuclear part, separated from electronic part) near the 
equilibrium distances up to harmonic terms. Neverthe-
less, even in the small range presented here higher order 
terms are visible. 

The excellent agreement with experimental values for 
the derived bond distances, stretch vibrational as well as 
the bending vibrational frequencies shows that the 
FPLAPW method is applicable to molecules, too, but one 
must admit that a larger computational effort is required 
than for solids. 

7.3 Electric Field Gradients - Crystals and Molecules 

The good agreement between experimental and theo-
retical values for the internal coordinate u and the EFG 
component Vzz at Cd for crystalline CdCl2 is not surpris-
ing since the FPLAPW method was successfully used in 
this field before. Unfortunately, no experimental values 
of the EFGs in the molecules are available. Since the EFG 
is very sensitive to details in the asymmetry of the elec-
tron density, especially near the nucleus, this would be a 
further and very interesting test of the method applied to 
molecules. 

Comparing the EFGs in crystals and molecules, we 
note a large difference in the case of CdCl2, whereas it 
is small for HgCl2. This can be explained by looking at 
the crystal structure: Cd is six-fold coordinated in the 
crystal, leading to an averaging over the EFG compo-
nents from the respective neighbours, but two-fold coor-
dinated in the molecule. For HgCl2, on the contrary, Hg 
is two-fold coordinated both in the crystal and the mole-
cule. Figure 6 clearly shows that the HgCl2 crystal is 
composed of relatively isolated molecules and thus can 
be considered a molecular crystal, whereas CdCl2 clear-
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Fig. 6. Crystal structure of CdCl2 ([14], left) and HgCU ([19], 
right). 

ly is an ionic crystal. Therefore the difference in EFG for 
CdCl2 between crystal and molecule is by far stronger 
than for HgCl2. For HgF2, however, a similar behaviour 
to that of CdCl2 can be expected due to the eight-fold co-
ordination of Hg in the crystalline case. 

7.4 Electric Field Gradients -
Dependence on Intramolecular Quantities 

The dependence of EFGs at the metal atoms of the 
molecules exhibited no pure r~3 behaviour, in contrast to 
the predictions of a point charge model. The ^ - d e p e n -
dence of the point charge model is equivalent to a scal-
ing down of the electron density with decreasing bond 
distance. Obviously, the dependence is much stronger 
and could be fitted with r~a\ a{>3. An ideal ionic bond 
would gi ve a j = 3. For CdCl2, the lowest value of a t was 
found. This is an indication that this bond is the most ion-
ic one of the three investigated. 

A more detailed discussion of the volume dependence 
of the EFG can be found in [11, 12]. 

The results for the bending of the molecules can be 
interpreted as follows: The energetically low lying elec-
tronic states behave point charge-like, whereas the ener-
getically high (valence) states do not. This means that the 
semicore states are polarized by external charges but do 
not participate in bonding, whereas the valence states 
change their shape while bending the molecule due to 
changes in chemical bonding. It is interesting to note that, 
although attached to the same CI ligand, the Cd-4d states 
behave point charge like whereas the Hg-5d states do not. 

This reflects the fact described e.g. by Orgel [16] that the 
Hg-d states participate in the chemical bond by hybrid-
ization, but the Cd-d states do not. This hybridization is 
also responsible for the preference of a linear, two-fold 
coordination of Hg and a more covalent bond, visible e.g. 
in the crystal structure of HgCl2 and in the higher resis-
tance against bending of the investigated Hg-compounds, 
whereas Cd prefers higher coordination numbers and a 
more ionic bond, in agreement with the discussion of the 
exponent a, (see above). 

The EFG-contributions plotted in Fig. 5 arise only 
from electron densities within the metal atom sphere. The 
contributions from interstitial regions and from the oth-
er spheres are negligibly small. 

The largest contribution arises from the valence states. 
This is in agreement with a corresponding statement of 
Tröger et al. for crystalline HgCl2 [5]: Contributions 
from the Hg-6p states3 dominate the EFG. These states 
are almost unoccupied, but they contain the orthogonal-
ized tail of the halogen wave functions [5], and therefore 
are called "off-site" contributions. The contributions of 
the deeper electronic states are smaller but by far not 
negligible. They partially cancel each other: The contri-
butions of states localized at the metal site (metal-p and 
metal-d states) are positive, the others are negative. 
Therefore these contributions have also to be known as 
accurately as possible. 

A comparison of the total EFG at Cd in CdCl2 with the 
results of Hemmingsen and Ryde [3] shows partial agree-
ment in trend and in value. The difference in value can 
partly be caused by different bond distances: The larger 
bond distance of Hemmingsen and Ryde causes a lower 
Vzz value. We consider our bond distance as more realis-
tic because it was determined by minimizing the total en-
ergy, whereas Hemmingsen and Ryde added the covalent 
radii of the atoms only. When we rescale our trajectories 
to the bond distance of Hemmingsen and Ryde we obtain 
an excellent agreement to their results for the EFG-con-
tribution from the valence states, whereas the total EFG 
itself does not agree as well. This could be a hint that en-
ergetically lower states are treated in adequately within 
the basis set of Hemmingsen and Ryde. The FPLAPW 
basis set has proven to describe the energetically lower 
states adequately in a lot of crystal calculations, as was 
also demonstrated in the present work. However, a direct 
experimental test for the calculated isolated molecules is 
not available yet. 

3 These states are not occupied in the isolated atoms but 
become slightly occupied due to the chemical bonding. 
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8. Summary: Applicability of the FPLAPW Method 
to Molecules 

The results pesented in this work are an excellent proof 
of the applicability of the FPLAPW method to isolated 
molecules. It was shown that the calculation of molecu-
lar properties converges by increasing the distance be-
tween periodically repeated molecules. Furthermore, the 
experimentally available data (bond distances, stretch-
vibrational and bending-vibrational frequencies) are in 
good agreement with the calculated values. 

Unfortunately, there are some serious drawbacks in ap-
plying the FPLAPW method to isolated molecules. Large 
unit cells are necessary to separate atoms belonging to 
different cells by at least 10 a.u. This requires an extend-
ed plane wave basis set (with a matrix size of more than 
2000 for the small compounds investigated in this work) 
and therefore large main memory capacity and a lot of 

computing time. This could prevent a useful application 
of the FPLAPW method for more complicated mole-
cules. 

However, since the FPLAPW basis set is excellently 
suited for EFG calculations and well tested in many crys-
tal applications, calculations of the presented type help 
to check the EFG values obtained from molecular me-
thods and to improve the basis sets used in these methods. 
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