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Matrix Isolation Studies: - Model for Static and Dynamic Matrix Shifts

Chin-An Chang”
‘Inorganic Materials Research Division, Lawrence Berkeley Laboratory,
end Department of Chemistry;iUniversity’of California

Berkeley, California 94720

Abstract

The experlmental spectra of Pb in rare gas matrlces are correlated
with some model calculations. A method is demonstrated to approximate the
gas phase transition frequency, gas’ from those observed in Xe and Kr
matrices. Pb and many other metal speﬂtra in the literature are tested.
The results show that very good agreement is achieved for the atoms with
8 « P resonance transitions, while too low a calculated Vgas is obtained
for the atoms with p « s resonance transitions.

The present theorles on the matrlx shifts are dlscussed and their
predicted dynamic matrix effects compared with observations. It is shown
that none of the present theorles accounts for the observed dynamic matrix
effect. A model is proposed to account for the dynamic matrix effect as
well as most of the static matrix effects for many trapped metal atomic
spectra.r

*'bPresent address: 'Department of Chemistry
' ' Texas A&M University
College Station, Texas T7843
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Introduction

Thevspectra of atoms in rare gas matrices showl’2 both static and
dynamic"matrix'effects. The static matfix effects inciuded frequency
shifts, appearance of mﬁltiplet structﬁres and broadening of the spectral
lines. vThé’dynamic effect refers tQ the different température dependences
of the multiplet components. For most atoms involving p « s transitions,
the component highest in frequency in the triplet shifted reversibly to
thé”blﬁe, while the two'lo&er fréquency components reversibly shifted to

3 L

the red when the matrix was warmed up. Eiamples'are Cu,2 Ag,-2 Li,~ Na,

‘Ag,s,'Ca,6 ca,® and_Mg.6

7 suggested that the observed frequency shift was

McCarty and Robinson
due to the interaction of the trapped spedies with the matrix environment.
The‘obséfved ﬁriplet<for He aﬁd Na in the matrices was attributed to the
'remOVAl of the three-fold degeneracy of the P state by a John-Teller dis-
tortion of the matrix. | | |

Brith and Schnepp8.studied:the multiplet structure of Mn spectrum
in Ar by caiculating the splitting energy quantum mechanically. Using
either a distorted neighbor or missing-neighbor model for the trapping
site geometries, they.obtained the right order of méénitude of the splitting
enérgies, but only éidoublet could‘bé expected from these two models.

Andrews and Pimentel3 suggestéd thevpbssible‘foies of nonnearest
neighbor metal-metal inferactions in detérmining the multiplet structure
and the splitting eneigies. Rough agreement with the experiment was

obtained.
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9,10

Brewer and King Véé-dépdsited Au and Ag in Kr matrix. -The mixed
metal matrix speétrum showed two triplets corresponding respectively to
those of pure Au and Ag in Kr matrix. All ﬁhe components héd the same
frequencies as in the puré.metal specﬁra, with the same relétive intenéities
and half-widths, and no éxtra‘féatuies appeéred. This work seemed to oppoée
the metal-metai interaction mechanism as being the. cause of the multiplet
strUQtures;‘v | |

- Meyer and-éoworkers2 and Brewer and coworkerss’9 also studied ﬁhé
spectra of Cu, Ag aﬁd Au in Xe, Kr and Ar matricés. The observed triplet
for all three metals in the matrices had two components close ih frequency
«— 231/2 transi-

3 2

to that of the gaé phase 2p /2 9-281/2,'and one to 2P1/
: tions.i Becausé there are wide separations in energy between these twq -
gas phase transifions of Cu, Ag and Au, énd because the‘2P3/2 and ZPi/Z
states split under Stark effect into two and one states, respectively,

it wasvsuggested 2,5

that the observed triplet could be due to Stark
splittings by the matrix field.

Recently Mccartyll proposed an exﬁlanation:for the observed triplet
of Hg in the matrices. One lihe was attributed tthhe’completely.isolated
‘Hg atoms, and the other two lines due to resonance interaction between
btwo Hg atoms being néarestvneighbors to each other.

It is recalled that there were static as well aé dynamic matrix
effects. Any satisfactory model for the origin of the multiplet struc- . ]
tures in the matrices’must account for both of these matrix effects. As
is shqwn later in this paper, none of the earlier theoriés could explain
‘ﬁthe‘obsérved dynamic matrix effects. ' Therefore a new model is broposed

to account for the dynamic matrix effect as well as most of the static

matrix effects observed for the trapped-metal'atomic spectrg.
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‘and was blue5Shifted'from the gas phase value by several thousand cm™'.

. ‘ . |
A. Matrix Effect on the Pb “P., « “P_ Absorption Line

"As was repofted in paper I, the single strong line of the Pb absorp-

tion spectra observed in'raré gas matrices was assigned to the Pb 6pTs

P, «6p° P, transition. This line had a half-width of about 400 cm™*,

1
1

On Warming the matrices, a reversible red shift was observed. The last
fact suggested that the absorption frequency of Pb could be closely re-
laﬁed to the interaction betwéen Pb atom and the surroundiﬁg matrix'atoms.
This was based on the facts that (l) the rare gas crystals expand rever-

sibly as the temperature is inci'eased,le’l?’

and (2) as in ﬁhe-pressure .
efféct.studies of the alkali metal atoms,lu the rare gés atoms were ex-
pected to interact diffefeﬁtly with the ground and excited states of Pb
atom; thé net difference between these two interactions could then give
rise to»the observed frequency_shift in the matfices. To_test this
.possible mechénism, calculations were carried ouﬁ using the Lennard-Jones
6—12_pqtential described by McCarty and prinson.7

McCarty and Robinson used the Lennard-Jones 6-12 potential in the

form

Ven = 4 €, [12.23(0 , /a )% - 1h.hs(cab/dab)6] (1)

wheré‘o is the distance between species a and b at which the attractive

ab
. 1

force balances the repulsive one. McCarty and Robinson then made the

assumption

6

) 1 -
: o 6 5 6\
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Two eqﬁations.of form (1) were!needéd, one for each of the ground and
excitéd_states of the trapped speciés-while the matrix atoms remained in
their gfound state.

After substituting the known values and réarrangement, the equations

to be.used had the forms

for Pb/Xe »Avabd.abﬁ/usueo ~ (52.7/a_) &, - & | (_2,),
for Po/Kr  Ov,d., /28333 ~ (39.2/d%) A, -4 N ©)

' | | 1;2 1 n_oul2 —l' |
where 4&2 = (GB'Gb' )2 - ( b Obj )2 , ete.

The excited and ground states of Pb atom are denoted by singlevand doubie

'pfime, respectively. Uéing the observed frequency shifts of Pb in Xe

and Kr at‘EO;K, A, and A were found‘to ﬁev—65.9 cm"%_ABYand'3f796 x 10*
cm'%,As, respectively. | . o
After subsfitutihg the values of’A%.and‘Aie, the oniy variable left

in Egs. (2) and (3) that could affect the Av values observed was d

These two equations were used to calculate the Av's at temperatures above

20°K. _The d_. 's needed at each temperature were assumed to be the same

ab
as the'lattice'constants of Xe and Kr at tha._t.’cemperature.l2 It was
assumed that the trapped species was at the substitutional site in the
matrix gas crystal lattice. | |

The calculated Av's in Xe and Kr at various temperaturés are shown

in Table I, along with the observed values. Clearer comparisons are shown

in Figs. 1 and 2.



" The caiculated'éw values in Xe are parallel to'énd slightly larger
than th¢ observed ones ét all témpératures investigated. - This means
thét,'én warming the matrix, the Pb BPl *‘BPo line decreases faster in
frequency than predicted‘froﬁ the model céléulation. The opposite was
found for Pb/Kr, however. The Pb line in Kr showed a smaller red shift
at higher temperétures compared to the predicted values. when the same
set of & and Aﬁe obtained above was applied to Fb/Ai, the calculated Av

1

at 20°K was 4017 cm™ , compared to the observed value 5553 cm~1. The

* failure in the Ar case as well as-the negative deviation in Kr are ex-

plained later using our new model for the matrix effects.

It is inferesting to seé how the correlation worked in the 10% Xe-‘
90% Kr matrix. In paper I this matri# was approximated to be composed
of eightiXe atoms and four Kr atoms around each Pb atom trapped. The
results are shown in Table II. The agreement atvhigher temﬁeratures was
fairly good Which could be due td a balancing between the two opposite
effects observed in Xe and in Kr'matrices., |

As Table I shows, the agreemént between calcﬁlated and observed Av's
becomes poor only dtvthe highest temperatures. Thérefore it was inter-
esting to see Qhether one could apply this method to other metals to check
for the assignment of the lines observed. 'In other words, the observed
frequencies at.20°K in Xe and Kr would be used to calculate the correspond-
ing gas phase frequencies.- | | | 7
o It is recalled that in Egs. (2) and (3)v56'and A, could be evalu-

ated if‘the'Avfs were known, with Av = - v___, where Vaas is the

Vobs gas

corresponding gas phase transition frequency.v According to what was
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stated in the last paragraph, Y oas is now treated as an unknown and solved
OBS'S'in the matrices.  There are three unknowns, ‘v

A, 53 therefore one more equation of similar'typé is needed. This could be

s A and

using the v gas .

ahother equation containing Ar as the matrix gas. However, since the de-
viation between éalculatedfénd’obsérQed Avfé in Ar at 20°K was very large,
this cduld not serve the pufpdse, and an aitérnative way was useé as
_deScribéa below.. |

The interactions between the matrix_étoms and different metal atoms
all have one thing in cammdn, i.ef,‘the‘intefaction magnitudes féll off
toward zero at iﬁfinite»separatidﬁ of the“fwo interacting species. In real
cases, one canlélways find a limiting r béyond whiéh the interaction becomes
negligible. This principle is used for the. observed spectra freQuency v
shifts in the matrices. The earlier wérk on Pb indicated that intefactions_
between Pb and the matrix atoms could be well t;eatéd with the L-J 6-12 |
potential. If the same relation bétween A% and A, as for FPb also held for
the other atoms, one additional equation could bg cOnstructed ﬁo approximate
the v, values of these metals. Using the Pb frequencies observed, it was
calculated that in Xe, Av = 3,08 em! and 0.047 cm~t at r = 10 & and 20 &,
respectively. ' The latter was chosen.és the limiting r.

The third equation thus obtained had the form
(0.047)(20)8/45k20 =~ 52.7/(20)® AP _ (%)

and the calculated vgasis for the various metals using their observed
9,15,16

frequencies'in Xe and Kr are shown in Table III.



_Pbiénd Bi wefe ﬁery'well treated by this.method while the calculated
Vgas_vaiues of éll other metals with p « s transitions were tob low compared
to their gas phase values. The different behaviors of these metals from
Pb and Bi was attributed to the directional sensitivity'of the éxcited P
orbitals involved in thesermetals_when'there was an accompanying large
increase in orbital size during the electronic ekcitation.' The individual
p orbital interacted with Strong orientational dependence and could not be
treated as point dipolés. The use of LfJ 6-12 potentialvfof'tﬁese atoms
was therefore no longer justified_as for a spherical electronic distribu-
tion_iike the excited states of Pb and Bi;_ ‘

"Although the method of locating yga; worked well for Pb and Bi, it’
did not work at all for the metals with p « s transition. This might
~serve as an example that one should be cautioﬁs in using the calculated
values when an excited p electron is involved in,the L-J type calculétions.

)

B. The Predicted Dynamic Matrix Effect From the'Earlier Theories

It was pointed out in the Introduction that the earlier theories
interpreted thg'observed multiplet structures by considering only the
static matrix effects. The observed dynamic matrix_effect, however,
must be closely related to the real cause of the multiplet structures
observéd. Any modelvprqposed for the multiplet structures must also be
able to predict correctly the observed different temperature dependences
vof the multiplet compéneﬁts. The earlier theories are how checked

individually in this respect.
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Brith and Schnepp8 proposed a misSingrnéigthr'of distortion model
to explain:the ofserved triplet of Mn iﬁ Ar. The missing;néighbor model
céhnot give a reversible frequency shift.of the lines observed, irrespec-
tive of the shift directions; The warm-up process would anneal the matrix
film and fill the vacanciés in the Aeighborhpod of the tfafped'Mn. This
would cause disappearance pf.two of* the triplet'éoﬁponents‘on cooling back,
in.cohtradiction to the observed reversible shift. The distortion modél;
although giving the right order of magnitﬁde of the splitﬁing energies,
predicts only‘twé lines instead of three. B

Andrews and Pimenta.l3

suggeStéd the rOle_Qf‘nonnearest metal neighborv
interaction in the appearance of multiplef structures of ILi in th¢ matrices.
If one assumes no mobility of the metal atoms at higher temperétures, i.e.,
the distances between the ILi atbms remain the same, all multipiét components
should not show'ény frequency'shift on warming up the matrix. On the
other hand, if the metal atams moﬁe while the matrix film expands with
increasing temperature, the metal atoms are expegted to move toward one
another because 6f the atfractions among them at fhe.distances they are
separafe&, as proposed by the authors. This would give blue shifts for
all components according td thé potential curves they used. Also, it is
doubtful that on cooling back the ILi atoms would move back to theifv
originél positions against the attractive force among them. |

Stark splitting has been suggested2’5’9 as‘a possible cause of the
triplet structures of Au, Ag and Cu in the matrices. In order to cheék

this model for its prédicted temperature dependencies of the triplet

components, one has to go into some detaii about the nature of the Stark



splitting. This is discussed in the Appendix. Here it suffices to
mention that this(mbdel also féils tq predict the cdrrect temperature
dependencies observed. | | |

McCartyll discussed the Hg triblet spectravin the matrices. One

component is attributed to the compietely isolated Hg atoms, and two to
the two Hg atoms being nearest neighbors to each other. Let us apply this model
to the observed triplet of other metal atoms, M. On warming up, the line

due to isolated M atoms would give a red shift due to crystal

expansion, while the other two lines would also shift to the red if the

two M atoms remain the same distance apart. Even if these two M atoms
d6 move closer yet without forming a M, molecuie, the‘two lines they
give rise to should show the same‘sign.of frequency shift.

ané'of fhese theoriés accounted satisfactorily for the observed
freqﬁency'shifts of those metals in the matrices. Therefore, a different

approach is taken to try to solve this problem.

C. Model for the Dynamic Matrix Effect

Thg problem is tacklgd by considering the formation and structure of
the matrix thin films. For a pure rare gas thin film, all the atoms are
identical, the main factor determining the structure of the.film is the
mobility of the atoms on the target. This,is detefmined by the vapor
iemperature, target.temperature, deposit ;ate and the attractions among
the gas}atpms, If the first three are kept constant, the mobilities on
the target among different gases will depénd én their melting points Tm

17

relative to the target temperature. Chopra18 reported that metal films,
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when deposited—at or below the tempéréture of»%Tm, have disordered or
amorphous.structure.‘ This %Tm can therefore»be treéted as the annealing
température for fhe'individual metal filﬁs. 'Rare_gas atoms afe similar
to many metal atoms in that theybare single ﬁtoms and spherical like;
the depoéited filﬁ structure is therefore not-complicatedvby the orienta-
tional problems of many moledﬁles. For the matrix—trapped;alkali nmetals,
multiple trapping sites were formed beéause'theideposit temperaﬁure.was
too low (M°K) for the matrix gases. Affer annealing at a higher tempera-
' ture;'the spectra dorrésponded to those metal atoms in the "abnormal" site
_disappeéréd, while the main spectra remained. For the Fo spectra, sincev
the films were deposiﬁed at 20°K and the spectrum'persisted after anneaiing,
conclusions'could be drawn about the stability of the trapping site formed
at 20°K. | |

" When the metal vapor is co-condensed on the target with the matrix
gas, the much higher_Tm of the metal greatly reduces its mobility dn the
target. Because of this, it is not unreasonable,to‘expect that each metal
atom is not in the center of the substitutional'site, but penetrates to a
certain extent toward the inner layer matrixvatoms. If there is further
asymmetry in the other two directions (the two mutualiy perpendicular
directions both parallel to the térget surface), this can completely
destroy the three-fold degeﬁeracy of the 4 orbitals. The P orbital which
is ndrmal to the target suffers greatest distortion and accounts fqr the
highest.frequency line in the triplet. On warming up the matrix, the
metal atom cannot obtain the. same mobility as the rare gas atoms because

of its high Tm. The mobility of the metal is therefore negligible compared
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to that of the matrix gas atoms. The mairix film will expand three-
dimensibnally on warming‘up.'.waever,‘because’of the blocking effect
of the target;'the‘normal-to-target directioh-expaﬁsion will be com-
pletely outward from'the'target. This incfeases the distortion between
the metal atom and the inner layef matrix gas atoms and causes a blue
shift of the trdnéition liné. The "other two directions, however, expand
without being blocked. This lcﬁers the energies in these two directions
and -causes red shifts for bbth. On cooliﬁg back, the reverse takes
"~ place. |
Iﬁ is emphasized that in the p'é-s transitions the ground state is

sPhericélly symmetric while the upper state.is strongiy oriehtation-
sensifive because of the three p érbitalélinvolved that are mutually
perpendicular to one another. vIt.is this sﬁrong orientation sensitivity
towaid the matrix enyironment that causes that splittinnghen the
symmetry'is'removed. |

_>The Pb work in paper I indicated that only‘one strong line was ob-
served ih all rare gas matriceS‘that could be assigned to the 6pTs 3Ple—
6?2 3Po ﬁrahsition. This is'alsq expected from‘the propoééd model. The
3 Pl state consist_s of oné 6p and one Ts ele}ctrons. The 7s electron has
1 lafger orbital size than that of a 6p electron.. Therefore, in the
§§¢i?§Q state, thé Ts eleqtrgp.is eipected'to interact with the matrix
envirénment much more strongly than the 6p electron which lies in an
‘inner4orbital. The 6p electron.could be.in~one of the three sublevels
of the_6p state, giving rise to three-fold degeneracy. The penetration

of the Pb atom toward the inner layer would affect this degeneracy.



- -12-

But the net differéhce among the'interactions»involviﬂg thé‘6p electrons
with the matrix.envifoﬁment_is expected t6 Ee small due to'ﬁhe much

larger interaction iﬁleving'the'7s electron. Therefore, the excited
stﬁte has only negligible splitting‘and is included in the breadth.of

vthe absorptiqn'line. The grdunq sfatg contains two 6p electrons and is
also thréé fold degenerate. The penetration.again destroys this deéeneracy,
but one expects oply a smali difference in ehéfgy amohg the three.non-
degenerate states created. Again this oniy shows up in broadening the
absorption line. Becaﬁse the Ts orbital hés a spherical sﬁructure and
interacts'with‘matrix environment much more strongly than the inner 6p electron,
the net absorption ffom 6p2 3P§ state to 6p7é 3P1 state gives one single
line.  The breadth of this line is thefefore expected to be twice or more
than those of the triplet components for the metals with p « s transitions.

1

This agreed with the observations.

= One strong

It is interesting to recall Duley's matrix work on Bi.
absorption line was observed at 35 971, 36 363 and 38 610 cm~' in Xe, Kr
. L . : 2, 4 3 4 :
and Ar, respectively. They were assigned to the 6p~7Ts "S1 « 6p~ “S3z
. 2 2
transition which was at 32 605 en”! in the gas phase. Upon warming the
matrix, a large shift of this line to lower frequencies was observed.
'Here the excited state was also spherically symmetric like, similar to

the Pb 6p7s state. .Apparently'the'same idea above for Pb could be applied

to explain the observed single, strong line of Bi in the matrices.
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D. Compafisdn Between Observed and_Predicted Multiplet Structures

Using fecc and hep Trapping Site Geometries

‘Pure Xe, Kr, Ar and Ne were'féund to cryétéllize into the cubic
.close—packed (ccp)bstructﬁre; with face-center cubic (fce) unit cells.
However, fhé difference in energy for the rare gas crystals between
" fee and hexagonal close-packéd (hcé) structure was estimated by Meyerlg
to be at mdét 0.1% of the lattice energy. . Near.the melting point the
difference in énergy between fce and hcb was, as Meyer pointed out, at

most of the order of l% of the sublimation energy.

Barrett and Meyer also studied the structures and'phase diagrams of
Ar cryStals cdntaining Né,eo CO,21 and 02,22 and found stable hcp stfuc-
tureS'ovefvwide ranges of the impurity composition. Although pure N> and
pufé CO crystallize in hep forms,vthe high temperature (y) phase of O
is'cubic and the addition of no mofe than 1% 6f Oz to fce Ar produced a
stable hep structure. .Furthermore, in all three cases the temperature-
composition line of the hep-cep transformétion, when extrapoléted to pure
Ar, led Barrett and Mé&er to conclude that Ar should be stable in the hep
form at higher temperatures with the hypothetical equilibrium temperature
between hep and fce being a few degrees above the melting point.

23

The work of Curzon and Mascall ~ on pure Ar and pure Kr films de-
_posited at 7°K showed only one fec phase. This indicated that the
mobilities of Ar and Kr at 7°K were high enough to give a well ordered

crystal, at least on a microscopic scale. The work in paper I also

indicated high mobilities of rare gas atoms around the trapped Pb atoms.
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Because this allowed equilibrium sﬁate to beiachieved, the possibility
always remained ﬁhat the matriées'could have héﬁ structures around. the
trapped species. | |

The hep stfucture differs from the fce structure only in the number
and distances of the third nearest neighbors and beyonds the potential
constants of Lennard;Jones 6-12 equation for thevtwo strﬁctures therefore
are very nearly the samé.eu vFor'the'ZPl e-sPo transition of Pb the upper
state (7s orbital) is spheriéally'symmetric and is only sensitive to the
distances from the interacting atoms. Therefore; the éarlier calculations
for this transitibn were valid for both fee and hep structures. |

As wés mentioned, the cep structure:has a fce unit cell and possesses
cubic symmetry. Theblayer of atoms dépositéd parallel to the target sur-

faces constitute the [111] planes of the fcec crystal.es

The p 6rbitals
of the trapped species in a substitutional site of ‘ccp crystals is there-
fére three-fold degenerate.

| The earlier discussion indicated that penetration of metal atoms was
expected toward inner layer matrix gas atoms. The penetration would be
along the [111] axis, and would destroy the cubic symmetry of its inter-
actions with the enviromment. However, it.is easily seen that such
_penetration along the [lll] axis would leave the three-fold degeneracy
of the p orbitals unchénged. One of the.fwo lobes of each p orbital is
distorﬁed while the other lobe is less distortea than before. The same
occurs for all three p crbitalé. The penetration might be slightly off

from the [111] axis, but randomly; this could only broaden the spectral

lines observed without causing splittings. The only effect of the metal
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penetration would be to create a net asymhetric-field along the [111] axis
which might be interesting in the Stark.splitting considered later.

Next, let us consider the metal atom in afhcpbmatrix filﬁ. As Fig. 3
shows, a metaliatom ;t the substitutional site of a hep lattice cannot
vmaintain its three-fold degeneracy of the P ofbitals. ‘We are mainly
interested in the difference in interactions between the métal and its
nearesf neighbors along x and y directions. . The p orbitals of M, as
Fig. 3 shows, do not-interact the same'in-theix and y directions. As
the orbital size becomes large, thé:overlgp will set in with the neighbors
on x axis while being less so_in the y axis. The coordinate can be
rotated as one wishes, but the interactions along any two mutuélly per:
pendicular axes in the x and y plane are not the same. When penetration
along inner z axis is taken inté acéount, the interﬁction'with the inner
neighbors due largely to the repulsive interéétion will always make the
interaction along the z axis the largest of the three. When the matrix
film was wérmed up, the whole film expanded outward.from‘thé target
surface and increased the diétortion bétween the b, orbital and the inner
matrix atoms. ZExpansion along the x.and y axes, however, relievéd the
repulsion. Tﬁis explained why it was always the absorption line highest
in frequenc&_that shifted to the‘Blue'whéh the film was warmed up, and
‘the two lower freqﬁency ébmponents t‘o- the red. For the Pb °~ P« 3Po
transition the upper state éonSisted of one Ts electron and one 6? electron.
As ﬁas mentioned, only one line was expected because of the spherical
symmetric natﬁre‘of the 7s orbital. There was distortion of the inner

layer matrix atoms due to -z penetration. . The repulsive interaction due



~16-

+to this distortion was expecfed to.increase from.Xe to Kr to Ar. In
fact, the fepulsive interaction in,Ar‘COuld_be so large that the ffe~
guency shift in Ar deviaﬁed by a/lérge amount'frémvthé value based on
e perfect substitutional site geometry. Tﬁe earliér calculations in-
dicated that fhe pfediéted shift in Ar was larger than that in Kr by

1100 em™?t

, if only the size effect was taken into accouht for a Pb atom
in a subétitutional site. However, the obsérved value was even larger
than the predicted one by .’L‘6OO‘<:m‘l which could not be explained by merely
considering the size effect between Kr and Ar lattices, but could be
expleined at least qualitatively using the.model proposed here.

In addition, this model predicted increasing distortion from the
inner layer on warﬁing up the matrix, which offset some of the relaxation
effect aiong the x énd y axes. The increase in distortion was expected
to be largest iﬁ Ar, less in Kr and least in Xe; This might explain the
ihcreasing negative deviatiqn observed in Kr matrix at higher temperatures
- than the calculated Values. The deviation in_Xe'was; hbwever, much less.
Therefore, within the accuracies of the ekperimental'measurements and the
calculations shown in ﬁhis work,‘the different deviations in Xe and Kr
between the célculated and the observed frequency shifts at higher tem-
'peraturés could be explained using our proposed model.

The case of Pb/Ar was interesting in thaﬁ the observed blue shift
from gas was much larger than was predicted and yet the red shift Qf
thisvline on warming the Ar matrix was not proportionally large, as one
would -expect if the large Av came from equal contfibution from all x, y

and z axes due to distortions.”'Again, the model prépoéed could be used
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to explain the abnormally large Av and-the'reiatively‘small red shift
on warming the Ar matrix.

The above discussion on hep trapping sites also implies that for
P e—sAtransitions the larger the frapped metal p orbitals involved, the
larger.the obsérved frequency difference betWeen transitions to P, and
Py and the smalier the différence between transitions t_o-'px and p,
orbitals. Let the observed triplets of those metals be denoted as V1,
vz, and Vs in increasing frequency 6rder,~and corresponded to the transi-
tions involving py, P, a.nd'pz orbitals, réépeétively, referring to Fig.
3. If A, is for the difference in freduency between vi and vz, etc.,
this model predicts that for a large trapped atom, or atoms with large’
increase of orbital size in the transition, Ae > Aé,z; and this dif-
ference decreases from Ar to Kr to Xe. The experimental observations
from various literature are shown in Table IV..

‘The observed changes in Aﬁ;E and Aé,3’ except for Ca and partly K,
folliow éxactly as was predicted'using the above model. These facts

therefore support the possibility of having hep structure in the matrices.

X-ray work on the matrix structures is therefore very urgent in confirm-

-ing this propésal.

Another interesting case is the large splitting in Au. Referring
to Table V, the ca.lculations26 showed that much better agreemént with
gxperiment was obtained if all three lines were assigned tp the same
transition, i.e., ZRL e—esi, rather than using the assignment2 of Morelle

2 2

or King. Similar assignment was made to Ag and Cu. Under the new

assigmment, one must account for blue shifts of several thousand cm=t
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in Au, which are rather large shifts. The earlier work on Pb showed that

iarge energy shifts could be expected. If the predicted hep structure
is preved to be true, the larger ofbital expansion of Au during the
excitation would give a large distortion.on thevpx orbitai which could
appfokimate in energy that of pz; the iatter'suffered large distortion
from the inner layer matrix atoms due to the metal penetration. Reli-
able calculations are needed to confirm ﬁhis. Thé Lennard-Jones pofen—
tial_was shown to be unsuitable fer interactions involving strong over-
lap with the p orbitals. Quantum meehanical.celculations are needed to
properly take into consideration the orientation effect and fhe correct

trapping site geometry. What has been shown in this work is that at

least qualitatively the large splitting in those atoms can be expected,

in addition to the successful interpretation of many bther experimental

facts using our proposed model.

Conclusions

A method was demonstrated te predict the gas phase transition fre-
quency using the line frequencies observed in Xe and Kr matrices. This
is helpful in identifying the absorbing species in the gas by locating
its resonance transition in the gas phase spectrum using the data in
the matrices.

The results of this work showed that this method worked well for
the metal atoms with s <D resenance tranéitions, but not so for the

metal atoms with p « s resonance transitions. This is explained as due

&
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to the validity;of using the Lennard-Jones potential calculation in the
former case but ndt in the latter. The work indicated that if one ob-
served a single, strohg absorﬁtion line in Xe and Kr matrices; which
éhifted to lower frequencies on wérming the matrices, one might approxi-
mate with some confidence the gas phase v° of'this transition using the
méthod shown in this work. On the.other’hand, when multiplet lines were
observed, one should be cautious in doing so, and should keep in mind

. that the calculated Vgas was lower than the true vgas' it is hoped,
however, thét this calculated value.can sometimes be used as the lower
limit‘of the true Vgas and offer some helpful information.

A model was proposed to account for both the static and dynamic
matrix effects observed in the matrices. The proposed model was partly
based on an assumed hcp structure of the trappﬁhg site in thé matrices
which was based on varioué indirect experimental observations. Direct
structure determinatioh is needed to confirm it. However, this work
clearly indicated that the trapping site geometry must be playing a
central role in the observed staﬁic and dynamic matrix effects on the

trapped atomic spectra in the matrices.
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Appendix: Stark Effect in the Matfices

When an electric field E is applied to an atom with an electric

moment P the Hamiltonian for the atom in the épplied field is

where'Ho is the unperturbed Hamiltonian.“ Therefore,'the’change‘Of energy
levels is governed by the matrix components of P. From the second-order
perturbation theory, the shift of an energy state; in an electric field,

due to the coupling with another state allowed by the selection rules is

Cl<alerl B> B/ |, 2wl (1)

Here W, and WB are the unperturbed energies of states A ‘and B, respectively.

A
The matrix l <A IE PI B >| has the value of the order 6.4 n® cm”
7 -

1
for a

field of 10° volt/em, n being the principal QUantum number. Because of
the selection rules different sublevels of an energy state.usually are
perturbed tb different extents by the neiéhboring enérgy levels. The dif-
ferences‘in the energy shift among the sublevels theﬁ give the splitting
energies observed.

The energy shift one would expect in a matrix field is nbw_approxi-
‘mated.. Take Pb for example; calculation826 showed that the interaction
energy of Pb and Xe at the normal distanée of separation in a matrix was
about 10° em~'/3.90 ﬁ.. This is of the order of 10° Qolt/cm. The ex-

‘pected shift in energy for Pb was therefore calculated to be about

lSO_cm'1 for an energy difference of 35 000 cm~' between the two states.

¢
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For the othef metals like Au, their interactions wifh'Xe and Kr were
larger than those for Pb.26 A spliﬁting'of Several-hundred em~! from
the'2P% state is therefore expected.' The field strength uséd4here is
the interaction eﬁergy of & Xe-Pb pair.or a Xe-Au pair.' This is about
what one ﬁould expect when the metal penetrafionvtoward inner layer
matrix'atoms.is'takeh intd account. |

In most cases, in addition ts the splittings observed all the triplet
components of the trapped metals shifted from the gas phase absorption
frequencies. This can be explained on the basis of calculations for the
Pb fréqﬁencies. There the shift was mainly due to the difference-in the )
interactions of the ground and excited states of Pb with the surrounding
matrix atoms. Such shift still existed even for a Fb atom in a perfect
substitutional site. Further splitting of the sublevels of metals with
P «~ s transitions came in only when there was a net asymmetric field in
the matrix, cuased by distortion, for example. In this way, one explained,
within the frameworkbqf Stark splitting discussions, the obéerved shift
and splitting of the multiplet components in the ﬁatrices.

Now let us consider the dynamic matrix gffect predicted by the
Stark splittiﬁg model. With the Stark effect, the ZPg state of Au, Ag,
Cu and alkali metals are‘split into two substrates with My = £ g and
* %,’respectively. According to the Stark splitting theory both sub-
states }arevshiftéd to the same direction with increasing strength of
the electric field. The local field strength at a trapped atom changes
on wérming the matrix; this implies that thé.transitions to these two

states should shift to the same direction with increasing matrix



-0

temperatures. Another. effect on the absorption frequeneies upon warming
the matlrix is the decreasing interaction between the metal and the matrix
atoms. The sum of these two effects again would in most cases predict

that the two components of the 2Pg state shift to the same direction.

This is in cleaf contradiction with experimeqt.
Next, with a Stark effect the'EPé state gives only one component

with M.J = % é. This state should behave very similarly to the Mj = * é
componentvfrom the EPE state. The latter should be lower in energy than

the component with MJ

turbations from the higher levels are iarger-than.thpse from the lower

= + g-beCause, taking Ag for an example, the per-

levels'due to the closef spacing in energies in the former. All the

higher states having substates with J = % also have J = % substrates,

hY}

but the reverse is not necessarily true. This means every state which

perturbs the Mj = % % level also_perturbs the Mj'= x % level but not the

reverse way. The'MJ =% % level is therefore pushed down more than the

M. = * = level. From Eq. 1 one notices that as AE(2R£ 9—232) approeches
2 5

ow

J
zero, so is the difference in energy betﬁeen the two levels with

M. == é. Again the triplet components are labelled as Vi, V2, and V3

in increasing energy order, and correspond to the components 2P1
-1

'(M,J =+ 3), 2P3 (M + 1) and P3 (M ), respectively. When
PaN iy (?Pl - P3) is not too large (Ve - v1) should approach AE, and should
2 E}

be quite independent of the field change from Xe to Kr. The latter
should be a more reliable criterion because the former depends on the

relative importance of AE to (WA - WB) in the calculations using Fg. 1.

et

.
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Howe#er, after taking this correction ihto account the criterion that
(vz - vi) be matrix gas independent should be more rigorous.

From Table V one notices that this is not what was observed. The
changé for (v - vi) in going from Xe to Kr matrices was rather large
for the metals, being 700, 230 and 130 em™t in Au, Ag and Cu, respec-
tively. Furthermore; it is interesting to notice the rather small

T in Au, Ag and Cu,

change in (vs - v2) which was 98, 12 and 30 cm~
respectively. The small (vs - v2) change between Xe and Kr matrices is_
again in contrast to what would be predicted by the Stark theory. The
field was expected to cﬁange qﬁite significantly from Xe to Kr; this
would cause large changes in‘thé splitting energy for the * % and * % ’

substates - from the same 232 state.
’ 2
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Calculated and observed warm-up shifts of the Po 2 P« 3P0

line in Xe and Kr matrices.

Temperature a . (R) aveate AvOPS =
(°x) - _ab ' em™t em-t
Xe 20 b3y 2483 2483
30 4.345 2hs1 237
up 4.352 2408 2379
50 4361 2355 2317
60 | h.37i 2296 2260
70 4.380 2215 2210
7 - h.389 2196 2148
Kr - 3.999 2974 2974
30 | 4.005 2930 2928
o 4,01k 2860 2896
50 4,025 - 2771 2858
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‘TABLE II. Calculated and observed warm-up shifts of the Pb 3P1 e—BPb
line in the 10% Xe - 90% Xr matrix.

Temperature (°K) - e Avdbs AvOPE
em~1 em™?t em~?t
20 2646 2659 2659
30 | 2601 2590 2598
40 : 2551 2551 2532
50" o498 . 2hop  2hop

% The valueslfrom the corresponding ones in the Xe and Kr

matrices from Table I, using the approximation that

8 y
Av = o= AyXe.+ iE

Xe-Kr 12 4

VKI"

.¥ The experimental values.
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TABLE III. Calculated Vgas values of the various metals

Metal _v(M/X}é)c’m"l o v,(M/ Kr)_cm"l : VZ::SLC 'cm'.l vzzgt' em™t
Po 37770 38221 35200 35 287(6p7s 7,
Bi 35971 3633 33900 32605 (6p77s *sy
B (—6p3 432
: : o L o S ’ 2
Au 3680 - 38300 30 360 37 359 (®Py « ®51)
40355 - k2 499 30 880 :
_ ' . 41 174 (%P3 « 28;)
Lo 969 43 011 31 920 2 3
A 29 886 30 989 24 810 29 552 (2P « Zsy)
B _ : : _ 2 2
30553 31 888 24 490
‘ 30 473 (ZPE (——28_1_)
30 998 32321 - 2k 990 o 2 2
Cu 30 647 31766 25 500 30 535 (°P1 _ 24 )
. . o : . 5 e 81
30 893 . 32 144 25.190 -
L E S 30 783 (%P5 « %5,)
31260 - 3250 25 k1o | 2 2
K - 242k 12 623 - 11170 12 989 (°Py « %s1)
' ) 2 2
12 687 ‘ 12 938 ' 11 210
' S _ 13 047 (%P3 «%s1) °*
12952 13 215 © - 11°k30 - 2 2
Cs . 10 8o7 | 11036 9 k2o 11 181 (épl « %81)
: : . o v o ' 2 2
‘112 11533 . 959,

. . - 11 736 (2P2 - 2Sl)
11 643 11 936 9 990 . 5
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TABLE IV. Triplet splitting for atoms in matrices.’

Metal Observed differences Dependence of (Al’g-_A2’3)
o ' between Al,z’and‘éb,3 on matrix gas
Li,Na,K*,Rb Al, s < Ae,-B not reported
Cs L 52 Aé 5 . in Ar > in Kr > in Xe
. , .
Au | Aﬁ,z > A2,3 " | in Kr > in Xe -
A > in Ar > in Kr > in Xe
Ag A&,e Ab,:,
. : A < A in Xe
" Cu ‘ but 2% &2
~ A in Kr
» 1,2 2,3
Mg' ‘ D 5> A in Kr > in Xe

¥ Metals in the same series should be compared to eliminate complexities

other than the orbital size change and interactions involved.

N .
K does not follow this trend too well.

¥ Ca shows just the opposite with A, , < Aé 5 in Kr and
. . 2 2
A&,e > Ab,3 in Xe.
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9,10

TABLE V. Absorption spectra‘of gold in the matrices by King

: . _ Gas Phase :
- Matrix v(em™?) Assignment - Frequency - v=vg(emt)
. - (cm'l') .
Xe 36 80 %Py F5y (37359 -ho9
» .2 :
40 355 - 819
,  Zps %8y (41 174)
4o 969 2 2 | -205
Kr 38300 2P <38 (37 359) +9l1
2 2 :
- 42 499 - +1325
®ps « %81 (b1 17h)
2 2 :

43 o11 "+1837

4
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Fig. 1 Calculated and observed warm-up
shifts of Pb/Xe.
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Fig. 2 Calcula.ted and obser\}ed _'warm—up shifts of Pb/Kr.
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. Fig. 3 The metal p orbitals in a hcp matrix gas lattice.
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