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The relaxation of electronically excited atomic manganese isolated in solid rare gas matrices is
observed from recorded emission spectra, to be strongly site speCificstate excitation of Mn
atoms isolated in the red absorption site in Ar and Kr produces nafttanda °D state emissions

while blue-site excitation produce$P state fluorescence and broaderé anda °D emissions.
Mn/Xe exhibits only a single thermally stable site whose emission at 620 nm is similar to the broad
a®D bands produced with blue-site excitation in Ar and Kr. Thus k&), excitation of the red

site at 393(400 nm produces narrow line emissions at 42#27.8 and 590(585.7 nm. From

their spectral positions, linewidths, and long decay times, these emission bands are assigned to the
a“D,,, anda °Dy,, states, respectively. Excitation of the blue site at 8885.9 nm produces broad
emission at 413416 nm which, because of its nanosecond radiative lifetime, is assigned to
resonancez®P—a®sS fluorescence. Emission bands at 48840 and 625(626.8 nm, also
produced with blue-site excitation, are broader than their red-site equivalents at 427.5 and 590 nm
(427.8 and 585.7 nm in Krbut from their millisecond and microsecond decay times are assigned
to thea®D and a®D states. The line features observed in high resolution scans of the red-site
emission at 427.5 and 427.8 nm in Mn/Ar and Mn/Kr, respectively, have been analyzed with the
W, optical line shape function and identified as resolved phonon structure originating from very
weak (S=0.4) electron-phonon coupling. The presence of considerable hot-phonon en{esgsm

in 12 K spectraand the existence of crystal field splittings of 35 and 45%com the excitec “D7,2

level in Ar and Kr matrices have been identifiedify line shape fits. The measured matrix lifetimes

for the narrow red-site °D state emission€.29 and 0.65 msin Ar and Kr are much shorter than

the calculated3 ) gas phase value. With the lifetime of the metastabi®,,, state shortened by

four orders of magnitude in the solid rare gases, it is clear that the probability of the “forbidden”
a®D—a®Satomic transition is greatly enhanced in the solid state. A novel feature identified in the
present work is the large width and shiftéal and®D emissions produced for Mn atoms isolated in

the blue sites of Ar and Kr. In contrast, these states produce narrow, undliiephase-like’D

and®D state emissions from the red site.2005 American Institute of Physics

[DOI: 10.1063/1.1889426

I. INTRODUCTION nooth has looked at the luminescence of matrix-isolated
atomic zn® cd? and ng and observed that the emission is

Although the absorptiolnand magnetic circular dichro- . -
dominated byP— S transitions. To date, no work has ap-

ism (MCD)2 spectroscopies of matrix-isolated atomic man- ) )
ganese have been studied in detail, no reports of the lumP&ared on the luminescence of atomic Mn whose
nescence of Mn/RG solids have appeared in the literaturédsorption’ is also dominated by S transitions. How-
Indeed systematic studies of the luminescéraematrix-  €Ver, one study by Moskovits and co-workéren the laser-
isolated transition metal atoms have not yet been presentetfiduced fluorescence of manganese isolated in Kr matrices,
However, a few studies have appeared such as those @\}tributed featureless bands in the red spectral region to Mn
Nixon and co-workefson Fe, Co, and Ni atoms and that of The present and subsequent contributidneveal the carrier
Pellin et al® on atomic Cr and Mo. The coinage metals haveOf the emission in this spectral region is actually metastable
been studied by the groups of K8land Ozin’ These studies D state atomic manganese. As will be shown in the present
have shown that the emission linewidths depend Ver)study,14 the reasons for this earlier misassignment arise from
strongly on the electronic configurations involved in the tran-the novel behavior of atomic manganese when excited in the
sitions. Thusd— s transitions are observed to be narrow and“blue” site of isolation of broad, large Stokes-shiftdd-s
unshifted from their gas phase positions, wiples s transi- ~ emission. Excitation of Mn atoms isolated in the “red” sites
tions are now well known to be broad, exhibiting large produces the expected narraw- s line emissions, unshifted
Stokes-shifted emission. More recently, our group at May+from the gas phase position.

The work of closest relevance to the present is that of

. 5 . . . .
dpresent address: Laboratoire Francis Perrin, CEA Saclay, France. Pellinet al> on atomic Cr. LI|_(e Mn, atorr_nc Cr exhibits & _
bElectronic mail: john.mccaffrey@nuim.ie ground state and the resulting absorption spectra are domi-
0021-9606/2005/122(18)/184507/15/$22.50 122, 184507-1 © 2005 American Institute of Physics
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Gas Phase energy levels of atomic manganese
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ﬂ_‘r_s}l\ ;’ FIG. 1. Schematic representation of the energy levels of
f gas phase atomic manganese. The fully allowed
| a‘p y °Psp—a Sy, and 2°Pg,—as;), transitions occur-
S 3 ring at 35726 cm (279.91 nm and 24 788 crmt
& ‘\\ p (403.42 nm, respectively, are indicated by arrows. The
g \\ a‘D area of the diagram shown in the dotted box, highlights
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nated byP « S state transitions. Cr also has many low-lying configurations in addition to thpAr]3d®4s4p configuration
states derived frona-type orbital configurations. However, accessed in absorption. The last configuration gives rise to
in Cr the lowest energy excited states are only a few thoutwo states—they °P and thez®P—that are accessible in
sand wave numbers above the ground state, so that emissifuily allowed electric-dipole transitions from tHS ground

in the visible spectral region is dominated by interexcitedstate. To minimize spectral congestion, only the lumines-
state transitions. The equivalefd excited state in Mn is cence produced with excitation of the lower enezd} state
~17 000 cm" above the ground state, so that emission fromis presented in this work. Even for trefP state, there are
this metastable state to the ground state is then expected iRree lower energy excited states, thereby providing multiple
the red spectral region. relaxation channeléoth radiative and nonradiativéor ex-

In a previous contributioli bands present at cited state populations. The excited states of atomic manga-
385.5 nm(25 940 cm*) and 401.9 nn(24 881 cm?) inthe  pese energetically accessible withP excitation are shown
abs_orption spectgum of6mangant_ase isolated in Kr were botfy, Fig. 1 by the region indicated in the dotted bdi) The
assigned to the "P«—a®S transition of manganese atoms. gyistence of multiple trapping sites of atomic isolation pre-
Mn/Kr was the only member of the Mn/RG matrix Ssystems qo s several different “types” of Mn atoms, each capable of

\C/iv.he'retalisorp:lon SPe_C”";‘ Igad éo tﬂe tl)deptlfl;:aglo.n olf t,WOexhibiting distinct excited state behaviour, due to the specific
istinct sites of atomic isolation. On the basis of their relative, <+ 1ot interactions within their matrix cages.

o o - u

spectral posm?ns and abundances, thoe sites identified WePe This paper is structured as follows. First, steady-state

labeled blue(1°) at 385.5 nm and red2°) at 401.9 nm. It o . . 2
: . .__emission spectra recorded with continuous lamp excitation of
should be noted that the site labels used in Kr are not inter- . : 5 "
. R Jfhe absorption features assigned to 2@ — a °S transition
changeable with those used for Mn/Ar, where 1° and 2 f atomic Mn isolated in th Ar K d X
refer to the red and blue sites, respectively. The absorptloﬂ atomic n 1solated in the rare gases Ar, Kr, and A€ are

spectra of Mn/Xe samples exhibited only a single thermallypre,sented'_ E>.<citation spectra recorded by monit_oring the re-
stable site of atomic isolation. A polarizability analysis of the sulting emission features are then presented which allow site

matrix shifts exhibited by these sites in the three rare gasédentification. With this information, high-resolution emis-

Ar, Kr, and Xe, allowed the association of the single site inSIOn Spectra, produced with cw lamp and pulsed laser exci-
Xe with the blue sites in Ar and Kr. This analysis led to the tation, allow characterization of the observed emission line

identification of single vacancy site occupancy for the blue-Shapes for Mn atoms isolated in specific sites. Excited state
site bands and tetravacancy site occupancy for the red fedfetime measurements made with pulsed laser excitation and
tures. line shape simulations generated with the optial,

In the present contribution the emission spectroscopy ofunction'” are used to assign the recorded emission bands to
atomic Mn isolated in solid rare gas matrices, resulting fromtransitions of atomic manganese. Temperature-dependent,
photoexcitation of the lowest energy resonance, viz thesite-specific emission spectra and lifetime measurements are
[Ar]3d°4s4p 2P —a ®JAr]3d°4s? transition, is presented. recorded to provide insight into the nonradiative excited state
Analysis of the luminescence of atomic Mn isolated in RGdynamics leading to the observed atomic emission. Where
solids is challenging for a number of reasofisAtomic Mn  possible the radiative decay characteristics of the excited
possességthe excited Ar]3d®4st and[Ar]3d°4s? electronic  states are identified and presented. A summary and compari-
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son of the luminescence resulting from MAP — a ®S exci- Wavelength (nm)

tation in Ar, Kr, and Xe matrices is then made. 0% 4f0 . .45|°. .4?0. .51,0. .STO. .STO' ,6(,)0. 6f° ?6'0
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ZXPs/z

|
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The vacuum apparatus and the gas handling system use : :
in the preparation of Mn/RG matrix samples has been de- | |
scribed in previous publicatioﬁgsfrom our group. Mn vapor [ |
was generated by electron bombardment of Mn chunks helc Y :
[

|

|

|

|

in a Mo crucible as outlined in recently presented WoKn
the absorption and excitation spectroscopies of matrix-
isolated manganese. All the spectra shown in the presen
contribution were recorded for samples prepared under low . | |
metal loading conditions which, even in Mn/Ar, contain pre- 240 20 200 180 16.0
dominately isolated Mn atoms. Emission from Mn/RG x10° Energy (cm™)
samples was recordEdwith an Acton ResearcHARC) .
0.5 m SP500i monochromator fitted with three gratings FIG. 2. A summary of the emission spectra recorded at 12 K for a Mn/Ar
. 9 95, Gnatrix annealed to 28 K. The excitation spectra were recorded by monitor-
1200 g/mm and a 150 g/mm, both blazed at 300 nm and @g emission at 428/590top) and 413/625 nnibottom for the 1° and 2°
600 g/mm grating blazed at 500 nm. A HamamaRap8- sites, respectively. The spectral positions of the gas phase transitions of
p photomultiplier tube(PMT), maintained at —20°C in a atomic Mn are shown by the dashed vertical lines. The asterisks indicate
’ . emission bands produced with excitation of the thermally unstable 3° site
Products for ResearctPhotocool, S600 cooled housing,  ihat overlaps both the 1° and 2° sites.
was used in photon counting mode for detection.
The excitation sources used were either a cw tungste
lamp, dispersed with a 0.3 m ARC SP300i monochromato

T s e o TRES recorded wih the (CCD camer
Yy op 9 P Longer(us and mgdecay times were recorded with the

10 Hz. The wavelengths required for manganese a6m —— . . .
state excitation in the 360—420 nm spectral region were prot-Ime correlated, single photon countifgeSPQ technique

duced by mixing the 1064 nm YAG fundamental with the 3 oy rneosured with the photon couniPT using a
dye laser(Quantel, TDL-90 output. For excitation of the '

blue sites, Rhodamine 590 was the dye material used, WhiIzesr?zrgsagsS’[;r(lablt\e/ldcglSuenvi\;hvﬁesiltia?:;e?rgz ttr?ee (Ig(fvatch
DCM was used for the red-site excitation. A potassium dihy-

drogen phosphate crystéuantel MCC1was used for fre- photon counting/MCS arrangement has been determined to

guency mixing while a quartz crystéQuantel QCC1 was — . o -
used to compensate for the walk of the resultant beamsbe 500 ns limited largely by the poor pulse-pair resolution

Wavelength separation of the UV beam from the YAG andpf the R928-P PMT W_hen high |nten§|ty, Iowlrep.etmon laser
. X . ._is used as the excitation source. This combination of pulsed
dye laser beams was achieved with a Pellin—Broca pris

The UV output was trained onto the matrix samheld at Maser for excitation and photon counting for detection, how-

12 K on a Cak window) without focusing optics. Typical ever, allows the recording of long-lived emission with high

E . g optics. 1yp sensitivity, as will be demonstrated in the scans done at high
laser fluence of 2QJ/mn?, was achieved in the UV beam spectral resolution on forbidden transitions
using only the oscillator and preamplifier stages of the TDL- P '
90.

Time-resolved emission spect@RES were recorded !ll- RESULTS

using an Andor Technologies iStar DH720 iC@ibtensified All the excitation and emission spectra reported in this
charge coupled devigeletector mounted on the SP500i im- &4y were recorded in the most dilute Mn/RG samples. As
aging spectrograph. A swing mirror in the SP500i allowedghown in our previous absorption wotkthese samples con-
fche dispersed emitted _rad|at|on el_ther to fall directly on theigi, predominately isolated atomic manganese. Because of
ICCD camera or be diverted at right angles to the photone extent of the site-and state-specific emissions observed in
counting PMT. A personal computer equipped with the An-ihe \n/RG matrix systems, only spectra recorded in an-

dor iStar software and interface cat@CI-010, allowed peqied samples are presented in the present contribution.
control of the iCCD unit and the SP500i monochromator via

an RS232 connection. Nanosecond lifetime measurements . .

were made by analyzing the TRES recorded with the iCCDs‘érEXf'tat'on and emission of annealed Ar and Kr
camera. Decay curves at specific emission wavelengths were pies
extracted from the TRES with the Andor software, and the  Figure 2 presents a summary of the emission spectra
decay times were obtained by fitting single or multiple ex-recorded with red<1°) and blue¢2°) site excitation at 393.4
ponential functions to the extracted curves by a nonlineaand 380 nm, respectively, of a Mn/Ar sample annealed to
least squares method. The decay functions were convolute2D K. From an inspection of the spectra shown in Fig. 2, itis

with the temporal profile of the YG 980 excitation laser quite evident that the bands produced are very different,

x1

WHM (FWHM—full-width at half-maximum 6 ng to
generate the emission decay profiles. The temporal resolution

prepulse of the YAG laser. The temporal resolution of the
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Wavelength (nm) TABLE |. Photophysical characteristics of the 1°, 2°, and 3° sites of Mn
390 420 450 480 510 540 570 600 630 660 atom isolation in solid Ar and Kr matrices obtained from the excitation
Mrln/Krl-Exlcitat;on/[En;issilonl A I N L B I B spectra recorded for thed¥s4p z%P — 3d°4s? a °S transition. Shown also
2° site [ o | o ol g is the data extracted for the single thermally stable site in Xe. The spectral
Iwﬁ‘: % °‘,n;:] ‘% | positions\, and average full width at half maxima of the three compo-
| | nents were identified in Gaussian line shape analyses of the threefold split
iy | | excitation bands. Matrix to gas phase frequency skdftsr the atomic Mn
| | | z°P,,—a’s,, transition (G.P.:24 788.05 ciit) are presented in wave
| | | number units. The frequency shifts were calculated with respect to the cen-
| | | L/\/im tral feature of the observed threefold pattern.
1° site | | | |
| | I | Mn/Ar
: : : : Site  Components A(hm)  E(cmd)  A(eml)  semd
| | | | 1 389.9 25644
‘ : | | | L J N boe A x16] 1° 2 393.4 25421 253 +633
26.0 240 20 200 180 160 3 8972 25174
x10® Energy (cm™) 1 3755 26 632
2° 2 380.0 26 319 392 +1531
FIG. 3. Emission spectra recorded at 12 K for the Mn/Kr system with 3 384.7 25992
site-selective lamp excitation of the I\m"Fy—aGS transition. The spectra 1 380.1 26 309
were regor(_jed for Mn/Kr samples deposited at 12 K but anneqled_ to 32 _K. ° 2 389.9 25 647 710 +859
The excitation spectra shown on the left were recorded by monitoring emis- 3 398.1 25121

sion at 428.4top) and 416/626 nntbottom) for the 2° and 1° sites, respec-
tively. The asterisks indicate the emission bands produced with excitation of Mn/Kr

the thermally unstable 3° site, remnants of which remain after annealing. 1 381.4 26 219
1° 2 385.0 25974 295 +1187
_ _ o _ 3 388.8 25720
leading to the conclusion that Mn atom emission in Ar is 1 395.9 25 259
strongly dependent on site occupancy. Thus, excitation of the 2° 2 398.3 25107 203 +319
red site at 393.4 nm gives rise to the structured and narrow 3 401.6 24900
emission centered at 427.5 nm and the weak, asymmetric 1 387.6 25800
590 nm band’® Blue-site excitation at 380 nm produces 3° 2 393.7 25400 484 +612
three broad emission bands located at 413, 438, and 625 nm. 3 4016 24900
The additional features at 431 and 601 nm have been identi- Mn/Xe
fied i : 7\ o 1 392.2 25 497
ied in annealing studies as emission from the thermally .
o ) S 1 2 395.5 25284 270 +496
unstable(3°) site of Mn atom isolation in Ar. 3 2992 25 050

Figure 3 presents the emission spectra recorded for an
annealed Mn/Kr sample with tungsten lamp excitation of the
blue{1°) and redf2°) site absorptions. The resolved blue ) _
(1°) site centered at 385 nm in excitation—the major contri-Prove that the _waveI%ngths é‘sed in the earlier laser $tudy
bution to the observed absorption band—leads to the emi®Ump the forbiddera "D —a"S atomic transition, directly
sion features centered at 416, 440, and 626.8 nm. The rdPpPulating the.m_etastabI?.D state responsible for the ob-
(2°) site centered at 398 nm produces emission bands &€rved red emissions. . o
427.8 and 585.8 nm. The emission features indicated by the The strong similarity between the red-site emissions in
asterisks(at 432.4 and 603.8 nmare due to the 3° site, Ar qnd Kr matrices is evident by comparing t'he upper panels
whose absorption overlaps those of the 1° and 2° sites, arlf Figs. 2 a.md'3. The lower traces in these figures reveaI. the
the remnants of which persist after sample annealing. It waSt"ong Similarity between the blue sites in these two solids.
found that the intensity of asymmetric emission band af’Notophysical parameters exiracted from the excitation

585.8 nm is enhanced by the annealing procedure for red2ands recorded for three sites present in Ar and Kr matrices
(2°) site excitation. are collected in Table I.

It should be pointed out that the Mn/Kr emission re-
corded in the 570—650 nm region, shown on the upper right
in Fig. 3, bears a very str_r%ng resemblance to that reported by
Moskovits and co-worker§ with fixed frequency dye laser
excitation at 17 300, 17 350, 17 400, and 17 450778, = MN/Krand Mn/Ar
576, 575, and 573 njrof Mn/Kr samples. Thus, the three In this section, the spectral and temporal characteristics
emission bands at 585.8, 603.8, and 626.8 nm evident in Figaf each of the observed emission bands in the Mn/Kr system
3 are also present in Fig. 9 of Ref. 12, but were assigned iare examined in detail. For reasons of space limitation, only
the earlier work to transitions of MnAs will be shown a summary of the results obtained in the analysis of the
ahead, these are the emission bands of metastaiilestate  closely corresponding emission bands in the Mn/Ar system
atomic Mn isolated in the three sites present in Kr matriceswill be presented. In the sections that follow, the Ar data are
Excitation spectra recorded by our group with tuneable dygresented in parentheses. Complete annealing and site details
laser excitation, to appear in a forthcoming publicafidon, of Mn/RG matrices are to be found in Ref. 14.
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Wavelength (nm) o
410 420 430 416 nm emission decay curves
L2 [T
| MwKe T=12K 10°} A BK
L —eo— Data F
10 |- " Wp Fit C et = 5K
K M\ s=20 L= o ik
g | S5 no=440cm? 2 ﬂg s ux
< 5 » = -1 - . . -
508 Al 25000 em™ 1 o8 —!' ’ 3 ' y RBE FIG. 4. An emission spectrum and ¥, line shape fit
T J " 3 254 A 31K recorded at 12 K for the 416 nm band produced with
£ [ s s [ 0,8 . —8— Laser pulsed laser excitation at 385 nm. Decay profiles of the
506 :' o E ¢xlt 416 nm emission feature were extracted from time-
§ i . b . - g %2 ! N resolved emission spectra recorded at the specified tem-
k| - 8 s 10 El ox 2} peratures. The temporal profile of the laser excitation
goar : \ i for o, source at 385 nm is also shown.
- : d s, 2t :
53} - K F Lo P |
02| s ) N aep
| 10" * ae
| | ;— A o * . ae
0.0-d | | ) N Illllllllll’?Altl?
248 244 240 236 232 0 50 100 150 200
x10? Photon Energy (cm™) Time (ns)

from the 57.5 ns decay time listed in Table Il, this band is
h also assigned to resonanzéP state fluorescence.

1. Blue site: 416 nm Kr (413 nm Ar) emission

The dominant emission feature produced in Mn/Kr witl
blue-sitez 5P excitation at 385 nm occurs at 416 nm exhib-
iting, as shown on the left in Fig. 4, a linewidth of 505 ¢m
A Wp line shape fit of the emission ba.nd. with K@) of Ref. Blue site: 440 nm Kr (438 nm Ar) emission
19 is also shown on the left. A description of the procedure
followed in theW, fits is given ahead in Sec. Il B 4 and in As well as the 416 nm band, blue-site excitation in
Ref. 19. Due to the lack of resolved phonon structure on thisMn/Kr produces, as shown in Fig. 3, emission at 440 nm.
emission band, the most probable high frequency mode ilithough this emission band is weak at 12 K witAP ex-
the phonon spectruth of solid Kr is used for the fit con- citation, its intensity increases with temperature relative to
ducted. As a result of the range of phonon frequencies thahe 416 nm band. Moreover, with blue-sig€P excitation,
exist, the fit shown is not definitive. However, the largethe 440 nm band dominates emission in the 405—-450 nm
electron-phonon coupling strengt§=23), and the associ- region. With a linewidth of~280 cni!, the moderately
ated broadband profile are indicative ofPa— S type elec- broad 440 nm band looks likeR— Stype transition. How-
tronic transition. ever, thew, line shape fit shown on the left in Fig. 5 reveals

In an attempt to state assign the 416 nm emission band much smalle6 value(6) than the value of 23 found on the
its temporal decay was recorded and analyzed. On the right#16 nm band, assigned to resonamé® fluorescence in the
hand side of Fig. 4 the recorded emission decay is shown opreceding section.
a semilog plot, clearly indicating that the decay occurs on a  On the right-hand side of Fig. 5, the temporal decay of
nanosecond time scale. Fitting the emission decay profilthe 440 nm emission is shown for an annealed Mn/Kr
required the use of a double-exponential function, with decagample. This plot reveals that the decay titfed 9 is ex-
times of 46.4 and 30.5 ns. From the dominance of the shortdremely long compared with the nanosecond 416 nm fluores-
component it is identified as the observed excited state lifeeence. The decay profile was acquired, as outlined in the
time 7,,s=30.5ns. The temperature dependence of thd&xperiment section, with a multichannel scaler monitoring
416 nm emission decay profile was recorded and is also preemission with photon counting detection. Least squares
sented in Fig. 4. This allowed identification of the emissionanalysis of the decay profile required three exponential func-
lifetime observed at 12 &9 as the radiative decay of the tions to achieve an adequate fit and extract the emission de-
excited staterg,q because as shown in Fig. 4, the decaycay times. It is apparent from the complicated decay profiles
profiles were found to be independent of temperature belowontaining, as shown in the inset, a rise time portion, that the
18 K. 440 nm emission band exhibits complex excited state kinet-

Application of the effective field correctidiEqg. (2), Ref.  ics. The three decay times extracted at 12 K, range from the
19], using 1.428 as the refractive index of solid Rieadsto  shortest component=2.4 ms(identified as the rise timdo
a corrected decay time of 55.3 ns. The gas phase lifetime fahe longest decay timg =100 ms, the dominant component.
the fluorescentz®P—a®S transition is reported as Decay profiles recorded at temperatures in excess of 12 K
58.8£1.4 ns. As the corrected matrix lifetimeg,, is only  are also presented in Fig. 5. It is clear from the pronounced
slightly shorter than the reported gas phase value, thehanges exhibited that the excited state decay curves are ex-
416 nm emission feature is thereby assigned to resonandéeemely sensitive to temperature. Of particular note is the
z°P state fluorescence. The matrix emission band is therecemoval of the rise time component at temperatures greater
fore redshifted from the gas phase position of thethat 25 K, shown inset in Fig. 5. A double-exponential fit of
z°P,,+»a°s,, transition at 403.56 nn24 779 cm') by  the decay profile recorded at 32 K showed two millisecond
740 cm?. Its equivalent in solid Ar is located at 413 nm and components. The strong temperature dependence and the
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TABLE Il. Photophysical characteristics and excited state assignments of the emission features produced with
excitation of the 8°4s4p z%P — 3d°4s? a ®Stransition of atomic manganese isolated in the two thermally stable
sites in Kr and the single site in X&.indicates the emission band center in nanometer units. The full-width at
half-maximum intensity of the emission features is denoted\bgnd the matrix shift bys—both in wave
number(cm™) units. The excited state lifetimesare presented with the subscripts Rad. and Cor. to indicate the
radiative lifetime of the excited state and the lifetimes corrected for the effective field of the solidrgtate.
indicates the lifetime of the dominant decay component at 12 K. The question marks indicate state assignments
that are only tentative.

Mn gas phase

Band
State vicm™?) Nnm) Alcm™) slem™) T
z%p,, 24 809 403.075 58.8 ns
a‘D,, 23297 429.25 3000 s
25P,, 18 402 543.42 101 us
a®Dy, 17 052 586.43 3s
Mn/Ar red (1°) site
a’D,, 23392 4275 7.0 +92 25.3 ms
a®Dgy,(?) 16 949 590.0 100 -103 65ds
Mn/Ar blue (2°) site
z%P 24213 413.0 465 -566 Teor=57.5 ns
a’D,(?) 22831 438.0 230 -466 >0.1s
71=662 us
a®Dg,(?) 16 000 625.0 260 -1052 7,=165 us
73=36 us
Mn/Kr red (2°) site
a‘D,, 23375 427.8 5.4 +78 23.9ms
a®Dg,(?) 17 085 585.7 65 -18 281s
Mn/Kr blue (1°) site
z%P 24038 416.0 505 -740 Teor=55.3 Ns
a’D,(?) 22727 440.0 280 -570 7>0.1s
a®Dg,(?) 15954 626.8 260 -1097 =564 us
Mn/Xe
a®Dgy,(?) 16 126 620 240 -926 m7=1.83 ms

multiexponential nature of the recorded decay profiles do notery long decay times measured. For the energetic reasons
allow the radiative lifetime of the 440 nm emission to beillustrated in Fig. 1, the only alternative assignment for the
identified. 440 nm emission is tha *D excited state of atomic manga-
Because of the conflicting spectral and temporal dataese. The broad emission line shape and the large matrix
(broad linewidth/long decay timerecorded, the 440 nm shift (570 cm!) make thea *D,,,— a °S;, transition assign-
emission in solid Kr cannot be immediately state assignedment problematic. Similar linewidth and decay time behav-
However, the assignment of this moderately broad band tgor, summarized in Table I, was found in the Mn/Ar 438 nm
z%P—a®s emission, can be ruled out on the basis of theband, leading to the sanm&'D,, state assignment made for

Wavelength (nm) L.
440 450 440 nm emission decay curves
R T [T T ;
| Mn/Kr T=12K 0L
L —e— Data 3
10 - - Wp Fit F
g | It 5= 60 r
= o sl e ho =440 cm™ 4
" | [ 19 g |10
;08— 4 s Voo = 22950 cm’ E ) ] o )
XL d o F FIG. 5. AW, line shape fit of the 440 nm emission in
“,5' L /.’ L I Mn/Kr. Decay profiles of the 440 nm emission re-
. L o . .
<ol e 10 E corded at the specified temperatures using TCSPC with
g2 bt ] o pulsed laser excitation at 385.15 nm are shown on the
g C K ..’ : . . right. The behavior of the rise time component at vari-
coal-% § ‘ 0 % ous temperatures is shown inset.
Q i - L
02 "_ . lol g_ H '. -. ;
[ N\ (38832 28 %25 TK) 18°
I T h, ) I N U AN T
22.8 224 0.0 0.1 0.2 03 04

x10° Photon Energy (cm™) Time (sec)
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Wavelength (nm) 625.8 nm emission decay
620 630 640 650
A B L F — T ‘
1.0 | Mn/Kr T=12K
L —e— Data 2
- XY S g TR N e 12K data
£ - & ) q 5 Tri-exponential Fit
= e ho = 44.0 cm 10°
v 0.8 |- 7 | : i E T,= 1.66 ms A, = 3257
el : b!. Voo = 16200 cm E 7,= 0.56 ms A, = 7807
-4 i L . C = 0.10ms A; = . X feci
S T d H F FIG. 6. AW, line shape fit of the 626 nm emission
fos|- J ‘. = band in Mn/Kr produced with blue-site excitation at
R :’ Y E- 385.15 nm. A decay profile of the 626 nm emission re-
Z T ¢ . L corded at 12 K is shown on the right as well as details
é) 04 - i Y 10* - of a triple-exponential fit.
g H K E
2 r 1 i
E Y
o2t 7 * E
0.0 | ‘ ! | I & 102 E | 1 | I | |
: 16.2 16.0 15.8 15.6 154 152 0 1 2 3 4 5

x10? Photon Energy (cm'l) Time (ms)

the blue-site 440 nm emission in Mn/Kr. With these assign-101 us gas phase lifetime for the®P,,,— a®S;,, transition

ments, it is concluded that the’D state is broadened and and much shorter than the theoretically calculated 3.4 s life-
shifted considerably in the blue sites of atomic Mn isolationtime for thea6D9,2 metastable state of atomic manganese.

in Ar and Kr matrices. Decay profiles recorded at higher temperatures showed
greater complexity. This behavior is associated with the in-

3. Blue site: 626.8 nm Kr (625 nm Ar) emissi creased intensity of the 626.8 nm feature at temperatures
- plue ste. € nm e nmAr) emission above 20 K and coincides with the reduction in the 440 nm
Details of the broad emission band centered atmission intensity above 20 K. This indicates that the

628.8 nm(15 954 cm*) resulting from blue-site excitation 626.8 nm emission is fed by the state producing the 440 nm
of the z°P excited state are shown in the left panel of Fig. 6.pand.

A W, line shape fit of this band is also shown. 8ssalue The spectral location and long emission decay time

(6.0, _reveals moderate electron-phonon coupling, similar ir‘strongly support the assignment of the 626.8 nm emission
magnitude to that of the 440 nm band.

. . . feature to thea ®Dy,, state of atomic Mn in solid Kr. The
An emission decay profile recorded monitoring the . . . . .
626.8 nm feature at 12 K is shown on the right in Fig. 6_S|m|lar behavior of the Mr_1/Ar 625 nm band listed in Table
Inspection of the decay profile reveals that complex kineticd! SU99€sts the same assignment. Like atfe® state assign-
leads to the observed emission. A triple-exponential fit alment made for the 440 nm emission, teD assignment of
lowed the extraction of the decay components 1.67 ms, 564he 626.8 nm band implies considerable line shape broaden-
and 101us. The dominant 564s decay component is as- ing of thisD state in the blue site. It also demonstrates a very
signed to the observed excited state lifetime at 12 K. Theoronounced shortening in treDy,, state lifetime from the
observed lifetime is more than five times longer than thecalculated gas phase value.

Wavelength (nm)
427.0 428.0 429.0 427.0 428.0 429.0
' T T T T | T T T T | T l T T T T —I' T T T T | T
Mn/Ar  — T=12K T=25K
= Wpl vy, =23388
N Wp2 vy,= 23353
£ $ =040
- ho =13.0 em” FIG. 7. A comparison of the phonon structure calcu-
§ - lated at 12 and 25 K with th®V, function and the re-
[ = solved emission features recorded in solid Ar with site-
$ N specific, pulsed laser excitation at 393.4 nm
S corresponding to excitation of Mn atoms in the dd)
2 site of isolation in Ar. The locations of the zero phonon
2 lines are indicated as ZPL1 and ZPL2 and their values
g are given by the listed, o values in wave number units.
k] The presence of hot-phonon emission in the 12 K spec-
E trum is indicated by the two asterisks.
* M .
* N | S I N
T T I T T T T | T T T T I' T T | T T T T | T T T T ]
23.40 23.35 23.30 23.40 23.35 23.30

x10° Photon Energy (cm™)
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‘Wavelength (nm)
427 428 429 430 431
l -2 T T T | T T ‘ T T I T T T T ‘ T T | T T
| Mn/Ar
F—e— 12 K Data

— — - Wp2
s-04 T

427.56 nm Data

Bi-exponential fit
7,=25.28 ms A= 15558
= 1140 ms A= 1590 FIG. 8. A comparison of a high-resolution 427.5 nm

o

Fho=13.0 cm™ L . .
| ho l 0cm a emission spectrum with the calculat#d, line shapes.
Voo = 23353 cm . . . .
0.8 |- The simulation of the emission band profile was gener-
i Wp 1 10° ated using Gaussian line shag&VHM 6.6 cnt?) for
L s=04 ¢ the two identifiedw, distributions described in the text.
0.6 —ho =13.0cm™ The decay profiles of the 427.56 and 428.21 nm emis-

| LA R L R L

sion bands, shown in the inset, were recorded at 12 K

[ Vo= 23388 cm’ ) _
using TCSPC following pulsed laser excitation at

42821 nm .
Bi-exp.fit

=T oy

Emission Intensity, Ay, = 393.4 nm

|
L !
04 |- | I\ 1,=23.40 ms A= 7251 397 nm. This wavelength corresponds to the low-
- | t‘ 10" T=1043 ms A5 15761 . ; energy threefold split component present on the excita-
3 | '*\ 0 20 40 60 80 tion profile of the red1°) site.
i | Time (ms)
02 [ ag \\
I b
i m | \\ﬁ
L \
0_0[' I\l_‘\é\(llxxlxllxl
23.45 2335 23.30 23.25 23.20
x10” Photon Energy (cm™)
4. Mn/Ar Red (1°) site: 427.5 nm emission cent feature at 427.80 nm. With two of the three adjustable

High-resolution scans of the Mn/Ar 427.5 nm emissionParameters in Eq1) of Ref. 19, selected, a fit with the/,
recorded at 12 and 25 K and produced with red-site excitalUnction was conducted by varying tt&parameter to gen-
tion at 393.4 nm are shown on an expanded s¢alem erate the recorded intensity distribution. With a very small
range in Fig. 7. The 12 K spectrum shown on the left, con- €l€ctron-phonon coupling strength®#0.4, the resultingV,
sists of multiple, narrow emission bands, the most intense df"€ shape provides, as shown by the solid vertical lines in
which is located at 427.56 nm. Two other resolved feature$he left panel of Fig. 7, a good account of the intense features
are observed at 427.80 and 428.21 nm. The 427.56 nm fe®résent in the blue portion of the 12 K spectrum. The fit
ture shows a linewidth o&6 cnT?, close to the highest reso- locates, as indicated by ZPL1, the zero phonon line at
lution achievable with the 0.5 m SP500i monochromator us23 388 cm*. Moreover, it reveals, as indicated by the aster-
ing the 1200 g/mm grating. At higher temperatures, showrisks in Fig. 7, that the spectral features to higher energy than
for 25 K on the right in Fig. 7, much of the structure is lost ZPL1 arise from thermal population in excited phonon lev-
due to the considerable broadening exhibited by the emissiofls- The presence of “hot-phonon” emission in the 12 K
band. The temperature dependence evident in Fig. 7 wagectrum might initially seem surprising, however, its origin
completely reversible with the original spectrum obtained orfan be traced back to the low phonon frequefty cni™)
returning to 12 K. The presence of resolved, narrow lines ireXtracted in thé\, line shape calculation.
the 12 K spectrum and the reversible temperature depen- While the W, line shape analysis achieves good agree-

dence exhibited, suggests that resolved phonon structure Ment with the high-energy portion of the emission spectrum,
the origin of the observed emission band shape. not all of the resolved features are accounted for, most nota-

A line shape analysis was conducted on the emissioRly the band at 428.21 nm. To account for the red features, a
structure using th&V, optical function described in detail by secondW, function (W,2) was included for whichvo o
Struck and Fongéf and already used by us in our previous =23 353 cm* was selected to coincide with the low-energy
Hg/RG work®® The contribution of hot phononsp termg  band at 428.21 nm in the 12 K emission spectrum. A phonon
to the emission is obtained by multiplying th&y, frequency of 13 cmt was selected, corresponding to the
function, with the appropriate Boltzmann factor. Thus splittings on the main 427.56 nm emission. As shown in Fig.
W_p:[exq—pﬁw/k‘r)]wp_ As will be shown later, this be- 7, a satisfactory intensity distribution was also achieved with
comes a significant contribution to the overall emission band=0.4. The ZPL of théW,2 function is at 23 353 cit, and
shape(even at 12 K when the phonon frequency is very the intensity distribution, shown by the dotted vertical lines
low. The W, line shape analysis allows, as shown in ourin Fig. 7, accounts for most of the red portion of the emission
earlier work;” identification of the band originyo o i.e., the  band profile. With the combined,1 andW,,2 functions, all
zero phonon lingZPL) and an assessment of the electron-the resolved features present in the emission bands shown in
phonon coupling strengt8 (the Huang—Rhys Factpfor the  Fig. 7, are accounted for. Simulations generated with the
electronic transition involved. The starting point for th¢, ~ W,1 andW,2 functions atT=25 K, are compared with the
line shape analysis is the selection of a value for the phonorecorded high temperature emission spectrum in the right-
frequency(fw). hand panel of Fig. 7. The agreement is also good here and

To begin theW, fit, the emission band maximum at demonstrates that the increased bandwidth recorded at 25 K,
427.56 nm(23 388 cm') was chosen as the ZPL. The pho- originates from reduced intensities of the ZPLs and the in-
non frequency was selected as 13 érfrom the splitting creased participation of hot-phonon emission, already
between the most intense 427.56 line and the resolved adjaresent even in the 12 K spectrum.
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The intensity distributions of the twaV, functions, 270 080 w00 oSihEm) o 4290
broadened by a linewidth function, generates the recordec ' L B L A I

emission band profile quite well. This is evident upon inspec- Mu/kr é :V:zvimu T-2K
. . . . . . 00

tion of Fig. 8, where Gaussian curves with a linewidth of | | 21520v20=23329

6 cni’t, corresponding to the FWHM of ZPL1, are shown by E ho = 10.0 om™

the solid and dotted traces. It should be noted thatihe 8
functions do not fully account for the unstructured red wing
of the emission. This may indicate the presence of a third,g
unresolved component that group theory predicts for the ex-?,
cited state responsible for this emission—a possibility treatec?
in the upcoming discussion of the origin of the observed:
splittings.
Time-resolved measurements indicate, as shown in the R
inset of Fig. 8, that the decay of the 427.5 nm emission oc- 1 RN
curs on a very long time scale—0.1 s—clearly revealing the = ' =~ " L7 LS 4o 2335 2330
strongly forbidden nature of this transition. A double- x10° Photon Energy (cm’™")
exponential function was required to fit of the most intense _ _ o _
.. . . . IG. 9. High-resolution emission spectra recorded at 12 and 20 K with
427.56 nm emission feature. The fit shown in the inset Ogulsed laser excitation of the r¢d°) site in Mn/Kr at 400 nm. Simulations
Fig. 8, yielded two decay times, 25.28 and 11.40 ms, thef the resolved emission features were generated with\thdine shape
longer of which dominates by a factor of 10. The decayfunctions for 12 and 20 K. The_ location of the zero phonon lines are indi-
ded f he 427.80 f hibited Icated as ZPL1 and ZPL2, their values are showrnvpyin wave number
curves recorded for the 7.80 nm eature exhi |te_, algnits.
though not shown, behavior similar to the dominant

427.56 nm featu.re. Thus, QOubIe—exponennaI.funct|ons WeT927.56 nm is blueshifted from the gas phase position by only
once again required to achieve an adequate fit. The dommag& cnT?, behavior consistent with the narrow emission lines

decay component was found at 12 K to have a lifetime Ofexhibited
25.23 ms—the minor had a value of 10.63 ms. The relative Successful simulation of the 427.5 nm emission band

amplitudes differed from those observed for the 427.56 Ny qfile required, as presented in Fig. 8, the use of two sets of
feature, insofar as the amplitude of the domindmmg) com-  _function oscillators, exhibiting identical electron-phonon
ponent was only a factor of four times that of the minor coypling frequencie$iw=13 cni?) and strengthgS=0.4)
(shory component. This indicates the increased importanc@ut distinct ZPLs(23 388 and 23 353 c). In light of the
of the shorter lived component at longer wavelengths. W, line shape analysis, consideration of the recorded emis-

As shown in Fig. 8, the emission decay profile recordedsion decay characteristics, summarized in Table Il, indicates
for the resolved feature at 428.21 nm has a different appeathe longer25 mg component corresponds to that of ZPL1 at
ance to that recorded for the 427.56 nm band. The forme#27.56 nm while the 10 ms lifetime of the 428.21 nm emis-
decay required a double-exponential fit, yieldingalues of  sion is due to ZPL2. The spectral overlap of these two com-
10.43 and 23.4ms at 12 K but showed a reversal of thgonents, revealed in th&,1 andW,,2 intensity distributions
amplitudes extracted for the 427.56 nm band. Thus the anshown in Fig. 8, is identified as the origin of the double-
plitude of the 10.43 ms component in the 428.21 nm emisexponential decay of the lines in the 427.5 nm emission sys-
sion, dominates the longer 23.4 ms component by more thai¢m. Therefore, the requirement of two decay components to
a factor of 2. The decay times of the 427.56 and 427.80 nnachieve adequate fits of the recorded emission decay profiles
components are, within the erforof the present analysis, ig attributed 'Fo_the presence of_t_wo d_istinct electronic transi-
equivalent exhibiting dominant matrix lifetimes of 25.28 and tions. The origin of these transitions in such a small spectral
25.23 ms, respectively. The dominant lifetime extracted forr@nge will be addressed in the Discussion section.
the 428.21 nm feature has a value of 10.43 ms.

Identification of the radiative lifetimes is not possible in 5. Mn/Kr Red (2°) site: 427.8 nm emission
the present study due to the changes observed in the
427.5 nm emission decay curves with the smallest temperg; .

ture increasd1.5 K) above the lowest valugl2 K) attain- o, citation at 400 nm for a Mn/Kr sample deposited at 12 K
able with the displex refrigerator used. It is thereby con-5,4 annealed to 38 K. Inspection of the 12 K spectrum,
cluded that the radiative lifetime for the 427.56 nm emissiong,own in the left panel of Fig. 9, reveals five resolved emis-
is longer than the 25.3 ms value measured at 12 K. A longjon components at 427.68, 427.88, 428.01, 428.40, and
decay time of this magnitude requires the assignment of thg2g .65 nm. The spectral location and the narrow linewidth of
emission features to a strongly forbidden transition. The |O‘the emission features are Suggestive @a.)Stype transi-
cation of the emission at 427.56 n23 388 cm") is consis-  tion. At higher temperatures, the overall emission intensity
tent with an assignment to the spin and parity “forbidden”decreased and the emission broadens as evident in the 20 K
a’D,,—a’s,, transition of atomic manganese which oc- spectrum shown on the right in Fig. 9. The narrow 427.8 nm
curs in the gas phase at 23 297 ¢émThus, the band at emission bands in Kr parallel in several respects, those ob-

missio]

Ei

Figure 9 presents high-resolution emission spectra re-
ded for the 427.8 nm band at 12 and 20 K with laser
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. s W:;;'e"g‘h {am) o a The decay profile recorded monitoring the most intense
I L e S S S B R S T resolved emission feature centered at 427.88 (uwrre-
L2 prT = 12K 3 s mbue sponding to the ZPL1 in th&V,1 line shape functionat
oo ! £ n= BT AT 4 12 K is presented inset in Fig. 10. An adequate fit of the
2 L0 e e ‘ ’ decay profile was achieved using a double-exponential func-
sk et i tion that yielded lifetime values of 23.97 ms and 12.49 ms.
< [s-o4 W2 3 As indicated by the amplitude values in Fig. 10, the longer
g 06 13:’::;25023"2;—1 log ----- e decay component23.97 m$, dominates at 12 K and is
T f e ;33};*: thereby identified as the observed lifetime. The same analy-
Zosf v;’\‘\ 10 nm Sims A= 100 M sis was applied to the emission feature observed at
ot 3 ;ﬁ.» oo (msf" 80 428.65 nm. This decay profilsshown recorded at 12 K in
02 ; ‘V’\ e s Fig. 10 exhibited greater complexity, requiring the use of a
i (R triple-exponential function to provide an acceptable fit. The
0 2340 T T T T dominant decay component had a lifetime of 11.92 ms. This

x10® Photon Energy (cm™)

component compares well to the second, short decay compo-
FIG. 10. Simulation of the 427.8 nm emission band profile generated usingi€nt extracted from the analysis of the 427.88 nm feature.
Gaussian line shap¢sWHM 5.6 cnt?) for both of theW,, distributions as The additional third componerit;=5.01 m3g observed in
described in the text. The
desbed 1 e . The prametr g posion o e eniifhe cay profie of he 426,65 nm feature, originates fom
sion features recorded at 12 K. spectral overlap with the 3° site’s broad, red- -wing emission
evident in Fig. 10 beyond 431 nm.
served at 427.5 nm in the Mn/Ar system. This latter emis-  The excited state lifetime identified for the ZPL1 in solid
sion also resulted from red-siE®P state excitation in solid Kr is 24 ms. However, the decay times were observed to be
Ar and was assigned to tre’D,,—a’S;, transition. The temperature dependent at 12 K, hence the radiative lifetime
results of a similalV, line shape analysis conducted on the must be slightly longer than this. A decay time of this mag-
resolved emission features in the Mn/Kr 427.8 nm systermmitude corresponds to a strongly forbidden transition and
are now summarized. when the spectral location and emission line shape is consid-
As was required in the Mn/Ar system, twh, functions  ered, the spin and parity forbidden’D,,—a°S,,, transi-
are needed to fit of the observed Mn/Kr bands. The bandSon at 429.25 nm is the natural assignment for the
located at 427.88 and 428.65 nm were selected as the tw427.88 nm emission in Mn/Kr.
ZPLs. Use of the same phonon frequety=10 cnT?) and
Svalue(0.4) allowed, as shown in Fig. 9, an adequate fit of
all the resolved features observed at 12 K. The combiigd
functions also provide a good match of the emission line- A high-resolution scan of the Mn/Kr 585.8 nm
width and the intensity distribution observed at 20 K, and(17 070 cm?') emission produced with re(®°) site excita-
accounts well for the asymmetry observed at high energy, aon is shown in the left panel of Fig. 11. The asymmetry of
shown in the right panel of Fig. 9. An assessment of thehe emission band profile is clearly evident in Fig. 11 as is
overall quality of the fits is presented in Fig. 10, wherethe narrow “spike” at 17 068 cth. Less obvious is an indi-
Gaussian functions with linewidths of 5.4 chcorrespond-  cation of unresolved structure on the blue end of the band.
ing to the linewidth of the most intense feature atThis spike feature is blueshifted from the atomic Mn gas

6. Red site: 585.8 nm Kr (590 nm Ar) emission

23 374 cm?, are shown. hasea °D,,,—a®°S.,, transition (586.43 nm, 17 052 ci
9/2 /2
Wavelength (nm)
427 428 429 430 431
T | T T T T | T T T | T T T T | T T T T | T T T
12 FMn/Kr T=12K 10°
L E -+ 427.88 nm Data
| —e— Data = Bi-exponential fit
- Wp 1 C T,= 2397 ms A, = 4071
10[S=04 10° T,= 1249 ms A= 720
g | ho = 10.0 cm™ E N
3 [ Voo = 23374 em’! E
"os 10° - FIG. 11. A High resolution scan of the 585.8 nm emis-
&F b — - Wp2 E sion recorded at 12 K with re(2°) site excitation of
=z I 8=04 q L . Mn/Kr following annealing to 42 K. AN, line shape fit
2 5 | D=1l 10° - 42865nm is also shown. A decay profile of the 585.9 nm emission
8 0.6 I~ ~23329 e = Tri-exp. f i i i
k=i P o7 So“ni;‘[k "t 1361 recorded at 12 K using TCSPC with pulsed laser exci-
g L T 1= 1192 ms Ay = 3496 tation at 400 nm is shown on the right.
2 04 F 1P 5= 50ImsAy= 1095 :
é L ~”’ i El oo o by a by |'-,:".
a8 [ i \\\, 0 20 40 60 80
-
L Time (ms)
02 B
r Iy N NNt PN gttt p s e
L h o\,
OO - - o \(J./ \L./ Ql\L 1 1 1 | 1 1 1 1 J 1 1 1 1
23.40 2335 23.30 23.25 23.20 23.15

x10° Photon Energy (cm™)
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‘Wavelength (nm) 620 nm emission decay
610 620 630 640 650 660
[T T T T T T RS L B B I
| Mn/Xe T=12K 10°L
- —o— Data :§
10—~ by Seiig P - - 12K data
g i h B = 27.0 ean™ L ———— Bi-exponential Fit
e [ s ‘”:-{’6'41‘(‘“‘ . 3 T,= 1.83ms A, = 14609
Z 08 |- : Voo = 16410 em F T,= 097 ms A, = 9287 FIG. 12. Atime-integrated emission spectrum recorded
Tor i 10°L at 12 K with z°P—a°S excitation of Mn/Xe. Thew,
(<,;;i i JHR E line shape was calculated for the 620 nm emission fea-
=06 |- I - ture at 12 K. The position of the ZPL is indicated by
z [ '». E vp,0 (cmY). A double-exponential fit of the decay pro-
é’ L J s F file recorded for the 620 nm Mn/Xe emission feature is
£ 0.4 B ‘-‘ 10 L shown in the panel on the right-hand side.
£ . 3
02— A E
- ‘ \ i
0.0 | 1 . | 0= v v Lo v b by Iy
164 16.0 15.6 152 0 2 4 6 8 10
x10° Photon Energy (cm'l) Time (ms)

by only 16 cmi’. Recording emission at temperatures in ex-matic shortening of the decay time of the metastabf®
cess of 12 K, resulted in the reduction of the intensity ofstate. However, the spectral position, the asymmetry of the
spike relative to the featureless red wing. The temperaturebserved emission band and the relatively weak electron-
dependence exhibited was completely reversible, an effeghonon coupling(S=3.3), provide compelling evidence for
characteristic of phonon structure on the emission profile. the assignment of the 590 nm emission to D state.

The spike and the unresolved structure on the blue endhis is further supported by the very similag o values of
of the 585.8 nm band, prompted the saWg line shape 17 020 and 17 068 cthidentified in theW, lineshape fits of
analysis as conducted on the 427.8 nm band.Whe func-  the 590 and 585.8 nm bands in Ar and Kr, respectively. As
tion shown on the left in Fig. 11 shows quite good agreemenindicated in Table I, the °Dgy,,— a °S;, transition occurs at
with the features on the blue end. Therefore, the ZPL is iden17 052 cm? in the gas phase. It is likely that the shortening
tified at 585.89 nm(17 068 cm') and the unresolved fea- in the matrix lifetime is induced in the solid state either by
tures to the blue of this are hot-phonon emission. Because dfie reduced symmetry of the site occupied by Mn atoms or
the lack of structure on the red wing, fits in this region aredynamically by vibronic coupling of tha °D state with low
not possible. However, two oth®&Y, functions with shifts of symmetry lattice modes.

45 cmit are shown for the purposes of illustrating that the
model used to fit the 427.8 nm band can also be used on tte Mn/Xe: 620 nm emission
585.8 nm system.

A decay profile recorded at 12 K monitoring the ZPL at The absorption spectra presented for Mn/Xe in Ref. 15,
585.89 nm is shown on the right in Fig. 11. Use of a double4indicated thez °P— a °S transition of atomic manganese in
exponential fitting function, allowed the extraction of decayxenon occurs from a single thermally stable site of isolation
component® with lifetimes of 287 and 14fuis—the ampli-  centered at 395.5 nr{25 284 cm?). Figure 12 presents an
tude of the latter dominating by more than a factor of 2. Theemission spectrum resulting from lamp excitation at 395 nm,
temperature dependence of the emission decay was not rsllowing Mn/Xe sample deposition at 12 K and annealing
corded. Thus, with the data presently available, the dominartb 35 K. Inspection of the emission spectrum shown on the
decay component=287 us is identified as the observed left-hand side of Fig. 12 reveals only a single emission fea-
lifetime for the 585.8 nm emission. This value is substan-ture at 620 nm. The bottom trace on the left in Fig. 13, shows
tially shorter than the lifetime of 3.4 s calculated for the gasthe excitation spectrum recorded for the 620 nm emission.
phase a®Dy,+»a®S,, transition of atomic manganese. The excitation spectrum shows a well resolved threefold split
However, based on its spectral location and the temperatuilgand, whose components are centered at 392.2, 395.5, and
dependence exhibited, the 585.89 nm emission band is a899.2 nm. The threefold pattern indicates the isolation of Mn
signed to the ZPL of tha ®Dy;,— a °S;, transition of atomic  atoms within high symmetry sites in solid Xe. Gaussian line
Mn in solid Kr. The assignment of this emission feature isshape analysis reveals an average linewidivHM) of
discussed in greater depth in a companion péﬁ)'m,which ~270 cm*? for each component. As listed in Table I, the
the 585.8 nm band produced with direct dye laser excitatiofband center in Xe is blueshifted from the position of the gas
of the forbiddena °D — a °S transition, is recorded and ana- phasez °P,,« a°S;,, transition by 496 cmt (Fig. 13.
lyzed. To aid the assignment of the emission\g line shape

The complex decay characteristics of the Mn/Ar 590 nmanalysis was conducted on the 620 nm band as shown in Fig.
emission band, produced wi#PP excitation, do not allow a 12. Line shapes were generated at 12 K with=27 cm®
definitive assignment of tha °Dy,,— a°S;, transition that  using variousS values until an adequate fit of the high-
has a theoretically predicté7dgas phase lifetime of 3.4 s. energy side of the asymmetric 620 nm emission profile was
The measured matrix lifetime of 654s represents a dra- achieved. TheW, line shape generated at 12 K witly o
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Wavelength (nm) in the temperature range 12—16 K. Therefore, the true radia-
. 3?0 — 4f° . .4f°. .4?0. .5}°, i‘:o. .STO. .6?0. ,6?96,6|° tive lifetime of the excited state is longer than the 1.83 ms
Mu/RG blue sites value measured at 12 K.
Excitation | Emission ! x10 The long(1.83 m3 lifetime extracted at 12 K indicates
Aga(nm) Agymm) | 7 . .
4130 380.0 s that the 620 nm emission corresponds to a forbidden transi-
|

438.0

pi tion. The gas phase radiative lifetimeg,q for the z°P,,

staté* and metastabla °D,, stateé’ are reported as 10is

and 3.4 s, respectively. Although the decay characteristics of
the 620 nm feature are double exponential, the millisecond
lifetimes recorded represent a substantial shortening of the
theoretically calculated 3 s gas phase lifetime of #RD
state. More definitively, this lifetime being ten times longer
:m% than thez ®P state, indicates the®P,,,— a °S;,, transition is

fr not responsible for the 620 nm emission. Based on the
| 8

%

|

Ar

x30

416.0
440.0
626.0

385.0

620.1
present results, the 620 nm emission is tentatively assigned

to a®Dy,, state, the photophysical characteristics of which
RS are collected in Table . This assignment is confirmed with
x10° Energy (cm™) direct population of thex 5D state with laser excitation, the

results of which are presented in Ref. 13.
FIG. 13. Emission spectra recorded at 12 K for the Mn/Ar, Mn/Kr, and

Mn/Xe systems with site-selective’P «— a S excitation of Mn atoms iso-
lated in the high-energy blue site. The excitation wavelengths used are inV. DISCUSSION

dicated in the center as:,(nm). The excitation spectra, shown on the left, . . L
were recorded by monitoring emission bands as indicateschyin wave- The luminescence resulting from excitation of the
length units. All the spectra shown were recorded following Mn/RG samplez 8P« a S transition of atomic Mn isolated in solid Ar and

annealing. The spectral positiqns of_ the gas phase'tra.nsitions of atomic MRy is extremely rich spectroscopically. This originates in part
f}:;:gl\;vzrzégz %azir::do;’ Z{gﬁﬁ'c I;gggtiﬁit_emks indicate remnants of thﬁgm the number of electronic states lower in energy than the
z°P state accessed in photoexcitation and also from the pres-
ence in the excitation spectra of two thermally stable sites of
=16 410 cm! (609.38 nM), Zw=27 cnT!, and S=11 com-  atomic isolation. By contrast, the emission in Mn/Xe is quite
pares well to the observed 12 K emission spectrum, showaparse exhibiting only a single band at 620 nm. This arises
on the left in Fig. 12. From the mediuBwvalue used, th&V,  because of the single thermally stable site occupied by Mn
fit shown in Fig. 12 reveals that the electronic transition pro-atoms in Xe samples and very efficient interstate relaxation
ducing the 620 nm feature is only moderately coupled to theorocesses that lead to population of the metastabi state.

I
!
f
I
I
|
I
|
|
|
I
|
|
I
I
|

lattice phonon modes. The band oridin, o) is predicted to The differences between the emission spectroscopies re-
occur at 16 410 cnt strongly favoring assignment of the corded for the blue and red sites in annealed Mn/Ar samples
emission to the metastade(SD excited state. are hlghllghtEd in Flg 2. A summary of the data recorded in

Decay curves of the 620 nm emission feature were rethe corresponding two thermally stable sites in annealed
corded using TCSPC following pulsed laser excitation atSOlid Kris presented in Fig. 3. The positions of the gas phase
395.15 nm corresponding to the central component of th&ansitions (_)f atomic Mn are indicated by t_he _vertlcal lines
threefold split matrixz ®P « a ®S absorption band. The right- and the emission fe_atures _prqduced by excitation of the ther-
hand panel of Fig. 12 presents the decay profile recorded Zpally unstable 3° site are indicated by the asterisks. Table I
12 K on a semilog plot, following sample annealing to 62 K. presents a summary of the photophysical characteristics of

A double-exponential fit was required to reproduce the decal'® OPserved matrix atomic emission, while gas phase data is
profile. The fit shown on the right in Fig. 12, allowed the also included for the purpose of comparison. Consideration

extraction of two decay times 1.83 ms and 0.97 ms both Wiﬂ'Pf the state-assgned Mn/Ar and Mn/Kr matr|>.< emission
substantial amplitudes. reveals that the site of isolation has a profound influence on

Decay curves of the 620 nm emission feature were reEhe relaxation of the °P excited state of atomic Mn.

corded at temperatures in excess of 12 K in an attempt to . o

identify the radiative lifetime of the excited state involved in A Red-site emission Mn/Ar and Mn/Kr

the transition. Both decay components were temperature de- Excitation of the red sites produces the
pendent in the range 12—-54 K. The longer ms componem27.5(and Kr 427.8 nm emission features assigned to the
identified at 12 K, dominated the decay times extracted at alj ‘3D7,24a‘535,2 transition and the 59(685.7 nm emission,
temperatures up to 54 K where values of 0.85 and 0.23 massigned to thea®D,,—a®s;, transition. However, no
were obtained. As the longer-lived component dominated atesonance fluorescence corresponding tafie—a ®Stran-

all temperatures, this is identified as the observed lifetimasition is observed wittz ®P excitation of Mn atoms when
Tops 1he decreasing emission intensity and shortening decaigolated in the red sites. The complete absence of the fluo-
time 7., With increasing temperature for the 620 nm band isrescence indicates an extremely effici@® 0 a*D state
attributed to the presence a nonradiative process competinglaxation. This intersystem crossifSC) competes with
with the emitting level. This nonradiative step is active evenl00% efficiency with the nanosecond radiative decay of the
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z°P state. The efficiency of this relaxation may originate washed out in the stronger electron-phonon coupllatger
from a crossing of these two states due to the freedom of th8 values exhibited by the Mn atom this site.
excitedz °P state Mn atom to move greater distances in the A more detailed study is required to ascertain the full
spatially larger, red site of isolation. This characteristic of thecrystal field parameters. In this regard, spectroscopy of the
red sites has been discussed in an earlier papeérere the  427.8 nm emission band in Ar at temperatures lower than
site occupancy was identified as tetravacancy, and in which2 K would be expected to remove the hot-phonon emission
greater spatial freedom exists. thereby resolving more phonon structure and identifying the
The origin of two ZPLs in the 427.6and Kr 427.8 nm  third CF component. Emission of atomic manganese in neon
emission and their distinct decay times is not immediatelywould also be insightful as the tetravacariogd site occu-
obvious. Possible explanations for the pair of ZPLs are nowpancy would be favored in this host. The higher phonon
proposed and the deficiencies/merits of each are discussdtequencies in the lighter neon host would also improve reso-
The observation of two sets of bands could result from atom#ution of the phonon structure. However, since the same
isolated in different sites, in which case, ti¢, fits would splitting pattern has been identified on the corresponding
reflect the interaction of the excited state Mn atom and thé27.8 nm band in Mn/Kr, the crystal field interpretation pre-
sites of isolation. However, it will be remembered that thesented here for théD., state of Mn atoms in the red site of
427.5(and Kr 427.8 nm emission system is only produced Ar is already strongly supported.
with selective excitation of the red site. As a result, the emis-
sion is that of a single site, thereby ruling out the sites exB. Blue-site emission in Mn/Ar, Mn/Kr, and Mn/Xe
planation for the pair of ZPLs. The assignment of the re-

ey o Excitation of the z®P—a®S resonance transition of
solved emission features to transitions from several of the . . . . o .
. : 2 . . atomic Mn isolated in the single thermally stable site in solid
spin-orbit levels of thea "D excited state of atomic manga-

: . o Xe results in only one emission feature at 620 nm. High-
nese can also be ruled out, given that the spin-orbit interval . o . o

o : resolution excitation spectra recorded in the vicinity of the
splittings are much larger in the gas phase than the observe o o

. ) gas phase transition by monitoring the 620 nm band repro-
shifts between the ZPLs. Thus, splittings of 252.53, 170.32 - : :

d 9935 ot exist bet the 7/2. 5/2. 3/2 d1/2 duce, as shown in Fig. 13, the threefold split pattern evident
an -99 T €ISt between the ' ' » an 1 in the absorption spectra reported in Ref. 15.
levels, respectively, values much larger than the 35‘cm

. : s The reported luminescence data strongly favor the as-
sphttmg between the tW_O ZP!‘S. 'de.nt'f'e.(.j on the 427.5 nmsignment of 620 nm feature to emission from the metastable
band in Ar and the 45 cm splitting identified in Kr.

6 : .
It is noteworthy that the decay times recorded for thed Dy, excited state. As the 620 nm band is the only feature

o _ "~observed in the emission spectrum in xenon,af®y,, ex-
427.56 and 428.21 nm emission lines in Ar at 12 K are Ollf'cited state is populated via a 100% efficient relaxation pro-

ferent, 25 and 11 ms, respectively, indicating that distinctCess from the 6P5/2 state accessed in excitation. TWg line

electronic transitions are respoq5|ble for the observed fe Shape analysis allowed identification of the electron-phonon
tures. The corresponding values in Kr are 24 and 12.5 ms. A

i éoupling strengths for the electronic transition 8s11
con_clu_ded from the spe_ctral shifts, the_ 427457'8_“) M which is higher than expected folla— Stype transition, but
emission has been assigned to the spin and parity forbidd

> e etfbmparable in magnitude to the values observed for the blue-
a’D.,—a®s.,, transition. The lifetime has not yet been : o :
712 Ssr2 ) - - y site emissions at 625 and 626.8 nm in Ar and Kr, respec-
measured for this transition in the gas phase bu

o8 indi Eively. Although, identification of the radiative lifetime of the
calculation§” indicate a value of thousands of seconds. Theobserved emission was not possible at 12 K—the lowest

final possibility to explain the pair of ZPLs involves crystal 1o mperature attainable in our experiment—an observed life-
field splitting (CFS of the J=7/2 level of thea D state by  ime of 1.83 ms was extracted at 12 K. This lifetime repre-

the site of isolation. This effect may be manifested by the Mnge s 5 shortening by more than three orders of magnitude of
atom in a ‘D” state when isolated in a site of either octahe-the 35 lifetime reporte?d'ﬂ for the gas phase 6D9/2

dral or tetrahedral symmetry. Thus, the identified energy dif'ﬂasss,z transition of atomic Mn.
ference between the two ZPI(85 cni?) represents a small

crystal field splitting induced in the 7/2 level by the sur-
rounding atomic Ar “ligands.” A double group representation
of theJ=7/2level in an octahedral crystal field, indicates the The lower panels in Figs. 2 and 3, present the emission
existence of three distinct electronic levels, two of which arefeatures produced witlz®P state excitation of Mn atoms
doubly degeneratéE, ,y and Egj5,) and one(Gsj,y) With a  isolated in the blue sites in Ar and Kr matrices. Table II
fourfold degeneracy. The different degeneracies may beresents the photophysical characteristics and excited state
manifested in the distinct decay times observed, i.e., 25 andssignments of the emission features made in the previous
11 ms. The CFS explanation may point to the existence of aections. The dramatic differences in the emission resulting
third CF component in the red wing of the 427.5 nm bandfrom blue- and red-site excitation is evident by comparing
As stated earlier, splittings also exist in tetrahedral symmetryhe band profiles of the observed emission features presented
of the tetravacancy site identified as being responsible for tha Fig. 2. As the lower panel shows, blue-site excitation in Ar
red features in the absorption/excitation spectra. Howeveproduces emission features centered at 413, 438, and
the center of inversion designations on the states listed abog25 nm, all of which show broader linewidths than the red-
for octahedral symmetry are then absent. It is likely that thesite emission. Excitation of Mn atoms in the blue site of
CF splitting on the blue-sita *D state emission at 438 nm is isolation in Kr produces, as shown in the bottom of Fig. 3,

C. Red-site/Blue-site luminescence
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similar Stokes’ shifts of 2106 and 1936 chand linewidths

of 465 and 505 crit. The radiative lifetimes of 57.5 and
55.3 ns were extracted for tk€P — a ®Stransitions in solid

Ar and Kr. In contrast, Mn/Xe exhibits no resonarcéP
fluorescence at all in this site. This behavior indicates that
nonradiative relaxation of the®P state in Xe occurs on a
time scale considerably shorter than the nanosecond fluores-
cence decay times observed in Ar and Kr.

The two emission features located at 438 and 440 nm
produced with the blue-site excitation of Ar and Kr matrices
have been tentatively assignedatfD — a ®S electronic tran-
sitions of atomic Mn. These features exhibit similar photo-
physical characteristics, with linewidths of 230 and 280tm
in Ar and Kr, respectively. In addition, these bands share
many of the characteristics of the emission features at 625
and 626.8 nm in Ar and Kr. These red emission features in
Ar and Kr are tentatively assigned to théD excited state.
Examination of théD decay curves in Ar and Kr revealed

kinetics consistent with feeding via an ISC mechanism from
FIG. 14. Emission spectra recorded at 12K for the atomic Mn/Ar andyna 5 4D state. In solid Xe, the single thermally stable emis-
Mn/Kr systems with red-site excitation. The single thermally stdblae) . . . 6
site in solid Xe is shown for comparison by the dashed trace. sion feature at 620 nm is assigned to t&D,,—a°s;,

transition. The three emission bands at 625, 626.8, and

620 nm in the blue site of isolation in Ar, Kr, and Xe are
broad emission at 416, 440, and 626.8 nm. These line shapery similar both in their linewidths and spectral positions.
are indicative of strong electron-phonon coupling betweerThe bands are, however, produced in very different amounts
the guest Mn atom and the blue site in which it resides.  with z®P excitation. This is due to more efficient curve

The narrow linewidth emission features produced in Arcrossing processes occurring within the blue site which is

and Kr at 427.5 and 427.8 nm, respectively, with red-sitethought to correspond to substitutional site occupancy. The
excitation are, as shown in Fig. 14, assigned toﬁf‘f@w2 topic of site occupancy has been discussed in an earlier
—a®s,, transition occurring with 100% efficiency via contributiont® in which the blue sites were attributed to
z®P0O a®D intersystem crossingW, line shape analyses single vacancy occupancy. The blue shift on the 620 nm
conducted on these emission features allowed the identificdransition in Xe relative to the bands in Ar and Kr, may be a
tion of two ZPLs for thea “D,,,—a°S;;, transition in each reflection of the more attractive ground state interaction, pos-
system. The splitting between the ZPLs was identified as 35ible in xenon’s larger single substitutional site of isolation.
and 45 cmt' in Ar and Kr, respectively. The decay times of
the D states in Ar and Kr, while not the radiative lifetimes,
are very similar having values of 25 and 24 ms, respectiverY' CONCLUSIONS
The second ZPL had a lifetime of about half this value in Ar  The excitation spectroscopy recorded for the excité@

and Kr. state of atomic Mn isolated in solid Ar, Kr, and Xe allowed
Low-energy emission bands centered at 590 andhe identification of two thermally stable sites in Ar and Kr
585.7 nm in Ar and Kr were assigned to th®°Dg,  and a single site in solid Xe. This data allowed the deconvo-
—a®s;, transition of atomic Mn. The lifetimes of these |ution of the complicated absorption spectra reported in an
transitions(654 and 287us) are considerably shorter than earlier contribution into separate site components. The emis-
the calculated gas phase value of 3 s. This points to a largsion spectroscopy reported here revealed two very site-
(four orders of magnitudeenhancement of tha®®—a®S  specific relaxation channels in the Mn/Ar and Mn/Kr matrix
electronic transition in the solid. Consequently, this behaviosystems following photoexcitation of the®P level. Thus,
signals that the metastab&®D state can be pumped rela- the blue site favorz °P— a °®S fluorescence while the red
tively easily with laser excitation from the ground state. Thissite favorsa *D — a S phosphorescence. Excited state life-
excitation was inadvertently done in the Moskovits’ earliertime measurements definitively assigretP — a °S fluores-
LIF work™® on Mn/Kr, but the resulting emission was attrib- cence at 413 and 416 nm in the blue site of Ar and Kr,
uted to M. The proposed excitation is demonstrated in arespectively. Lifetimes of 25 and 24 ms are reported for the
forthcoming publicatiof? where tuneable dye laser radiation first time for the forbiddena *D,—a°®S;, transition of
has been used to record excitation spectra for the electriatomic manganese isolated in the red site in Ar and Kr ma-
quadrupolea °D;«+a®s;, (J=9/2,7/2,5/2,3/2, and 1)2 trices. Currently, no experimental gas phase lifetime data are
transition§® of atomic manganese isolated in the solid rareavailable for this transition, which is electric-dipole,
gases Ar, Kr, and Xe. magnetic-dipole, and electric-quadrupole forbidden in a one-
Excitation of the blue site produces, as shown in Fig. 13photon transitiorf.
emission features assigned26P state fluorescence at 413 The W, line shape analyses of the emission features on
and 416 nm for Mn/Ar and Mn/Kr, respectively, exhibiting thea *D,,— a S, , transition in Ar and Kr matrices allowed
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