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Solvation of triplet Rydberg states of molecular hydrogen in superfluid helium

Toni Kiljunen,* Lauri Lehtovaara, Henrik Kunttu, and Jussi Eloranta†

Department of Chemistry, University of Jyva¨skylä, P. O. Box 35, FIN-40014, Jyva¨skylä, Finland
~Received 25 September 2003; published 26 January 2004!

We reportab initio interaction potentials, transition dipole moments, and radiative lifetimes for the four
lowest triplet states of H2 : b 3Su

1 , c 3Pu , a 3Sg
1 , ande 3Su

1 , and their response to the perturbation due to
approaching ground state He atom. Hybrid density functional–quantum Monte Carlo calculations employing
the ab initio interaction potentials are then used for calculating the liquid structure around the molecular
excimers in bulk superfluid4He. Calculations demonstrate a wide variety of possible solvation structures, both
spherical and highly anisotropic in geometry, depending on the electronic state of H2 . The experimentally
observed H2 (3e→3a) emission bands@Trottier et al., Phys. Rev. A61, 052504~2000!# are simulated and the
origins of the line shifts discussed. Absorption spectra of the same system are predicted to be broader and more
blue shifted compared to the gas phase. Feasibility of the metastable3c state for absorption experiments in
liquid helium is proposed.

DOI: 10.1103/PhysRevA.69.012506 PACS number~s!: 33.20.Kf, 33.70.Jg, 31.15.Ar
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I. INTRODUCTION

Solvation of molecular impurities in superfluid helium h
been a subject of intensive experimental and theoretical s
ies. Mainly two experimental approaches have been
tempted to solvate molecular species in the superfluid:
bedding impurities in helium droplets@1# and injecting
impurities directly into bulk superfluid helium@2#. The he-
lium droplet approach has been most successful whe
only very few bulk helium experiments have been repor
(O2 , N2 , He2 , H2 , metal dimers and trimers! @3,4,5,6,7,8#.
Even though the helium droplet experiments@1# indicate that
many molecules are sufficiently soluble in liquid helium f
spectroscopic studies, the bulk experiments appear to s
from low concentration of molecules@2,9#. Despite the suc-
cess of the helium droplet experiments, there are some l
tations in its applicability as only reduced sample press
and temperature regions in the phase diagram can be
cessed. Furthermore, the finite droplet size may induce
wanted boundary effects, which can complicate theoret
analysis and limit its applicability in the dynamic studies
the superfluid. For these reasons it is desirable to dev
experimental approach for injecting molecular species in
perfluid bulk helium.

A serious problem in the bulk helium experiments is d
fusion mediated clustering of molecules. In fact, the mole
lar oxygen and nitrogen emissions have been assigne
originate from clusters rather than well-isolated species@3#.
As such these do not represent pure molecular solvatio
bulk helium. In this respect only three clear examples
main: He2* , H2* and the metal clusters. The first two cas
have been observed in their metastable triplet electro
states. The intrinsic He2* excimers were generated by bom
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barding the liquid by highly energetic particles@4# or by
using strong laser field ionization@10#. In these experiments
both absorption and emission spectra were recorded
function of sample pressure and temperature. Analysis of
spectral line shifts and line broadening yielded detailed
formation on the solvent structure around the molecule@11#.
In general, it has been observed that the absorption spe
experience greater perturbation than emission spectra du
stronger electronic coupling to the surrounding liquid. In a
dition to static solvation, recent time resolved experime
have provided information on dynamic properties of sup
fluid helium as well as its viscous response on molecu
scales@12,13#. In the case of metal clusters, laser ablation
metal target embedded in the superfluid was used in ge
ating a metal atom flow into the liquid. Subsequent ato
diffusion and recombination resulted in formation of me
dimers and trimers. Both optical absorption and emiss
studies of such species were performed@8#. A similar idea
was used for H2* excimer, where a solid molecular hydroge
target was embedded into liquid helium and irradiated b
proton beam@7#. This produced excited triplet state H2*
molecules which were ejected into the surrounding liqu
helium held at 4.2 K. The molecular Rydberg state emissi
were monitored in the infrared whereas no absorption stu
were made. The emission lines were slightly broadened
shifted as compared to their gas phase values. Such cha
in lineshapes originate from the excimer-liquid coupling.

In order to aid the experimental efforts it is important
understand the microscopic mechanism of molecular so
tion and solvation dynamics in superfluid helium. For tim
independent description, mainly three classes of theore
methods have been applied: classical bubble model@14#,
density functional theory~DFT! @15,16,17,18#, and quantum
Monte Carlo ~QMC! @19#. The bubble model typically in-
cludes four terms, which describe the quantum kinetic
ergy of the vacuum-gas-liquid interface, bubble surface t
sion, pressure-volume work, and impurity-liquid potenti
This energy expression contains a mixture of quantum
classical terms, which, in turn, contain a number of adju
able parameters. Often these parameters have been var
©2004 The American Physical Society06-1
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KILJUNEN et al. PHYSICAL REVIEW A 69, 012506 ~2004!
such a way that agreement with experimental data
achieved. Furthermore, such calculations assume a spe
form for the density function representing the helium liqu
gas interface. This model will, in many cases, give corr
qualitative picture of the impurity solvation provided that t
liquid is distributed spherically around the impurity. F
small angular distortions modified density trial functio
have been developed@20#.

The DFT is also an approximate method but it has b
more thoroughly calibrated against the known properties
superfluid helium. The key differences to the bubble mo
are: the method of calibration, the total energy express
does not rely on classical terms like surface tension, and
possible to properly formulate the Euler-Lagrange–ty
equations from the energy functional. The latter property
essential, for example, when the impurity-He potential is s
ficiently bound ~‘‘snowball’’ structures!, anisotropic ~non-
spherical ‘‘bubbles’’!, or it causes strong density modulatio
in the liquid. Simple trial density functions would obvious
fail in such cases. The DFT method has been previou
applied for describing the He2* excimer in superfluid helium
both in its time dependent and time independ
forms @11,13#.

Finally, we note that the most exact approaches rely
the QMC where particle-particle interactions are describ
exactly and the only uncertainty arises from statistical sa
pling of the high dimensional wave function. From the pra
tical point of view the QMC calculations of bulk liquid ar
computationally more demanding than the correspond
DFT calculations, and have only very limited use in descr
ing superfluid dynamics. Especially in the strongly bou
regimes, however, the QMC methods are expected to
more reliable than DFT because the known functionals h
not been calibrated to properly deal with highly inhomog
neous liquid densities.

All the described methods require impurity-liquid heliu
potential as input. For some Rydberg state impurities
electron densities can be obtained using approximate si
electron methods. Essentially, these calculations treat the
cimer as an one electron ‘‘atom’’ with an effective screen
core charge@6#. Once the Rydberg electron wave function
known, the excimer-impurity potential can then be calcula
by convoluting the electron-helium pseudopotential with
Rydberg electron density@13,21#. Again, such an approac
has a number of adjustable parameters, which in combina
with the bubble model parameters, should allow the mode
fit almost any data. For this reason it is essential to comb
high levelab initio calculations@22# with the most advanced
QMC and DFT methods@17,18# in order to obtain unbiased
theoretical description of the impurity solvation process.

In this work we concentrate on static solvation of t
triplet state H2* excimer impurity in superfluid helium by
first calculating the helium-H2* pair interactions using accu
rate ab initio methods. Then we proceed to calculate t
liquid 4He solvation structures around the H2* excimer using
both DFT and hybrid DFT/QMC methods. The numeric
calculations are carried out in 1D for spherically symmet
cases as well as in full 3D for nonspherical ones. Finally,
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concentrate on spectral shifts and shapes of absorption
emission spectra and suggest new experimental proced
for obtaining more information on the present system.

II. COMPUTATIONAL DETAILS

The presentab initio computational approach is similar t
that described in Refs.@11,22#, where solvation of the triplet
He2* Rydberg excimers in superfluid helium was studied.
this paper we concentrate on molecular hydrogen with st
b 3Su

1 (1ssg 1ssu), c 3Pu (1ssg 2ppu), a 3Sg
1

(1ssg 2ssg), and e 3Su
1 (1ssg 2ssu). The latter three

states constitute to the triplet Rydberg electronic manifold
they correlate to the 2s (2S* ) and 2p (2P* ) excited atom
asymptotes. Finally, theab initio pair potential data is used in
the QMC and DFT calculations, which describe the inhom
geneous liquid interface around the excimer.

A. Ab initio potentials

The molecular orbitals, energies, and transition dip
moments are obtained by the ICMRCI~Internally contracted
multireference configuration interaction! @23,24# method.
This method is used for solving the electronic Schro¨dinger
equation, having the one-electron space discretized in te
of nuclear-centered Gaussian functions of Dunninget al.
@25#. To describe the excited H atoms, doubly augmen
basis set~d-aug-cc-pV6Z; dav6z! is selected as the suffi
ciently diffuse functions yield the 2s, 2p atomic levels with
proper accuracy. The dav6z energy separationsDE1s↔2s and
DE1s↔2p are 10.2055 eV and 10.2068 eV, respectively, wh
the experimental value is 10.1988 eV@26#. With smaller ba-
sis sets of Dunning, which have fewer high angular mom
tum basis functions, these energy separations become da
10.2055 eV and 10.2080 eV; dav5z: 10.2058 eV and 10.2
eV. A more notable difference between these basis sets
comes apparent when inspecting the energetics of the 3s and
3p shells.

Interaction of the ground state He atom with the excit
H2* molecule is computed in a similar way with the dav
basis set centered on both H and He atoms. Collinear
perpendicular~T-shape! atomic configurations were consid
ered, where in the former the electronic states3b, 3a, and
3e correspond to the three lowest CI roots inA1 of C2v point
group, and thec state has theB2 symmetry. For the T-shape
configuration, both3a and 3c belong toA1 while 3b and 3e
lie in theB2 representation. The Rydberg molecule geome
is fixed at internuclear separation of 1.047 Å, which is t
average of3a and 3e state equilibrium distances@27#. Ref-
erence calculation for the ICMRCI method, MCSCF~state-
averaged multiconfiguration self-consistent field! @28,29#,
employs complete active space~CAS! orbitals. For the four
electrons in H2* -He calculation the active space consists
10 orbitals in the collinear case and 8 orbitals in the perp
dicular case.

The counterpoise correction@30# is used in eliminating
the basis set superposition error from all the computed
tential energy curvesVH

2* -He(r ). Moreover, the obtained en
6-2
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SOLVATION OF TRIPLET RYDBERG STATES OF . . . PHYSICAL REVIEW A 69, 012506 ~2004!
ergies are subject to the multireference analogue of
Davidson correction@31,32# in order to approach size
extensive limit at the MRCI stage. While the four electr
calculation H2* -He does not strictly follow size-extensiv
behavior, the two-electron fragments in the counterpo
scheme are subject to full CI level treatment, which sho
affirm on reliability of the correction method. All the elec
tronic structure computations were performed w
MOLPRO2002.3 program@33#.

B. Density functional method

Our theoretical description of the quantum fluid structu
around the solvated H2* molecule is based on a density fun
tional proposed by Dupont-Rocet al. @17# ~Orsay-Paris func-
tional!. The energy functional depending on liquid densityr
has the following form:

E@r~r !#5
\2

2MHe
E u¹Ar~r !u2d3r

1
1

2 E E r~r !VLJ~ ur 2r 8u!r~r 8!d3r 8d3r

1
c

2 E r~r !S E r~r 8!Ph~ ur 2r 8u!d3r 8 D 11g

d3r

1E VH
2* -He~ uR2r u!r~r !d3r , ~1!

where the model parameters have been calibrated to the
pressibility of the bulk superfluid and to reproduce the sta
polarizability and surface energy at 0 K temperature. The las
term introduces interaction of the liquid with a pointlike im
purity center located atR. This functional has proven to b
reasonably reliable for describing both static and dyna
properties of various liquid helium systems doped with i
purities@11,34#. In Eq. ~1! the Lennard-Jones interaction p
tential is screened at short distances:

VLJ~r !5H 4«F S s

r D 12

2S s

r D 6G for r>h,

VLJ~h!S r

hD 4

for r ,h,

~2!

with hard core radiush52.377 Å and Lennard-Jones param
eters:«510.22 K ands52.556 Å. The spherical averagin
function is defined asPh(r )53(4ph3)21 for r<h and zero
elsewhere. The short-range correlation parameters ac
510 455 400 K Å313g and g52.8. In order to find the
ground state solution, the effective single-particle equatio
solved,

S 2
\2

2MHe
D1U@r,r # DAr~r !5mAr~r !. ~3!

This equation is obtained by requiring that energy in Eq.~1!
is stationary with respect to variations in liquid density~see,
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for example, Ref.@11#!. Furthermore, we have introduce
Lagrange multiplierm for proper normalization of Eq.~3!.

To supply a reasonable initial guess for our numeri
calculations as well as to rationalize the obtained results,
employ Jortner’s trial function for the liquid profile@14#,

r~r ,r 0 ;a!

5H 0 when r<r 0 ,

r0„12@11a~r 2r 0!#e2a(r 2r 0)
… when r.r 0 ,

~4!

which contains two variable parameters: bubble edge,r 0 ,
interfacial thickness range,a21, and r0 is the bulk liquid
density ~at 0 K and under saturated vapor pressurer0
50.021836 Å23). A useful property for spherical bubbles
the mass barycenter of the vacuum-gas-liquid interf
~‘‘bubble radius’’!, which can be obtained approximate
from Eq. ~4! as r b'r 012/a.

As a higher level of approximation to the density fun
tional, instead of Eq.~1!, we have also used an improve
functional proposed by Dalfovoet al. @18#. This functional
includes a nonlocal correlation term to the kinetic ener
which depends on gradients of the density, and yields be
description of the static response function in the roton
gion. Therefore it provides better structural characteristic
interatomic length scale than Eq.~1!. Details of the numeri-
cal procedure for obtaining stationary solutions of Eq.~3!
with the functionals of Eq.~1! and Dalfovoet al. @18# have
been given elsewhere@11#. It should be pointed out that we
do not explicitly consider thermal excitations in these calc
lations. Strictly speaking this means that the calculations
limited to the 0 K case. However, for the present system s
thermal corrections may be crudely included by variation
the bulk density as a function of liquid temperature. In ge
eral, thermal fluctuations tend to widen the interface reg
as shown in Ref.@35#. In the following calculations we use
the experimentally known correspondence between the
uid density and temperature to mimic the nonzero tempe
ture.

C. Hybrid DFT ÕQMC calculations

In cases where the external excimer-helium potentia
deeply bound~e.g., 3c and 3e states!, it was observed tha
both functionals failed to converge properly within the sym
metry dictated by the external potential. The results also
dicated excessive liquid localization in the bound parts of
potential. For this reason we have developed a hyb
method consisting of QMC and DFT. When the excimer-
potential is very deeply bound, a number of He atoms se
rate from the bulk and form a strongly bound H2* -(He)n
complex. Initial modeling of this complex was carried out
the gas phase using unguided diffusion Monte Carlo~DMC!
utilizing dynamical energy adjustment. Next, DFT calcu
tion step was carried out using an external potential aris
from the complex-liquid coupling energy:
6-3
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E@rH
2*

,rHef rozen
,rHebulk

#5E E rH
2*

~r !VH
2* -He~ ur 2r 8u!„rHef rozen

~r 8!1rHebulk
~r 8!…d3r 8d3r

1E E rHef rozen
~r !VHe-He~ ur 2r 8u!rHebulk

~r 8!d3r 8d3r , ~5!
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where rH
2*

, rHef rozen
, and rHebulk

are the densities for the

H2* excimer, He atoms in the complex, and He atoms in
bulk, respectively. For the He-He interactionVHe-He we have
used the potential of Azizet al. @36# without any short-range
correlation terms. The second step of iteration consisted
guided DMC calculation for the complex with external p
tential due to liquid@Eq. ~5!#. For 3c state excimer four
ground state He atoms~i.e., n54) are bound to it in a ring
structure around the Rydberg orbital~see Fig. 2!. The DMC
trial wave function is then written as

c tr ial ~r H
2*

,r He1
,...,r Hen

!

5cH
2* ,xy~r H

2*
!cH

2* ,z~r H
2*

!)
i 51

n

cHe,xy~r H
2*

,r Hei
!

3cHe,z~r H
2*

,r Hei
!)

i , j

n

cHe,He~r Hei
,r Hej

!, ~6!

cH
2* ,xy~r !5e2~ 1/2 !B2(x21y2), cH

2* ,z~r !5e2~ 1/2 !C2z2
,

cHe,xy~r ,r i !5e2~ 1/4 !a4(di2Ra)42~ 1/2 !b2(di2Rb)2
,

where di5A~x2xi !
21~y2yi !

2,

cHe,z~r ,r i !5e2~ 1/2 !g2(z2zi )
2
,

cHe,He~r i ,r j !5e2~ 1/8!(q/ur i2r j u)
8
,

where a51.6, b51.6, g52.3, Ra53.5, Rb52.5, q54.5,
B51.5, andC51.5 are variational parameters expressed
a.u. The symmetry axis in Eq.~6! was defined alongz.
Terms that approximate the excimer-helium and heliu
helium interactions depend only on the internal coordina
whereas the excimer part depends only on the external o
that is defined by the surrounding liquid. The latter mod
the zero-point motion of the complex residing inside the s
vation cavity. Without translational degrees of freedom
trial function of Eq. ~6! provides;95% of the unguided
DMC energy. Overall the hybrid DFT/QMC calculation co
sists of multiple iterations between the QMC and DFT mo
els, which will provide proper feedback between the co
plex and the liquid. Such iterations were repeated few tim
in order to verify proper convergence. It should be noted t
values for variational parametersB and C in Eq. ~6! were
obtained during this iteration process. Finally, we note t
the applied pure DMC and importance sampled DMC al
rithms follow closely those described in Ref.@37#.
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The ab initio electronic structure and one-dimension
self-consistent field based DFT calculations@11,13# were car-
ried out using Linux PCs whereas the hybrid QMC and
DFT imaginary time propagation-method calculations@38#
were computed with IBM pSeries 690 parallel computer
ing 8 processors.

III. RESULTS

A. Diatomic H2* excimer

The potential energy curves for the calculated H2* b
3Su

1 , c 3Pu , a 3Sg
1 , ande 3Su

1 states are shown in Fig. 1
These graphs show that, in contrast to the He2* where thea
3Su

1 state is metastable, the lowest H2 triplet stateb 3Su
1 is

repulsive and provides dipole allowed transition from thea
3Sg

1 and above gerade Rydberg states@39,40#. Transition
from nearly degeneratec 3Pu state~dashed curve in Fig. 1!
to b 3Su

1 is parity forbidden.
We present the radiative lifetimes~t! of the 3e state vi-

bronic levels in Table I, as obtained by numerical integrat
of the nuclear Schro¨dinger equation and subsequent Franc
Condon analysis according to the Fermi golden rule. T
resulting radiative gas-phase lifetime for thee 3Su

1 state
v850 level is 30.2 ns, with transition energyn00
511558.9 cm21 deviating by 0.4 % from the experimenta
value of 11605.7 cm21 @27#. Table II lists our computed tran
sition origins (J85J950) for those~ro-!vibronic transitions
which were detected in the liquid He experiment@7#. The
comparison is made against the gas phase values@27#, while
in the liquid these lines are blue-shifted between 2 a
11 cm21 @7#. Our calculated transition probabilities fo

FIG. 1. Potential energy curves for the lowest four triplet sta
of H2 as obtained from ICMRCI/d-aug-cc-pV6Z calculation. Th
zero of the energy is at the free ground state H atom asymptot
6-4
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TABLE I. The computed gas-phase transition probabilitiesAv8v9 for the 3e(v8)→3a(v9) system, and the
resulting radiative lifetimestv85(Sv9Av8v9)

21. x@y#5x310y.

Av8v9 (s21)

v9/v8 0 1 2 3 4

0 2.88@7# 7.83@6# 1.75@6# 3.90@5# 8.94@4#

1 4.22@6# 1.54@7# 1.05@7# 3.86@6# 1.23@6#

2 1.01@5# 6.74@6# 6.91@6# 9.87@6# 5.39@6#

3 3.48@2# 2.91@5# 7.83@6# 2.14@6# 7.40@6#

4 7.72@22# 1.68@3# 5.59@5# 7.70@6# 1.80@5#

5 1.06@27# 7.93@21# 5.21@3# 8.87@5# 6.56@6#

6 9.18@28# 5.00@0# 1.33@4# 1.24@6#

7 7.54@25# 2.57@1# 3.04@4#

8 3.61@23# 1.23@2#

9 8.14@22#

t ~ns! 30.2 33.0 36.3 40.2 45.2
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3a↔3c and 3a↔3b are very close to the previously re
ported values of Dalgarnoet al. @41,42#. Furthermore, we
note that the calculated transition moment matrix eleme
^eur ua&, ^aur ub&, and ^aur uc& are nearly identical to thos
obtained with explicitly correlated variational electron
wave functions@43#.

In this work we are concerned with the optical3e→3a
transition, the only one reported in the experimental work
Trottier et al. @7#, and study the solvation cavity structures
these two electronic states within the liquid. To show t
spatial extents and symmetries of the related Rydberg e
tron wave functions, we present the natural orbital cont
plots in Fig. 2. The clear difference between the two state
that, while the electron density in the3a state is nearly
spherical far from the ionic core, the3e state possesses a
angular node due to antibonding combination of 2s atomic
orbitals. Both of the states exhibit a radial node in the el
tron density at close distances.

B. Triatomic H 2* -He

The interaction between a single ground state He a
and the H2* excimer can be approximately described
terms of two competing effects: Pauli repulsion between

TABLE II. Selected transition energiesnv8v9 (cm21) for the
computed3e→3a system are shown. The experimental gas ph
values are calculated from theP-branch rotational lines asnv8v9
5nP112Bv9 . Gas phase data were obtained from Ref.@27#.

Transition (v8–v9) Calculated Experiment in gas phase

~2-3! 8391.8 8426.4
~1-2! 8714.0 8755.5
~0-1! 9035.1 9081.3
~1-1! 11100.4 11144.0
~0-0! 11558.9 11605.7
~3-2! 12436.8
~2-1! 13030.9
~1-0! 13624.1
01250
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Rydberg electron and closed shell electrons of the He at
and polarization attraction arising from the ionic H2

1 core.
Evidently, the latter contribution is efficiently shielded in th
spherical 3a state, whereas for the3e, 3b, and 3c states
attraction arising from the polarization interaction is stron
This means that an anisotropic electron distribution will le
to strongly anisotropic potential with strongly repulsive
well as deeply bound parts. To quantify these expectatio
we have chosen to compute the collinear~L! and perpendicu-
lar ~T! approaches of the ground state atom with respec
molecular axis of the excimer. As the anisotropic Rydbe
orbitals closely resemble atomicp orbitals, it is a good ap-
proximation to construct the whole potential energy surfa
from trigonometric interpolation~see, for example, Ref
@11#!. Computation of the full potential energy surface byab

FIG. 2. The ICMRCI/davqz calculated natural orbital plots
H2 triplet statesb 3Su

1 , c 3Pu , a 3Sg
1 , ande 3Su

1 at the inter-
nuclear separation of 1.047 Å. The box dimension
40a0340a0 and the contour level step is 0.0025 in each graph.

e

6-5
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KILJUNEN et al. PHYSICAL REVIEW A 69, 012506 ~2004!
initio is out of the question due to loss of molecular symm
try. The resulting potential energy curves,VH

2* -He(r ), for

the three electronic states (3a, 3c, and 3e) are shown in Fig.
3. The calculated energies of the triatomic configurations
collected in Table III for 3a and 3e states. In the collinea
approach, both of these states are repulsive until a ra
node in the electron density yields an inner well. Far aw
from the excimer core the interaction is nearly isotropic
the 3a state. On the other hand, in the perpendicular geo
etry of the 3e state an angularly sharp potential minimu
occurs with depth of;350 cm21. The situation resemble
that of the closely related He2* -He (3a, 3c) system@22#.
Because the positive core is shielded only by one electro
H2* the potential wells appear deeper. A closer view on
long-range part of the potentials relevant to the H2* bubble
formation is provided in Fig. 4, where spherical average
been taken from the potentials of Fig. 3. These spher
potentials will be applied later in the DFT calculations as

FIG. 3. The panels have been labeled as left: potential en
curves for H2* -He at collinear geometry; right: potential energ
curves for H2* -He at T-shape geometry. The state labels3a, 3e, 3c
are for the H2 molecule fixed at 1.047 Å internuclear separatio
and the He atom distancer is measured from the H2* mass center.

FIG. 4. Angularly averaged~radial! potential energy curves fo
H2* -He representing long-range interaction of freely rotating ex
mer ~cf. Fig. 3!.
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experiments suggest near free rotation of the3e state H2*
molecule in liquid helium@7#.

As the DFT calculations involve many He atoms, it
necessary to see if the aboveab initio potentials are pairwise
additive. To model the many-body effects we have p
formed four-atom MRCI calculations~e.g., He-H2* -He). In-
stead of one He atom approaching the H2* center, the inter-
action of two atoms symmetrically located in perpendicu
or collinear fashion was recorded as a function of their se
ration, and then divided by two. For purely pairwise additi
interaction this should yield equal results to the three-at
calculation provided that the He(1S)-He(1S) interaction is
small. It was observed that the triatomic potential sha
with wells and barriers~cf. Fig. 3! even at close distance
were reproduced by the four-atom calculations. Thus we c
clude that the many-body effects in the present case are
ligible. In all previous calculations the H2

1 core bond length
was held fixed. In cases where the ground state He a
approaches the excimer core to close distances, we have

gy

,

-

TABLE III. Computed potential energiesVH
2* -He(R) in cm21,

based on ICMRCI/dav5z level of theory, fora 3Sg
1 and e 3Su

1

states of H2* , approached in a collinear (L) or broadside (T) man-
ner by ground state He atom.

R ~Å! a (L) a (T) e (L) e (T)

1.0 49179.41 10463.25 43596.05 11216.87
1.5 186.20 1340.06 23874.30 812.81
2.0 1074.28 95.21 21914.29 2348.88
2.5 1248.23 44.08 229.71 2298.06
2.8 1084.90 69.20 539.92 2232.92
3.0 944.68 89.24 762.24 2189.88
3.2 801.09 103.52 893.52 2154.64
3.5 601.17 115.52 989.04 2114.12
3.8 434.13 118.92 984.31 284.77
4.0 343.41 117.34 944.14 269.75
4.2 268.54 112.88 884.72 257.50
4.5 182.46 100.66 774.73 243.16
4.8 122.14 79.05 655.55 232.48
5.0 93.05 65.00 577.19 226.92
5.2 59.28 51.11 502.65 222.32
5.5 35.93 33.12 401.14 216.91
5.8 21.05 19.97 314.10 212.86
6.0 14.40 13.74 264.35 210.73
6.2 9.61 9.15 220.96 28.97
6.5 4.92 4.61 166.88 26.90
6.8 2.19 1.98 124.40 25.34
7.0 1.09 0.92 101.58 24.52
7.2 0.35 0.24 82.51 23.85
7.5 20.27 20.34 59.84 23.05
8.0 20.61 20.63 34.19 22.12
8.5 20.60 20.59 18.95 21.53
9.0 20.48 20.47 10.17 21.15
9.5 20.33 20.32 5.26 20.45
10.0 20.22 20.22 2.59 20.29
12.0 0.00 0.00 0.00 0.00
6-6
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SOLVATION OF TRIPLET RYDBERG STATES OF . . . PHYSICAL REVIEW A 69, 012506 ~2004!
ried out geometry optimization within theC2v symmetry. In
these calculations the excimer core structure was not bro
and therefore there is no need to consider decompositio
the excimer provided that theC2v symmetry is conserved.

In addition to energetics, the approaching He atom w
also modify the electronic transition dipole moments b
tween the states. The transition moments as a function o
excimer-He distance are plotted in Fig. 5. It can be seen
the ^eur ua& matrix element stays practically constant f
away from the excimer whereas large changes occur at s
distances. Thus the oscillator strengths and radiative
times of the H2* molecule are not markedly affected whe
the He atom remains far away from the ionic core. On
other hand, if the He atom can penetrate into nodal plane
the Rydberg electron, the radiative lifetimes will be strong
affected. This can be seen, for example, from the dista
dependency of thêeur ua& matrix element in the right pane
of Fig. 5.

Of particular interest is metastability of the3c state with
respect to3a, where the population can leak to as seen fr
the transition moment calculations and Fig. 1. As these st
are almost degenerate, the approaching ground state He
can alter their relative energetics dramatically. Especially
the collinear geometry, if a ground state He atom approac
close to the excimer core then the total energy for the3a
state increases whereas for the3c state it decreases. This wi
have important implications to the stability of the3c state
solvated in liquid helium as will be discussed later. A simi
situation was observed for some strongly bound states o
He2* as documented in Ref.@11#.

C. Density functional calculations of the bubble structure

As a first approximation we consider the3a and 3e
states to be isotropic by calculating their spherica
averaged interaction potentials asViso(r )5@Vlinear(r )
12VT-shape(r )#/3 and then carrying out the DFT calculatio
in spherical coordinates~i.e., 1D model!. This approach as
sumes free molecular rotation in both electronic states of
excimer. In the experiment the rotational structure was
solved for several vibronic bands,~2-3!, ~1-2!, ~0-1!, ~1-1!,

FIG. 5. The H2* transition dipole moments for collinear~left
panel! and T-shaped H2* -He ~right panel! configurations. The nea
degeneracy of3a and 3c states is seen in crossings at short p
turber distances, although the root flip occurs already at 4.8–5.
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~0-0!, ~3-2!, ~2-1!, and ~1-0!, and with theP(1) line most
intense in every case. In other words, theJ850 rotational
level of 3e state was preferentially populated with estimat
rotational temperature of 35 K@7#. As the experiments were
carried out at temperatures above thel point, between 3.0–
4.2 K, comparison with our 0 K DFT calculation is not exact
We have, however, taken the nonzero liquid temperature
account only approximately by adjusting the4He bulk den-
sity r0 . The resulting density profiles as a function of tem
perature are presented in Fig. 6, where the calculations
ployed the improved energy functional of Dalfovoet al.
@18#. The density profile remains essentially unchanged
temperatures between 0–2 K, i.e., below thel point, as a
direct consequence of the bulk density remaining constan
this temperature range. It is important to notice that the c
ity formation is very sensitive to the H2* -He interaction po-
tential at long range since the bubble edge is generated
response to the perturbation of only few cm21 in magnitude.
We present the bubble parameters, which were obtained
least squares fitting the Jortner’s trial function of Eq.~4! to
the calculated profiles, in Table IV.

For freely rotating 3c state excimer we obtain th
excimer-liquid interaction by taking spherical average of t
anisotropic H2* -He pair potentials. The resulting liquid so

-
Å.

FIG. 6. The temperature dependent He density profilesrHe(r )
around3e-state~left panel! and 3a-state~right panel! impurities are
shown. The spherically averaged interaction potentialsVH

2* -He(r )

are also shown, the more repulsive belonging to the3e state and the
other for 3a. This calculation employs the functional of Dalfov
et al. @18#.

TABLE IV. Cavity size parameters for spherical bubbles arou
3e and 3a state excimers, obtained by fitting the Jortner functi
Eq. ~4! to the density profiles calculated with Dalfovo-Stringa
functional, and shown in Fig. 6.

T ~K! 0–2 3.0 3.4 4.0

r b(e) ~Å! 9.71 10.1 10.7 14.5
a(e) (Å 21) 1.27 1.08 0.91 0.73
r b(a) ~Å! 6.92 7.04 7.21 7.99

a(a) (Å 21) 2.93 2.53 2.06 1.05
6-7



h
y
h
i

m
ic

in
ei
ge

t t

C

n-

ity

s
in
-
/

ion

l

ec-

ity
ies

se
the
the

ed
th

er
o

i-
own

the
sity
nc-

KILJUNEN et al. PHYSICAL REVIEW A 69, 012506 ~2004!
vation structure is very similar to the3a state but withr b

;6.3 Å. However, the situation is quite analogous to t
He2* system~see Ref.@11#! and thus this solvation form ma
not be stable. If the rotational motion would partially quenc
the resulting structure would be quite complicated and w
not be considered here. If the molecular rotation is co
pletely quenched in the3c and 3e states then the anisotrop
excimer-liquid potential breaks the spherical symmetry
Eq. ~3!. Both states exhibit strongly bound regions in th
pair potentials, which are many orders of magnitude lar
than the average energy of single helium atom~ca.
27 K/atom) in the liquid. Due to complications in the3e
state potential shape, we have not attempted to carry ou
calculations for this state. Even for rotationally quenched3c
state both DFT models~Orsay-Paris and Dalfovoet al. @18#!
failed to converge to physically meaningful results~e.g., so-
lutions with excessive liquid localization!. For this reason the
strongly bound parts were treated separately by using DM

FIG. 7. Liquid 4He density around the rotationally quench
H2* (3c) excimer is shown. The calculation corresponds to
hybrid DFT/QMC calculation using the functional of Dalfovoet al.
@18# with a spatial step size of 0.1 Å. Top: cut along the axis p
pendicular to the Rydberg orbital is shown; bottom: contour plot
the DFT liquid density is shown in units ofr0 .
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By carrying out DMC calculations for the subsystem co
taining the excimer and the localized He atoms~‘‘belt at-
oms’’!, the following total energies were obtained: (n53)
295206100 K and (n54)211830670 K. In cases where
n.4 the DMC calculations indicated that He atom dens
would leak beyond the H2* -He potential minimum. The
four-atom cluster (n54) yielded the lowest energy and thu
we have used the one particle density from this calculation
constructing the initial effective potential for DFT. The re
sulting liquid density profile from the iterated hybrid DMC
DFT calculation is shown in Fig. 7.

D. Electronic spectra

We proceed to simulation of emission and absorpt
spectra using the Dalfovo-Stringari functional@18# for evalu-
ation of the liquid densityr(r ), and calculating the optica
line shape via time dependent perturbation theory@44,45#.
The general formula for dipolar spectrum between two el
tronic states is given by

I ~v!>E c~ t !eivtdt, ~7!

where the line shape functionI (v) is written as Fourier
transform of the dipole time-correlation functionc(t).
With the quite commonly used @11,46# Anderson
expression@47,48#,

c~ t !5e2* [12e2 iDVf i (r )t/\]r i (r )d3r , ~8!

we can determine the spectra with a known liquid dens
profile on the initial state, and the continuum of frequenc
generated by the difference potentialDVf i(r )5Vf(r )
2Vi(r ). This formulation has its origin in the gas pha
pressure induced broadening of electronic transitions. In
present case most effects originate from the gas part of

e

-
f

FIG. 8. The emission (3e→3a) and absorption (3e←3a) spectra
of an embedded H2* molecule, dictated by H2* -He potential en-
ergy differences and4He-density profiles at different liquid dens
ties. The narrow bands at the lowest density have been scaled d
to fit the image. The wave number indication refers to shifts of
transition from the unperturbed gas-phase value. Liquid den
profiles in the line shape calculations were obtained using the fu
tional of Dalfovoet al. @18#.
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SOLVATION OF TRIPLET RYDBERG STATES OF . . . PHYSICAL REVIEW A 69, 012506 ~2004!
liquid profile and therefore this form of time correlatio
function is expected to be a good approximation. Furth
more, no structure due to liquid motion is expected to
visible in the lines as the transitions are broad. Such st
tured spectra cannot be, in general, simulated using Eq~8!
@49#. The applied density profiles are plotted in Fig. 6, a
we show the results of the spectral line shape evaluatio
Fig. 8. Broadening of the lines as the temperature decrea
and the pronounced blue shift of the peak positions resp
tively, are clearly produced as a straightforward outco
of the calculations. We collect the spectral predictions
Table V.

IV. DISCUSSION

A. Electronic structure calculations

The gas phaseab initio calculations of H2* were carried
out in order to validate our methods against the existing d
With this respect ourab initio calculations are in good agree
ment with the existing experimental and theoretical results
outlined in the Results section and summarized in Fig. 1
Table II. Experimental data on radiative lifetimes~see Table
I! for the 3e state appears not be available. This is proba
due to the fact that there is no easy way to prepare the3e
state in a controlled fashion for subsequent measureme
the radiative lifetime. An expected general trend is that
electronic states of H2* excimer closely resemble to those
the He2* molecule@22#. The main difference is that the3b
state in H2* is purely repulsive and leads to permanent d
sociation. For this reason the H2*

3a state is not metastabl
whereas in the He2* this state exhibits metastability. In th
latter case the metastability arises from negligibly sm
spin-orbit interaction and the absence of any repulsive tri
states below it. However, the3c state of H2* is metastable as
observed by both experiments@50# and theory@51# in the gas
phase. Furthermore, as aP state it carries double degenera
with, for example, Cartesian componentsPx,y . In cases
where cylindrical molecular symmetry around the molecu
axis is broken, this state splits into two energetically u
equivalent components. This is analogous to crystal fi
splitting of aP state molecule.

It is known from previous studies~see Refs.@11,22#!, that
the interaction between a spherical Rydberg state exci
with a ground state He atom is approximately described

TABLE V. Spectral widths and line shifts for the3e↔3a tran-
sitions of H2* in liquid He, obtained by Eq.~6! using He density
profiles calculated for different temperatures.

T ~K! 0–2 3.0 3.4 4.0

r0 (Å 23) 0.0218 0.0212 0.0206 0.0193
Emission
Width (cm21) 40 30 20 ,5
Shift (cm21) 50 35 20 0
Absorption
Width (cm21) 425 385 335 230
Shift (cm21) 510 445 380 225
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Pauli repulsive forces. When such forces are absent, d
penetration of the ground state He atom towards the cha
excimer core is possible. Based on these considerations,
possible to obtain qualitative expectations for the pair int
action between the H2* excimer and a ground state He atom
As shown in Fig. 2 the Rydberg electron wave function d
pends strongly on the electronic state of the excimer. T
we should expect that spherically symmetric states~e.g., 3a)
without any far-reaching nodes would display nearly sphe
cally symmetric interaction potential without any deep
bound part. The only possible source for binding arises fr
the long-range dispersion forces. All the other states exc
3a have angular nodes in their Rydberg wave functions
the ground state He atom would enter these nodal reg
then the Pauli repulsion would be effectively cancelled. F
example, the3e state has complicated Rydberg electr
wave function~resembling a 2p atomic orbital! as it has both
angular and radial nodes. The3c state, on the other hand, ha
only an angular node along the diatomic axis but there is
additional complication due to degeneracy factor aris
from the orbital angular momentum. All these qualitative e
pectations are confirmed by ourab initio calculations as
summarized in Figs. 2 and 3. The3a state is closely spheri
cally symmetric with almost exclusively repulsive intera
tion. At short distances there is a turn over in the poten
when the charge imbalance between the excimer core and
Rydberg electron temporarily decreases the potential. T
leads to a small dip in the potential at ca. 1.5 Å. In the3c
state repulsive interaction occurs only when the RydbergP
~Cartesian! orbital is locked towards the approaching grou
state He atom. In all other cases the H2

1 core induces strong
binding via polarization of the approaching He atom. If t
Rydberg orbital is locked in space, the excimer will ha
deeply bound~ca. 2600 cm21) ‘‘donut’’-like region around
the neck of the Rydbergp-like orbital. Finally, the many-
body effects were evaluated with two ground state He ato
approaching the excimer. Based on these calculations
have concluded that the many-body contribution is sm
The many-body effects are expected to be significant onl
cases where small Rydberg electron densities extend
away from the excimer core. An example of such case
provided by the He2*

3d state@22#. In addition to energetic
considerations, the approaching ground state He atom aff
the transition dipole moments between the states as show
Fig. 5. For example, in the3e state, penetration of the
ground state He atom to the excimer core region decre
the transition dipole moment significantly.

B. DFTÕQMC calculations

For spherical 3a and spherically averaged3c and 3e
states Eq.~3! can be solved in spherical coordinates. T
results for3a and 3e states are shown in Fig. 6. Here the pa
potential is mainly repulsive for both electronic states, ap
from a small attractive dispersion interaction, as shown
Fig. 4. In such cases the vacuum-gas-liquid interface is
pected to be rather smooth with small oscillations in dens
due to correlated nature of the liquid and weak bound reg
between the excimer and the liquid. For such systems
6-9
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KILJUNEN et al. PHYSICAL REVIEW A 69, 012506 ~2004!
Jortner’s trial function is expected to give reasonable rep
sentation of the liquid density. Obviously any density osc
lations or curvature close to the excimer cannot be prop
described by this function. Both applied DFT functiona
gave comparable liquid density profiles, with the main d
ference occurring in the liquid density oscillations at the
terface. When the bulk helium density corresponds to s
rated vapor pressure at 0 K, the H2* (3a) and H2* (3e)
excimers form spherical bubbles in the liquid with radii
6.9 Å and 9.7 Å, respectively. Both values are sligh
smaller than the ones obtained from the experiments
bubble model analysis of Trottieret al. @7# @r b(a);8 Å and
r b(e);11 Å]. With the liquid density adjusted to correspon
to 4 K temperature, the calculated bubble radii expand to
and 14 Å for 3a and 3e states, respectively~see Fig. 6!. For
3a state the calculated bubble radius coincides with the
sult of Ref. @7# whereas the3e state radius appears to b
larger. Overall ourab initio and DFT based calculations yiel
comparable results to those obtained from the bubble m
with experimental guidance. However, in order to carry o
direct comparison against experimental data, we will eva
ate spectroscopic features involved in the3e↔3a transition
later in the text.

The 3c state excimer demonstrates variety of possibilit
for solvation in liquid helium. Three different schemes a
possible:~1! bare excimer with free rotation~i.e., spherical
object!, ~2! complicated intermediate form, where molecu
rotation and/orP-orbital degeneracy are partially quenche
and ~3! completely quenched excimer-He complex~i.e., the
belted complex!. Each of these forms should represent a
cal energy minimum, thus method of preparation and
energy barriers that connect the minima will dictate wh
form will actually be seen in the experiments. Case~1! re-
mains in spherical cavity wherer b;6.3 Å. Sufficiently
strong asymmetric liquid motion will destroy this state~e.g.,
thermal perturbations or preparation process!. Possible tran-
sition between cases~1! and~2! involves a dynamical barrie
which depends on a delicate balance between the attra
H2* -He potential and the kinetic energy tax paid for forci
curvature on the liquid interface. This transition may
spontaneous or it may require external forces to proceed
case~3! it is not a priori clear how many He atoms shou
enter the bound region~‘‘belt’’ ! of the potential. The mini-
mum energy configuration was reached with four atoms i
beltlike cylindrically symmetric structure around the neck
the Rydbergp-type orbital. The number of atoms prese
appears very similar to that obtained for He2* in Ref. @11#.
After formation of the four-atom complex, anisotropic liqu
cavity is formed with a clear signature of the secondary s
vation structure~see Fig. 7!. In both cases~2! and ~3! the
complex formation will have strong tendency to stabilize t
3c over the 3a state and should therefore increase its me
stability. Finally, we note that the3c state has close analog
to the 3b state of the He2* excimer@11#.

C. Spectroscopy

Our line shape calculations include the time correlat
function in an approximate fashion as described by Ander
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@47# @cf. Eq. ~8!#. Exact evaluation of the time correlatio
function would require full time propagation of both ele
tronic and nuclear wave functions@49#. In the present case
the Anderson formula is very convenient to use becaus
requires only the interaction potentials between the excim
and the liquid in ground and excited states and the ini
liquid density profile around the excimer. The time propag
tion of the system is completely embedded in the appro
mate time correlation function. Furthermore, in the previo
He2* study it has been found to give good results@11,46#.

First we consider the rotationally resolved3e→3a emis-
sion lines, which were observed experimentally@7#. Accord-
ing to Fig. 8, the emission line blue shifts relative to the g
phase position and the overall line shape is almost indep
dent of temperature below thel-point of liquid helium.
Above 2.1 K the emission spectrum rapidly begins to sh
towards the gas phase origin because the bulk liquid den
decreases. Hence, from the experimental point of view
would be desirable to carry out such measurements be
the l-point. Furthermore, boiling of the liquid allows fo
possibility of excimer trapping inside large gas bubble
which could complicate interpretation of the experimen
results. The experimental emission line shifts at 4.2 K
only a few wave numbers, in the range from 2 to 11 cm21

depending on the rotational line. Our calculations predic
line shift ca. 4 cm21, which is a reasonable accuracy pr
vided that we do not consider molecular rotations and vib
tions in our model. Radiative lifetime of the3e state is not
markedly altered by the surrounding liquid~see Fig. 5! un-
less parts of liquid would penetrate close to the excimer co
In this case the radiative lifetime should be considera
longer than in the gas phase. In some studies, increase
radiative lifetime has been used in determining the solv
liquid-impurity interactions~for example, Ref.@52#!. In con-
trast to the emission spectrum, the calculated absorption
experiences~see Fig. 8! much stronger spectral shifting an
broadening. These effects originate from strong overlap
the liquid with the Rydberg electron in the upper3e state. In
general, this demonstrates the well-known fact that the
sorption lines are more sensitive to the liquid helium pert
bation effects than emission lines. However, in this case
3a state is not metastable and therefore such absorption
periment will be difficult to carry out.

In the gas phase the3c state has been observed to
metastable@50,51#. However, the situation is not clear in th
liquid because this electronic state may exist in vario
forms of solvation as discussed earlier. If molecular aver
ing ~rotation and orbital degeneracy! persists and the liquid
kinetic energy tax is able to keep the liquid from localizin
then this state should remain in spherical cavity@case~1!#. In
this case the spherically averaged potential of the3a state is
more repulsive than the3c, and therefore the liquid will
energetically slightly favor the3c state. In all other case
complex formation will again strongly favor the3c state
over 3a. Overall, we can conclude that the surrounding l
uid should increase metastability of the3c state and as such
it should be a good candidate for absorption studies in liq
helium. In the present case the solvent perturbations are
strong for the complexed forms and we have not attemp
6-10
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to simulate their absorption or emission spectra. Even sm
changes in the solid4He layer structure near the excim
core or uncertainty in the repulsive parts of the pair pot
tials will induce large changes in the calculated optical sp
tra. A systematic experimental study of such strong spec
shifts was recently carried out by Yabuzakiet al. @53#. They
were able to study spectroscopically the localization of
atoms in the nodal plane of excited2P state alkali meta
atoms as a function of the He gas pressure.

V. CONCLUSIONS

Our numerical simulations give general suggestions
new experiments on H2* excimers in liquid helium. First, in
order to maximize the perturbative effects of the liquid a
avoid the liquid boiling, the experiments should preferab
be carried out below thel point. Both absorption and emis
sion spectra will then yield larger spectral shifts as well
line broadening effects. In general, absorption measurem
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will experience stronger impurity-liquid interaction an
hence more information of the surrounding helium bath m
be obtained than from emission measurements. However
cause tightly bound H2* -(He)n complexes may form, a
broad spectral wavelength range should be recorded in
spectroscopic experiments. Furthermore, in such case
spectral lines will most likely be very broad. Finally, th
metastable3c should provide a good way to carry out a
sorption measurements for the H2* excimer in superfluid he-
lium. Due to its various possibilities for solvating in helium
it should provide an excellent candidate for studying t
structure of the surrounding solid helium layers and the
uid in highly confined geometries.
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