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Formation of AgHe, Exciplex in Liquid Helium
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We report the first experimental confirmation of a metal-atom—He exciplex formation in liquid
helium. Following the excitation of th®2 line of an Ag atom, we have observed the atorbit
line emission and a broadband emission to the red ofCilhdine. The band has been assigned to
the A%I1;/, — X?3* bound-free transition of the He-Ag-He linear exciplex trapped in a microcavity
in liquid helium. The assignment has been confirmed byabninitio calculation on the AgHe
molecule. The absence of the atonid@ emission as well as an emission from AgHe indicates
that the2P;,, — 2P;), relaxation and the formation of Aghldén the A2H3/2,v’ = ( state occur on
a subnanosecond time scale.

PACS numbers: 67.40.Yv, 33.20.Kf

In recent years much interest arose in spectroscopis—6 helium atoms in a nodal plane, forming a heliting
studies of impurity particles in liquid helium. The interest localized near the atomic coré.9 < R < 3 A). Such a
was stimulated by the development of new experimentatonfiguration can produce a large redshift of the emission
techniques for dispersing atoms and molecules in thénes, or even quench the excitpdstate by a nonradiative
liquid [1-4]. The dispersed neutral species are usuallyelaxation to the ground state.
trapped in microscopic bubblelike cavities formed by a For heavy alkaline atoms like Cs, he has discussed two
strong repulsive force between the impurity electron cloudine structure components separately because the mag-
and closed shells of surrounding helium atoms [5]. Thenitude of the spin-orbit splitting in thép state is not
coupling of the trapped neutral atoms with the heliumnegligible as compared to the Cs-He interaction energy.
bubbles (or soft cages) usually produces a large blueshifthe 6p 2P/, state, which has a spherical charge distri-
and broadening for absorption lines [3,6,7], while emissiorbution, shows a repulsive potential against helium atoms.
lines show shifts and broadening on the order of only 1-On the other hand, thep 2P3/2(M = *3/2) state has a
2 nm or less. Such behavior of the absorption lines hadoughnut-shapee@lectron density distribution, and only
been related to the Franck-Condon principle. The liquidwo helium atoms can be attracted to the Cs ion core along
configuration around the impurity atom does not changehe nodal line. Unlike for Na, the total energy shift by
during the excitation, thus immediately after the excitationthe bonding of two helium atoms is not sufficient for the
the excited atom finds itself still in the bubble equilibratedquenching of emission. Instead, an emission redshifted
for the ground state. The stronger interaction of the liquidwith respect to the atomib2 line is expected. Despite
with the excited atom, which usually has an electron cloudextensive searches by several groups, such emission has
larger than that of the ground state, induces a large blueshifiot been reported yet.
and broadening for the absorption lines. Such shift and As an attempt to understand this unexplained problem
broadening have been extensively studied for Ba, Cs, angf missing LIF from heavy alkalines (Rb and Cs), we
Rb in a pressure range of up to 30 atm (solid helium)recently studied the optical spectrum of an Ag atom in
and reproduced by a calculation based on metal-atom—Heguid helium. Members of the IB group including Ag have
pair potentials [8—10]. spectral properties similar to alkaline atoms (IA group).

Although remarkable progress has recently been mad€hus their interactions with helium atoms were expected
in spectroscopy of neutral atoms in liquid helium [11], to be similar as well. The experiment was done in a metal
there remain a humber of phenomena for which no cleabewar containing superfluid helium at a temperature of
interpretation has been given. One of them is the absen@bout 1.6 K under a saturated vapor pressure (5 torr) [13].
of laser induced fluorescence (LIF) from light alkali atomsThe Dewar was equipped with quartz windows for optical
(Li, Na, and K) [6]. Also for heavy alkalis (Rb and Cs), access to the liquid helium. An Ag sample immersed in
LIF in the D2 line is missing or very weak despite the liquid helium was ablated by a focused pulsed YAG laser
fact that the excitation spectra clearly shb& absorption. beam (10 Hz, 10-20 mijulse, 532 nm) to produce Ag
An attempt to explain these observations has been magmrticles in the liquid. Neutral silver atoms were dispersed
by Dupont-Roc [12]. Using a simple model based oninto liquid helium by subsequent photodissociation of the
a continuous and local description of liquid helium, heparticles with an unfocused XeCl excimer laser beam
analyzed a configuration of liquid helium around an alkali(10 Hz, 10 mJ, 308 nm). A pulsed dye laser beam, spatially
atom impurity in the loweslp state. According to his overlapped with the excimer laser beam, excited the Ag
model, a light alkali atom in the excited state attracts atoms with a few microseconds delay from the dissociation
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laser pulse. The LIF was detected with a photomultiplierand several lowest excited states of AgHe and AgHe
through a 25 cm grating monochromator. The signal wa3he calculations were carried out with tf@USSIAN
gated and averaged with a boxcar integrator. 94 program [14]. Ground states were calculated at the
Figure 1 shows the emission spectrum recorded byYHF+MP4 level (unrestricted Hartree-Fock followed
pumping theD2 absorption line of Ag atoms in liquid by the fourth order Moller-Plesset perturbation theory)
helium (322.5 nm). TheD1 emission line exhibits a while excited states were obtained using the configuration
very small shift -0.2 nm) with respect to the free atom interaction with single substitution followed by the second
line, while the D2 emission line is missing. At the order Mdler-Plesset perturbation theory (GI8P2). The
same time, a broadband fluorescence peaked near 382 rmasis set and the effective core potential (ECP) of Andrae
is observed. The integrated intensities for thé and et al.[15] were used for the Ag atom. The spin-orbit-
broadband emission are approximately equal. In order taveraged relativistic ECP replaced 28 core electrons of
find an origin of the band, two absorption spectra wereAg, significantly simplifying the calculation and reducing
recorded by detecting fluorescence at the atobfidine  its cost. The energy-optimize@s7p6d2f)/[6s5p3d2f]
and the broad emission band, respectively. The spectru@aussian-type orbital (GTO) basis set was used for
taken with theD1 line detection [Fig. 2(a)] reveals two the Ag atom. For the He atom we applied the cc-
asymmetric absorption bands, blueshifted with respeqdVQZ ((7s3p2d1f)/[4s3p2d1f]) basis set of Woon and
to the free atom lines, corresponding to the excitation®unning [16].
through theD1 and D2 transitions. The observation of  In the first step we calculated spin-orbit-averaged poten-
theD1 emission line following thé2 excitation indicates tials. For AgHe and AgHg we obtained one nondegen-
a fast (subnanosecond) nonradiative relaxation from therate antibondingds) and one doubly degenerate bonding
2P5), to the 2Py, state, a phenomenon which has been(sr) potential curves correlating with the &g 2P) +
known for Cs and Rb atoms [6]. The absorption spectrunHe('S) limit. In the second step, we introduced the spin-
[Fig. 2(b)] taken by monitoring the broadband emissionorbit interaction operator of the fornt] = &1 - 5, where
shows a marked difference. THg2 absorption line is ¢ was taken as /B3 of the experimental value of the
very strong while théd1 absorption line is about 2 orders %P3/, — 2Py, splitting [17]. This semiempirical tech-
of magnitude weaker. Thus, we conclude that the broadique assumed that the spin-orbit coupling is independent
emission at 381.5 nm is correlated with the preparation 0bf the Ag-He internuclear distang& We believe that this
the2P;, state of Ag atom in liquid helium. assumption is valid in the range 8f> 2 A, covering the
Inspired by Dupont-Roc’s discussion [12], we hypothe-entire region of interest in the present model. Finally, the
sized that the broad emission originates from the AgHe potential curves were shifted so that, in tRe— o limit,
exciplex formed in a bubble after an excitation of the Agthey coincided with the energy levels of free Ag atoms.
atom to the?P;), state. To verify the hypothesis, we The potential curves of the ground apdexcited states of
calculated theab initio potentials for the ground states AgHe, are presented in Fig. 3. Only a linear symmetric
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FIG. 1. The LIF spectrum recorded following th¥2 excita- L«N"\.
tion (322.5 nm in liquid helium). The intensity of the broad
band at 381.5 nm is presented with 10-fold magnification. The
ab initio bound-free transition profile (a smooth curve) is super-
imposed with the experimental spectrum. The integrated intenFIG. 2. The absorption spectra recorded by monitoringiihe
sity of the calculated profile was set equal to the experimentaémission line (a) and broad emission band (b). The signal
integrated intensity of the broad emission band. The integratethtensity is not normalized by the laser power. The broad
intensity of theD1 emission line is approximately equal to the emission is observed only when ti¥ line of the Ag atom
integrated intensity of the band. is excited.

1502

!
316 325 335 315 325 335 nm



VOLUME 76, NUMBER 9 PHYSICAL REVIEW LETTERS 26 EBRUARY 1996

31000 - the repulsive wall of the ground>* state, resulting in

the broad bound-free emission. In both AgHe and AgHe
exciplexes, the2H1/2 states correlating with théP1/2
state of Ag have potential minima at around 2.3 A and
potential barriers at 4.1 A (AgHe) and 4.6 A (AgHe
I The heights of the potential barriers a66 cm™! for
28000 L AgHe and75 cm™! for AgHe,. These potential barriers
S will be sufficient to prevent the He atoms from reaching
- He-Ag-He the potential minima when the Ag atom.is exqite(_j or
relaxing from the? P5, state to thé P, state in the liquid
helium. As is evident from Fig. 3, théll,,, potential
curve for the AgHe exciplex neither crosses nor closely
approaches the potential curve for tHd;, state. Thus
the 2P;/, — 2Py, relaxation by a (near) crossing of the
two levels seems to be unlikely in the present case.
Using the potential curves described above, we calcu-
lated the’ 15/, — 23" emission spectra for the AgHe and
AgHe, exciplexes. For both thélls;, and the ground
23+ state, we solved the vibrational Schodinger equa-
tions and calculated the bound-free Franck-Condon densi-
o ties, f(v’, &). Using theab initio transition dipole matrix
elements, we calculatedIs;; — *3* bound-free transi-
tion intensity as a function of transition energy. All the
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0 L . — S molecules in theIl;/, state are assumed to have relaxed
1 2 3 4 5 6 to the lowest vibrational level before photoemission. The
Ag-He distance [A] calculated bound-free band profile is shown in Fig. 1 as a

smooth line superimposed with the experimental spectrum.
5p23+, and the ground statss >3 (solid lines). A potential The ir_1tegrated intensity of thg calculated AgHemission '
curve for states correlating with thei°5s>2Ds), state of the band is set equal to the experllm'ental one. The band prpﬁle
Ag atom is also shown with a broken line. In the inset, for the AgHe bound-free emission agrees very well with
the minimum of the ground state potential is presented in arthe observed spectrum. The peak position of the simu-
expanded energy scale. lated band is at 382.5 nm. Ttab initio radiative life-
time, 9.7 ns, for théH3/2,v’ = ( state can be compared
with the 7.69 ns lifetime of théP3/2 state of a free Ag
He-Ag-He configuration was considered in accordanceitom [18]. We confirmed that the emission occurs from
with the expected cylindrical symmetry of theelectron  the v’ = 0 level of the’I15,, state because an incomplete
cloud in the’P3/2(M = +3/2) state of a free Ag atom.  vibrational relaxation of AgHgin the?Il5), state (for ex-
The ground state potential curve for AgHexhibits the  ample, 5% population in the’ = 1 level at 187 cm™!
minimum at 4.25 A and the depth 68 cm™!, while the  above thev’ = 0 level) would result in an experimentally
one for AgHe has the minimum at 4.3 A and the depthdetectable difference in the emission profile.
of 19 cm™'. For both AgHe and AgHg the doubly It has been known for many years that collisions of ex-
degeneratéPm atomic state correlates with repulsive cited alkali atoms with helium gas induce tﬁe3/2 —
23" and attractive’Il5, states at a shorter internuclear 2P, /, relaxation [19]. A temperature dependence of the
distance. The’Il;;, potential of the AgHe exciplex relaxation rate has been studied extensively for Cs and
has the potential minimum at 2.55 A with the depth ofRb atoms in the range of 300 to 900 K [20]. Unfortu-
~417 cm™'. In the AgHe exciplex, the’I1,, state has nately, the extrapolation of these data to 1.6 K is not reli-
the potential minimum at 2.35 A with the depth of able. Nevertheless, if one takes the collisional relaxation
1215 cm™!. The Ag?P;, state is more stabilized by the cross section ofr = 1072! cn?* as an upper limit for Cs,
attachment of two helium atoms than only one heliumone can estimate the relaxation rate in liquid helium to be
atom. We also verifiedb initio that the AgHg (» >2) ~2 X 10° s™! by assuming that the liquid is a high den-
exciplexes in symmetric nonlinear configurations exhibitsity (0.145 g/cm’ or2.2 X 10> atomgcm?’) gas at 1.6 K.
no potential minima in molecular states correlating withThis rate is too low to compete with the formation of
the 2P;,, state of Ag. This leaves AgHeas the most exciplex in a subnanosecond time scale because the proba-
stable exciplex. The AgHeexciplex is vibrationally bility of collisional relaxation per 1 ns is only on the or-
cooled rapidly to thev’ = 0 state by collisions with the der of 1074, For an Ag atom, this value would be even a
helium bath as observed in €and Ca [4]. The AgHe  few orders of magnitude smaller because the fine structure
exciplex in the’Il3,, v’ = 0 state decays radiatively to splitting for Ag 021 cm™!) is substantially larger than the
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splitting for Cs 654 cm™!). Thus, neither an atom-atom [6] Y. Takahashi, K. Sano, T. Kinoshita, and T. Yabuzaki,
collision model nor the (near) crossing mechanism pro-  Phys. Rev. Lett71, 1035 (1993).

vides a satisfactory explanation for the faBt,, — 2P/, [7] J.H.M. Beijersbergen, Q. Hui, and M. Takami, Phys. Lett.
relaxation. An alternative model for the relaxation, a dy- A 181, 393 (1993).

namic collective quenching model, is under development[8] S:1. Kanorsky, M. Arndt, R. Dziewior, A. Weis, and
T.W. Hansch, Phys. Rev. B9, 3645 (1994);50, 6296

in our group. _ o .

In this Letter we report the first evidence of the forma- %1?/34)[_'2.4; sﬁ;nd; F\;D'h[))é'eg'g r’3§'7|<(ig%r;|fy+p‘k\i/r\]/§§ﬁi; nd
tion of an impurity atom-helium exciplex in liquid helium. K Fl'Jkuda, v Tékahashi, and T. Yabuzzlalb'i'd. 98, 287
The broadband emission, the signature of the Agete (1995).
ciplex, has been attributed to the bound-freéll;/,, — [9] S.I. Kanorsky, A. Weis, M. Arndt, R. Dziewior, and T. W.
X 23+ transition. Similarly, our preliminargb initio cal- Hansch, Z. Phys. B8, 371 (1995).
culation on Cs predicts that the CsHexciplex, formed [10] T. Kinoshita, K. Fukuda, Y. Takahashi, and T. Yabuzaki,
after the excitation of théP; , state of a Cs atom, should Phys. Rev. A52, 2707 (1995).

exhibit a broad bound-free emission band centered tfl1] See, for example, M. Takami, Comments At. Mol. Phys.
the red of 1080 nm, just outside the region surveyed in__ (to be published). hvs. @ il
Ref. [10]. Also we believe that the present model can bd12) J- Dupont-Roc, Z. Phys. B8, 383 (1995). A similar

applied to the unassigned broadband emission followed bPiS] SOdH?JihﬁsLalsF’%gii?] pSOEOEAEdégijlzibc[i]éen and M. Ta-

the laser excitation of th®2 line of Ba' in liquid he- kami, Z. Phys. B98, 353 (1995).
I2|um [2]. 2-”:8 emission band is due most likely to the (14] gaussian 94 (Revision B.1), M.J. Frisch, G.W. Trucks,
15, — “37 transition in B& -He,. H.B. Schlegel, P.M.W. Gill, B. G. Johnson, M. A. Robb,
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