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Most of lhe prohJcms in contemporary physics rcsearch become complicalcd dlle lo thcir many-hooy charnClcr and require of nn ¡nvolved
Irc¡¡tlllenl which-in many cases-Icads lo cqually complicated algorithms cncripting lhe physics Defore a parlial SolUlion is oblaincd. The
purposc (lf Ihis paper is lo rcmind on Ihe uscrulncss of simple cxplOt"alory Illodels rOl"the <lllalysis 01' complcx problems befare a Illore
sorhistic.Hed approach is developed. In this spiril, Ihree examples are rcvicwed from lhe perspcctive 01'Ihe author's expcricnce; (1') molecular
effecls in lhe stopping power of hcavy ions. Ui) quantum-size cffects in Wannier excilons all(l Ui;) pressurc effecls on Ihe properties of
Illolecular hyJrogcn. In the laucr case. ncw resulls are reported fm Ihe clcctronic .llld vibrational propcrtics 01"the ground-state hydrogen
moleculc in.l padded spherical box on the basis of a simple molecular contincment model.

Ke)'U'ords: Stopping. power; aIomic col1isions; excilons; quantum dots; molecular cinfinelllcnt high pressurcs

La mayoría de los problemas contempor:llleOS de invesligación en física son complejos debido a las inlcrncciones dc muchos cuerpos.
requiriendo en general de tratamientos sofisticados. los cuales en Illuch<lsoC<lsionesconducen al desarrollo de algoritmos igualmente COIll-
plirados el1 los que queda encriptada la física antes de obtener una solución parcial. El propósito de esle trahajo es el de recordar sobre la
utilidad dcluso de l1loJelos exploratorios simples para el an:llisis de prohlemas complicados. previo al desarrollo de trmamientos más elaho-
rados. Dentro de esle espíritu. se revisan tres ejemplos que de acuerdo a la experiencia del autor pueden ser dc interés: (i) efectos molccul;-¡res
en el poder de frenamicnto de iones pesados. (ji) efectos cu<Ínticos de restricci(¡n espacial en cxcitones de Wannicr y (iii) erecto de presión
sohre las propiedades del hidrógeno molecular. En el último caso. empleando UII Illodelo de conlinallliellto molecular sencillo, se reportan
resultados novedosos para las propiedades electrónicas y vibracionales del estado h;-¡sede la molécula de hidrógeno confinada por una pared
esféric;-¡ pcnetr;-¡blc.

/)(,.H.,.jl'tOrl'.'l: Poder de frenamienlO; colisiones atómicas; excitolles; puntos cuánticos; contin<lmiento molecular; altas preSiUlll'~

PACS: ,4.50.Bw. ,4.10.+x: 62.50.+1': 7U5.-y: 73.61.Trn

1. 1utrodllctiou

Thc advent 01' ncw-more powerful and sophisticaled-
compulalional resources, as well as experimental tcchniques.
has 1l10tivated a dccpcr quest into cOll1plcx problell1s whose
many~hody character requircs 01' special trealment. This is
Ihe case in a great variety 01' problems in (()fldcnsed malter
physics, where the atomic and molecular slruclure play an
imp()tant f()lc lo eSlahlish Ihe properties of a tllcdium and the
\Vay it responds lo external perturhations. In Ihis connecliotl,
the lechniques of quantum chcmislry have pro\'cn lo he very
L1Scflllin dcaling satisfactorily wilh exlended systcl11s formcd
by a grc:al llumhcr 01' atoms anJ where many-hody intcra<.:-
lions ¡¡re incorporaled hy solving selfconsislenlly Ihe CDr-
responding Schroedinger equation. \Vilhoul digressing too
1I11H.:h.let me menlioll that therc are, nI' course, other o/J.;nirio
Illcthods developcd to analyze collective interaclions and the
properties nf condcnsed mattcr systems. such as Ihe quanlulll
Monte Cario lllethod (QMC) {1] amI ab.jllirio molecular dy-
namics (AIMD) [21. among others. In aH cases, lhe actual
Iimilation rOl' (he size nf the sysletll under stlldy is diclalcd
mainly hy lhc complllational rcsources.

Although the most rcalistic ¡rcalment 01' a prohlclIl cer-
lainly rcquires 01' an approach with increasing complexi(y.
quite freqllently the physics inhcrent to lhe problelll remains
ellcripted in an algorithm or a numcrical nutput demanding
f(h inlerprclalion. This is critical whcn a new idea is put for-
ward. since a lirst survey 01"ilS adcquacy should he advanced
bcforc emharquing in a delailcd calculalion. To this eml. it
is \I,'onh rcsorling lo explnralory moJels whcreby lhe rele-
vant physical quantilies are clcarly dellneJ. An exploratory
Illoi.lel-if physically plausihle-allows for proper orienta-
lion on the rclative importance nI' Ihe various relevant phys.
ical qllanlities involved. II :lIso helps kecping Ihe physical
pcrspective of lhe prohlclll and its polentiality. Surprisingly.
a successflll exploratory model may \Vork hetler than ex-
pcclcd both. qualitativcly ami qU~lIllitatively, when compared
lo more sophislic<lted ¡rcatments.

The purpose 01' this contrihlllinn is lo rcmind on the use-
rulness nI' simple cxploratory models for Ihe trealment of
complicated prohlems bcfore more powerful treatmenls are
dcployed. 1'n Ihis cnd. the <I11lhor revie\Vs three ditTerenl rc-
sean.:h prob1cms where he has cxperienccd Ihe vallle 01"cx-
ploratory lllndels. The lirst prohlelll is presented in Sec!. 2.
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FIGURA l. Typical stopping power curve for ions traversing a given
material. Three different regions are identitied according to the ion
energy where different stopping processes participate (see text).
Note Ihe region of dominance for nuclear stopping. The low.energy

, . d.. l. . < Z'/3 h Zrcgion is Cllrrellt[y define tor Ion ve OCllIes v _ Vo 1 w ere 1
is the ion atomic llllmber and Vo lhe Bahr velocity.

ano dcals with chcmical bond cffects on lhe energy 1055 af
hcavy inos whilc pcnetrating compound targct matcrials.' In
Scct. 3, semiconductor rnicrocrystal quantum-size effects on
lhe encrgy Icvels 01'Wannier cxcitons are treateJ. In Scct. 4,
rhe prcssurc cffccts on lhe propcrtics of molecular hydrogcn
are discusscd on lhe basis 01'a molecular confincment model.
Finally, lhe concusions al' this paper aTe prcscnted in Sect. 5.

Oue lo lhe diffeTent charactcristics 01' rhe problems rc-
vicwed in Lhis paper, major cmphasis is kcpt in presenting
lhe main rcasoning leading lo lhe developmcnt al' lhe corrc-
sponding cxploratory model and its prcdictions. A dctaiJed
discussion is achievahlc through lhe source references. In
spitc 01' this, complcmentary ncw results for the polarizahility
and vibrational properties of compressed molecular hydrogen
ohlained with the model discussed in Sect. 4 are reported.

2. Chemical bond elTect~ on the low-energy
electron stopping power of heavy ions

t
lo.
Ene-rQ,es

Intermedulte
Ene-rQ,es

( I )

When a zwifl ion penetrates mutter, it loses energy through
interaclions with aloms antl rnolecules forming the medium.
Thcse inleraclions involve, 01' course, electmns and nuclei.
i\ssllllling no nuclenr reactions lake place. lhe projectile-
target electron interactions playa dominant role in the stop-
ping process (dE Idx) (inelastic or elcctronic stopping). This
happcns for a wide range 01' projectilc encrgy values go~
ing fmm high to low cnergies. whcreas the clastic (or nu-
clear) stopping hecomes dominant only at vcry low energies
ami is due to changes in trajectory imposed hy the inter-
atolllic potcntials 01' the already neutralized projectile-Iargel
systclll. Figure I shows schemutically a typical electronic
slopping curve where lhe electronic stopping cross seclion
for a mcdium with '/l-scalterers per unit volume is detined
as 1:1]:

1 dE
Se = ---

'IL eh

From Fig. 1, three charactcristic regions are ohserved
in the stopping curve. The high-energy regime (Region IIn,
wherc Ihe prnjectilc practically remains as abare charged par-
ticle allli loses cllergy through ionization processes induced
in the target. The interlllediate energy regimc (Region 11),
where clcclron-capture and loss, inncr shell excitalion, elec-
tron prolllolion ami ionization meehanisllls are admixtured
and Ihe low-encrgy rcgime (Region I). in which projectile
and largcl are practically neutral and the stopping proccss is
more Iike Ihal of a viseous interface. Clearly. the many.hody
characlcr of the prohlelll demands ofjudicious approximale
trcattllents. lt was Hans Belhe. in 19.30 [41. who l11ade lhe
lirsl slIccessflll approximate quantllTTl l11echanical approach
lo the high-encrgy cnergy loss prohlem, dClIlollstrating that
thc maill source of energy loss in Ihis region comes frorn indi-
vidual target-alom ionization. Since rhen, lhe thcory has heen
suhstanlially advanced hy dillcrcn( groups in the world, al-
(l1ough slill no salisfaetory thcory exists to accounl ror Ihe
wl10lc ctlergy dependcnee 01"(he various processcs [3, 5J.

i\n additional prohlem, notieed relatively recently after
Ihe advent 01' more precise experimental measurement tech-
niques, is the non-additivity of atomic contribulions lo lhe
electronic stopping eross section in the case of compound
malcrials [fil. Furthermore, target physical phasc state effeets
in Se play also an important role. Thesc two effecls are rele-
vant for projectilc energies in the regio n below and around
the maximum 01' the stopping curve [7-0]. New ideas on
the partilioning of the stopping conlribution inlo eores and
honos (CAB) were put forwaro hy various ¡¡uthors [10-15).
The fírst funoamental theoretieal stuoy lo account for the oe-
gree 01' participation of different bond types on proton stop-
ping in hydrocarhons was achieved hy Oddershede and Sabin
in 19H7 [12, 13J. The lírsl theoretical Irealmenl of molecu-
lar elTccts on heavy ion stopping in the low-energy region
was done in 199.3 hy the present author and his collabora-
tors [lG] using " relatively simple model which allows for
a qualitative and quantitative insight on the role of chemi-
cal honds and projectile strueture on the stopping proeess. As
Ihe reader must he aware, the task in performing a detailcd
calculation for such a many-body prohlem is formidable and
perhaps coulo only h~ accomplisheo hy" oyn¡¡mical quantum
chcmislry calculation [1 i, 181. The main assumptions of lhe
Illodel as well as SOl11eof Ihe relevant results are diseussed
helnw. PUrlhcr details may he found in Ret'. 16.

2.1. The Firso\' model

Suppose a given projeetile, which has beeome practically
nelltralizcd after a series of collisioll cvcnts aud is moving
with an cnergy low enollgh such Ihat in each individual en-
counte!" with a largel alom or molecule, a deceleration takes
place duc to a tlrag force produced hy 1ll0lllentuIll cxchange
invol\'ing projecli1c and largct clcclrons. Owing to the indis-
tinguishability nf clcctrons. this lIlolllcnlulll exchange could
he rcgarded as ,1Il clcclroll L'xcl1:lngc, ¡.e. as projcclilc and
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FIGURE 2. Schcmatic diagram showing the loeation of the hy-
pothctical Firsov plane belwecn projectilc and target al the point
where (he elcctrostatic potenlials are equal.

An inlcrcsling I'cature 01' this model is the possible dis-
lillctioll belwecll thc flux contribution from projectile and tar-
gel. ¡.l'. Ihe IOlal eleclronic stopping eross section may be
written as:

(5)

(7e)I ., ¿Z"11'=--\7-- -
2 "'1' '

"

(
2 )3/4 [-(r-Rd']<~dr - R¡,) = --, ex!, , '

1[f1k al.:

where al.: is the radius 01' the orbital and Rk the position 01'
ilS center. Thc sel of orbital s {(Pi} is non-orthogonal and, ac-
cording to Frost, ir s is thc ovcrlap 'matrix 01' Ihe sct and
T = S-l its inverse. then lhe eleclronic energy for the
moleeule is [25]:

wilh w Ihe one-clcctron operator accounting for kinetic en-
crgy and electron-nucleal" attraction, i.e. (alOmic units):

E" = 2 ¿UlJe)7> + ¿ (kClp'I)[2T"T,,,,- T,qTfl'J (6)
l,~ kJ,l',r¡

bccn wide!y acccptcd. In Ihis connection.lcl me briefty men-
tion Ihat anolher important model based on the dielcctric re-
sponse forrnalism was successfully developed by J. Lindhard
in 1954 [21, 22) whereby lhe indueed eleelrie field in lhe ma-
lerial produces a retarding force on the projectile. The inter-
csted reader is kindly addressed to Ref. 3 for a revicw. We
now relurn lo our main ¡mint of discussion.

Firsov's idea is adcquate ror Ihc trcatment of molecular
stopping since it distinguishes hetween projectile and targct
properlies.ln facl, in 1979 D.K. Brice and Ihe presenl aulhor
generalizeJ Eqs. (2) anJ (3) lo aeeounl for molecular slOp-
ping using a proper quantum description ror Ihe prohability
currenl 01'bound-slate wavcfunctions in one direclion across
lhe hypolhelical surface ami considcring angular averaging
over all molecular orientat;ons [23J. The model was applied
only to molecular hydrogen using a LeAO rcpresentation of
the molecular wavcfunction. However, this molecular repre-
senlation made the malhemalical Ircatment too involved and
only a non lrivial numcrical solution could rendcr the final
va!ues foe Ihe molecular conlribulion lo Se for H2. Thc an-
swcr for other systcms had to wait almost flfteen years until a
reasonab!e mode! for the molccular rcpresenlation was used
as described below.

(klll"l) = I <I'jw<!', tlv (7a)

(kllp'l) = I <I'dl)'P¡(lh-"'~1'(2)<I'q(2)dvl tlv, (7b)

2.2. Tite FSGO representatinn oC Incalized molecular or-
bitals

The floaling spherieal Gauss;an orhilal (FSGO) moJel was
first inlroduceJ by A. Frost in 1967 [24] in lhe ah-ini!i"
study of the electronic and geomelric structure of ground
slate closed-shell molecules using localized orbilals. Wilhin
this scheme, each douhly occupied localizcd orbital <P¡.. is
represcntcd by a single normalized spherical Gaussian:

where (jlk) are lhe one-electron inlegrals amI (kllpq) the lwo-
clectron coulomb and exchangc terms given as

(4)

(2)

(3)

S, = S,," + S,,!

S,. = 27T jE(b)bdb.

whcrc lhe indiccs l' and t stand for projcctilc and largcl, rc-
spectivel)'.

The adcquacy 01' Ihis simple model to describe experi-
mental IIlC.,,,urclllcnls in the low-cncrgy stopping rcgime has

turget approach each othcr, their electronic c10uds start ovcr-
lapping and nn electron which originally bclonged lo ane 01'
lhe systcms, suddenly switchcs its parent atom carrying with
it a momcntum mn, whcrc m is lhe electron mass and II lhe
rclativc vclocity of lhe two systcms. Thc drag force is oh-
taincd in tcrms 01'Ihe llux of momentum 'I/J duc 10 both pro-
jeelile and targel eleelrons. This idea was firsl proposed by
0.8. I'irsov in 1959 [19] for low-energy slopping. Viewing
projectilc and target as two T.homas-Fcrmi atoms, Firsov cal-
culatcd lhe morncntum llux [ram one system lo another by
¡ocating a hypolhelical plane perpenJicular lo lhe line join-
ing the nuclei and at a position where both Ihe projectile and
targel elcclrostatic potentials coincide (see Fig. 2). The in-
elastic energy transfer £(b) in a collision. for a givcn impact
pararncler b, corresponds lo Ihe work of slowing down:

E(b) = 1TI j U . dR j d</>,

where R is the rclative position vector bctween target and
projectilc and the flux integration is performed over the hypo-
thetical plane taking into account both the projectile and tar-
get electron vclocity distributions [20]. The clectronic stop-
ping cross section Si: is then oblaincd as:

"'-!'J
Pro)e-ctile .,,,,,,,,,

~:~¡(
• •
1, 12
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FIGURE 3. Doubly occupied eore and bond localized molecular
orhitals in the f10ating sphcrical Gaussian orbital (FSGO) repre-
scntation of the propylene molccule. Threc functional groups are
idcntified as molecular fragrncnts (see text).

PIGURE 4. Schematic reprcscntation of the use of molecular frag.
ments to locate the corresponding hypothetical Firsov plane relalive
to (he projectile in the calculation of molecular stopping.

2" heing the chargc of nuclcus lJ and 1'v lhe corresponding
elcctron-nucleus distance. AfIer adding Ihe internuclear rc-
pulsion energy, Ihe lotal cncrgy bccomes

2.3. Thc modd for Illolct'ular stopping

In eOllslrucling our exploratory model for molecular sIOP-
ping, 1\1,'0 major issues had lo be solvcd:

i) a propcr dcscriplion of alomic and molecular orbilals
\vhieh should be simple and traclable

ii) ¡¡ rcasollahlc eritcriol1 10 define Ihe hypothetical surface
rOl' llux evaluation.

Rcgarding point (i), ror Ihe molecular target the FSGO
rcprescnlalion 01' localil.cd molecular orhitals was chosen.
FOl"the alolllic projcclile orbital s, Ihe analylical Hartree-
Fock-Slater rcprcsenfalion f2G) \Vas used.

In general, thc IOtalencrgy will be a runction of the orhital ra-
dius (a/.:), orbital positions (R¡J and nuclear positions (1',/).
Encrgy minimizatinn relative lo all quanlilies (a", Rk, 1',1)
provides lhe parameters dellning Ihe corresponding molec-
ubr configuralion. According lO Frost, Ihe use 01' a single
gaussian orbital per clectron pair constitules a suhminimal
hasis and hence the molecular energies are Iypically about
:20% ahoye the Harlree-Fock value. In spile of Ihis, the elec-
lron densily and molecular geometry are reasonahly well de-
scrihed. Using Ihis proccdure, Frost and coworkers reported
lllolen.dar paramclers ror a wide numher nI' systems [241. Pig-
un: 3 shows schematieally the FSGO representation 01'co;e
and hond orbitaIs rol' lhe propylene molecule. Clcarly, Ihe
.simple analytieal exprcssion for each orhital and lhe indi-
vidual orbital assignemcnt to each molecular moiety (cores,
honds and lone-pairs) are very useful characterislics 01' the
fSGO represenlalion. NOle also from Pig. 3 thal some func-
tiollal groups may he dislinguished and lahcled as "frao-

.. e
mcnls (see helow).

'" Z"Zvw=E('I+ ¿---,
1'),,'1

"<v

(8)

Concerning Ihe position of the hypolhetical surface
[point (ii) ahoye], Ihe eoncept 01' molecular fragrncnls was
uscd [14, 1GJ.A molecular fragmenl corresponds lo a molec-
ular cnfily deserihable through localized orbilals acting as a
functional group within the molecule. Wilhin the FSGO ap-
proach, a molecular fragment corresponds lo lhe region cen-
tered on the !lucleus 01"a heávy atom where the eore and
other orhitals pack logethcr (see Fig. 3). For each molecu-
lar fragmcnl-projectile combination a given hypothetical sur-
race was sel at a position dictatcd by the malching ol' Ihe
corresponding electroslatic potcntials llG]. Figure 4 shows
sc.hematically this situation for an atomic projectile colliding
wllh a propylene molecule. The molecular fragments in this
figure are enelosed by shadowed areas rol' visual clarity.

The momentul11 Ilux evalualion for hoth projeclile and
targct was carrice! out through rhe previously generalizcd ex-
prcssion 01" Eqs. (2) am! (3) 114,23]. [would !ike lo slress al
Ihis slagc that, although these lasl steps rcquired 01'previous
lahorious work, the tlnal clue to achieve a surveying answer
\Vas lhe procedure menlioncd further abo\'e.

Tables [-lll display lhe predicliollS 01" lhe mode! de-
scrihcd here ror He and Li projeeliles incident on several
hydroearhons and simpler molecular targels with a velocity
IJ = !Jo (IJo is lhe Bohr veloci!y) 114-1Gl. Also shown in
this rabie arc eorresponding availahle experimental data. The
gencral agrecmcnt with cxperimenl is rcasonable, in spite 01'
the simplieity of the exploralory moJel employed. Note thal
no adjustahle paramelers arc uscd throughouI the calculation.
~n. i~nportant outcome 01 Ihis simplilicd Irealment is (he P05-
slhlllty ro analyze Ihe rclativc importance of core, bond and
lonc-pair orhitals in the stopping process. Table IV displays,
as an examplc. these (]uantities rol' NHI. H20. ca, N., and
H2S and a set 01' 100v-energy hcavy projcctiles. In al! ~hese
cases the moleculc was considered as a single fragment. Por
sccond-row atoms Ihe K anu L shells need a special treat-
ment within the FSGO approaeh so that 8]/' hyhridizalion is
lakell into account [27]. In this case, the 1\' and L-shell COII-

tribulions (51\.shell, SI. shd¡) to stopping mus! be calculated in
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TABI.E 1.Comparison between experiment and theory for Ihe elcc-
tronie slopping cross section rm He and Li incident 011vnriolls hy-
drocarhons al ti = vo. AII units in 10-15 cVcm2/moleculc. (Re-
produccd from Ref. 16.

TABLE 11. Compnrison bctween theory and cxperirncnt fm lhe
tolal electronic slopping cross section of He ions incident 011

alcohol and amine molecules al v = 'Vo, AH units are in
10-15 eYcm:l/llloleCllle. (Rcprodllccd from Ref. 15).

Armu:lll's
BCIlI.CI1l: C6 H6
Tolllcne C7H8
Phenylncelylene C8116
" See Re!". 16 for detnils.

Helium
This Exp.a
work

103.9
103.8 111.5

102.3
138.4
173.0 177.3
207.6 213.0
242.1
276.7 285.8

807
119.5
147.4
117.9

71.8
107.3
143.2
107.8
177.7

Experimenta

Experimenta
49.7
45.0
40.6
47.3
44.8
38.7
48.8
43.9
365
46.8
44.3
62.1

62.9
97.5
132.0
97.1
166.7

67.1
101.3
135.5
101.7

Theory

47.7

32.1
58.0
33.0
48.5

43.7

Theory
SO.2

Formula

CH30H
C,H,OH
C3H7011
C,H60
C4HIOO

o,

CO

11,0
11,0
NH3
II,S

Molccule
N2

He

Projectile
lIe

He

He
Li
He
He

(l Sec Rcf. I(l fm dctails.

Molecule
Alrohols
!\lelhanol
Ethanol
Propanol
Dimelhyletber
Dielhylclher
Amines
l\1clhylaminc CH3NI-h
Dimethylaminc (CH3hNH
Trimclhylamine (ClhhN
Ethylaminc ClbCH2NH:]

aSee Ref. 15 for dClails.

place 01"that I"orcore eleclrons [IGJ. Figure 5 shows ¡he pre-
dieted stopping cross seetion hehavior for different projcc-
tiles (Z¡,) impillging on gascous c(hane (ClH6) and tolucnc
(C7 H¡;) largcts wilh 1/ = IJo. Also included in this figure
are corresponding predictions hy the TRIM90 computer eode
generalcd hy Zieglcr el {I/. [11] wha used a semiempirieal
scaling approach for the panitioning 01' eDre and hond con-
lrihutions to S,.. For light projectilcs (ZI' < 5) reasonahlc
agreclllclll hctween hOlh calculalions is ohserved. However,
slrong qU:lntil:ltive and qualitativc differences are observcd
ror heavicr projccliles. Unfortunatcly. so far no experimenls
have been carried out for heavicr iOlls than He and ti in order
to assess dellnite conclusions 011 Ihis discrepaney.

In concluding this seclion, it is wonh 10 he aware ol' Ihe
limitatiolls 01' the approximntions made lo survcy such COITI-

plieatcd prohlem. First. \Vehavc assulllcd lhal hoth, projcclile

TABLE 111.Comparison bctween thcory and expcriment ror lhe to-
lal clcclronic stopping cross se('tion nf lIe and Li projectilcs in-
ciden! on sume simple molecular targels(v = vo). AH units in
10-15 eYem'l/molccule. (Rcproduced from Ref. 16).

2~6.9
295.5

227.5
272.9

102.4

150.0

244.5
291.3
336.4
386.7

163.7

1449

124.8

2(~).0
263.6
313.3
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CSHl2
C6H¡-l
C¡ H16
CSHI8
ClsHn
CSHI8

Formula

Butenc
Pen!cnc
Ifcxcllc

Cyclopropcne
Cyclohutcntc
Cyc]opcnlcnc
Cyclohcxcnc

Aliene
1.3.Rutadicnc
1.1-Cyclo
hcxadicnc
Alk)'nC's

Proranc

Elhylcnc

f\lcthanc

Elhanc

Acclylcnc

Moleculc

Cyclopropane

Alk.mes

Propylcnc

Cyclohulanc
Cyclopcntanc
Cyclohcxanc

Cyclohcptanc
Cyclooctanc
Alklones

n-hulnnc
n-pentane
n-hcxane
n-hcpt<lnc
n-oClanc

n-pcntmlecanc
iso<x:lanc
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TABLE IV. Coreo bond amllonc-pair contributions lo {he stopping cross section fOf sorne low-cncrgy (v ="0) heavy projccrilcs in simple
molecular targets. Al! unils in 10-15 cVcm2/bond. (Reproduccd frol11 Rcf. 16).
Z" 0-11 N-H e=o N=N 0;0 S-H L,,(O) L,,(N) L,,(C) L,,(S)

(11,0) (NH,) (eO) (N,) (O,) (I1,S)

2 3.945 5.231 11.876 17.739 9.976 6.588

"IhO "eo 'N,

"'"

•
10 t, 20

Projectilc Atomic Number (Zp)

FIGURE 5. Electronic stopping cross scction versus projcctilc
¡¡tmuie ll11mhcr (Z¡,) fOf ethalle (C211(¡) and loluene (C7Hs) as prc-
diclcd hy lhe cxplorntory moJel describcd in Ihis work (full c¡r-
eles amJ tr¡angles). Open c¡feles anJ triangles are lhe prcdictions
hy Zicglcr c( al. (11]. (Replottcd from Rcf. 16).

ami largct rcwin all thcir clcclrons during lhe collision pro-
ccss (only momentum tran5fer is considered). Hence no
charge capture and 105SI11cchanisl11sare taken into account.
Also. no eleclron promolion l11echanisms in projeclilc ami
[argcl are incorporated. In spite 01'this, we have heen ahlc 10
cxplore some of the characlcrislics 01' heavy ion stopping in
compound material s at low energies.

3. Confincment of cxcitons in spherical (luan-
tUIII dots

mcnsion arc mostly cmhedded in a medium which in turn has
a givcn atomic or molecular structure. Hcncc, a detailed study
ofthe propertics 01'nanoslructurcs involves once again many-
hol!y interactions. In Ihis section. a simplifled cxploratory
mollel to survcy quantum sil.c crrects on the groullo-statc en-
crgy 01'excitons trappcd within semiconductor rnicrocrystal-
lites of spherical shapc is prescnted. Purther details may he
assessed from Ref 28.

A great deal 01' theoretical and experimental work has
heen devoted to study the changes in optical propertics of
semiconductor microcrystallites as compared to those of the
hulk material. It is deemed lhat electronic excitations in an
inorganic semiconductor lake place through looscly houndcd
clcclron-hole pairs called Wannier-Motl (WM) excitons. A
charactcristic of WM cxcitons is their strong delocalized na-
ture over lhe cryslal, the ('-/¡ correlation distance (D ll) heing
Illuch larger than (he crystal lauicc constant. Henee, as Ihe
cryslal size is reduced and approaehcs DB• quanlum sizc ef.
I'ects on Ihe c-h pair start hecoming dominant. The various
Iheorclical approaches cmploycd lo analyze the sizc dcpcn-
dence of lhe energy levcls of excitons confined hy spherical
quantum dots diff~r in degree of sophistication and it woulJ
he impossiblc lo give a complete account herc. Let me sim-
ply state here that, for the purposes 01'Ihis paper, iI sufficcs lo
discuss a very simplc exploratory model proposeJ hy Marin,
Riera anJ (his author, hascd on lhe usc of the dircct varia-
tional method. For infofmation on other equally important
treatments, lhe feader is kindly addresscd lo Rcfs. 29-37.

The aClual techniques for preparation al' nanostruclUred ma-
terials have opened an exciljng spectruITI al' ncw properties
due lo Ihe reduced dil11cllsions 01' the physical systems in-
volved (several atomic diamcters). where quantum effccts
dominatc. On the other hano, lhese systcms of rcduccd di-

.\.1. The model

Considcr a WM excitoll conlincd within a microcrystallile
of spherical shape. 01' l'aJius ro emhedded in an insulating
material. Assuming the validity 01'the effective mass approx-
illlation (EMA) in Ihe single.hand scheme for all valucs of
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where 11I¡(1lI.o) eorrespond lo Ihe interior (exterior) reduced
elfective mass 01' lhe exciton to account for dilTerenl eleclron

40

CdS

mo/m¡ '"' 1

10
00

o

10>'
-"~
~•o~

0.5

20 30
Radiu. (A)

FIGURE 6. Exciton energy in CdS cryslt\lIites as a function 01'their
sizc. Symhols represenr experimental measuremcnts performed in
differcnt host materials: (O) organic [30]. (.6.) silicate glass [42).
(-) EBOM calculations (31] (\'0 = 2.25 el' for highcr curve;
\'0 = 0.5 cV for Jower curve). ( - - - ) t\.1odcl described here [28}
(\'0 = 2.25 eV for higher curve; \'0 = 0.475 eV ror lower curve).
(Replollcd from Ref. 28).

The cnergy functional expression Illay he ohtained analyti-
cally .ind lhe nUlllerical values for Ihe varialional paramelers
arc ohlained lhrough a simple nUlIlcrical search routine. Fig-
ures (6)-(R) show the prediclions ofthis model for the excilon
ground-slate energy for various crystalliles embedded in dif-
fercnt host malcrials as a function 01' thcir size. Also shown
are corresponding experimental dala as welI as olher Iheorcl-
ieal prcdiclions hascd on more detailcd calculalions. \Vhile
the experimcntal data and relevant quantilies are properly in-
dicatcd in the figures, a hrief descriplion 01' lhe various the-
oretical approaches is worlh mentioning. Por the CdS crys-
lalliles (Fig. (¡), lhe Iheorel;ca1 calculal;ons hy Einevoll 131]
(conlinuous I¡ne) are hased on a finitc-harrier- heighl po-
Icnl;al ami Ihe effeclive hond-orhilal melhod (EBOM) for
lhe holc ami lhe ctTective-lllass approxilllation (E!vlA) for
the clcclron. On lhe othe!" hand. lhe corresponding calcula-
lions hy Lippens ami Lanoo [34J (Iaheled T.B.) make use of
Ihe tight-hinding methad lIsing ,m inflnilc-harrier-height po-
tcnlial. The predictions 01' our cxploratory model (assuming
l1Io/m¡ = 1) are given hy the dashed curves. In Ihe case 01'
CdSc erystallites (Fig. 7). lhe theorclical preJictions by Wang

and hole ellective rnasses in lwo regions with different com-
position 13G]. In faet, lhe varialional parametcrs n and /1 are
related Illrough Eq. (12) as:

1.5

hencc il is only required to minimize Ihe encrgy with respcct
lOone variational para meter.

(1/'0) [0(1 - (\)ro + n) + 0- 1
1111

{I = ~~-------- (13)
(l-o)ro

3.2. Throe cases: CdS, CdSe, alld I'hS erystallites

(10)

( 12)",.= 1",,;." = (',h

1',.,1'11 ::5 1'0

1'e,1'f¡ > 1'0

at

\~.= V" = {o
1'0

This conflning potenlial step may be interpreled as an average
effcct due to a difference in composilion hetween the crystal-
lite and the host material.

The simplest <.Ipproach lo survey the quanlum-size ef-
fects on Ihe exciton energy is to use the direct variational
lllethOlI with a proper ansalz wavefunction suhjecl to the
corresponding boundary conditions. The variational method
has hcen widely used to tackle Ihis prohlclll. mainly lIsing
Hyllenlas coordinate transformations 132,33,3::;] or single.
particle wavefunction expansions 130,3il A much simpler
exploratory approach consisls in recognizing Ihat the struc-
IUreof lhe Hamiltonian giveo by Eq. (9) is analogous lo Ihal
for Ihe helium alom. except for Ihe attractive e-h interaction
amI zero nuclear charge in Ihis case. This suggests that the
ground statc wavcfunction for the heJillm alom may be lIsed
as a tina trial wavefunction. Acconlingly. Ihe ground-slale
wavefunclion for the e-h syslem in lhe interior region was
proposed ;n [28] as:

'1', = A l'xp[-o(r" + ,.,.)](ro - 01"")('.0 - or,,),

(r".''''::;'.o) (1Ia)

where A al1ll !3 arc normaJizing factors and Q and (3are vari-
ational p¡¡ramcters. Thc multiplying factors lo the right 01' Ihe
exponential tcrm in Eq. (11 a) are inlroduced lO warranl lhat
Ihe wavcfunetion goes to zero al the houl1llary whcn the po-
lenl;al harrier he;ghl hecomes inlinile 138, 3D].

The folJowing subsidiary continuity condilion on the
wa\'cfunction and consevation 01' probahility currcnt across
the hOlllldary is imposed:

and for Ihc eXlcrior region:

'1'0 = ll(r,.r,,)-'pxp[-iJ(r, + r,,);

1'0. a sphcrical shapc and lhe same dielcctric constant E ror
Ihe cryslallile as lhal of lhe bulk malerial, lhe model Hamil-
lonian for lhe system is written as (wc shall consider hcrc
ti = e = 1) 128J:

~ 1") 1 2
H = ---\7; - --\7" - I + Ve+ V,,, (9)

21H3 2111h £ "e - 1'/11

whcrc 1/l.r and 1/1/1 are lhe electron and holc cffcctivc masscs
rclativc lo lhe free-electron mass, re and "h thcir respective
posilions fromlhc centre ofthe sphcrc and Ve. \"1 are lhe bar-
rjeT heights associated lo lhe confining potcnlial for electron
and holc, rcspcctivcly. Ncglecting surfacc and ¡muge pOlen-
[¡al cffcC1S, wc can consider the sume barricr height for elec-
tron ami hole, i.e. lhe confining pOlenli.11 for this systern is
Ircalcd as:
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F](IURE 7. Exciton cnergy in CdSe crystallites as a funclion of
thcir sil.c. (O) Experimental data (401. (.) pscudopotenlial caku.
Ialions [40J. Curves corrcspond lo (he prcdictions 01' Ihe madel dc-
scribcd hcrc (28J for diffcrcnt ralios 1rIo/ml (see te Xl). (Rcplottcd
from Ref. 28).
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periment as well as with olher, more sophisticated theoreti-
cal treallllents, is very rewanling. In spite of Ihe simplicity
of thc model, the general fcaturcs of quanlum-size elTects on
excitonic hehavior are conscrved. Again, no aJjustahle pa-
rametcrs have heen used. only rOl' the experimcntal hand-gap
width whis is uscd as a haseline lo comparc cxpcrimenl with
thcory. This exploratory 1110delallows to advanee cSlimales
1'01'lhe ollset 01'vanishing excitonic states for a given cryslal .
lite size and composition. PlIrthennore, it is possihle lo esti-
mate Ihe elTeel 01'diffcrenl hosl matcrials-where Ihe crys-
tallites are emheddcd-on Ihe excitan oehavior. Indeed, as
is the case with any exploratory model, one must be aware
of ils limitations. Aspects such as a size-dependenl dielectric
funclion. eharge polarizalion at the cryslallite surface, non-
parahnlicity nI' the energy Dand, etc. \\'ere not taken into ac-
counl herc. However. the general agreemenl observcd 1'01'the
gross hchavior 01'the excilonic ground state encrgy as a func-
tion cryslaIlile size seems far frolll hcing fortuitous.

FI{,URE 8. n,md g;:¡p (excitan cnergy) fm a PbS cluster as n fUllc-
lion of its sizc. Urrcrmosl curve: cmpirical EMA c,dculalion from
Ref. 29. (O) Experimental dala {.tI]. (e) Cluster tight hinding cal-
culations [41). ( - - -) HyperboJic hand calculation [411. (-)
Rcsulls of the work dcscrihcd here (28]. (Rcplotted from Rcf. 28).

and Zungcr 1401 (sol id circlcs) arc donc through a plallc-
wavc scmicmpirical pscudopotcntial IIlcthod (SEPM) with
nOIl-local potcnlials and spin.coupling and assul1ling a si/.c-
depcndenl diclcctric constant in Ihe Coulomb inlcraction en-
crgy. In this figure, while keeping a reasonable trenJ ""ilh
experiment, our prcdictions for differenl values for mo/mi
show a sensilivity to differences in the interior and exterior
exciton rcdllced effective l1lass indllced hy cOl1lposilional dif-
ferences with lhe hosl material. Finally, rOl'PhS cryslallitcs
(Pig. 8) an cmpirical EMA calclllation (lIppennost curve), a
cluster lighl-binding calculalion (solid circles) amI a hyper-
bolic hand calculalion (dashed line) hy \Vang and Herron [291
ane! \Vang el (11. [,1}1are shown. The solid curve rcprescnts
the results obtained with lhe model presenlcd here.

Inlcrcslingly cnough from lhe ahoye Illentioned figures,
the qllalilativc and ljllanlitative agreelllenl ohserved with cx-

3
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o
o
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mo/mi '" 1

25 50
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4. I'roperties of dense lIlolecular hydrogen

As a thinl example 01' Ihe use 01'exploralory Illodels in the
analysis 01' prohlcms in condcnsed-matlcr physics, let us
hriel1y discllss the case 01' Illalter under high pressurcs. In
particular, we shall be concerned with lhe case of molecular
hydrogen, whose properties al high pressllres are still suhject
01'inlense stlldy and conlroversy 143].

Studying Ihe properties nI' the simplest neulral molecule
(H::d under high pressures Illay serve as a starting point to
understand Ihe corresponding hehavior 01'more complicated
moleclllcs. Scvcrallheorctical and experimental groups have
de\'Oled important efforts to the study of pressure-induced
rhasc lransilions in solid a",1 ¡iquid hydrogcn 144-50]. A
complete phase-diagrarn 1'01'hydrogen is slill under construc-
tion 1511. Still some conlroversy on the onsel 01'mctallization
to reqllire 01'an intermcdiatc atnmic state or directly taking
place from Ihe molecular statc, is going on [44....•iG, 52, 53].
Hence, in spile 01' heing lhe simplest molecular system, un-
derstanding solid/liquid H:,?undcr high pressures has bccome
a challenging issue in condenscd maller physics. Of course,
a detai led ilnalysis nI' Ihis m,lI1y.body prohlem rcqllires 01'so-
phisticaled Ireatmcnts, such as quantulll Monte Cario meth-
ods [11, Ah ¡,,¡f¡O molecular dynamics [21 and density func-
tional theory 15.1.55]. to mcnlion a few. Howcver, still in
Ihis case, some simpli fying asslllllplions may le:ld to tractablc
Illodels wilh prcdicting capahility. In Ihe following we shall
illustrate the use 01'a molecular conlinemenl model [56J to
invcstig,llc pressure ellects 011 the grollnd-state cnergy, polar-
izability ,uld vihrational properties 01'Ihe hydrogellllloleclllc.

4.1. The nwlecular confinelllent l110del

Consider <l condenscJ l1lcdillJ1l(e.,t:. a dense liqllid) wherc
the inlermok'cular dislances are s111allcllollgh so thal Ihe sur-
rounding Illolccules create a pOlelllial harrier for lhe electrons
associated to a particular molcculc emhedded in lhe Illcdium.
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whcre (/,IJ and!1 ¡¡re orbital paramcters to be dClcrmined arte!"
Illinimization of the total energy functional gi\'cn by Eq. (8).
Tllc normalization factors ami orbital parameters are related
Ihrough Ihe houndary and normali/.alion conditions as:

where l' and (itA. Rn) are the posilion vectors of an electron
and a nuclells rclative 10 lhe origin, respeclively and \1(1') is
givcn hy Eq. (14).

In our case, since \Veonly rcquirc of (lile orbital for cach
domain IEcs. (15'1) ami (15h)], Ihe lotal cnergy funclional
(H') muy hc easily cvaluated analytically as a function (lf lhe
orhilal paramclers «(J, lJ

1
,f/), confining radius (n e), nuclear po-

sition (Un) and harrier height (\lo) [56]. The oplimal valucs
01' the molecular parametcrs and Ihe corresponding energy
are found Ihrollgh a minimization procedure. Hence, givcn a
certain barrier height, varying the confinement radius makcs
Ihe energy valllcs to changc as well as lhc orbital radius and
lluclear posilions. In lhis sense, the calculation Ireats scll"-
consistenlly hOlh, electronic structure ami molecular confor-
mation as a fllllction 01'conllnement radius and harrier heighL

.)

4.2. Cail:ulatioIl 01'some molecular pruperties uf dense
mull'(,lIiar hydrogen

b)
V(rJ

fiGURE 9. (•.•) ih moleculc enclosed within •.•padded sphencal box
01'wdius n". Thc e1eclron and nuclear positions "re refercnced to
the center 01'lile sphere. (h) Schematic reprcscntation 01'the contin-
ing potential harricr 01' height Vo.

(14 )

( 16:1)

( 15'1)

( 15h)

(1' ::; R,)
(1' > !I,).Ver) = {o

\lo

\
rO _ \"[ (y_a)U"J .(y-b)l(lJ¡ _1 (' ~-(' ~,

lnclusion 01'the function \1(,') in the molecular Hamilto-
nhln demands differcnl expressions for the interior and exte-
rior representation of ¡¡ localizcd orbital so that lhe boundary
Illalching conditions are satisficd. Ilcnce Ihe following rcpre-
scnlations for the interior and exterior rSGO are proposcd:

Thus an cxploratory moJel for t!lis system may consist in
vicwing a constitucnt l110leculc 01' lhe mcdium as a caged-in
systcm within a givcn boundary wilh finitc potcntial barricr
hcighl. The volul11c 01' Ihe contining box is lhen associatcd
lo lhe dcnsity of lhe I11cdiumwhosc changes are in turn rc-
latcd lo prcssurc. Thc hcight of Ihe poten tial harricr defines
lhe confining capacily 01' lhe medium and corrcsponds phys-
icaly 10 lhe mean ficld whcrc a p<trticular molcculc is cmbcd-
del!.

JUSI as in tht:: case nI' cxcitonic hchavior in qUi1ntulll dolS

discusscd in lhe previous section, hefe wc have anolhcr inlcf-
cSling use nI' lhe conccpt 01'confmcd quantum systclllS. Thc
rcaller is kindly aJdrcsscd to ~n cxccllenl revicw p~pcr on
this typc of models hy J~skolski [57]. \Ve note at lhis stage
lhal Ihe case 01"Ihe hydrogen molecule conl1ned wilhin pen-
elrahle houndaries h<ldnot been treatcd beforc even using an
exploratory model until recently I[¡GI. In the forcgoing a brief
description of the model is given. In conlrast wilh the pre-
vious sections, here we shall prcsent sorne ncw resulls not
publishcd beforc.

Using Ihe FSGO schcll1c-as described in Sccl. 2-lhc
H:! 1Il0leculc in ilS ground state is a two-electron systcm rep-
resenlcd by a single Gaussi~n orbital centercd al the origin
IRI.- = ()in Eq. (5)J. Now, considcr the ll10leculc conlined by
a pl:nelrablc sphcrical cage of radius Re and pOlcnlial barricr
hcight \é) at lhe houndary as dcpicted in Fig. 9 <lndassumc
Ihe conl1ning potential has the forll1:

Notc that the olle-clcctron integrals (JI"') ami the lwo-electron
Coulomh and exchange lerms (1..'111''1) in Eq. (6) must he eval-
uatcd laking into account the domain 01'intcgration ror Ihc in-
terior and exterior wavefunctinns. Hcre the one.eleclron op-
erator IEq. (7c)1 hccol1les

(/

'/ -. - 11 - el"-")II;J'

l~., [-lr-n,d-1 -Ir-R¡¡!-l
It'= __ \1-+2 \~

(I6h)

(r<R,)]
(1'; /1,.) , (17)

Considcring molecular hydrogen in its liquid phase and tak-
ing the cllectivc molecular volume as thal of the cOl1l1n-
ing sphcre (\~) :::::4:irR~/3), the cold pressurc (T :::::()J\')
may hc evaluated lhrough changes in the lotal ground-state
elcctronic ellcrgy as a function 01'confincmcnt volume, ;.e.
r = -DlF/DFo, which in lurn may he directly rclated to the
dCllsity of the Illedium. Hence. some properlics of molecular
hydrogen as a fUllclion 01"pressure (density) and contining
capacity of the Illedium (barrier hcight) may be surveyed.
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whcrc Ihe parallcl ami perpendicular components are
givcn as:

In our case, a single spherical gaussian makes lhe anisotropic
tcrms (2¡22) = (".'."2) = Oami "11 = "1. = 8(Z2)f. Thc
inlegrations implied by this expression are easily calculated
laking inlo accounl the inlerior and exterior wavefunclions
using Eqs. (15) and (ló). or cnurse, quadrupole momenls
cannol bc calculated wilh our approximalc Ircatment.

Inspection ofTahle V indicales thal our energy values are
typically ahove hy ahout 20% from those by LH, as expeclcd

Le Sar amI Herschbach (LH) [58J sludied the propcr-
(¡es of lhe hydrogcn Illolcculc cncloscd within impenetrable
(\'0 = (0) prolatc sphcroidal hoxcs using a variational cal-
culation with a fjvc-lcl"ln James-Coolidge wavcfunction 1591.
lnlcrcslingly, Ihesc aulhors found that Ihe symmelry of the
contining noxes for whieh the lotal cnergy is a minimum is
praclically sphcrical. Table V shows a eomparison be{wecn
the accuralc ealculations by LH and ours for lotal cnergy
(11'), inlernuelear dislance (Dt' = 2Rn) and average polariz-
ability (o.) as a funclion of pressure for this casco The values
fmm LB are given within parenthesis. Thc average polariz-
abililies have been calculaled using Ihe method prescribcd by
LH, i.('. [581:

(2Ia)
1,---- = 119.539672D;2(cm-¡ ),

8rr2 JlcD;
EJ,.

wilh.e = (,. - re )/,.,. Thc Dunham parameters (Ao, A¡, A2)
are lhen used to calculale the rotalional constant (Be), vi-
brational frcquency (We), anharmonicily eonslanl (wexe) ami
Raman frcquency (Wll = (.,.,'1' - 2u..'e:te) with the following
dcnniliolls 160.611:

w, = ,,-I(~AoB,."c)l/2

= (~AoB,)'/2(~68.481)(c1l1-¡), (2Ib)

h'1 .)
w,.,.,. = 48I,D~(IIC) [~5Ai - 36A2),

= ~.9980819G5[~5A¡ - 36A2)D;2(cm-I), (2Ic)

from the observalions by Frosl on the FSGO mcthod (see
Sect. 2). \Vhereas the inlernuclear dislances and pressure val-
ues keep an overall fair agreement. Our calculaled average
polarizability as a IUllclion 01 box size shows a beller agrce-
ment with Ihose of LH for smaller box sizes. For inlermedialc
values 01 Re lhe dilference observed with lhe corresponding
LH values is due to Ihe abscence of the anisolropic terms
«ZIZ2) ami (:el.Y2» in o", calculalion. LH also calculaled
the location of polential minima for each box sizc and vibra-
lional properties ror the ground-slale molecule after fitting
the corresponding pOlenlial curves (V) around the minimum
(r,) using the DUllham expansion [58):

where DI' is Ihe inlcrnuclcar distance in atomic units, It the
reduced mass, f¡ is Plancks conslanl (tt = h/2rr) and e the
spccd of light in vacuum, Ao is given in hartrees and Al antl
A2 are dimensionlcss.

Tahle VI displays Ihe box~size dependence of Be, WI"

We.l\., <lndWH as componed lo Ihose from LH (values wilhin
parenthcsis) in the case of infinite harrier height. For com-
plelencss, the valucs for the Dunham parameters oblaineJ
here ami Ihe corresponding quantilies frol1l LH (parenthesis)
are also prescntcd. Exeept for the anhannonicily tcrms, a fair
overall qualilalivc ami quantilalivc agreement is ohserved for
Ihe resl 01' the quantities. Inspeetion 01" lhe Dunham param~
eters in Tahle VI shows largcr dirrcrenees hctween our ,h
values ami those from LH. Sinec A2 may be associated lo de-
vialions !"roma paraholic shape of lhe pOlenlial curve in Ihe
fitting region, Ihe diffcrences in lhe anharmonieily terms re-
lleel this faet. Our potcntbl cnergy curves are softcr than Ihe
more accurate oncs ohlained by LH.

In spitc of the simplicity of our exploralory modcl, lhe re~
sults analyzed so far are cncouraging lo assess reliable quali~
talive ami quantitativc informalion on lhe lrend of Ihe molec-
ular propcrties 01' the system as a functioll of prcssure (den-
sily). 01" eourse, in Ihe case 01' intinile barrier height, we have
only compared the results of this model with a more sophisti-
cated calculalion to gain some conlidcnce on ils capahilities.

(18)

( 19a)

( 19b)

(011 + 2o.cJ
0= -----,

3

., ].,
"11 = "" = 8[(z-) + (Z¡Z2)-,

,,~ = (\" = (\yy = 8[(,,.2) + (.YI.e2)]2.

TAIJ!.!: V, Prcssurc lIcpcndencc of lhe lotal encrgy. inlcrnuclcar
dislancc and n\'cragc polarizability for (he hydrogcn molecule en-
(.'Ioscd wilhin an impenetrable sphcrical box obtaincd in this work.
Vnlllcs in parcnthesis corrcspond lo accurate calculations by Le Sal"
anJ llcrschbach (08] for quasi-sphcrical boxes.

2Rc Ocnsily Prcssurc Total Encrgy Internuclcar Polarizabilily

(ti,,) (11101/<:1113) (Gra) (hartTces) distance (00) (06)

3.0 0.793 3700 0.7253 0.745 0.257

05(0) (06474) (0.686) (O 197)

4.0 (1.333 690 -0.3331 0.944 0.695

(770) (-0.4749) (0.893) (0509)

5.0 0.171 170 -0.7117 1.112 1.408

(180) (-0.8800) ( 1.(68) (0.994)

6.0 O(~)9 48 -0.8613 1.248 2.328

(55) (-1.0441) ( 1.208) (1.606)

7.0 0.062 14 -0.9216 1.348 3.288

( 17) (-1.1136) (1.301) (2.230)

B.O 0.042 J.tJ -0.9448 1.414 4.083

(5.9) (-1.1440) (1.355) (2.769)

00 0.036 0.000 I -0.9559(4) 1.474 4.924

(-1.1716) (1.403) (4.196)
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TABLE VI. Rotational constan! (De),vibrational frequency (w •.). anharmonicity conslnnt (W•.I~.) aml Ram"n frcqucncy (WR) obtained in this
work fm the hydrogcn moleculc cncloscd wilhin impenetrable spherical hoxcs 01'diffcrcnl sizcs. Thc associatcd Dunham parameters (Ao.
Al. lb) are also includcd for complctencss. Vnlues in parclllhcsis •.re corrcsponding accuratc calculations by Le Sar and Herschbach {58)
ror quasi-spherical hoxes.

2Re Ao Al A, Be w" W•.T •. WR

(uQ) (hartrees (cm-I) (cm-I) (cm-I) (cm-I)

3 1.54212 -1.02548 0.95805 215.38 17076 115 16845

( 1.7635) (-0.7953) (0.3456) (253.71 ) (19819) (169) (19481)

4 1.13881 -1.08069 1.03473 134.14 11581 86 11410

(1.1594) (-0.8080) (03290) (148.07) (12276) (108) (12060)

5 0.89647 -1.13707 1.13267 96.67 8723 70 8582

(09333) (-0.9178) (0.3213) ( 104.68) (9261) ( 115) (9031 )

6 0.73685 -1.19326 1.22791 76.87 7052 64 6925

(0.6221) (-1.1345) (0.6429) (81.80) (6684) ( 118) (6M8)

7 0.62691 -1.24919 1.31654 65.78 6017 63 5892

(0.5066) (-1.2152) (06888) (70.59) (5602) (122) (5358)

8 0.55099 -1.30662 1.42408 59.78 5378 64 5250

(0.4431) ( -1.3759) (0.9032) (65.05) (5030) (142) (4746)

00 0.45809 -1.46408 1.90964 55 4703 64 4577

(03661) (-1.1653) (1.7154) (60.64) (4415) (138) (4139)

TAULE VII. Propcrtics of Ihe hydrogen molccule confincd within penetrable sphcrical hoxcs nI'differcnl SilCS and ror sclcctcd hnrricr heights.

V=O

2R.c Prcssurc Tola! Energy Internuclcar Polariz.lbility B, w, WtXt WR

(/lo) (Gpa) (hartrees) distance (no) (a~) (cm-l) (CI11-1) (cm-1) (cm-1)

3.0 753 -0.6458 1.095 1.505 99.67 8725 98 8528

4.0 136 -0.8617 1.251 2.551 76.42 6964 73 6818

5.0 27 -0.9309 1.368 3.6M 63.94 5847 62 5723

6.0 5 -0.9509 1.438 4.454 57.83 5162 60 5042

7.0 0.6 -0.9552 1.466 4.825 55.59 4828 72 4684

8.0 005 -0.9559 1.474 4.913 55.09 4727 85 4558

V=0.25

2.0 6537 0.2250 0.874 0.607 15661 12444 165 12114

3.0 873 -0.5745 1.046 1.248 llfJ.25 9542 97 9348

40 168 -0.8311 1.204 2.193 82.44 7555 72 7411

5.0 36 -0.9193 1.331 3.273 67.46 6261 58 6145

6.0 7 -0.9476 1.418 4.218 59.47 5410 52 5305

7.0 1 -0.9546 1.460 4.744 56.07 4923 60 4803

8.0 0.4 -0.9558 1.472 4.899 55.17 4747 79 4589

V=1.0

2.0 8328 0.6047 0.785 0.398 194.16 15207 158 14981

3.0 1149 -().4240 0.962 0.898 129.10 11176 97 10982

4.0 234 -().7682 1.128 1.687 94.() 1 8644 69 8506

5.0 55 -().8949 1.270 2.713 74.17 7003 53 6898

6.0 13 -0.9398 1.379 3.766 62.87 5885 44 5798

7.0 2 -().9530 1.445 4.548 57.25 5148 42 5065

8.0 ().2 -0.9556 1.469 4.859 55.38 4802 64 4673

Taking diffcrent harricr heights for the conflning polential
(\~l). lhe molecular properlies discussed bcfore may he SUf-

veycd within thc exploralOry modcl presenlcd herc. Tahle VII
displays predicted values for prcssurc. total energy. inter-

nuclear distance, polnrizahility and vihrational constants for
Vo = 0,0.25 anu 1 a.u. Notc that as lhe barricr hcight is re-
uuccu, the variation 0'- all propcrtics is less pronounccd as the
hox radius is dccreased. Figure 10 shows the prcdiclcd behav-
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The use of exploratory I11mh:ls to analyze SOlIle complicalCd
prohlell1s may he a valuahle IllC<lns to gain insight on (he
properlics of tlle systcllllJndcr study. In this work \ve have Je-
scrihed three dillcrenl prohlellls whcre a simpliflcd Ireatlllent
has rcndered important physical informalion. 01' course. U$-

ing cxploratory Illodels onc could expeet only a gross dcserip-
tion of Ihe quantilativc and qual ilative fcatures of Ihe systClll,
as \Vell as lile role uf associatcd relevant paramclers. How-
ever, tllis inforlllalion Illay he uscful to set up a more delailed
ea!culalion.

A slightly morc dc(aileJ Jiscllssinll was dcvoted to lhe
lrcatment of the propcrties 01' molecular hyJrogen under high
pressurc. since m::w reslllts are presented ror this case. In
Ihis cOllnectioll, Ihe IlHllecule-in-<1 hox model with penetrahle
walls secms promising ror Ihe stlldy of alolllic anJ molecular
syslClllS under high pressures. A more formal. detailed <:al-
cu1alion for Ihis case dC1l1ands hy far a considcrahly larger
c1lorl amI slill is not availahle. This, togelher wilh the exci-
1011conflnelllent prohlclll trealed in SCc!. 3, points lo a uscful
characteristic of Illodels h;lsed on quantllm eonflncll1ent.

FIGURE 11. Prcssurc-dens;ty curves rol' 112 ror two extreme valucs
01' the conllning polentinl. (.4) rcsulls from Rcf. 58 rol' Vo ;:: oo.
Resulls of the wmk descrihcd here [561: ( - . - . - ) (Vo ;:: (0), ( - )

(Vo ;:: O). ( - - - ) OK isotherm 1'01'fluid ~h [62]., (X) experimental
EOS rOl"solio 111at 80 K IGOI. (O) lemperalure-rcduced experi-
mental EOS ror solio H:l 1,18]. Shock-col1lpression cxperimcnts on
nllid 11,: (O) I.¡,I. (6) 153), (+) [521. (O) qUJntull1 monte cario
ca1culation fOl"shock-comprcssed l1uio lh f2].

5. COllcludilll-: rcmarks

here consiJers only changcs in the electronic cncrgy. strictly
spcaking. our prcssure-dcnsity rclation can only he compared
lo the T = O K iso(henn. Quite surprisingly, an almost com-
plete agreemcnt is ohscrvcJ with the shock-compresion ex-
pcriments and quantlllll monte cario slUJics, allhough sorne
sccpticism should he kept in addressing cOllclusions in Ihis
case si[lee Ihermal prcssurc cllects arc not considereJ in this
mode!.

v =00
B

2

Confined H
2

,
\.
\

V =O',,,
H'"

••••-1

1.5

-1.5
O 4 6 8 lO

Box Radius (a. u.)

FICiURE 10. Total ground statc cncrgy of H:.!as a fUllction 01' (011-
linClllcllt T:1Jills fOl"two extreme values 01' lhe conflning potcntial.
(t) "accuralc" calculation [58] for \'0 = O. Rcsults 01' the work
dcscrihcd herc I,'jG]: ( -) (\'0 = (0), (- - ~) (\'rJ = O). (Rcplottcd
frolll Rcf. 5ú).

ior 01' lhe tOla1 cl1crgy as a funclion ol' lhe conllning radius
rOl" lhe l\vo extreme harrier hcighlS: \~l = 00 (conlinuolls
curve) ami \ u = O (chain curve). Also showll in l!lis figure
are Ihe reslllts hy LH (solid dimnonds) for Ihe hard-wall case.
From this figure we observe that ror lhe lowcsl barricr hcight
(l';) = O). (he mollel prcdicts lhe appcarancc 01' ¡¡ thrcshold
hox radius ({Ir ~ 1.025 (lo) hclow which no bound statc ror
III is availahle. This radius would correspond to a pressure nI'
ah()ut 5200 GPa (scc hclow). although this asscrlion is only
sl'l'CUlalivc since it is quite possihlc that thc system transits lo
a ionizcd amI a furthcr atomic stale through previous cxcitcd-
slatc channels.

An inlercsting featurc of lhe cxploratory l110del discussed
herc is its ahility 10 rendcr relevant physical information
as the eonlining volulIle changes. In Fig, 1 I lhe predicteLl
prcssurc-dellsity curves for molecular hyJrogcn conllned
within hard-walls (\;) = (0) (chain curvc) ilnd "transparcnt".
walls (\~l = O) (conlinuous curve) arc shown. Full Iriangles
L'OITcspond 10 Ihe reslllts from LB rOl' their hard-wall mode!.
Tlle dashed curve reprcsents lile equatioll 01' statc (EOS) for
lluid molecular hydrogen (O K) dcvclopcd hy Kcrley [G:!I.
1\lso shO\vn are experimcntally derived EOS hy EVilns and
Silvera ['JOI (erosses) and hy lIemley el "l. [481 (open dia-
lllo11ds) rol' statie compression 01' solid molecular hydrogcn,
Recent expcrimental shock-compression Illeasurelllents 01'
liquid molecular hydrogen hy Nellis el al. [el.71 (open circlcs),
\Vcir ('1 al. \-"')21 (solid diamond) and Holmcs el (11.1;)31 (open
lriangles) are inclllded in Fig. I1 1'01'cUlllparison. A!so. lhe
corrcsponding theoretical prcdiclions hy Lenosky et al. [2\
lIsing a quantulll monte cario arrroach are incllldcd in tllis
ligurc. As lhe reaJer JIlllst he aware, a much more realislic de.
scriplion 01' lhe EOS is ohtaineJ whcn a padJcd-wall mollel
is llscd as comparcd lo the hanl-wall modcl. It is important
lo stress herc tllal. since the contlnelllcnt model discussed
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