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THE ABSORPTION SPECTRUM OF SILVER ATOMS IN SOLID
- ARGON, KRYPTION, AND XENON

L. Brewer, B. A, King, J. L. Wang, B.‘Meyer,f and G. F. Moore'

Inorganic Materials Research Division, Lawrence Radiation Laboratory,
- and Department of Chemistry,
University of California, Berkeley, California

| ABSTRACT
The»U,V. absorption spectrum of trapped'silver atoms has been

studjed in Ar; Kr, and Xe matrices at QO°K and aboﬁé. With respect |
to the gés phase, fransitions corresponding to 2P e-zs were observed
to be shifted to the blue by an amount characteristic Qf the particular
’mafrix. In each matrix four absorption bands were observed with half-
widfhs'ranging from 170 cm"l to 300 cm-l° With increasing temperature
the absofption.maxima exhibit further shifts together with inereasing

halfiwidths. For Xe and Kr these changes were found to be reversible

between 20°K and 1/3 of the melting point of the matrix,

t Permanent addiess: Chemistry Department, University of Washington,
Seattle, Washington

F PreSént address Bell Telephone Laboratories, Murray Hill, N. J.
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INTRODUCTION

Matrix trappihg'is now widely used as a routine tool for the iden-
tification of unstable.species. However, only coﬁparatively few spectra
of simple systems,'such as atoms trépped in solid.rare‘gases, héve been
reported.‘ Such spectra can 5e correlated to the gas phase transitioﬁs,
but theif appearance is complicated by line broddening,-fine structure,
and spegtral shifts, and these effects are not even qualiéatively under-
sto”od.l,-5 " The following facfors may complicate interpretation: (1) The
matrix78pectra méy be intrinsically complex, due to overlap of broadened,
shifted, and éplit lines; (2) Xnown of inadvertently present impurities
mayvcaﬁsé additional absofpﬁion features. (3) Atoms may dimerize or
react Chemicaliy in the gas phase, during déposition,vorbdufing storage,
with container or.matrix gas impurities. (4) Time and temperature de- |
pendenﬁ diffuéion may oécur eveh if thé matfix temperature is carefully
:controlled. |

qSilver atéms are chemically reiaﬁively inert, can be produced in a
'comparétivéiy cieaﬁ and simple system, and tﬁe resonance transitions are
well knoﬁn, lying Setween 3000 and 3500A in a spectroscopically convenlent
regioﬁ. Therefore, the silver atom-rare gas system constitutesva very
praétiéél combination for matrix studies.

. The only previously reported studies have been for silver ions.: In
the spectfal fange‘l8OOK - 28004 Ag+ doped élkéli'halide crystais show
several absorpti&n bands at lower energieé thah the fundamental absorp-

.tion‘edge of thé.?ure crystal$.6 They are assigned to ﬂorbiddeﬁ D «S
transiﬁiong whichvséitz Suggests become partially allowed becéusévﬁhe

lattice vibrations cause & crystalline Stark effe'ct.7 Recently Brown
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and Dainton studied silver ions in sulphuric acid glasses at 77 K and

' o
transitiohs in the 3C00A region showed blue shifts when warmed.

EXPERIMENTAL

The metal cryostat using liquid hydrogen asirefrigerant was des~
cribed in an earlier puhlication.2 Silver was heated ih a carbon
resistahce,furnace consistlng of a 1.27 cm long carbon tube, external
diameter 6.4 mm_and‘interhal diameter 3.2 mm,vinternally threaded at
both ehds and screwed onto fitting 3.2 mm diameter carbon rod electrodes.
These electrodes were clamped inside water-cooled copper Jaws. When
‘operated at 6V and 60A the furnace reached a temperature of about 850°C.
The furnace, mounted 5 cm_from the sapphire target, had a radlally cut
effuslon hole, 1.02 mm diameter,-and was shielded byltantalum foll with
a'6.hmmx9;55mm aperture;‘ In a typieal experlment the silver vapor.
pressure wa.s compated to~be3€><lo-'h torr from the furnace temperature of
8h0°C to 880°C as measured with an optlcal pyrometer. The experlmental
arrangement_ls shown in Fig. 1. a

The matrix gas flow was controlled by an independent inlet system
and the quantlty of condensed gas was estimated from the geometry of
the system and the calibrated leakage rate.g_ Durlng depositlon the
cryostat pressure, measured at a p01nt Te 6 cm above the target, was
always less than leo“6 torr. The estimated value of M/R (moles of
hatrix/molesvof radieal) was typically of the order of lyOOO; _

The silver (99.9%%, Englehard Industries, Inc.) and Linde high
purlty rare gases were used without further purlficatlon.' In a typical

experlment about 0. hmM (millimoles) of matrix were deposited at a rate
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of about O.2mM/hr. "With liquid hydrogeh in the éryOStat the pressure
before deposition was less than 5XlQ~6 torr and during deposition rose
to 8x10-6 torr.

For warm-up experiments the liduid hydrogen was allowed to evaporate
and successive spectra were photographed coﬁtinuously as the matrix warmed
up. Up to 50°K the target fehperature increased at approximately lOdK/min."
.In somevexperiments thé matrix warméup_was quenched by the reintroduction
of liquid:hydrogen.2 | :

Spectra were photographéd in the fegion 2400k to MOOOK using a
JarelléAsh‘f/6.3 Czerny-Turner spectrograph with a 2160 lines/mm grating

blazed for BOQOX giving a.first order diépersion of Eﬁ/mm.

RESUITS
Generél
Ip the gas phase‘the resonancé'lines of silver occur.at 3280.7ﬁ

'(3Q,h73 cm'I) for ‘the 2P5/2 ++esi/2 transiiioh; and 3380.94 (29,552 ca™Y),
forlfhe‘gPl/Qbe-QSi/é trénsition.' In each of thexthree matrices studied
at 20°K foﬁr absorptioh linés_appeared aﬁ Sﬁdrtef wavelengths than the
gas wavelengths. The smallest shifts wefe'obSerQed‘in xenon and the
largesﬁ-in argon with xenon and krypton showingvthe most clearly resolved
specﬁ%é. FChanges of a factor of five in the M/R ratio did‘not'affect pﬁe
Spéctra.'.Tablé I lists the wave-numbers ofvthe absorption maxims bbservéd
fqr the three matrices. Typical microphotometer fracings of spéctra Ob~-
tained from what we believe are well-isolated silver atoms are shown in
Fig. 2. During warm-up expefiments some bands exhibifed further. shifts.

with res =ct to the gas phase transitions which were, within the exper-

imental accuracy, linear functions of temperature.
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Xenon
The absorption spectra of well-isolated silver atoms at 20°K showed

 three distinct but partially overlapping regions of comparable intensity.
The central region, with a total half-width of about LQO cm“l, consisted
of a douﬁlet, the longer wavelength portion accounting for approximately
two-thirds of the total-half~width. The half-width of each of the outer
maxima was about 180.cm—l.

| The effect of‘warming the matrix is shown in Figs. 3 and 4. The
following points were observed: (1) The position of the short wavélength
com?onent of the central doublet remained constant and its intensity
relative to the other bands'decfeased considerably. (2) The loﬁg’wave-
length component of the doublet shifted towards longer waveiengths at
~1h cm_l/°K. (3) .The long wavelength band also shifted to longer wave-
lengths at approximately 2k cm-l/°K; (4) The short wavelength compbnent
shifted to shortef wavelengths at ~11 cm'l/"K. (5) At 35°K the half-
width was about twice that at 20°K. (6) When the matrix was warmed to
~45°K and then rapidly quenched to 20°K the original structure and band-

width were obtained.

- Krypton
| For krypton the absorption.spectrum of ﬁeli-isolated silver atoms
showed three distinet bands»of similar intensities with half-widths of -
about 170 cm'l. These were similar to those observed with xenon but
there was no central doublet. However, another weak band was observed
a@ shorter wavelengths.

Spéctra obtained as the matrix warmed up are shdwn in Fig; 5. 'Up

to LO°K none of the three strong bands showed aﬁy significant shift.
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A new band.appeared at longer waveleﬁgths and between 40°K and 50°K
this energy band showed a blue.shift of ~23 cm-l. (In some krypton
matrices another weak band appeared at 25,5hl cm—l and remained constant
when the temperature changed.) At 50°K the half-width was nearly twice
‘that at 20°K. On rapidly quenchingva maﬁfix wafméd to 50°K the original

structure and bandwidth were again recovered.

Argon

The absorptidn spectfum of silvér'atCms in argon showed three dis-
‘vvtinct abéorptions of comparable intensity with another weaker band at
longer.wavelengths. The half—widths ﬁere approximatelj 300 cm-l. buring
Warm-up experiments the high energy band shoﬁed a small blue shift of
~3 cm”l/oK and the other»bands showed red shifté of similar magnitudes.
In all cases the haif-widths had doubled at about LO°K and above h5°K
the bandé disappeared. Once a warm-up experiment was started 1t was
difficult to quench argon matrices before the‘absérption bands dis-'
appeared ;nd reversible temperature effects were‘not observed with
" these matrices. Spectra obtained as the matrix warmed up are showm

in Fig. 6.

DISCUSSION
- In each of the three matrices four absorption features were ob- -
served, Since these bands occurred only when the maﬁrices were left

9,10

below the estimated diffusion temperature, it might be assumedv
that the spectra are due to 1lsolated silver atdms and their interaction
with the host lattice. If it is assumed that the four features are due

to déublet splitting of each of the gaseous spéctral lines, the assignment
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of the features depends upon one of two possible assumptions: (a) the
splitting is smail, or (b) the splitting is comparablevto or greater
than the 2P5/2 - 2P1/2 energy difference. The»energy’shifts with re-
spect -t the gaseous spéctrum are listed in Table I and‘the splittings
aré‘Shown in Table II. From studies of the parameters listed in Tables
I and II no clear pattern emerges. On the assumption of either small
of large splitting the splitting is always gfeater for the 2P

L
- than for the 2P3/2 level. For the large splitting case, there is a

/2 level

-consistent increase of splittings from Xe to Kr to Ar., Alsc on thils

A bdsis the blue shifts from the gas phase transitions increase from Xe

to Kr fo Ar (with the exception of the two of the lines in Ar). These
blue shifts follow the trends observed with othef atomic species in rare
gas\matrices where in general the argon matrix shows the largest blue
shift and xenon, the most polarizable matrix, shows the smallest.l’2’5311
In the gas phase the 2P3/2 @-gsl/gvfransition is Stronger than the

2P1/2 e-esl/g fransition; however it is not clear how these different
intensities are reflected in the matrices.

Thé reagon for the splitting of the expected two absorption bands
into thé observed four bands ié not known. It may be due to the removal
bf the orbital:dégeneracy of the P states of the trapped atoms as
- suggested for magnesium atoms in argon matrices.lg bistorted impurity
:sites:with more fhan one adjacent vacancy would have fq be considered
to e#piain the experimental observations. So far no information is

available about the silver atomic sites. Different lattice sites have ;

been quoted in studies of alkali atoms.5 For mercﬁry in inert gas
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matricese it was believed that multiple sites were not responsible for
the splitting of the triplet state (BPl). The large multiplet splitting-
in.the gas for the.eP_staté of gold provides a less ambiguous correla-
tion between the matrix and gas spectra. Preliminary3work on Au isolated
in Kr shows a éingle feature at 26124 (2675A in gas)vand a doublet at
2%3% and 23604 (24274 in'gas)_which suggests that the matrix provides a
‘weak electric field which can éplit a 2P

5 /o state but which can only
shift 251/2 or EPl/é state: This behaviof can be recpnéiled with
thé silver observations if the relativel&.Weak,compohents for Ag in Kr
and Ar at 3004 and 3233A, fespectively, are attributed to Ag2 oﬁ the
basis of their observation only wiﬂh'relatively large concentrations of
Aé. 'This explanation would nét_be applicable to xenon matrices where
one would have tp.assume that the field is large enough to.split further
degenerate terms. The limited amount of experimentai data preséntly
available indicates that experimental conditions of deposition can

greatly influence matrix’spectra;B’ll

Shift theories fdr;mercufy atoms in'argon, krypton and xenon |
matricés were based on a Lennard-Jones potential betweéen the trapped
: meréury atom ahd the rare gas atoms, but this model breaks down for
neonvmatrices,l To explain the observed shiftsvwith élkalivatoms in
inertvgas matfices, atomic sites were compared with F-cenﬁers_in alkali-
halide crysfalsoll However, there is insﬁfficienﬁ date available at.
N .
the_moment to see if elther of thesge tebhniques can also be appligd
to silver atoms in matfices.

During warm-up of the matrices both blue and red shifts were ob=-

served for the absorption maxima together with increases in bandwildth.
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Similar red shifts have been observed for cbpper, gold and mercury in
matrices and the reversibility range (20°K to about 50°K) 1s also com=-

parable.e’15

The observation of simultaneous red and blue shifts with
temperature as obsefved for argon and xenon constitute & new factor to
be cohsidered'in matrix work; these temperature shifts ére probably due
to lattice expansién (~i% ovef'the tém@eraturé range studiedlu) and
changes in the rigidity of the matrix.3 Some absorption_maxima did not
show any temperature shift and this suggests strong interaction between
silver atoms and either the matrix or other silver atoms.

"The féversibility of line position during annealing suggests that
at EQ°K silver exists in only one siﬁe, namely the most stable. Thus
silver differs from Na, X, and Rb, where irreversible loss of a set of
lines dﬁring ahneaiing3 and other effects proved the presence of mﬁl~
tiple sites, Ah F-centertmodelll which predicts an’ increase in band-
width with inereasing temperature together with a réd shift for impurity

15

absorption lines™ might possibly be applied hefé; The present results

do not resolve the question of the origin of the observed silver features.
It is hgped that additional work with copper and gold and with mixtures

6f all‘three metai atoms in a variety of matrices will distiﬁguish solute-
solutg‘interaction from multiple site effects. If a clear understanding

of the atomic spectra in matrices can be obtained, it will be possible

to deal with'moiecular spectra more confidently.
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Table I, Silver absorption lines

Comparison with gas~phase spectra

~ Absorption  Shift aésuming small Shift. assuming large

Matrix
maxi?a gt splitting 7  splitting
207K - o o - 2 2
e %m %m %k F5 /2
Xenon 29,710 158 a 158
30,1423 871 ‘ : _ . =50
30,595 S 1 1043 -
30,925 | | b2 : | 452
Krypton 30,881 1329 1329
31,857 ¢ 2305 | 1384
32,334 - 1861 2782 |
5% ,286 . 2813 2813
Argon . 30,930 = 1578 N . 1378
31,732 2180 ' | 1259
32,929 2L56 3377

33,522 3069 . < 30k9
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Table II. Energy splitting of silver absorption lines in cm”l.

Gas Phase Small Splitting

Small Splitting

Transitiona fAssumption Assumption
| Xe Kr Ar Xe Kr Ar
29,552 P, T 976 802 885 LA 1,999
50,475 2, 330 9w 595 502 L,k29 1,790
% Gas phase separation %p - °p R

3 /2 1/2

1s 921 em
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Arrangement for carbon resistance furnace, scale approximately
1:1 ‘ s

- Vacuum chanber wall

A

B - Flange
C - Kovar-ceramic seal for water-cooled electrodes
D

- Copper electrodes

E - Radiation shield

“F - Carbon resistance furnace

G - Effusion hole |
H - Sapphire target maintained at 20°K

I - Vacuum "O" Ring '
Absorption spectrum of well-isolated silver atoms in rare
gas matrices at 20°K. The sharp lines appearing'in the

spectra are mercury . emission lines from the xenon arc.

Effect of temperature on-the absorptibn spectrum of silver

-in xenon.

This photograph shows clearly the effect of increasing
temperature on the absorption spectrum of silver in xenon.

The bottom exposﬁre was taken at 20°K. The band on the

| 1éft occurs at ~ 3,400A, the band on the right at ~'3,200A.

" For publication the photograph contrast was incfeased.

Effect of temperature on the absorption spectrum of -silver

: ih-krypton., At temperatures above 20°K a weak emission line
-from the xenon'arc'produces the appérent'Splitting of the

.long wavelength band.

Effect of temperéturé on the absorption spectrum of silver

"in argon. At temperatures above 20°K a weak emission line

from the xenon arc produces the'apparent splitting of the

Jlong waveléngth band.
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