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. Temperature. Dependence of Matrix Shifts

Chin-An Chang¥
Inorganic”Naterials Research'Division, Lawrence Berkeley Laﬁoratory,
and Department of Chemistry; Unive;éity“of California

f?Berkeley, California 94720

Abétract

' The‘obsefved temperature.dependence of the"Pb singlet in matrices
is used.to constfuet a simple ﬁodel”fer ﬁhe matrix shiffs. This model
is_then’abplied to interpretvthe different temperature dependence of
the triplet components ofvmanyjother metals_in matrices which cannet

be accounted for by earlier theories. The proposed model is further

shown to successfully predict the.correlatidhs obserVed between the

triplet_spiittings and the matrices used for most of the metals studied.
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The;absorption spectra of many metal at ans trapped in rare gas

. , : 1-7"
matrices show temperature dependent frequency shifts. l For most atoms -
with p « s transitions a triplet is observed; the highest frequency

component shifts reversibly to the blue while‘the other two components

reversibly shift to the red when the matrices expand upon warming.

-Some work directed toward understanding these facts is reported in this

raper.

Metrix Shifts of Pb Singlet in Xe, Kr and Ar

The Pb spectra in matrices are first dlscussed because of their
simm11c1ty. The observed blue shift compared to the gas of the Pb

6p7s P"e-6p P, 31nglet at 20°K was 2483, 297u and 5553 cm~! in Xe,

Kr and Ar matrlces, respectlvely 1 Upon warming the matrix a rever-

, L 8
‘Slble red shift was observed. The McCarty-Robinson approximation was

used to test whether the inﬁeracbion between Pb and~matrix atoms might
be mainly‘responsible for these facts. | |

Using the observed shifts of the Pb'singleb in Xe and Kr at 20°K,
the celculated shift in Ar was 4017 em™3, compared with the observed
5553 em™*.  The experimental work® further showed that the Pb singlet
in Ar shlfted only slightly to the red upon warming. This last fact
is 81gn1flcant con81der1ng the huge blue shlft observed in Ar compared
to the much smaller blue shlfts noted 1n Xe and Kr; 'yet the red shifts
in these two matrices upon warmlng were rather large.

These facte can bevinterpreted on the basis of an‘increasingly

unsymmetrical environment around the Pb atom from'Xe to Ar. The much
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larger blue shift than expected in Ar suggests that Pb is possibly

trapped in a site with considerable distortion from the'symmetrical

substitutional site assumed in the above calculations. The'relatively'

 sma1i"#ed shift observed upon warming indicates.that the distortion
increases with some of thevAr neighbors cOming\closer tb the Pb:and
offsétting'thé witharawal of the other‘Ar atoms'due to matrix expansion.
The de&elobment of this asyﬁmétry‘during the deposition'process will
be discussed below.

| Next;7thé:s§ectral shifts bf the Pb singletjin Xe and Kr with
m}increaSiﬁg;temperaturés Were calculated and compared with the obéerved

,Yalues; as shown in Table I. ‘Qualitative agreement'ié'seen for Pb in

Xe at all temperatures studied, while rapidly increasing deviations in

van_OPPOSitg direction are noted for Kr. ‘Ihe quantitative agreement
might_be iﬁp;oved by ipcluding_finer‘interactidns between Pb and the
matrix. _quever, such,intefactions must ‘be of decreasing magnitudes
_‘af increasing temperatureé due to the matrix expansion which increases
i’the distance_between'the inﬁeraction.species.'VTherefore, it is the‘
_Qualitative difference beﬁween the matrix shifts'in Xé‘and Kr that .
V‘deservésﬁmorg attention.‘ A;trehd similar to that observed‘for,Pb in
Ar is ﬁdted‘for Pb in Krpas.thé temperature is increased,(i.e;;vthe

-‘asymmétry of Kr neighbors increases with increasing ﬁemperature.'-
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. the triplet case.

_Predicted Temperature. Dependencies from the Earlier Theories

It is»readily seen ‘that to interpret 'thec observed triplet 'for the

P s tran51tlons in matrices one must also consider the dlfferent

temperature dependenc1es for the triplet components. With this in

mlnd,;the earlier theories are individually checked to see 1f the -

.correct temperature dependencies’can be deduced.

v The missing-neighbor or distortion modello gives red shifts for

~all three components upon warming. The non-nearest metal-metal inter- .

actionbmodel3rgives, according to the potentials used by these authors,
no shift if the metal atoms stay the same distance apart, all blue
shlfts 1f they move closer toward one another, and all red shifts if
2,5,11

they move farther from one another. The Stark spllttlng model

1
can be readlly shown 2 to glve the same dlrectlon of shifting for‘the ’

' 1
_two hlgher frequency components The recent model for Hg 3 gives. elither

all red shlfts or blue shlfts for two of the components
None of these theorles can account for the observed temperature

depéndencmes. The earller model for the Pb spectra is now applied to

Proposed Interpretation:for the Temperature Dependencies of the Triplet

For both the s « p and p «'s transitions of metal atoms} the

~ excited state orbital is much expanded compared to the ground state

~and interaction of'the excited state with 'the rare gas neighbor is

assumed to be the:main source of the spectral shifts compared to the
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free,gas.  Upsymmétrical envirqnments will ndt prbduce,éplittings for
Po s e;p tfansitions because of the symmetry df the s orbifal.' Hdwever,
the triplet.splitting for metal’atogs with ﬁ.;-s transitions is attri-
bﬁted fotdireétional sensitive of-thé éxcited plprbitais; Different
disfortiong along differentfdirectioné would certainlj.shift ﬁhé triplet
components differéntly. The Pb work imﬁlied”that'the'métal atém'ié in
an environmént that is distofféd from one direétion compared to a
symmetrical subétitutionél sité.’va the distortion along this same
-direcﬁioh fﬁrthér increased upon waiming, as imbliedvby the Pb spectra,
if would_causé‘a blue shift for the coﬁponent responsible fo; thé
. interactions aloﬁg thié direétion. Distortibns along the other direc-
tions; hbwever, decreése as the matrix expénds upon warming, and there-
fore cause'ied sﬁifts fér'the'other components. vAccording to this
model,'it'is aiways'thé component highest in frequency that shifts to
the blue upon warming while the other two components shift to the red.
Thenéhifting is expected to be’réversible due.po'the fevérsible éxpan-
~sion df the matfix‘filmstlu’ These are all in agreement with the
obser&ed spectré.. |

Next, wevtry to rationélize_the médel with the following possibie
 méchanism/ip§olved. _The‘qualitativé'agreementfbetwéen the calculated
and obéerved‘temperature deﬁendence for the Pb Singlet in Xe implies
that Pb occupies a substitutional or nearly—subétitutialél.site. The
work on‘fb/Kr and;fb/Ar further implies an off-Center'substitutional
site;, Cbnsidefing the matriﬁ'formation'during‘deposiﬁion, such off-

centering'is nmost likely along'thé_normal—to-target direction due to
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poséible'metalbpenetratiOn toward the inner 1ayer'matrix atoms. This
is not unexpected‘in view of the largevdifference'in melting points
generally encountered between the metal and the rare gas crystals. Such

a large difference in melting points means: (1) a relatively much smaller

mobility of the metal atoms at the cryogenic ﬁemrératures; usually 20°K

orvlower;S’l and (2) larger attraction between the matrix and metal
atoms than that between the two matrix atoms. Also, the thermal energy

releaséd‘by\the metal atom upon condensing couldfsoften'the'inner~layer

/,matrix and allow for slight penétratibn of the metal atom. These

factors combined would make the metal atom stick more closely to the

‘inner layer matrix atoms. The matrix should expahd isotropically upon

warming. However, sinée«thermal energy is transferred from the target
to the'méﬁriX'film'during the warm-up procesé,‘this would iead to an
outwardvexpansion of the matrix along the‘normal-to-target direction.
The innér layer'matrix is pushed outward and'inpfeaSes its disfortion

relative to the metal atom, again due to the raﬁher large attractive

“'force which keeps the metal atom from moving freely.' The other two

-parallelftO—target directions, however, expand freely. -Upon cooling

the_revef§e takes.place. The proposed;mechénism night be tested by
the X-ray diffraction studies 6f the témperéture'dependenée_of the ,

matfix strﬁcture. It has already been demonstrated that small amounts

of impurities can change the structure of solid rare gases.;Y
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Dependences of the Triplet Splittings on the Matrix Gases and Metals

Additional ‘information about the matrix effecté can be obtaiﬁed : ’}f
by studying the variationS of thevtriplet splittings with the matrices
for metals of the same series. =~ : | “ ’ i+

vAcéordihg to the proposed ﬁodelAfor the triplet; the p orbital,
say p,, aloﬁg thevnormal-to-targét axis is responsible for the higﬁest
frequency combonent; let'px.and py be the orbitals. for the second highest and
.1owésf.frequency COmponents? respectively; and‘Aky denotes the energy
differenée between transitions to p-X and py, ete. - A&y is expected to
increase.and sz to decrease with increasing orbitai size of the metal
gtoﬁ, anq.(@ky - Akz)'to decrease from Ar to Kr.td Xe. It is emphaéized
that métals of the same series should be compared to eliminate_complexi-
ties other than the orbital-sizé change‘and the typg of interac£ions
invblved.  Table II shows ﬁhe available experimental.data invthis respect.

‘The Qbseyved changes‘in‘Axy and & follo& as expeCted with thev '
exceptions 6f Ca in Kr and,in part,K.. The sucéessful prediction of
the correlations observéd fpr moét of the atoms reported is cons idered
as a furthérvsupport‘to our proposed:asymmetrical latfice site:ﬁodel

for the triplet splitting in matrices.

Conclusions . o

The observed‘tripletvinvmatrices for the metals with p « s transi-
tions is believed to be caused by local asymmetric distortions. The

observed temperature dépendencﬁm of the matrix shifts are expléined
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using a simple model formula ted from fhe observed Yb spectra. -The:
péésible mechanism. involved is suggested and ﬁhqdld be tested by
strﬁctural‘dqterminations. | ) | |

'One problem reméining unanswgred is_the_lécal_symmetry of the

trapped metal atom in the matrix plane parallel tb the target. The = -

. symmetry must bé'low'ehough_to split the two p orbitals in this plane.

-

Again, an exact knowledge of the matrix Structﬁre is needed to answer

it.
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--Table I. Calculated and observed warm-up shifts'of'thevPb 

3

P, eﬁZPB' singlet in Xe and Kr matrices.

Temperatﬁre e % ‘
a,, (&) A avo

ycale | obs

Av

calc bs -

obs
- Av
cm~1

o (°K) AT em™. cm

Cxe 20 b3y 2483 2l83

30 L.345 2451 237
4o 4352 2408

50 . 4361 2355 '2317
2006

eeks

60 4.371
00 . 4,380

2260

7 389 2196

ke 20 - 3.999
30 k005
o L4.01k

2974
2930
2860 - 2896

50 'L.oes' 2771

2379

2210

2148

297k,
2928

2858

14
29
38
36
35

* Raré'gas lattice constants from Refereﬁce 9.
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"~ Table II.»_ Triplet splitting for atoms in mz_a.trices.

. Observed differences -Dependence .of (A = A )
Metal ’ o : Xy x2z’
, between A and A on matrix gas
. Xy XZ _ :
Li ,Na,K*;Rb < A not reported
S Xy XZ .
Cs > A Ar > Kr > Xe
Xy X2 S
' Ap. Axy > . . Kr > Xe
- Ag. AL > A Ar > Kr > Xe
= - Txy XZ :
Cu . A< A inXe
‘ CXy XZ
but :
A~ A . in Kr
Xy X%
Mg > A >
Mg Axy 2 ._Kr Xe
 ca A, > A, in Xe
- Xy Xz

but

A < A in Kr
Xy - Xz T

* K does not follow this trend very well.
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