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The absorption and excitation spectroscopy of matrix-isolated atomic
manganese: Sites of isolation in the solid rare gases
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This study collects information from absorption and luminescence excitation spectra recorded for
Mn atoms isolated in the solid rare gases Ar, Kr, and Xe and presents an analysis of the site
occupancy, based on the polarizabilities of the rare gases and the observed spectral shifts. Two
thermally stable sites of isolation exist for atomic Mn in solid Ar and Kr, while a single thermally
stable site is present in Mn/Xe. Site occupancy assignments are based on the application of a
polarizability model to thez®Pg,—a®Sy,; z8Ps,—a’Ss,, andy®Ps,—a’Ss, electronic
transitions of atomic Mn. From an analysis of the observed RG matrix-to-gas phase energy shifts for
P+ S type transitions, this model allows the association of certain site types occupied by metal
atoms in the rare gas solids. The required condition being a linear dependence of the matrix shifts
with rare gas polarizability for those metal atoms “trapped” in a particular site type. Application of
the polarizability model in conjunction with trends observed in site dominance, established a
connection between the blue sites in Ar and Kr and the single site in Xe. Use of the knoviRGVig
ground state bond lengths facilitated an identification of the sites of Mn atom isolation assuming the
transference of the known MBG bond lengths to the MRG systems. Substitutional site
occupancy of atomic Mn is assigned to the blue sites in Ar and Kr and the single site in Xe, while
tetra-vacancy site occupancy is assigned to the red sites in Ar and Kr. Consistent with these
assignments, Mn atoms in solid Ar show a preference for trapping in tetra-vacancy sites whereas in
solid Kr, single substitutional sites are preferred and in Xe, this is the only site observe200®
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I. INTRODUCTION was motivated by the similarities between atomic manga-
Th tical i ¢ matrix-isolated tal nese, which also exhibits ans® ground electronic configu-
€ optical spectroscopy of matrix-1sola meta 0r]ation and the M/RG systenis1=Mg,! Zn? Cd? and Hd"°]

atoms has lead to considerable insights into the behavior . NS .
. . . Where the solid-state spectroscopy has been studied in detail.
ground and excited electronic state atoms in condensed mat;

ter. Our Group at Maynooth has reported on the lumines- he lowest energy electronic configuration of atomic Mn is

5402 qivi ; ; .6
cence spectroscopy of MgzZn.2 Cd 2 and Hd atoms isolated [Ar]3d®4s, giving rise to th_e spherically symme_trac Ss/2 .
in solid rare gases and presented a localize®RGhs (RG ground state. The electronic states observed in absorption
8

=Ar, Kr, and X@ cluster modélto probe ground and excited correspond to the “singletlike’ 3d°4s4p(*P")Jy °P and

[T H " 5 3p° 6 H
state interactions of the guest metal atom within the solid.mpletl'ke [3d°4s4p(*P7)]2°P states which occur at

This analysis allowed identification of site occupancy and27?'191 nm (35725.85 cm’) and 40:13'42 nm(24 788.05
simulation of the M—RG interactions leading to the observed™ ) respectively, in the gas phate!! UV/Vis absorption
solid-state luminescence. The cluster model provides the linRPectra presented for each of the Mn/RRG=Ar, Kr, and
between the solid state luminescence and the behavior of tH€) Systems indicated the existence of multiple trapping sites
corresponding diatomic MRG van der Waals complexs for the guest atom. Excitation spectra in particular allowed
stabilized in cold supersonic expansions, thereby providingh€ extraction of photophysical properties of the trapping
insight into the behavior of metal atoms in the condensedites present, but not resolved in absorption spectra.
phase. In the past decade, the luminescence spectroscopy of Manganes€ along with mercury;® was one of the first
atomic mercury has been studied in detail by Crepin andnetal atom systems to be investigated with the matrix-
Tramef at Orsay. Recently, the nonadiabatic dynamics ofisolation technique. Since the first report of the spectroscopy
excited 3P, state atomic mercury has been investigated byof Mn/RG solids by Schnepff, Lee and Gutmachéf, and
Chergui and co-worke?aising a hybrid quantal/classical dy- Mann and Broid&® completed further work focusing on the
namics calculation. UV/Vis atomic absorption spectroscopy in solid argon matri-
In this contribution the absorption and excitation spec-ces deposited at 4.2 K. A summary of these earlier reports on
troscopies of matrix-isolated atomic manganese are prehe absorption spectroscopy of Mn/RG solids is given in
sented to extend the work done on the Group 2 and 12 met&ruens’ reviewt® Mn/RG solids containing isolated Mn at-
atoms into the transition elements. This experimental worloms and higher aggregates have been investigated by Vala
and co-workerS using the Magnetic Circular Dichroism
dpresent address: Lab. Francis Perrin, CEA Saclay, France. (MCD) technique in Ar, Kr, and Xe. Many reports of spec-
PElectronic mail: jmccaffrey@may.ie troscopic analysis of the van der Waals, antiferromagnetic
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molecule manganese dint&r?°Mn, and bimetallic clusters Wavelengts ()
(containing Mn isolated in RG solids have appeared in the 5y 240 280 30 360 400 440 480

literature?® In contrast, no reports of the luminescence spec- IV B B BN R T
jz]
|
4

troscopy of atomic manganese have appeared to date. How |metal flux
ever, one is given in an articfeto appear shortly.

The Mn/RG samples prepared during the course of this
work are more “atomic” than those reported in previous
studies?~1517=2¥hjs is attributed to the increased control of
the Mn vaporisation afforded by localized heating of Mn
occurring with electron bombardment, compared with the
bulk heating arising from resistive heating of Mn in Knudsen
cells. The difficulties inherent in the vaporization of Mn and
the controlled production of Mn/RG samples that have ham-
pered previous attempts at assigning Mn clusters have bee
mentioned in some of the earlier repoftsConcentration
studies conducted in the present work, allowed distinction of 5 T "3'5 L =
atomic Mn absorption bands from Mn cluster species. The x10° Energy (om™)
absorption spectra recorded allowed the identification of ,
muliple thermally stable sies of solaton for Mn atoms iso- 1. L U/ sheoolorspec recorted a 12 ¢ o e sames
lated in solid Ar and Kr and a single site of isolation in Xe. in the relative intensities of the observed bands with increased metal flux.
Excitation spectroscopy has been used extensively in the
present study as it provides a much more discriminating
method for site identification than absorption spectroscopyl@ange was used to record excitation spectra of the spin for-
As will be shown in the Mn/Ar System, resolution of over- bidden28P<—Z6S Mn atom transition. For this excitation
lapped absorption bands into individual site components ihe direct output of the oscillator in the Quantel TDL-90 dye
easily achieved by recording excitation spectra of site spelaser was employed using Coumarin 500 as the dye material.

High

Absorption Intensity

cific emission features. The dye laser was pumped with the third harma8is5 nm
In the following sections, the results of excitation spec-0f & Nd:YAG (Quantel YG-980[ laser operating at 10 Hz.
troscopy recorded in the vicinities of the®Pg,—a S, Excitation spectra were recorded with laser energy densities

2%Ps—a’Sy,, and z8Pg,—a Sy, transitions of atomic of 2.0 wJ/mnt by scanning the dye laser wavelength while
manganese are presented for the first time. The polarizabilitihonitoring a given emission band maximum. Ten laser shots
model of Laursen and Cartlaftl(L&C) is applied to the Were averaged for every wavelength position in the dye scan.
matrix shifts obtained for these three transitions which al-The linewidth of the TDL-90 dye laser is 0.8 cthat 560
lows association of bands arising from a given site occu1m-

pancy. In addition, trends in the photophysical characteristics Manganese vapor was generated by electron bombard-
of the excitation bands observed for tFe—S type transi- ment of the bulk metal USing an ultrahlgh vacuum Omicron
tions are discussed in relation to the site occupancy. The roldodel EFM3 evaporator. The electron beam was focused
of the “singlet” versus “triplet” nature of the excited states ©n irregular manganese chuniSoodfellow, Johnson Mat-
reached in the optical transitions are discussed with respeéfey; purity >99.5% with an average diameter of 3 mm,

to the solid state interactions leading to the observed matrigontained in a 5 mm internal diameter molybdenum crucible.
shifts. Under low metal loading conditions, the isolation of manga-

nese atoms is favored. The absorption features of atomic
manganese are assigned from their proximity to the gas
phase positions, as the weak van der Waals interaction be-
A. UV/Vis absorption and excitation spectroscopy tween the Mn atom and its immediate matrix environment
eresults in only a slight deviation of the transition energy from
that observed for the free atom. The assignment of atomic
Mn absorptions is simplified by the presence of resolved

cept where specified, all the excitation spectra present threefold splitting pattern indicatié of the dynamic Jahn-

o N eller effect. This effect has been observed for several

were recorded with dispersed, cw-lamp radiation. Thus, deu-"_". . . . 1
: matrix-isolated metal atoms including tAB, 'S, absorp-

terium (Hamamatsu L6310 and a Cathodeon C713 powe{ion of Ha atomé in solid Xe
supply and tungsten lampgGeneral Electric 30 W, Model g '
DZA) were used as the light sources to record both absorpé MN/A
tion and excitation spectra in the ultraviolgV, 180—400 - MINAT
nm) and UV/Vis (350-600 nm spectral regions, respec- Absorption spectra recorded for samples prepared by co-
tively. A scanning 0.30 m monochromattkcton Research depositing manganese vapor with argon on a Cafdow
Corporation, SpectraPro-30Q0fitted with a ruled, 1200 at 12 K are presented in Fig. 1. The three traces show the
grooves/mm gratingblazed at 300 ninwas used for wave- effect of increasing the metal flux, thereby providing a con-
length selection. Pulsed laser radiation in the 490—-535 nngentration study for the isolation of Mn in solid Ar. It was

Il. RESULTS

The apparatus used in the preparation of Mn/RG sampl
has been describédn detail elsewhere. Specifics of the
spectroscopic setup have also been presémently. Ex-
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found that Ar was the most difficult of the solid rare gas Wavelength (nm)
hosts to achieve atomic isolation, but as shown in the bottorr e oo 3‘|’°, '370‘ ‘37"} }?0‘ el
trace of Fig. 1, nearly exclusive atomic isolation was also | MoRG |
achieved in this solid. The gas phase posittBnsf the
X ®Ps),, y 8Ps)p, andz P, °S,, transitions are shown by
the dashed vertical lines in Fig. 1. The dominant absorption
feature observed for Mn/Ar at 278.1 n(B85958 cm?) is
assigned to thg ®Pg,—°S;, transition of atomic Mn. This
absorption feature is shifted by 232 chto higher energy
from the gas phaséG.P) position'® and exhibits a resolved
threefold splitting pattern as well as high and low-energy
shoulders at 273.0 and 281.5 nm, respectively.

The absorption feature centered at 397.4 nm in the mos
dilute Ar sample(bottom trace is assigned to the °Pg,

Absorption Intensity

—a®s,, transition, based on its proximity to the location of Xe | i ‘ ! |
this transition in the gas phadeat 403.42 nm. Inspection of 50 45 40 35 25

the three traces in Fig. 1 reveals this absorption band exhibits x10° Energy (em”)

a progressive shift to lower energy with increased metak|c. 2. uv/vis absorption spectra recorded at 12 K following Mn/RG

loading. This redshift is ascribed to the production of Mn sample deposition at 12 K. The spectra shown correspond to the most dilute
. L = .

whose absorption at 402.3 nm coincidentally overlaps that of!"/RG samples prepared. The gas phase positions of tRe2, v °Psp,

the atomicz6P5,2<—a655,2 line at 403.4 nm in the gas phase. andz °Pg °Sg), transitions are shown by the dashed vertical lines.

The atomic Mrez ®Pg—a ®S;, transition in Ar at 397.4 nm

is blueshifted by 375 cit from its G.P. position. study are the most atomic reported to date. Trends evident in
In earlier work the interpretation of the optical absorp-the spectra are highlighted in order to extract general conclu-
tion spectroscopy of manganese atoms isolated in solid rai§ions on the site occupancy of atomic manganese in the solid
gases(especially Ay has proven difficult, due to the large rare gases. The vertical lines in Fig. 2 indicate the positions
variety of species present on deposition in even the mos§f the gas phase®Ps,, y ®Ps;», andz®Pg,—a ’S;), tran-
dilute samples. In the literature, the 226.4 nm absorptiorsitions of atomic Mn. The simplicity of the spectra and the
feature has been assigned to the atonfiBs—a®Ssptran-  ocation of the bands allow for easy assignment to the
sition, due to the persistence of this band in the least concer/®p,a 6S;, andz ®Ps,—a ®S), absorptions in RG ma-
trated samples prepared by Ozin and co-workéFrom the trices. As noted already in the Mn/Ar system, assignment of
concentration study shown in Fig. 1, the atomi€Ps,  thex 6Py, a Sy, transition is not as direct due to the large
«—a®S;), transition is identified at 212 niflower tracé and  plue shift present on this 2-electron transition in the matrix.
the 226 nm bandupper tracgis assigned to Mn With this  However, as shown in Fig. 2, it is observed in the 210 nm
assignment the atomia °Ps,—a°Ss, transition is blue region for all three Mn/RG systems investigated.
shifted by 2014 cm' from the gas phase position at Line shape details of the absorption bands recorded for
45156.11 cm? (221.45 nn). The large shift on this transi- the y6P5/2<_36$5/2 and 26P5/2<_a685/2 transitions of
tion can be rationalised in terms of the changes in the orbitahtomic Mn isolated in annealed RG solids are shown in Fig.

occupancy accompanying it. Thus the excitefP state 3. |nspection of they 8Ps), state absorption, shown on the
arises from the[Ar]3d®(°D)4p electronic configuration,

hence thex 6P/, a 8S;), transition, unlike those to the®P

and z®P states, involves a two-electron transition from the Wavelength (um) Wavelength (nm)
ground 31°4s? configuration, and as such would be expected o w0 w0 e e 0 o
to exhibit a large matrix shift. [M#/RG K | M/RG Mﬂ\
Vala and co-workers assigned features present at 330.0 / ‘\ / ‘ \
and 345.7 nm, under high metal atom loading to Mn dimer JoN A a \\
transitions from reversible temperature dependence effects, = N B et P ey
observed in the recorded absorption spectra. These featureé f:ﬂ\ ) A~ : '
were identified as Mp by Ozin and co-worker&: The F I \\ /” \ ot
Mn/Ar concentration study reported here, allows the assign-g - /w“ : \\ KIM/ .\\\ﬂ
ment of the features at 226.4, 254.4, 311.6, and 402.3 nm tc* | ] ‘
transitions of the manganese dimer. :T M N"‘vx\ :T
B | | -9
‘°>\ //‘ \‘ J/ \ M
C. Mn/RG . ‘ \_ Do Xe :
H H . LX_?»‘; ‘ ;f /3‘5 3m 2‘7 ‘ 2‘6 ‘ 2'5 ‘ 24~
In this section the UV/Vis absorption spectra recorded x10° Energy (cm™) x10° Energy (om™)

for the most dilute Mn/RGRG=Ar, Kr, and Xe samples ) o ) )
G. 3. Details of the UV and visible absorption spectra recorded following

are pre;ented. A high degree of atomic mang‘?nese ISOIatlcﬁ\rt/RG sample annealing. The spectra shown correspond to the most dilute
was achieved with the electron bombardment “metal sputteryn/rc samples prepared. The gas phase positions of tRe,,—Sc/, and

ing” technique, and the absorption spectra presented in thig®Pg,—°S;, transitions are indicated in the two panels.
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left of this figure, reveals a redshift of the band maximum Wavelength (nm)

. . . 360 370 380 390 400 410 420 430 440 450
from Ar to Xe but in an irregular manner. Thus the redshift o 71 7 PO N L
calculated from the band maxima of Ar and Kr is only 151
cm 1, while that from Kr to Xe is 1109 crt. This irregular
behavior can be rationalized in terms of the dominant/minor
sites of Mn atom isolation in the different rare gas hosts. The
dominant(1°) absorption feature in Mn/Kr at 278 nm over-
laps the gas phase transition and shows a weaker, red shot
der at 284.9 nm. In solid Ar, the dominapfPs,—a ®S;,
absorption feature is at 278.1 nm, showing a weaker, blue
shoulder at 273.0 nm. The latter band has been assigned t
Vala and co-worker€ to a secondary site of isolation of Mn
in argon. Comparison of the Mn/Ar and Mn/Kr absorption S 50 550 L 220
features suggests a site reversal where the dominant, blue si.. x10" Energy (om’)
in Kr at 278.1 nm corresponds to the minor, blue site at 273.kg_ 4. Excitation spectra recorded in the vicinity of théPg—a S,
nm in solid Ar. When the minor, blue site in Ar is selected for transition for atomic manganese in Ar, Kr, and Xe after sample deposition at
comparison with the band maxima in Kr and Xe, more regu-2 K and matrix annealing. The excitation bands were recorded monitoring

; ; = : emission in Mn/Ar at 413 and 428 nm, in Mn/Kr at 416 and 428 nm and in
lar matrix shifts of 823 and 1109 cri are obtained. Mn/Xe at 620 nm. The inset shows a plot of the gas phase to Mn/RG matrix

The absorption spectra recorded for atomic manganesg.quency shift€s cm™?) observed for the blue and red sites identified for
isolated in solid Xe after annealing to 35 K are, as shown inhe z°®pg,—a®S;, transition versus the RG host polarizabilities. The
the lower trace of Fig. 3, different from Ar and Kr spectra in squares, connected by the solid line, highlight the linear correlation between
the following respects. First, only a single absorption band id"® freduency shifts and rare gas polarizability observed for the Ry,

" i . _«—a °Sg), transition occurring within the blue sites of isolation.
present on the two transitions—Ar and Kr both exhibit pairs
of bands. Second, the absorption feature centered at 288.2

nm, assigned to thg °Py;,—a °Sg, transition, is redshifted Mn/Xe samples annealed to 29, 42, and 60 K, respectively.

L\r,‘vso(l)'t(:]gehfggg g];higt])iseghbﬁgs?]?fz“gg ?%Slgéig?gre_rheExcitation scans of thermally unstable emission feat(mes
threefold split band centred at 3955 nm, assigned to thshowr) revealed broad bands, spanning the entire regions of

2P, 55, , transition, exhibits a blueshift of 496 crh ﬁw_e blue and red site features presented, but none extended to

from that of the free atom, behavior similar to that e h'b'tedhlgher energy than the blue sites.

bv Ar and Kr data for this’transi;ﬂ)n imi Xnibl The excitation spectra shown in Fig. 4 reveal the pres-
y : . ence of threefold split excitation patterns for each of the sites

. .tlnS?z::UOQPOf the \éISIbI? abs_:?rptlorr\]s recordte]d n thhte Videntified in all the RG solids. The observed splitting is at-
cinity of thez °Py;»—a Sy, transition, shown on the right in t{ibuted to the Jahn-Teller effect—indicative of Mn atom oc-

Fig. 3, reveals beréavior cogsiderably_r_nore complex then thaCupancy in highly symmetrfé matrix environments. Pairs of
observed for they "Ps;—a Sy, ransition. The absorption o iaion bands are present in the Mn/Ar and Mn/Kr sys-
spectra indicate that a progressive redshift from Ar to Xe istems while only a single band is present in Mn/Xe. The

6 6 : ~
not observed, as the Mn/ka *Ps/;—a "Sg/, absorption ap improvement in the excitation spectra over the absorption

pears to higher energy than the Mn/Ar ba”gj- Extenspn of th%pectra presented in Fig. 3, is most striking in the Mn/Ar
site occupancy argument to thEPPg—a°Sg), transition
predicts the existence of a secondary site of isolation in solid

Arto h'gh‘?r e”erQY than the observed band maximum. HPWTABLE I. Photophysical characteristics of the matrix Mn/RG emission
ever, this is not evident from the spectra shown on the righbands monitored in the recording of the excitation spectra shown in Figs.
in Fig. 3. Identification of a secondary site, blueshifted from4-6. All the emission lifetimes quoted are the observed values with the
the dominant absorption in Ar, would rationalize the trendsexception of the nanosecond values, which are the radiative lifetimes cor-
exhibited by the matrix shifts for theéP ab absorp- rected for the effective field of the solids. Tentative state assignments are
ti H y th it h 5/2; %/Zh P .talso given, the details of which are presented in Ref. 22. The abbreviations
on. Owever’_ e QXIS _ence 0 a secondary hig 'e”erQY S ands in column 3 denote the occurrence of multiple and single emission
of atomic Mn isolation in solid Ar was only detected with pands, respectively.

z%P state excitation spectroscopy, the results of which are

LA L B I R B I

1500 — *® —A— red site
L —=&— blue site
)
g \
L \ .
[ [AY
Ar Kr Xe
L e b |

2 3 4
Pol (&%)

Ar

2

Inten:

tation

1

Exci

now presented. Aem(M) No. bands Aen(cm™?) 7, (ms) State assigh
Mn/Ar 413 s 465 5%K10°© z%p
428 m 7 25.3 a‘D
D. z 8P state excitation spectroscopy 590 s 100 0.65 a®D
625 s 260 0.17 aD

High resolution excitation spectra recorded by monitor-

ing the atomic emission features produced with steady-statd™<" fég : 5065 5531876 ;ig
excitation of thez®Ps,«a®Ss, transition for the three 565 S 523 0112 2°p
Mn/RG systems are presented in Fig. 4. The photophysical 588 m 65 0.29 a®D
characteristics of the monitored emission b&hdse col- 6

Mn/iXe 620 s 240 1.83 a®D

lected in Table | as well as tentative state assignments. The
excitation spectra were recorded in Mn/Ar, Mn/Kr, and 3Reference 22.
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system. Thus a pair of distinct but overlapped excitation
bands are obtained centered at 380 and 393 nm, both c
which exhibit threefold splitting. These features are present
but not identifiable in the absorption spectra, shown on the
right in Fig. 3, which has the added complication of a man-
ganese dimer transition at 402 nm. The dependence of th
2°P—a S, transition energy on site occupancy is made ,,
evident in the excitation spectra shown in Fig. 4. Moreover,
the progressive redshift from Ar to Xe is quite clear and the
connection between the seconddbjue) site in Mn/Ar, the
primary (blue) site in Kr and the single thermally stable site
in Mn/Xe is evident. A comparison of these spectra with the
absorption spectra reveals the improvement in the site iden
tification achievable with excitation spectroscopy.

To establish the connection between the blue sites in Ar
and Kr and the single site in Xe, a plot of the recorded matrix
shifts vs the polarisabilities of the rare gases is presented it
the inset of Fig. 4. The linear dependence exhibited in this
plot for the three rare gas hosts reveals a correlation exists
between the blue features and strongly suggests the same

tensi

=

Excitation

extrapolation of the red site data in Ar and Kr, shown by the
triangles in Fig. 4, clearly does not include the single site

270

J. Chem. Phys. 122, 054503 (2005)

Wavelength (nm)
275 280

285

290 295

]
Mn(y°PYRG
Ar A, (nm)

416

620

I ! I '
1

2° site

6p __ .6
yPs,—a’Ss,

L

1

Arer(n111)
428

428

37.0

36.0
x10° Energy (cm")

35.0

EIG. 5. Excitation spectra recorded for Mn/RG samples in the vicinity of the

. . - s a%Ss, gas phase transition by monitoring the emission wave-
occupancy of Mn atoms in the three hosts. Shown also in thigngths indicated in the plot. Mn/RG sample deposition was done at 12 K

plot is the matrix shift of the red sites in Ar and Kr. A linear and spectra were recorded after matrix annealing.

present in the Xe system. This indicates that the site producpin forbidderz ®Pg,—a °S;), transition. It is evident in Fig.

ing the red bands in Mn/Ar and Mn/Kr is quite distinct from 6 that all the excitation spectra exhibit bands with very well
that occupied in Mn/Xe. Moreover, the much smaller matrix-resolved threefold split patterns in all three rare gas matrices.
shift present on the red bands indicates a less repulsive ifFhe low intensity of the red components near 530 nm is a
teraction between the excited state Mn atom and its sureflection of the weak output of the dye materi@oumarin
roundings in this site than in the blue site. This suggests 00 used in recording the spectra. Significantly all the

larger site is responsible for the red absorption features than®Ps—a °Ss, transitions are blueshifted from the gas

that giving rise to the blue absorptions.

phase position and exhibit a progressive redshift from Ar to

Xe by amounts similar to those observed for th&Pg,

E. y 5P state excitation spectroscopy

High-resolution excitation spectra recorded in the vicin-
ity of the y ®Pg,—a 8Sg), transition monitoring site-specific
atomic emission features in the Mn/RG systems are shown ir
Fig. 5. Similar to thez®Ps, state, all the UV excitation
spectra recorded show resolved threefold split patterns in:
dicative of Mn atom occupancy in high symmetry matrix
sites for three Mn/RG systems studied. Comparison of the
y ®P<, and z°Pg, state excitation spectra, Figs. 5 and 4,
respectively, reveals the same site specificities. However, thez
nature of the matrix shifting is very different, with some of &
the y ®Pg, state bands now at lower energy than the gas§
phase transition. As observed in the absorption spectroscop:g
the y 6P —a %S, transition occurring for Mn atoms iso- &
lated in the 1° site of solid Kr overlaps the gas phase transi-
tion (indicated by the vertical line in Fig.)5while for Mn/Ar
and Mn/Xe the bands occur at higher and lower energies
respectively.

F. z8P state excitation spectroscopy

480 495

Wavelength (nm)
510

525

540

—abs;, transition. This behavior is attributed to the “trip-

T ]
Mn(z°*P)/RG

Ar A, (nm)
625

I

588

b
L2'Py,— a"S5, |

19.8 19.2

x10° Energy (cm™)

18.6

18.0

A summary of the site-specific excitation spectra re-FIG. 6. Mn/RG excitation spectra recorded at 12 K for all the Mn/RG

corded in the region of the gas phas®P,, state by moni-
toring the red emission features of atomic Mn isolated in

systems investigated produced with laser excitation in the vicinity of the
Mn z 8P ,—a ¢S, transition. The spectra shown were recorded monitoring
emission bands as indicated by, in wavelength units. The dashed vertical

solid Ar, Kr, and Xe is_pregented in Fig. 6. The SPECtrajing indicates the position of the spin forbiddefiPs,—a °S;, gas phase
shown were recorded with direct dye laser excitation of tharansition of atomic Mn at 543.3 nifi8 402 cm®).
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Mn y6P5,2, zf'Ps,2 and zsPs,z— 21685,2 Mn/Xe é I
1800
[
i —=— y°P; (B) ¥Psy T
ly6P,(R) 5=-1034 cm™ .
1200 — \2 —n— 7°P; (B) - |
- b Z P (R) 2l
600 - ..\ —0— zP; (B) 2P gl
— R ..g.. £
P I o o zP; (R) g 8=+500 cm™ °l
: g |
~ 0 5
© - |
L ‘-
-600 |— #o,, |
- . 5=+562 cm™ |
-1200 - Ar Kr Xe |
1 1 ] I 1 1 11 1 | 1 1 1 1 I 1 1 1 1 | 1 1 I
2 3 , 4 5 | 1 | | |
Pol (A%) 1.8 1.2 0.6 0.0 0.6 -1.2 -18

x10* Energy (cm")
FIG. 7. A plot of the gas phase to Mn/RG matrix frequency shiftegm™*
units observed for the blue and red sites identified for the tHPeeS FIG. 8. Excitation spectra recorded for héP, z°P, andz 8Py, states of
transitions to they °P, z P, andz 8P, states of atomic manganese inves- Mn in Xe showing the matrix shifting relative to the gas phase position. The
tigated in this study. The matrix shifts are plotted vs the RG host polariz-Spectra were recorded by monitoring the atomic 620 nm emission feature in
ability. solid Mn/Xe. Note the excitation spectra are shown relative to the appropri-
ate gas phase transition where the zero position represents the gas phase
transitions involved.

let” like nature of both thez®P andz®P excited states. A

in Xe is clearly evident. matrix excitation bands, corresponding to the’Pg,
—a®sy, and y°Pg,—a’S, transitions of atomic Mn,
IIl. DISCUSSION shown in Fig. 4 and Fig. 5, respectively, reveals that the

former transition occurs to higher energy than the gas phase
position in all cases. In contrast, th€Ps,—a S, excita-

A comparison of the matrix shifts on the blue sites re-tion features overlap the gas phase position for Mn/Kr, while
corded for transitions to thg®Pc/,, z%Ps),, andz®Pg, ex-  the Mn/Ar and Mn/Xe bands occur at higher and lower en-
cited states is made in Fig. 7. This is achieved by plotting theergies respectively. As illustrated in Fig. 8, the differences in
gas phase to matrix energy shifts for these three transition#ie matrix shifts observed for the thrBe—S type transitions
calculated from the central threefold split component forare most pronounced in solid Xe. In this figure, for which the
each of the thermally stable sites in the solid R@bserved three excitation spectra are zeroed with respect to the posi-
in the excitation spectroscopy and shown in Figs. %}—6 tions of their respective gas phase transitions, it is very evi-
against host RG polarizability data given in Table 1l. Fromdent that they ®P transition is redshifted while both trePP
the linear behavior exhibited by the thr@e—S transitions ~andz®P transitions exhibit blue matrix shifts which are very
studied, it is evident in Fig. 7, that a correlation exists be-similar in magnitude.
tween the high-energy sites present in Ar and Kr and the As the grounda ®Sg), state is common to all these exci-
single site Xe. On the other hand, the red sites exhibit distation transitions, the contrasting behavior must originate
tinct behavior with smaller shifts and weaker dependence ofrom differences in they ®P and z®P/z®P excited states.
the rare gas polarizability. From this it can be concluded that the overall interaction of

the excited state atom with the matrix environment must be
more repulsive for the®P/z8P excited states than for the
TABLE II. Site sizes(Ref. 3] in angstrom unitgA) for the spherically y6p5/2 state. This observation is attributed to the spin “sin-

symmetric single substitution&s and tetravacancyT{,,J site types in the glet” characteristic of the[3d54s4p(1P°)]y 6p state and
solid rare gases. The polarizabilities of the rare gasggsed in generating

the plots of matrix shift vs polarisabilities are given i volume units. The  triplet” characteristic of both the[3d54s4p(3P°)Jz °p a!"d
ground state bond lengths of the known M#4S,)-RG diatomicsM=Ca [ 3d°4s4p(®P°)]z8P states. From spectroscopic studies of

and Zn are also presented. The values for the Mgf(5,) - RG diatomics  the ns?> metal atom/rare gas atom diatomic van der Waals
are intermediate between the Ca and Zn extremes and are selected to Obt?ﬁblecules it is knowhthat the excitedII molecular state
estimates of the unknown Mn§#3d® S;,,) - RG bond lengths. . ’ . S o

derived from the atomic spin singlet state exhibits a shorter

A. Matrix-shifts

CaRG, Mg-RG, Zn-RG, bond length and a larger binding energy than’its state
RG  ssA) Tw®) a@ 1. (A® 1. (A re(A)° equivalent. Thus the “singletlikey ®P5, state has a larger
Ar 3756 4404  1.6411  4.86 4.49 418 €xcited state stabilization thereby lowering the observed
Kr 3.991 4679 24844 - 4.2 “singletlike” y ®Pg, transition energy and inducing a red
Xe 4.335 5.083 4.0440 - 4.56 4.4 matrix shift in Xe.

P The contrasting behavior of thg®Pg, and z°P/z8P
eference 27. . . . . .
bReference 32. excited states is attributed to the dominance of the attractive

“Reference 6. I like interaction over the repulsivE. like occurring in
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the Franck—CondofFC) accessible region of the®P ex- Mg Mn
cited state. In the ®P andz®P excited states, the repulsive ke ' 3ausap g e 3 !
33 like interaction dominates the weaker attraction oftHe + 1 P >3 n
state, resulting in the observed blue matrix shift. It is also ST
evident in Fig. 8, that the difference in the matrix shifts ob- A b D,
served in Xe matrices for both tle®P andz ®P—a °S tran- .
sitions is only 62 cri’. This effect is also manifested in Fig. P, - “®
7 where the slopes of the polarizability plots of these two T F— 2Py .
states are in close agreement and quite distinct frony fie & @
excited state. This indicates that the interactions occurring in® “a .
the Franck—Condon region of bo#PP andz®P states are i T
similar and determined by the spin triplet arrangement of the 3 §% EER: g § § —5 2D,
two electrons in the ¢ and 4p orbitals. The different behav- g gie A5 HS A 5,
ior in the y 8P state can be traced back to the spin singlet Ih l: LTL :l: E‘f 2
arrangement of thes#tp orbital electrons. A ?l
: ' =
B. Site occupancy SRR T > i L e
Electronic  Mg: [Ne]3s? Mn: [Ar] 3d%4s?
Because of its spatial symmetry, théS ground state of Config. s —block > d-block

.atomI.C manganese wil favc,)r isolation in Sphenca! Slte§ OfFIG. 9. An energy level diagram showing the correspondence between the
isolation. Therefore, spherically symmetric trapping sites,ep/3p jevels of atomic magnesium and tgéP, /P, levels of atomic
within the RG fcc lattice are considered the most likely can-manganese. The allowgtfPs,—a S, andz P ,—a °Sg), transitions of
didates for atomic Mn isolation. This approach is supportedn occur at 35726 cm (279.91 nm and 24 788 cm" (403.42 nm), re-

ot [ ; pectively, and are indicated by solid arrows. The allowBg—'S, and
by the characteristic threefold splitting observed in the band§Ioin forbidder?P, 'S, transitions of Mg occur at 35 051 ch(285.3

presentin aI_I the Mn/RG eXCi_tation spectra. This _splitting has,ng 21 870 cmt (457.3 nm and are indicated by solid and broken arrows,
been established, from earlier MCD wdtkfo arise from  respectively. Other states of Mn arising from rearrangement od-brbital

dynamic Jahn-Teller coupling between the excifedstate  electrons are shown on the right for completeness.

atom and the lattice when the guest atom resides in sites of

high (cubig symmetry. Lineardivacancy and planar triva-

cancy sites have reduced dimensionality, so that even whes0 959 cm®. Strong similarities also exist between the ener-
relaxed, nonsymmetric splittings will arise on the excitationgetics of the!P and®P states of atomic Mg and the singlet-
bands. Molecular dynamics simulatidhsconducted on like y ®P and tripletlikez®P states of atomic Mn. Thus, as
matrix-isolated atomic sodium reveal that in absorption  shown in Fig. 9, the gas pha$e and®P« 'S transitions of
excitatior) these alternative site occupancies produce a paiatomic Mg occur at 285.3 and 457.3 nm, respectively, while
of bands and a single band. Such features have been recordia@ corresponding °P and z®P—a®S transitions of Mn

in molecular beam work where barium atoms “picked-up” occur at 279.9 and 403.4 nm.

on the surface of large rare gas clust®eshibit such a 21 Contrary to what might be expected on the basis of the
structure. These band shapes have not been observed in amymbers of valence electrons, the spectroscopically deter-
of the Mn/RG excitation spectra recorded in this study. Fomined ground state bond lengths of the Groupl&) M-RG
these reasons, only sites larger in three dimensions such d&tomics are consistently larger than their Group(llB)
expanded single substitutional and tetra-vacancy sites awdunterparts. As indicated in Table Il, M and Mg Xe
considered for Mn atom occupancy. The simplest matrix syshave bond lengths of 4.49 and 4.56 A, respectively, while the
tem with respect to site occupancy is Mn/Xe, as only a singlecorresponding ZrmAr and Zn Xe values are 4.18 and 4.44 A,
thermally stable site is present in the absorption and excitarespectively. Rotationally resolved data does not exist yet on
tion spectra recorded for annealed samples. Xe also providéke CaRG diatomics, however, high levab initio calcula-

the best starting point for a site analysis, because as indicatéidns on ground state CAr consistently show a long bond
by the data collected in Table II, it represents the ideal matrixength of 4.86 A. Consideration of the values supports the
host for atomic isolation due to the larger sites it has availselection of Mg as the best guide for the still unavailable
able. Mn-RG ground state bond lengths.

A significant difficulty encountered in an attempt to The Mg atom exhibits a$§ ground state electronic con-
identify the site occupancy of atomic manganese in the solidiguration while that of Mn is 8%4s?. The presence of the
rare gases is the lack of any information, either theoretical ocompact, half-filled 8° subshell and the small difference in
experimental, on the diatomic MRG ground state bond energy between thesdorbital of Mn and the 8 orbital of
lengths. In the absence of this data, we will utilize the infor-Mg makes this comparison feasible. Accordingly, the
mation that exists on the MRG diatomics. The M@RG  Mg-RG diatomic ground state bond lengths, known for 1:1
systems are chosen on the basis of the similar dispersiocomplexesS(RG=Ar and X& prepared in supersonic expan-
(London forces predicted in the MIRG diatomics because sions, are expected to be similar to those of the-R@&
of the similar polarisabilities and ionization potentials of systems.
these two metal atoms. Thus Mg and Mn hawvealueg’ of The Mg RG (RG=Ar and Xe ground state bond lengths
10.6 and 9.4 A respectively while their IP’s are 61671 and (r,) are presented in Table Il. Comparison of these bond
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lengths with the site sizes available in the solid rare gasethe linear relationship of the matrix shifts was dependent on

reveals isolation of Mg atom&nd therefore Mpeither in  the multiplicity of the excited state. This is also observed for

deformed substitutional sites or tetra-vacancy sites in solidMn/RG solids because, as shown in Fig. 7, the slope of the

Xe. The presence of a single thermally stable site of isolatiorisinglet” like y°P state is much greater than the “triplet”

in solid Xe shows the preference for the Mn atoms for alike z®P andz®P states. This effect is attributed to the dif-

particular site type. However, a definitive assignment is noferent I and X excited state interactions occurring for the

possible based solely on application of the Mg ground  Mn atom in a particular site of isolation. The blue site for the

state bond length to the Mn system, as the comparison rer®P—a S state transition occurs to higher and lower en-

veals the possibility of tetravacancy site occupancy. Thereergy than the gas phase transition from Ar to Xe respectively,

fore, trends exhibited by Mn atoms isolated in solid Ar andwhereas thez ®P«—a®S transition occurs to higher energy

Kr must be used to validate any assignment of site occuthan the gas phase in all three hosts. The “triplet” like nature

pancy. In solid Ar, the red site dominates théP state ab- of the z8P«—a?®S transition is also evident in Fig. 7 as the

sorption spectra, while the dominant site of isolation in solidtransition energy occurs to higher energy than the gas phase

Kr is the blue site. This difference represents a reversal of than all Mn/RG systems.

preferred site occupancy in Mn/Ar and Mn/Kr. To identify

the trends in the site occupancy and the relationship of thet. CONCLUSIONS

mally stable sites of isolation in each RG solid, conclusions

drawn from the polarizability mod&! are now employed.
When the polarizability model is applied to all the blue

The UV/V is absorption spectroscopy reported for
atomic manganese isolated in solid Ar, Kr, and Xe allowed

sites identified on thez®P—a®s, y°®P—a®s and z8P the assignment of the y, andz °Ps;—a °Sy, transitions in

6 " - . each of the RG hosts. Pairs of thermally stable sites of iso-
«—a °Stransitions, the results shown in Fig. 7 are obtained. "Iation were identified for Mn atoms in solid Ar and Kr

s .evident from the Iinea_r relfal_tionship between t.he matrix, hereas single site occupancy was found in solid Xe. Addi-
shifts and the host polarizability, that the blue sites COIre3ional absorption features present in samples with higher

spond to the same matrix-trapping environment in all thre‘?‘netal loadings are assigned to Meransitions only. The

hosts. The red site, which dominates the Mn/Ar exc'tat'onspectra recorded for the Mn/RG samples prepared in this

specéra, ?S corre!atelg Wi;h the red, bcljjtfminor zite ir;)IKr. ;rhestudy by electron bombardment show no evidence for the
site dominance is therefore reversed from red to blue fro : :

Mn/Ar to Mn/Kr and a correlation exists between the blugbroductlon of Mn aggregates larger than dimer.
sites identified in all three rare gas hosts. The red/blue sitﬁq t
dominance is attributed to the preference for a different sit
type in the heavier RG solids. A comparison of the -Mg
ground state bond length.49 A) with the site size available
for the tetra-vacancy in solid A®.404 A and the substitu-
tional site (3.756 A reveals a favorable match with the
former site but a large size mismatch with the latter. There
fore the red sites of atomic Mn isolation in solid Ar and Kr
are assigned to Mn atom trapping in tetra-vacancy sites. T

{)hrefereltfl_ce fﬁrﬂa S'Egle S'tg :cn S?rl]'d E)(Ie’ an-tt:j the cl,‘lorrele:::on OAr to Kr to Xe which deviate from linearity, consistent with
€ matrix-shitts observed lor (n€ biue sites, allows e aSy, oy arsal of red dominant/blue minor sites of isolation

signment of the blue sites to the trapping of Mn atoms infrom Ar to Xe observed on theéPs,a S , transition. In
single substitutional sites of these matrices. Our previou§Olid Ar, the two thermally stablg ®P,,—a 6S; , absorption

S'mu?t'gncévgk %nl_:hzeg .mgf[rlxt-lsdola}tec: Grogjpi. 1?. me;[aI. at'features were identified occurring to higher energy than the
oms Zn; Cd~and Hg;™ Indicated single substitutional site gas phase transition at 273 and 278.1 nm. In Kr the 1° Mn/Kr

occupancies for these MG diatomics that _ha_lve compara- absorption feature at 279.9 nm overlaps the gas phase tran-
tively shor_t bo_nd lengths. The pres_ent predictions for the_: Sition and the 2° site occurred to lower energy. In solid Xe
gccupancies in the Mn/RG matrix systems are consiste igh temperature deposition and matrix annealing experi-

with the earlier S|mulat|ons_ because of the longer 9rouNGyents allowed the definitive identification of the band lo-
state bond length expected in manganese-rare gas d|atom|%%ted at 288.2 nm to a single site

The UV absorption features recorded for Mn/RG solids

he vicinity of they ®Ps,—a®Sg, gas phase transition

%rovided more direct information on the atomic trapping

sites than the correspondiagPs,,— a %S, transition. This

is in part due to the increased oscillator strefyf the

“singlet” like y®Ps,—a®Sg, transition over the “triplet”

like z®P/, transition but is also due to the spectral conges-

tion on the latter transition due to existence of a Mn dimer

absorption at 402 nm. The absorption bands assigned to the
bp,, state exhibited a redshift of the band maximum from

Excitation spectra provided clear-cut results for the ex-
istence of distinct site occupancies of atomic Mn in RG sol-

Laursen and Cartland’s application of the polarizability ids. Matrix shift data collected for thg®P, z®P, andz®pP
model to the Group 12 metal atofign, Cd, and Hg under- states allowed the association of these sites when polarizabil-
going 'P; 1S, and 3P, 1S, transitions revealed that the ity plots of the matrix shifts on thé«—S type transitions
frequency shifts of the absorption bands were approximatelyere made. The correlation of the high-energy blue sites in
linear with the RG polarizability. This has also been shownAr and Kr with the single site in solid Xe was established
to be the case for th®«S type electronic transitions of and subsequent assignment of this site to Mn atoms in single
atomic Mn and was achieved in the previous sections by theubstitutional sites was achieved. The analysis also allowed
correlation of the blue sites in the three matrices and red sitethe grouping of the low energy red sites in Ar and Kr and
in Ar and Kr. However L&C also observed that the slope oftheir assignment to Mn atoms isolated in matrix tetra-

C. Dependence of matrix-shift on spin state
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