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Orientational phase transitions in molecular N, solids: A path-integral Monte Carlo study
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A molecular crystal composed of rigid,Nnolecules interacting via Lennard-Jones and electrostatic inter-
actions is studied by path-integral Monte Carlo simulations in the constant pressure ensemble. The simulation
scheme employed takes fully into account quantum effects on both translational and rotational degrees of
freedom of the molecules. The effect of quantum fluctuations on molar volumes, energies, and transition
temperatures is studied for different values of the external pressure. At zero pressure the transition temperature
from a high-temperature orientationally disordered cubic phase to a low-temperature phaBea3vtiucture
is reduced by about 11% due to quantum delocalization. With increasing Trotter number, the molar volume and
energy at low temperatures approach the experimentally observed values, in contrast to the classical simula-
tions. As the pressure increases, the transition temperature is shifted to larger values and the difference between
the classical and quantum values is decreagifg163-182608)07238-3

I. INTRODUCTION perimental, theoretical or simulational techniques. At low
temperatures and pressures the system is inathghase’

Molecular solids, composed of small or nearly sphericalwhere the molecular centers of the holecules form a fcc
molecules such as HN,, Cyy, and G, have received much lattice and each molecule of the basis cell is aligned along
attention recently~*3In such systems, molecules have trans-one of the four cubic body diagonals in such a way that they
lational as well as rotational degrees of freedom. While theare perpendicular to each other. With increasing temperature,
molecular centers are fluctuating around stable lattice siteghe system undergoes a phase transition to an orientationally
the molecular axes can orient in various ways with respect telisordered phase. The orientational order-disorder phase
each other and to the underlying lattice, giving rise to a vairansition has been studied by simulational techniques
riety of phases distinguished by the orientational order parecently.l3‘18
rameter. As this order parameter can change upon varying In all these simulational studies, however, the quantum-
temperature and pressure, molecular solids often exhibit nortechanical nature of the Notors has been neglected. While
trivial phase diagrams in th&-p plane. It turns out that path-integral Monte Carl@PIMC) has been successfully ap-
many of these phase transitions occur at low temperaturgglied to study of various crystalline systems, such as atgon,
and thus quantum effects can be expected to play an impopolyethylene?® and silicon?! the distinguishing feature of
tant role in the behavior of the system. Since the energynolecular solids from the point of view of quantum simula-
differences between the competing phases are often vetjons is the presence of the rotational degrees of freedom.
low, under particular circumstances the quantum zero-poinThese require within a PIMC scheme a special treatment,
energy might play even a decisive role in determining thesomewhat different from that applicable to translational de-
phase stability and therefore the phase diagram of the sygees of freedom, and it was only recently that a convenient
tem, as illustrated by the large isotope effect on the transitioscheme for three-dimensional rotors has been worked out
pressure observed at the-y transition of the nitrogen and described in Ref. 22. In this paper we have employed
crystal® A quantitative understanding of the role of quantumthis scheme in a constant pressure PIMC simulation, and
effects is therefore desirable. While from experimental studapplied it to a N molecular crystal. We present results for
ies alone it is hard to assess the relevance of quantum effedise low-temperature properties, such as molar volume, inter-
at low temperatures quantitatively, computer simulationshal energy and order parameter, and pay particular attention
provide here a convenient tool, allowing the same system tto the study of the phase transition to the orientationally
be simulated classically as well as quantum mechanicallydisordered phase at different pressures. We find that i the
Furthermore, provided a good quality potential for the sysphase the molar volume and internal energy at low tempera-
tem of interest is available, simulations can have also a pretures are in excellent agreement with experimental values. In
dictive power, and yield predictions for the behavior of theorder to quantify the amount of quantum effects near the
system under special conditions, e.g., high pressure, whictransition temperatures, we also performed some classical
have not yet been reached experimentally. In general, theimulations. The transition temperature to the high-
role of the quantum effects on the transitions at high prestemperature orientationally disordered phase was found to be
sures is a nontrivial and open question. reduced by about 11% resulting in a better agreement with

In particular, solid N exhibits a very rich phase diagram the «-B8 transition temperature obtained by experimental
in the T-p plane, which has been extensively studied by extechniques. The ground-state order parameter is reduced by
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as much as 20% compared to the classical value. Other quamula to the canonical partition functiaf(N,V,T) for a sys-
tities, like the volume and order parameter jump at the trantem of N particles in the volum¥ at inverse temperature
sition are also calculated and a surprisingly good agreememg= (kgT) *
with experimental data at the-3 transition is found. A

The remainder of this article is organized as follows: In Z(N,V,T)=Tr(exd — BH]) ©)]
Sec. Il we describe the model used for nitrogen crystal as .
well as the path-integral Monte Carlo method for the rota—and obtain
tors. In Sec. lll we present the simulation results obtained at
different pressures and discuss in detail various aspects of
the phase transitions observed. We compare our results with
experiments for thex phase and for the-3 transition as Xexq—,BVpot/P])P. 4
well as with classical simulations. Finally, in Sec. IV the ) ) ) .
conclusions are drawn and some further possible directiongere, integerP is the Trotter number. Inserting appropriate

Z(N,V,T)= lim Tr(exd — BT yans/ P1exd — BT ot/ P]

P—w

are suggested. complete sets of states, we obtain in coordinate space an
expression
IIl. METHOD AND INTERACTION POTENTIALS P
= (s) (s)
A. Interaction potentials Z(N,V,T) FI)'TOO 311 dfr }J d{n}

In our studies we model the,Nmolecules as rigid rotors.
We specify here the NN, interaction potential of the N XX = B(Tuanst Trort Vpod /Pl (5)
dimer based on aab initio study?* This potential has been wherer(® is the vector of a rotator's center of mass at imagi-
e ; 24,1417 ; . : :

modified for high pressurés: None of these im- nary time slices andn® the director parallel to the molecu-
proved potentials however is capable to successfully describg, axis In®|=1. Due to the cyclic property of the trace
the presence of all standard ,N phases found periodic boundary conditions have to be applied to the Trot-
experimentally: Furthermore, the experimentally observed o, index, i.e., fors=P, s+1=1. The full expressions rep-

structural fcc-hep phase transition accompanying éh  resenting the components of the Hamiltonian in &j.read
transition has not yet been found by direct simulational tech-

niques using these potentiafst’ because of large free- Tuane= Trand {1, r&* DY
energy barriers between the fcc and the hcp lattice structure. N
Here we are mainly interested in the quantifications of _2 m P? (9 (s+1)n2 3NP?2  mP
quantum effects on the low temperature—low-pressure A Zﬁzﬁz(rk N ) T 28 ”m'
phase, and motivated by the success of our previous classical
study*® we use the unmodified potential derived in Ref. 23, (6)
containing the electrostatic interaction potential and the con-
venient atom-atom Lennard-Jones 6-12 poteAtial. Tror= Tro({n'®,n**1})
The electrostatic interaction sites are positive charges of o P 2L+1
magnitude ¢;=0,=0.373 e located at distances => > [BL(L+1)+—=In
+ 1.044 A away from the molecular center of mass on the k=1 =0 B 4w
molecular symmetry axis and negative charges @
qs;=0qs=—0.373 e at distances + 0.874A,
respectively’’?**°The electrostatic interactiovig (k,1) be- Vo= Vol {101 =V ({r®,nS) + Ve ({r®,n®}),
tween the moleculek and | with charges atry and (8
n (m,n=1,...,4) isgiven by

PL(N-n&" )|,

)

whereP, denotes the Legendre polynomial. Fos fdtators,
the massm and the rotational consta® are equal tom
Umdn 1) =28.02 uandB=2.88 K, respectively.

The nuclear spin of the N atom is 1, thus for the N
molecule two variants have to be consideregho-N, and
para-N,, for the former the nuclear spins are parallel, for the

B. The path-integral formalism latter antiparallel. The total wave function of the bosonic N
Having specified the interaction potentials, we can writemolecule, consisting of the total nuclear spin times the rota-
for our system a full quantum Hamiltoniaf which apart tional state, has to be symmetric under intramolecular ex-
. A . o change of the atoms, which means that only the combina-
from pqtentlal energy/pot conS|st§ of kinetic energy due to tions of antisymmetric spin functions times odd rotational
translations of the centers of maSggns, and due to molecu- |evels or of symmetric spin functions times even rotational
lar rotationsT y;, levels have to be considered. As a consequencertbo-N,
only the evenL values in Eq.(7) appear, forpara-N, only
H=Tyanst Trot+ \‘/pot, (2)  the oddL values. This principal distinction of the different
variants of the N molecule however are only important at
In order to perform path-integral Monte Carlo low temperatures. In Ref. 22 the propagator for an orienta-
simulationg®-3840411923ye apply the Trotter product for- tional degree of freedomKg s, 1(N=1)=exg—BT,(N

4

Ve(k = >

m,n=1 47780 |rkm_rln| .
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FIG. 1. Equilibrium volume versus temperature at zero pressure. 27.15
Simulation results for various Trotter dimensioRsas indicated in 2710
the figure, the results fd?=1 correspond to a classical simulation,
lines are for visual help. The data connected by dashed lines are the 27.05
experimental volumes near the transitigtef. 11 from thePa3 to
the B structure. Errors for simulation results are eq(RIMC) or
smaller(classical MG than symbol sizes. 26.95

27.00

(b)
=1)/P], has been studied for the three different cases, full 26'9%_00 0.01 0.02 0.03 0.04 0.05 P

summation over all values(even and odd summation over .

evenL and summation over odd values. For temperatures  FIG. 2. Trotter scaling plots of the molecular energy and
andP values, for which3B/P<0.1, K, ;(N=1) does not molar volume(b) at zerc_J pressure and tempere_ltmre-_zo K. Points
show any visible differences for these cases for angles are PIMC results, the lines are the extrapolatlon lines to the Trotter
_ arcco@n(5)~n(s* 1)]<7T/2. Since the B molecule is a rela- limit (P—). Errors are smaller than symbol sizes.

tively heavy molecule, at temperatures abdy K the mol- ]

ecule is quite well localizeécompared to K molecule$ and Averages(A) of observablesA for a fixed value of the

n,U«(S)nV(S)_%
k k 3

so the angle differences between neighboring “Trotter” Trotter indexP can be obtained with the standard measures
slicess ands+1 are small. This means that far-5 K given by the Boltzmann factors in Eqg}) and (8). Beside
only small y values are important in the Metropolis step, the kinetic _and poten_t|al energies and the equilibrium volume
independent on thertha/para variant of the N molecule. ~We determine the orientational order paramédeas a func-
This finding is in agreement with the results of Ref. 42, tion of.tempelratureQ is the average of the order parameters
where it was found that the differences betweetho- and  Qx being defined for each sublattide=1, . . . ,4 of thePa3
para-N, molecules adsorbed on graphite are negligible folPhase according to
temperatures above 5 K. The general consideration of Ref.
39 shows that in general the influence of the quantum statis- 31 3 2
tics vanishes for temperatures exceeding five times the rota- Q=== > <(2 ) > (10)
tional constant$? According to Ref. 1 the energy difference 2 P3=1 plv=1 | | ke
between the ortho and para levels of salidhitrogen can be
estimated to be in the order of one microdegree. As OUHereni® is the uth component of the directarl® of the
simulations are performed above 10 K, these results motigiy molecule at time slics.
vateq us to'neglec':t thertha/para dlstlncthn.and to perform In the simulation a Monte Carlo step consists Nfat-
the simulations with a propagator consisting of the summaempted random displacements of the centers of masses as
tion over eyerL values in Eq.(?). The mtgrachop potentlal well as of the centers of the angles, andNoP attempted
Vpot for particles at the same imaginary time slgeonsists  random  displacements of coordinates and angles at the
qf a_Lennard-anes and an .electrostatlc interaction as speginaginary time slices, see Eq&) and (6), as well as of a
fied in the previous subsection. volume deformation attempt, where the maximum displace-
We performed our simulation in thBIpT ensemble at  ments are fixed by the 50% acceptance rule. In most of our
constant external pressupe In this ensemble the partition gjmylations we chose the number of, Mholecules asN
functionZ,(N,p,T) reads =500 (i.e., five unit cells in each directionthe Trotter di-
mension was chosen such that the quantum limit was reached
| _ gpv within numerical scatter. It turned out that a valueRo£ 8
Zp(N,p, )= fo dve Y Z(N,V.T). ©) was sufficient for computations at temperatures close to the
phase-transition temperature. A typical run witt Monte
In the simulation a symmetrical deformation tensois in-  Carlo steps took about 75 CPU hours on a CRAY-T3E
troduced allowing volume changes as well as changes of thesingle processgr 12 CPU hours on a CRAY-YMP and 5
box shape, for details of the technique employed see Ref. 1&PU hours on a CRAY-T90; in total the present study re-
Periodic boundary conditions have been applied in all spatiafjuired CPU time equivalent to 600 CPU hours on a CRAY-
directions. T90.
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FIG. 3. Classical and quantum energies as functions of tempera- FICG- 4. Order parameter as function of temperature for various
ture at zero pressure. Points are simulation resits § for the ~ Pressures. Points are simulation resittissical MC and PIMC

PIMC simulations, lines are for visual help. Error bars of classical (P=8) resultg, lines are for visual help, error bars are smaller than
results are smaller than symbol sizes. symbol sizes.

volume obtained from the present simulation is in a progres-
sively better agreement with the experimental values. A typi-

At first we present the results and discuss the case of zefg?! Trotter-scaling plot of the molar volume and the energy

external pressure. In Fig. 1 the temperature dependence BF' molegulejhows the approach of the observables to the
the molar volume is shown for our simulational as well as for2SymptoticP™< dependency, see Fig. 2. Standard Trotter-

experimental dati Direct comparison between simulation scaling extrapolation techniques to the quantum Iimit finaII'y
and experiment is only possible for the low-temperatare result in low-temperature molar volume values which are in

phase up to the phase transition. In the high-temperature di§XCellent agreement with the experiment, see Fig. 1. The
ordered phase a direct comparison of the experimental mol&"€rdy as function of temperature is shown in Fig. 3. We
volume to both classical and quantum results is, however]Ot€ that aff~30 K the potential energy in the quantum

not possible here, since the simulation technique used is ngfmulation is enhanced by about 40 K compared to the clas-

able to reproduce the experimentally observed crystal strucic@l case due to quantum fluctuations. The kinetic energy,
ture above the transition temperaty@ec. Il A). Both clas- consisting of rotational and translational energy is larger than

sical and quantum simulation results are shown in this reth€ classical value, see Table I, and approaches the classical
gion, although the difference between the classical an§duipartition value (5/RgT at high temperatures. From the
quantum value of the molar volume is considerably smallef’!MC simulation results for the energies we conclude that
compared to the low-temperature ordered phase and w@€ ground-state energy per molecule is abe30 K,
stress that their relation to the experimental molar volume, ifWhich is in good agreement V‘ft_h experimental values for the
particular the fact that the classical values appear to be closépblimation energy £ 833 K),” in contrast to the results of

to the experiment than the quantum ones, has to be regardédclassical simulation, see Fig. 3.

as accidental. In this work we aimed at a pioneering study on  UPon heating a phase transition takes place fromdhe
the quantification of the quantum effects in thephase and p'h.ase to an orientationally d|sord_ered f_cc phgse at the tran-
on the orientational phase transition from thephase to the ~Sition temperaturd’,, where we find a jump in the molar
orientationally disordered fcc phase. So the high-temperaturéolume (Fig. 1), the molecular energffig. 3), and in the

values of the simulatiofdisordered fcccannot be compared Order paramete (Fig. 4). Upon cooling the phase transition
to the experimental datécp). from the orientationally disordered fcc phase to thehase

In Fig. 1 we note that the classical simulatiofcorre- IS at a temperaturg,, which is at mos2 K belowT,, such
sponding toP=1) lead to a nonzero slope of the volume atthat the hysteresis range at the transition is smaller than 2 K.
very low temperatures which is in sharp contrast to the exSince the transition temperatures presented in this study are
perimental behaviol: With increasing values d? the molar ~ thus determined with an accuracy of less than 1 K, we did

TABLE I. Comparison of quantum rotational and quantum translational energy with the predictions of the
classical equipartion theorenp€0.0 GPa, P=8, kg=1).

Ill. RESULTS AND DISCUSSION

T (K) EAN (+1) (K) Ef=5keT (K) Efie (£1) (K) Efune 5keT (K)
20 37.2 20 57.8 30.0
37 46.9 37 74.0 55.5
38 47.1 38 72.3 57.0
39 44.7 39 71.3 58.5
40 42.4 40 73.6 60.0
41 44.3 41 73.1 61.5
45 48.4 45 80.5 67.5
70 72.2 70 110.1 105.0
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FIG. 5. Fourth-order cumulant of the order parameter as func-

tion of temperature for various pressures. Points are PIMC simula- FIG. 6. Phase transitions from tlaephase to the orientationally

tion results P=8), lines are for visual help. disordered fcc phasésimulatior), classical (open sphergs and
guantum resultgdiamonds, lines are for visual helprhe experi-

not try to reduce this small temperature range further bynental transition from the high temperatyephase to the low-

determining free-energy intersection points. We note howfemperature phases with orientational order is shown for compari-

ever, that in other studiéllarge “hysteresis” regions have Son by a line, a-g: from Ref. 47, y-: from Ref. 48.

been found when the transition from thephase to the ori- Experimentally there is a transition between the low-presausad

entationally disordered fcc phase upon heating has beé?ligh'pressurey phase, which is not shown here for the sake of

compared to the transition from the orientationally disor-¢'a"t"

dered hcp phase to the orientationally ordered hcp phaséantational order are removed in the disordered phase, which

upon cooling. We are not yet interested in quantifying the . . .
" . __results in a lowering of the rotational energy.
a-B transition temperature because of the above-mentione
The PIMC value of the order parameter at low tempera-

general problems to simulate structural phase transitions bP(Jres is reduced by about 20% compared to the classical

direct methods. . . . ... _value of 1, see Fig. 4, due to ground-state fluctuations of the
Many details concerning the orientational phase transition

studied here involve changes in thermodynamic propertierotors around their potential minima. At the phase transition

which are in good agreement with those found in the experi-aqe jump in the order parameter is in good agreement with

mental ¢-B transition. We thus find it appropriate to com- experiment; both experimefitand simulation show a jump

pare the numerical values of these quantities. The transitioﬂlc the order ofAQ=0.6. Quantum delocalization leads to a

temperature of our previous classical Monte Carlo stidy tsrrgr?s”i?i:)gr?eer;pzrr:?geroarl1n?ht:uostr:(;rar;s:;?ﬁuerﬂéézi;?\{[ﬁrermal
T,=425 (x0.3) K and the volume changaV=0.55 P ! '

(+0.03) cn¥/mol, see Fig. 1. With increasing Trotter num- fluctuations, resulting in a larger value AfQ. These com-

ber the transition temperature is shifted to smaller valuesbmed effects results in essentially the same valueMQrin

. e . the quantum and the classical computation, see Fig. 4.
qm: 1
an(_j in the quantum limit we obtaifiy™=38 (+0.5) K, The classification of the transition as first order can be

i i i exp e
the classical value. The experimental véi‘ue_; Ta transition temperature or by the fourth-order cumuthfit
~35 K. As we only study the orientational transition to the U(T) of the order parameter:

disordered fcc lattice, a better agreement with the experimen-

tal value at thea-B transition can hardly be expected. The 1 (Q%
same holds for the obtained volume change at the transition, UM=1-3-"75- (11)
AVIM=0.6 (+0.05) cni/mol which remains higher than Q%

the experimental volume changd/®**~0.3 cn¥/mol. Atthe  U(T) approaches the value of 2/3 in the ordered low-
transition the total energy increases by abdlE=45 temperature phase and in the case of a second-order transi-
(£5) K. On the contrary to the potential and the transla-tion monotonically decreases with increasing temperature. In
tional energy, the rotational energy decreases at the trandle case of a first-order transitido(T) has a pronounced
tion, see Table I. This behavior is due to the fact that theminimum with negative values for temperatures slightly
rotational constraints in the low-temperature phase with oriabove the transition temperatiffeln Fig. 5 the cumulant is

TABLE II. Difference in the molar volumd&PIMC), the total energyPIMC), and the order parameter
(PIMC and MQ between the two phases at the orientational phase transition.

p(GPa  AVI™ (+£0.05) (cn¥/mol)  AEI™ (£5) (K])  AQIM(+0.03)  AQY(*0.02)

0.0 0.6 45 0.53 0.59
0.3 0.5 48 0.50 0.59
0.6 0.3 46 0.49 0.60
1.0 0.2 41 0.53 0.62

15 0.2 43 0.49 0.58
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TABLE llI. Left- and right-hand side of Eq(12) for different pressures.

p(GPa  AE(%5)(K)  PpAV(£6) (K) A=AE+pAV (+8)(K)  TAV(dp/dT) (=£6) (K)

0.0 45 0 45 51
0.3 48 18 66 74
0.6 46 22 68 66
1.0 41 24 65 59
15 43 36 79 71

shown and we find this characteristic of a first-order transipotentials and allowing for quantum effects on both transla-
tion. tional and rotational degrees of freedom to be taken into
We have studied the phase transition also for higher exaccount we found that the quantum results for the molar
ternal pressures and the resulting phase diagram in thélume and the internal energy in the low-temperature
pressure-temperature plane is shown in Fig. 6. As alreadghase are in good agreement with experimental values.
mentioned at the beginning of this section, a comparison of The transition temperature from the orientationally or-
simulation results with experimental data is only possible fordered fcc solid to the high-temperature disordered fcc solid is
the low-temperaturer phase. With increasing pressure thereduced by about 11% at zero pressure due to quantum de-
transition temperature is shifted to higher values and the diftlocalization effects which weaken the orientational order
ference between the classical and the quantum transitiocompared to the classical case. The quantum transition tem-
temperatures decreases. The reason for this behavior is thegrature is now much closer to the experimental value for the
at higher pressures the particle distances become smaller aadg transition. Within this approach a better agreement can
the effective potential acting on one particle is more struchardly be expected, since the orientational order-disorder
tured which results in a sharper localization of the rotatorstransition in the experiment is accompanied by a structural
As a consequence, the transition temperature is increasephase transition from the fcc to the hcp lattice. The ground-
and the effect of quantum fluctuations is correspondinglystate order parameter is actually reduced by as much as 20%
reduced. We note again here that at higher pressures tlh@mpared to the classical value.
question of appropriate potential is still open and our main With increasing pressure the transition temperature is
concern at this point was the investigation of quantum effectshifted to larger values. At these higher temperatures the
for a given potential rather than reproducing the actual exguantum effects are weakened and thus the difference be-
perimental phase boundary. tween the classical and the quantum transition temperature is
In Figs. 4 and 5 we shoW) andU(T) for different pres-  decreasing with increasing pressure.
sures as functions of the temperature. As in the case of zero Our results show that the quantum effects on the phase
pressurelJ(T) shows a pronounced minimum at the transi-transitions are important at low temperatures and cannot be
tion, AQ apparently does not depend strongly on the presneglected in theoretical studies. This may also shed a new
sure. In Table Il we show the volume junipV at the tran- light on procedures where interaction potentials are designed
sition as a function of the pressure. We note that is by fitting classical results to experimental findings.
decreasing with increasing pressure and seems to approach aln future work we intend to use similar methods to quan-

limiting value of about 0.2 c/Avmol for large pressures. tify the quantum effect on other phase transitions ingsl-
The Clausius-Clapeyron equation describes the thermodyes as well as in solids constituting of mixtures of ’ol-
namics of such a first-order phase transition: ecules and Ar atoms. In this context, they transition in N,
and the associated pronounced isotope effect represent an
dp interesting challenge to be studied by quantum simulation
)‘:TAVﬁ' (12) techniques. We believe that methods analogous to those used

in this paper would be applicable also to study other molecu-

Here \ is the change in enthalpy at the transition, or thelar solid state systems, of which the solid phase of hydrogen
latent heat:\=AE+pAV. In Table Ill we compare both are of particular intere$f
sides of Eq.(12) computed with PIMC results foAV and
AE and taking numerically the derivative of tH&IMC)
transition pressure with respect to the temperature. We find ACKNOWLEDGMENTS
good agreement within numerical accuracy, indicating that
the pressure dependencyofs mainly due to th@AV term, This research was carried out in the framework of the
which may explain why the energy jumyE at the transition ~ Sonderforschungsbereich 262 der Deutschen Forschungsge-
is quite independent on the press(see Table I\. rpeinschaft. R.M. acknowledges financial support from MPI
fur Polymerforschung, Mainz, as well as stimulating discus-
sions with E. Tosatti. P.N. thanks the DFG for financial sup-
port (Heisenberg foundatignThe computations were in part

In this paper a detailed study of phase transitions in mo<€arried out on theCRAY T3Eof the HLRSat Stuttgart and
lecular N, solids by path-integral Monte Carlo simulation the HLRZ at Judich and on theCRAY T3Eand CRAY T9(at
methods was presented. Assuming a model representing titliee HLRZ and theCRAY YMPof the RHRK at Kaiserslaut-
intermolecular interactions by Lennard-Jones and Coulomiern.

IV. SUMMARY AND CONCLUSION
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