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High-resolution spectroscopy of neutral Yb atoms in a solid Ne matrix
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We present an experimental and theoretical study of the absorption and emission spectra of Yb atoms in
a solid Ne matrix at a resolution of 0.025 nm. Five absorption bands were identified as due to transitions
from the 4f'45d%6s> 'S, ground-state configuration to 4 f'*5d°6s6p and 4f'35d'6s* configurations. The two
lowest-energy bands were assigned to outer-shell transitions to 6s6p *P; and ' P, atomic states and displayed the
structure of a broad doublet and an asymmetric triplet, respectively. The remaining three higher-frequency bands
were assigned to inner-shell transitions to distinct J = 1 states arising from the 4f'35d'6s* configuration and
were highly structured with narrow linewidths. A classical simulation was performed to identify the stability and
symmetry of possible trapping sites in the Ne crystal. It showed that the overarching 1 + 2 structure of the high-
frequency bands could be predominantly ascribed to crystal-field splitting in the axial field of a 10-atom vacancy
of C4, symmetry. Their prominent substructures were shown to be manifestations of phonon sidebands associated
with the zero-phonon lines on each crystal-field state. Unprecedented for a metal-rare-gas system, resolution
of individual phonon states on an allowed electronic transition was possible under excitation spectroscopy
which reflects the semiquantum nature of solid Ne. In contrast to the absorption spectra, emission spectra
produced by steady-state excitation into the ! P; absorption band consisted of simple, unstructured fluorescence

bands.

DOI: 10.1103/PhysRevA.104.062809

I. INTRODUCTION

Rare-gas (RG) solids, formed at cryogenic temperatures,
are a promising host medium for the capture, detection, and
quantum state manipulation of guest atoms and molecules.
They provide stable and chemically inert isolation and con-
finement for a wide variety of guest species at a tunable
density, from a single isolated atom to a number possibly
exceeding ~10'® atoms/cm?. Because RG solids are trans-
parent at optical wavelengths, the guest species can be probed
using lasers and the induced fluorescence efficiently detected
outside the solid. Spin coherence times of the guest species,
which are ultimately dominated by long-range dipolar cou-
plings [1,2], could be made as long as 10° s for nuclear spins
and 1 s for electronic spins by minimizing spin impurities
within the host matrix. Applications of this “matrix isolation”
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technique include tests of fundamental symmetries [3-5],
magnetometry [6,7], and quantum information science [8].

Examples of systems studied specifically for these appli-
cations include alkali-metal atoms in both solid RGs [9] and
parahydrogen [10], Yb atoms in solid Ne [11,12], and Tm
atoms in solid Ar and Kr [13]. For these species, medium
effects generally broaden linewidths and shift transition fre-
quencies by several hundred wave numbers [9]. Despite
substantial matrix-induced perturbations to their D lines,
however, alkali-metal atoms have been successfully optically
pumped in matrix isolation [6,14]. Furthermore, spin coher-
ence times as long as 0.1 s have been observed for Rb atoms
in solid parahydrogen [7].

Ytterbium (YD) is a heavy divalent atom with a 1S, elec-
tronic ground state, several optical transitions, and a naturally

abundant isotope, !"'Yb (14%), whose nuclear spin is %

These features combine to make matrix-isolated !"'Yb a
promising candidate for a solid-state search for a permanent
electric dipole moment [15] or for a nuclear spin-based qubit.
Such applications depend on the ability to both optically pre-
pare and read out the '"'Yb nuclear spin state. This in turn
depends crucially on the strength of the hyperfine interaction

©2021 American Physical Society
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TABLE I. The assignment of the absorption bands appearing in
Fig. 3. Here, oy represents the wave numbers of the transitions in
vacuum, o,,s the wave numbers of the transitions in solid Ne, and
Ao the wave-number shifts. The wave numbers are in cm™! with an

uncertainty of 240 cm~! in solid Ne.

Band Transition o) Oabs Ao
(a) 65> 'Sy — 656p P, 17992 18510 +518
(b) 65 'Sy — 656p 'P, 25068 25760 4692
(c) 65> 'Sy — 4f135d'6s% (7/2,5/2); 28857 29140 +283
(d)y  6s'Sy — 4f135d'6s> (5/2,5/2), 37415 37730 +315

(e) 65215y — 4f135d'6s% (5/2,3/2), 38422 39680 +1,260

in the excited state compared to the size of the matrix-induced
perturbations. The need to characterize the latter motivates the
high-resolution spectroscopic study of Yb atoms in solid Ne
(sNe) presented here.

Recent work at relatively low resolution (~0.5 nm) has
detailed some of the complexities of Yb/RG systems. When
solid Xe was used as the matrix host, absorption and emission
bands were found to have a twofold structure due to Yb oc-
cupation in tetravacancies and single substitutional sites [16].
Earlier work found that when solid Ar was the matrix host, the
same bands had a three-fold structure, due to Yb occupation in
hexavacancies, tetravacancies, and single substitutional sites
[17]. The symmetry of these trapping sites generally induces
crystal-field splitting (CFS) of degenerate atomic states upon
excitation [18]. Low symmetries further multiply the number
of bands, while high symmetries create secondary structures
due to Jahn-Teller electron-phonon coupling [19]. The phonon
structure itself is usually not observed, except on certain tran-
sitions, forbidden in vacuo, of the Mn/Kr [20] and Eu/Ar
[21] systems. In the case of bright transitions, the phonon
excitations simply contribute to the width of absorption and
emission bands.

The above hierarchy of matrix-induced spectral perturba-
tions is typical of the heavy “classical” RG solids made of Ar,
Kr, or Xe. In “quantum” matrices, such as those of He and
H,, for which the effects of nuclear motion are expected to be
much stronger, the identity of distinct trapping sites is eroded
and large-amplitude motions magnify electron-nuclear cou-
plings. Solid Ne is often regarded as a “semiquantum” crystal
in which one may expect incipient nuclear quantum effects
[22]. At the same time, the Ne crystal is a less perturbing envi-
ronment than the heavier RGs. Isolated in it, the Yb electronic
structure is still qualitatively the same as in vacuum, while
the lifetimes of excited states are not significantly different
[11,12]. Based on these observations, single-atom detection
of Yb in sNe would appear feasible, which could then be
extended for use in detecting rare nuclear reactions [23]. This
would be in close analogy with the recent demonstration of
single-atom imaging of Ba in solid Xe, performed with a view
to searching for neutrinoless double-beta decay [24].

In order to investigate all these prospects, we have
performed the first high-resolution (0.025-nm) broadband
spectroscopy of the low-lying states of the Yb/Ne sys-
tem (Fig. 1). Five absorption bands were identified as due
to Yb atomic transitions from the 'Sy ground state of the
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FIG. 1. Low-lying energy levels of the Yb atom with the fine
structures omitted. The arrows represent five transitions observed
in solid Ne labeled from (a)—(e) following Tables I and II. They
correspond to E1 transitions from the 6s2 'Sy ground state to J = 1
states in five fine structure manifolds.

4£1454%65s* configuration to J = 1 states of the 4f'454°6s6p
or 4f135d'6s> configuration. These appear as either broad,
largely featureless bands or narrow, highly structured ones
depending on their susceptibility to the matrix-induced
perturbations described above. To assist in their interpretation,
we performed classical simulations that gave the structure and
symmetry of the Yb/Ne trapping sites and whose correspond-
ing theoretical spectra adequately explained the observed line
shapes. The spectrum resulting from steady-state 65> 'Sy —
6s6p 'P; excitation was also recorded at the same high res-

TABLE II. The assignment of identifiable emission lines appear-
ing in Fig. 6. Transitions forbidden in vacuum are indicated by the
symbol . Five of the emissions lines are correlated to absorption
lines listed in Table I and are labeled with the same letters. Here,
oy represents the wave numbers of transitions in vacuum, Oep;s the
wave numbers of the transitions in solid Ne, and Ao the wave-
number shifts. The wave numbers are in cm~' with an uncertainty
of £40 cm~! in solid Ne.

Transition 00  Oemis AC
656p Py — 652 'Sy ()" 17288 17730 +440
6s6p Py — 652 'Sy (iD)/(a) 17992 18320 +320
6p* 3P, — 6s6p 'P; (i) 18737 18900 +160

656p P, — 652 1S, (i)' 19710 20080 +370
41354652 (7/2,3/2), — 652 1S, (v)f 23189 23070 —120
655d D, — 65 'S, (vi)" 24489 24490 ~0

6s6p 'P; — 652 S, (ii)/(b) 25068 25320 -+250
655d 'Dy — 652 1S, (viii)' 27678 27860 +180
41354165 (7/2,5/2)1 — 65 1S, (ix)/(c) 28857 29030 +170
4f136s526p (7/2,3/2), — 65 1Sy (x)} 35197 35590 +390
41354652 (5/2,5/2)1 — 65 1Sy (xi)/(d) 37415 37730 +320
41354165 (5/2,3/2)1 — 652 1S, (xii)/(e) 38422 39610 +1190
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FIG. 2. A sketch of the cold surface inside the liquid-helium
cryostat together with the effusion oven and Yb beam line. A, B,
and C are three view ports covered with fused silica windows. D is a
six-way cross where the Yb beam intensity is measured.

olution. Knowledge of the decay paths originating from the
excited singlet state will be important for single-atom spec-
troscopy.

The remainder of this paper is organized as follows.
Section II details the experimental methods, while Sec. III
presents the results. These results, together with the classical
simulations, are discussed in Sec. IV. A summary and con-
cluding remarks are made in Sec. V.

II. EXPERIMENTAL SETUP

All the experiments were conducted with the liquid-helium
cryostat illustrated in Fig. 2. Its cold surface has an area of
300 cm? that is cooled by the liquid-helium bath to 4.2 K,
at which temperature the pressure of the vacuum falls below
10~ Torr. The Yb/Ne samples were grown on a 2.54-cm-
diameter c-plane sapphire substrate installed vertically on the
cold surface using a copper mount. Indium wires and low
vapor pressure grease (Apiezon N) were used to achieve good
thermal contact between the substrate and the cold surface.
The temperature of the substrate was measured by a resistance
temperature detector (Lakeshore CX-1050-AA) and was typ-
ically at 4.2-5.0 K depending on the thermal contact.

There were four 2.54-cm-diameter ports on the perimeter
of the cryostat. One port was connected to an effusion oven
whose crucible was loaded with metallic Yb of natural isotope
abundance. The other three ports (A, B, and C in Fig. 2) were
closed with fused silica windows and used as view ports. View
ports A and B, which were each at an angle of 22.5° to the
normal direction of the substrate surface, were used during
measurements of the sample thickness and the absorption
spectroscopy. View port C, which was at an angle of 67.5° to
the normal direction of the substrate surface, was used in the
emission study to collect fluorescence from the sample upon
excitation.

When preparing the sample, a layer of pure sNe was
first grown. The Ne gas flowed through a purifier (LDetek
LDP1000) and a 77-K charcoal trap and then leaked into
the cryostat via a capillary tube that ended 5 cm away from
the substrate. The thickness of the crystal was determined by
recording the transmitted light of a He-Ne laser and counting
the fringes due to the thin-film interference effect. To preserve
its transparency, the sNe growth rate was slowly ramped up to

0.25 um/h over the first hour, 10 um/h over the second hour,
and finally 50 um/h over the last half-hour. Once the latter
growth rate was reached, the Yb atoms were simultaneously
implanted by directing the beam from the effusion oven at the
substrate. The crystal could be grown for another five hours
before it cracked under its own internal strain.

The Yb intensity was measured using the cross-beam-
fluorescence method at the six-way cross (view port D
in Fig. 2). A 398.9-nm laser beam resonant with the Yb
652 'Sy — 6s6p 'P; transition in vacuum was applied perpen-
dicularly to the Yb beam and the fluorescence measured using
a photomultiplier tube along an axis perpendicular to both
beams. We found empirically that Yb, (n > 2) aggregates
were negligible and individual Yb atoms were preferentially
isolated when the Yb:Ne ratio was kept below 5 ppm. In
practice, we held that ratio at 1 ppm for which a Yb beam
intensity of 4 x 10'* atoms/cm?-h and an oven tempera-
ture of 620 K were required. Under these conditions, the Yb
areal and volumetric densities were estimated to be 2 x 10"
atoms/cm? and 10'® atoms/cm?, respectively. The heat load
due to the blackbody radiation of the oven and the deposition
of Ne were found to increase the substrate temperature by no
more than 50 mK.

In the absorption study, a weak broadband light source
(Ocean Optics DH2000-DUV) illuminated the sample
through view port A, and the transmitted light was collected
through view port B and fiber coupled to a spectrometer. In
the emission study, a light-emitting diode (LED) centered at
385 nm illuminated the sample through view port A, and
the induced fluorescence was collected at view port C and
also fiber coupled to a spectrometer. Two spectrometers were
available to us to analyze the absorption and the emission
signals, both of which used line CCD cameras as the detectors.
The Ocean Optics USB4000-UV-VIS spectrometer covered
a broad range from 200 to 1100 nm and had a resolution of
1.5 nm. The McPherson 225 spectrometer had a resolution of
0.025 nm and a range of 200 to 600 nm but with a camera
frame that was only 40 nm wide.

To obtain the highest possible spectral resolution, we also
used an optical parametric oscillator (OPO) (Continuum Sun-
lite EX) as the probe light. The OPO was pumped by the
third harmonic of a pulsed Nd: YAG laser (Continuum Power-
lite DLS) before passing through a frequency doubler (Inrad
Autotracker II) to provide UV light. Each pulse was about
10 ns long and contained about 1 mJ of energy. The light
was attenuated by four orders of magnitude to avoid melting
the sample and damaging the detector. The output beam was
split into a probe beam that had a waist at the sample of 1 cm
and a reference beam that traveled outside the cryostat. The
linewidth of the OPO was about 1 GHz and the frequency was
scanned in 2-GHz steps to map out the line shape of the whole
absorption band.

III. RESULTS
A. Probe with broadband light

Figures 3 and 4 show the white-light absorption spectra of a
typical sample taken, respectively, with the 1.5-nm resolution
Ocean Optics and 0.025-nm McPherson spectrometers. Sam-

062809-3



R. LAMBO et al.

PHYSICAL REVIEW A 104, 062809 (2021)

2.0r

® (©

Absorbance

2.0 2.5 3.0 3.5 4.0
Wave number (10* cm™)

FIG. 3. The absorption spectrum of Yb atoms in solid Ne taken
by the Ocean Optics spectrometer with 1.5-nm resolution. All five
absorption peaks are identified as Yb atomic transitions from the
ground state. See Table I for details.

ple deposition leads to a decrease in the transparency of the
substrate which manifests itself as frequency-dependent dis-
tortions in the baselines. Nonetheless, five absorption bands,
represented in terms of absorbance [25], can be clearly seen
and are identified as due to electronic transitions originating
from ground-state Yb atoms. Given that the configuration
of the ground state is 4f'454°6s%, low-lying excitations can
either be 6s — 6p outer-shell transitions or 4f — 5d inner-
shell transitions, the latter of which break the full 4f shell
and leave the 6s shell intact. In the spectra, bands (a) and
(b) correspond to outer-shell transitions whose final levels are
6s6p P, and 6s6p 'P; respectively. In contrast, bands (c), (d),
and (e) correspond to inner-shell transitions and their final
states are [4f13] ;15d"] ]'26s2 in the jj coupling scheme with
(j1. j2)s equal to (7/2,5/2)1, (5/2,5/2)1, and (5/2,3/2),
respectively. A comparison between the wave numbers of
transitions in vacuum and those in sNe is summarized in
Table L.

Band (a), assigned to the intercombination 6s* 1Sy —
6s6p 3P, transition, was not observed in our earlier work
but becomes visible here due to an increase in the Yb areal
density by an order of magnitude [11]. Another difference is
in our reassignment of band (d). Recent spectroscopic data
and calculations of free Yb atoms [26-28] indicate that it
should be associated the 4 f135d'6s (5/2,5/2), state rather
than, as previously thought, the 4f'354%6s' one. In the case
of band (e), there was also some ambiguity in its assignment
originally. In earlier work it was assigned to to the excited
6s7p 'P; level, the energy of which is 40564 cm~' above
the ground state in vacuum [29]. This implies a redshift in
its transition frequency in sNe that is peculiar given that
the other four transitions are all blueshifted and makes the
narrowness of its peaks inconsistent with the typical effects
of the matrix on an s — p transition. Reassigning it to the
4£135d'6s* (5/2,3/2); level removes these inconsistencies,
though at the cost of a larger-than-expected absolute shift.

In matrix isolation, outer-shell and inner-shell transitions
have different line shapes due to the screening of medium
effects by the outer-shell electrons [29]. For Yb in sNe, the
difference can be readily seen by comparing bands (a) and
(b) (6s — 6p) with bands (c), (d), and (e) (4f — 5d) at

the higher spectral resolution of Fig. 4. Band (a) has two
principal structures with maxima at 18 530 and 18 826 cm™!,
while band (b) has three principal structures with maxima at
25525, 25724, and 25774 cm~!. Although both bands (a)
and (b) display some splitting, the linewidth of each peak
remains a few hundred wave numbers. By contrast, bands (c),
(d), and (e) have more complex structures in which the nar-
rowest linewidth is comparable to the instrument resolution.
The three principal structures in band (c) have their peaks at
28984, 29049, and 29073 cm~'. In band (e) there are two
clear peaks at 39631 and 39652 cm~! and an unresolved
shoulder extending from 39 580 to 39610 cm~!. In band (d)
we have a distinct doublet with peaks at 37741 and 37751
cm™! and a series of smaller peaks constituting a substructure
that extends to lower frequencies.

In the subsequent sections, we propose that the principal
peaks of these latter bands are connected to zero-phonon lines
(ZPLs) on individual crystal-field levels. We also propose that
substructures on these bands are the manifestations of phonon
excitations that produce the phonon sidebands typically asso-
ciated with ZPLs, of which band (d) offers a prime example.

B. Probe with laser light

In order to investigate further the vibronic progression seen
in band (d), the 6s% 'Sy — 4f'35d'6s> (5/2,5/2), transi-
tion was probed at 2-GHz resolution using frequency-doubled
light from the OPO. Figure 5 shows a plot of the absorbed
fraction of the incident light intensity (or absorptance o)
versus wave number [25]. As with the original white-light
spectra, the two peaks centered at 37741 and 37751 cm™!
were assigned to the 4f'35d'6s? (5/2, 5/2); state. Extending
to lower frequencies, between 37 631 and 37 733 cm~!, one
can see a series of nine smaller, consecutive peaks. Possible
explanations for this series include multiple site occupancy
and/or CFS. However, both of these seem unlikely in this
case. First, there is no analogous structure in bands (c) and
(e), which indicates that this is a phenomenon peculiar to
the 4f135d'6s? (5/2, 5/2), transition. Second, attributing this
series to multiple site occupancy would require the existence
of too many additional trapping sites: at least three of axial
symmetry, given that CFS gives rise to three features for each
J =1 state; and at most nine, if we assume a one-to-one
correspondence between the peaks and trapping sites. This
is unsupported by the theoretical calculations of Sec. IV A,
while the regularity of the peaks, a spacing of 14 cm ™! for the
first four, has never been observed in other cases of multiple
site occupation.

Instead, we interpret the harmonic series of Fig. 5 as ev-
idence of coupling between the electronic transition and a
small number of local phonon modes. This type of structure
is usually not visible in RG matrices as electronic transitions
tend to couple to a large number of lattice modes to produce an
unstructured broadening of the bands in the spectra. In ionic
crystals, the emergence of strong vibronic sidebands in transi-
tions involving the upper 4f" states is associated with strong
configuration interaction and coupling to charge transfer states
involving ligand electron orbitals [30]. These mechanisms
likely also operate here since the large crystal-field splitting
observed in the Yb/Ne system is symptomatic of the interplay
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FIG. 4. The detailed line shapes of the absorption bands shown in
resolution. The labels (a)—(e) are the same as those used in Table I. All the
are separately normalized. The positions of the peaks discussed in the tex

between interelectronic repulsion in the metal atom and the
repulsion between the metal electrons and the electron density
of the ligands [20].

In the most common treatment, the strength of the electron-
phonon coupling is measured by the Huang-Rhys parameter
S, which is related to the displacement in the lattice equilib-
rium position near a defect site A accompanying an electron
transition according to
487 oMA?  , o

S_(1+ﬁ2)2 2n 0 T W’ )
for which @ and o’ are the frequencies of the vibrational
mode in the initial and final electronic states, respectively, and
M is the effective mass of the defect site. At very low tem-
perature (i.e., fiw > kT ~ 2.8-3.5 cm™") vibronic transitions
can be approximated as arising from the zero-phonon (n = 0)
state and p,, the probability that the nth vibrational state is

1.0
0.8 1

s I ]
g x =124 ]
0.6 o, = (237+-T)x10° 8
! ]
5 S = 3.46+/-0.07 ]
<04 ofem’ = 4.2+/-0.2 ]
I o /om’ =1.6+/-0.3 ]

0.2 [~ ‘ | | ‘ | | ‘ | —

3.765 3.770 3.775
Wave number (10* cm™)

FIG. 5. Ratio of the absorbed to incident light intensity (i.e., the
absorptance «) for the 65 'Sy — 4£135d'6s% (5/2,5/2); transition
using the frequency-doubled OPO as the probe light. The spectrum
has a resolution of 2 GHz. The parameters obtained by using Eq. (3)
to fit the first four features of the vibronic band, indicated by the
black line, are given in the inset.

Fig. 3, registered using the McPherson spectrometer at 0.025-nm
panels use the same wave-number scale and the absorption strengths
t are indicated by dashed vertical lines.

populated, can be straightforwardly shown under the Franck-
Condon approximation to obey p,(S) o« exp(—S)S”/n! which
is also the form of the overall envelope of the vibronic band
[31]. Within that band, on the assumption that coupling in-
volves a single vibrational mode and that the frequencies
of the oscillators follow a Gaussian distribution around the
mode’s average frequency w, the intensity function of the

phonon line 7 is [32]

S
FalE) = exp(=$)>
n.

1 —[E — (Ey + nhw)]? )
Vot T e ) @

for which o /7 is its linewidth and Ej, is the energy difference
between the initial and final electronic states.

We therefore expect to see a harmonic progression in the
absorption spectrum in intervals of /iw and, in Fig. 5, the
three phonon lines corresponding to n = 1, 2, 3 can be clearly
distinguished, centered at 37 655, 37 669, and 37 683 cm™!,
respectively. Per Eq. (2), the n = 0 order corresponding to the
ZPL should be a § function. In reality, because of electronic
dispersion and inhomogeneous broadening due to trapping
site inhomogeneity it has a finite width 0. Higher-order (n >
3) phonon lines are also visible in the range of 37690 to
37733 cm™!, though they are not so easily resolved, possibly
because the single-phonon approximation no longer holds and
interference between multiple modes should be considered.
For the sake of simplicity, we only fit the n = 0-3 orders
using a function for the absorbed fraction of the incident
light @ (E), that superimposes the ZPL on the single-frequency
mode harmonic progressing band [33]:

n=3
S" (Ey + nhow
«(E) =aq Zexp(—S>—<—)
=0 n! E()

X

1 ( [E — (Ey + nhw)]2>
X exp| —

2 2
V27 (0d +no?) 2(og +no?)

+ 0. 3)

062809-5



R. LAMBO et al.

PHYSICAL REVIEW A 104, 062809 (2021)

The small fixed offset O = «(E = 37630cm™!) = 0.1703
accounts for the nonzero background in Fig. 5 produced by
light scattered from the matrix. The same figure gives the
phonon and ZPL frequencies as @ = 14.0 cm™' and Ey =
37641 cm™!, respectively. The black trace shows that the fit
was performed in the range of 37630 to 37685 cm™' and
gives the following values for the parameters: oy = (237 +
7) X 10°°,§ =346+0.07, 00 = 1.6 £ 0.3 cm™!, and 0 =
42402 cm™!. The lattice displacement A can be calcu-
lated using Eq. (1) under the approximations that 8 ~ 1 (i.e.,
o~ ®') and M is equal to the sum of the masses of the
Yb atom and its nearest-neighbor Ne atoms. We thus ob-
tain A = 1.29 + 0.01 A, which is approximately 25% of the
ground-state Yb—Ne bond length. This displacement is quite
realistic and supports our value for S. It can be easily seen that
the fit is least accurate for the n = O feature. The ZPL at £y =
37641 cm~! is only minimally visible because its intensity
is reduced in favor of the phonon sideband. Lower tempera-
tures should make the ZPL more prominent. The maxima of
the peaks at 37741 and 37751 cm™! cannot be completely
discerned due to saturation of the detector. However, their
sharpness in Fig. 4(d) strongly suggests that they are also
ZPLs on nondegenerate crystal-field levels as discussed more
fully in Sec. IV C.

C. Emission spectroscopy

In earlier work, we showed that strong fluorescence of Yb
atoms trapped in sNe can be induced by driving the 6s? 1Sy —
6s6p 'P; transition [12,34]. Both a 1-MHz linewidth laser
centered at 388 nm (25770 cm~") and a 10-nm linewidth LED
centered at 385 nm (25970 cm™!) were able to resonantly
excite this transition. This results in a significant population
transfer to the metastable 6s6p 3P, level via 6s6p ‘P —
6s5d *D; intersystem crossing, the branching ratio of which
is enhanced by level mixing induced by the crystal field of the
matrix. Due to the long lifetime of the 6s6p P, state in sNe,
excited Yb atoms continue absorbing photons to make tran-
sitions from this state to even higher excited ones. A strong
absorption peak centered at 26 740 cm~!, corresponding to the
6s6p Py — 6p° Py excitation, has been previously reported
[11]. Given the broad linewidths of absorption peaks in the
solid state, the 385-nm LED can also excite this transition
and emission from states at higher energies than the exciting
photons are thus observed.

Figure 6 shows the full steady-state emission spectrum of
Yb atoms in sNe excited by the 385-nm LED and recorded at
aresolution of 0.025 nm. We divide the emission lines into the
three wave-number regions given below and summarize those
we were able to identify in Table II.

Region 1 (1.7 ~ 2.1 x 10* cm™"). The prominent emission
lines in this region are responsible for a green glow from the
sample when its is pumped by the LED. They include the de-
cays of the fine-structure triplet group 6s6p Py 1, — 65> 'Sy
whose spacing in sNe is approximately the same as in the
free atom. Although metastable in vacuum, the 6s6p Py,
levels decay radiatively in matrix isolation due to a Stark-
type mixing induced by the crystal field. The assignments
of the 6s6p Py | states have been validated by lifetime mea-
surements in earlier work [12]. It should be noted that the
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FIG. 6. The steady-state emission spectrum of Yb atoms in solid
Ne induced by the 385-nm LED and recorded using the McPherson
spectrometer at 0.025 nm resolution. The extent of each color rep-
resents the extent of the camera frame. The labels on the identified
emission lines are the same as those used in Table II.

strong emission line at 18900 cm~! does not belong to this
triplet group but corresponds to the 6p? Py — 6s6p 'P; decay
following the 6s6p 3Py — 6p* 3P| excitation mentioned above
[11]. The emission line at 20710 cm ™' is the most prominent
one that remains unidentified in this region.

Region 2 (2.2 ~ 2.6 x 10* cm™"). Aside from the 6s6p 'P,
decay at 25320 cm™!, two strong emission lines are seen
in this region. We tentatively propose that the line at 23 070
cm ™! corresponds to the decay of the 4 f135d'6s (7/2,3/2),
state. This excited level has the same electronic configuration
as those of absorption peaks (c), (d), and (e), but the jj
coupling of j; = % and j, = % does not give J = 1 and its
decay is thus forbidden in vacuum. This assignment results in
the only negative matrix shift in Table II. However, attempts
to assign it to other nearby states, such as 6s5d 3D1,2, result in
unnaturally large matrix shifts. On similar grounds, the parity
forbidden 6s5d 3Dy — 65> 'S, transition is proposed to be
responsible for the 24490 cm~! line.

Region 3 (2.7 ~ 4.0 x 10* cm™!). Emission lines in this
region have photon energies higher than the exciting pho-
ton. We again assign the decay of various excited states
according to the proximity of their wavenumber to those of
excited states obtained in vacuum. Thus, the 28 857 cm™!
emission corresponds to 4f'354'6s% (7/2,5/2), decay; the
37730 cm~! emission corresponds to 4 f1*5d'6s? (7/2,5/2),
decay; and the 39610 cm~' emission corresponds to
4f135d'6s> (7/2,5/2); decay. The profiles of the ab-
sorption energies that populate these excited states are,
respectively, peaks (c), (d), and (e) of Fig. 4. Although
the matrix shift of the 65> 'Sy — 4f135d'6s% (5/2,3/2),
transition appears rather large, it is comparable to the
size of the matrix shift that occurs in the absorption
spectrum.

IV. DISCUSSION

In order to interpret the structure of the absorption bands,
we discuss here the consistency of all experimental data
invoking also the results of limited theoretical simulations
possible for the Yb/Ne system.
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A. Stable trapping sites

The thermodynamically stable trapping sites of ground-
state atomic Yb in a perfect face-centered-cubic (fcc) Ne
crystals were modeled following the approach suggested in
our earlier works [16,17,35-39]. The full details of the sim-
ulations are summarized in the Supplemental Material [40]
to this paper. In brief, we used ab initio Yb('Sy)-Ne [34]
and slightly modified Aziz-Slaman Ne-Ne potentials [41] to
represent the pairwise force field. For a large fragment of
the Ne crystal, composed of more than 3000 atoms, the Yb
accommodation energy AE (N) was obtained as a function of
N =0,1,..., 20, the number of Ne atoms removed from the
crystal. For each N, the lowest energy was found by minimiza-
tion of the trapping site structure in configuration space and
corrected by the energy required to remove N crystal atoms.

The meaningful part of the resulting E(N) diagram is
shown in Fig. 7. It identifies thermodynamically stable sites as
those whose energies lie on its convex hull, in close analogy
to the analysis of the discrete variable composition phase
diagrams [42]. Four such sites are evident: the ground one,
having the lowest accommodation energy, with Ybinan N =
10 vacancy and three others lying higher in energy with Yb
in N =8, 6, and 13 vacancies (referred to in what follows
as NV for “N-atom vacancy”). Thus, the Ne crystal tends to
accommodate the Yb atom in quite spacious multiple-atom
vacancies. All these sites are known to be generic for the Ne
fcc lattice [39]. By contrast, N = 4 and 6 sites compete with
each other in solid Ar, an N = 4 site dominates in solid Kr,
and a single substitutional N = 1 site is the most stable one in
solid Xe [16]. Moreover, the energies of the perfect octahedral
site, 6V, and the cuboctahedral site, 13V, are quite large, while
the more energetically stable 10V and 8V sites have only
axial coordination symmetries Cy, and C,,, respectively (see
Supplemental Material [40]).

As elaborated on in Secs. IV B and IV C, these findings
have important implications for the CFS of the absorption
bands related to J = 1 level excitations. In the rigid crystal
environment of Cy, symmetry, these bands should appear
as two degenerate ZPLs and a single ZPL (with associated
substructures if multiple phonons are excited) according to
the projection of J onto the site axis 2 = %1 and 0, falling
into £ and A; irreducible representations, respectively. The
electron-phonon Jahn-Teller interaction should lift the re-
maining degeneracy, producing a 2 4+ 1 or 1 + 2 generic band
structure, as was observed for the axial trapping site of the Ba
atom [36,43,44]. For the site of C;, symmetry, CFS produces
three individual ZPLs.

B. 6s — 6p absorption spectra

The absorption bands due to 6s — 6p transitions in
Figs. 4(a) and 4(b) appear as broad, weakly structured fea-
tures, typical of allowed or weakly forbidden outer-electron
transitions [20,43,45]. Upon s — p electron promotion, the
atom-matrix interaction changes dramatically and becomes
strongly anisotropic, so that multiple phonon excitations are
superimposed on relatively large crystal-field splittings. At
a glance, the 65> Sy — 6s6p 3P, and 65> 'Sy — 6s6p 'P;
transition profiles of Figs. 4(a) and 4(b), respectively, can be

6 8 10 12 14 16
N, number of atoms removed

— @

FIG. 7. Above, the accommodation energy of the Yb atom in
the Ne fcc crystal as a function of N, the number of Ne atoms
removed from the lattice (solid line). Red circles indicate the points
lying on the convex hull of the E(N) diagram. Below, the schematic
structures of the Yb/Ne stable trapping sites: 6V (a), 8V (b), 10V (c),
and 13V (d). Yb and Ne atoms are represented by large and small
spheres, respectively; light gray spheres indicate the lattice positions
of Ne atoms removed from the system; dark gray spheres indicate the
lattice positions of the remaining Ne atoms.

interpreted as 2 4+ 1 and 1 + 2 split bands originating from the
ground 10V site.

To verify this interpretation, we simulated the 6s — 6p
absorption spectra using the site geometries found for the
ground state and the diatomics-in-molecule model [46—49]
parametrized by the Yb(*P,,' P,)-Ne ab initio potentials avail-
able in Ref. [34]. For the P, multiplet, we assumed a weak
crystal-field limit noting that its spin-orbit coupling constant
is on the order of 800 cm ™', while the relative matrix-induced
shifts in different types of sites do not exceed 100 cm™!
(Fig. 8). Further details are presented in the Supplemental
Material [40] to this paper. Figure 8(a) shows the spin-orbit-
coupled interaction potentials for the 3P; and 'P; atomic states.
The latter state exhibits much stronger interaction anisotropy,
i.e., the difference between the potentials for 2 = 0 and £1
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FIG. 8. (a) Yb-Ne interaction potentials for the 3P and 'P; atomic
states as functions of the internuclear distance R with 2 values
indicated. The solid vertical line corresponds to the ground-state
equilibrium distance, and the dashed vertical line to the Ne-Ne
distance in the fcc crystal. The green horizontal bars on the right
indicate the maxima of the corresponding absorption bands in Fig. 4.
(b) Vertical 6s% 'Sy — 6s6p!P; transition frequency shifts for the
lowest-energy structures with different N. The shifts for each of
the excited-state adiabatic PESs relative to the transition frequency
in vacuum are represented by black squares, red circles, and blue
triangles in ascending order. The vertical dashed lines indicate ther-
modynamically stable sites. (c) For the 65> 'S, — 6s6p 3P, transition
the same is shown as for the 65> 'Sy — 6s6p ' P; transition in (b).

components, than the former state. Moreover, the sign of the
anisotropy for each state is the opposite of the other state’s.
Nevertheless, for both states, strong repulsion of one 2 com-
ponent overpowers weak attraction of the other 2 component
and leads to an overall positive matrix shift in their absorption
frequencies.

Figures 8(b) and 8(c) present the vertical transition fre-
quency shifts relative to the corresponding atomic transition
in vacuum for the lowest-energy sites at each N. Those corre-
sponding to the stable 6V, 8V, 10V, and 13V sites are marked
by vertical lines. Three adiabatic potentials, which correlate
to atomic and diatomic terms (J = 1, ), split out differ-
ently depending on the crystal-field symmetry of the site: the
polyhedral 6V and 13V sites maintain threefold degeneracy;
the 10V site of Cy, symmetry provides a 2 4+ 1 degeneracy
pattern; and the 7V site of C3, symmetry, which is unstable
for Yb in solid Ne but stable for Ba in solid Ar, Kr, and Xe
[36], produces 1 4 2 splitting. In the sites of lower symme-
tries, degeneracy is completely lifted. Despite anisotropies of
opposite signs, the CFS patterns of the singlet and triplet states
are qualitatively similar, though the larger splittings in the case
of the singlet state reflect its larger interaction anisotropy.

Molecular dynamics simulations were performed for the
6s — 6p absorption band shapes, as described in the Supple-
mental Material [40]. Figure 9 compares the bands simulated
for each stable trapping site with bands (a) and (b) of Fig. 4.
The simulations systematically overestimate the matrix shift
of the 6s% 'S, — 6s6p P, absorption and, to a lesser extent,
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FIG. 9. Simulated and observed absorption intensities of the P,
(a) and 'P; (b) transitions. Frequency is presented in terms of the shift
relative to the atomic transition in vacuum. Each band is normalized
to unit area.

underestimate the shift of the 65> Sy — 6s6p 3P, absorption.
These errors are attributed to uncertainties in the short-range
repulsive branches of the diatomic potentials, which strongly
affect the transition frequencies. In agreement with the above
analysis of the vertical transition frequencies, the simulated
6s> 1Sy — 6s6p 'P; bands are very broad and exhibit a re-
markable dependence on the symmetry of the trapping site.
The structures seen in their shapes fully agree with the CFS of
the vertical transitions: 2 + 1 for the 10V site with the twofold
degeneracy broken by the Jahn-Teller effect; a symmetric
Jahn-Teller triplet for the triply degenerate 6V site; and an
asymmetric triplet for the 8V site. An unstructured asymmet-
ric line shape is obtained for the polyhedral 13V site due to the
large dynamical distortion of this spacious and labile struc-
ture. By contrast, the simulations of the 65> 'Sy — 6s6p P,
absorption predict much narrower and strongly overlapping
bands. The smaller anisotropy of this state leads to smaller
CFS, which is partially washed out for the 8V site. The Jahn-
Teller structure is not resolved at all and only contributes to
the broadening of the bands.

The simulations confirm that the observed 6s* Sy —
6s6p P absorption band bears a 2 + 1 CFS structure typical
of axially symmetric sites. It may be due to occupation in a
single site, most likely the 10V one, or involve contributions
from the other trapping sites, which all produce bands of very
similar shape, as can be seen in Fig. 9(a). Interpretation of
the 'P; absorption is less obvious. Uncertainty in the excited-
state Yb('P;)-Ne potentials is unlikely to be so large as to
cause an inverted CFS structure for the 10V site, and we
therefore explain the observed 1 4 2 structure as a result of
multiple site absorptions, which, for this particular transition,
produce the distinct band shapes seen in Fig. 9(b). Attempts
to fit the observed envelopes of the absorption spectrum to the
weighted sum of the simulated ones gave ambiguous results.
Excitation spectroscopy, which we reserve for future work,
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is expected be more informative for the discrimination of the
distinct trapping sites.

C. 4f — 5d absorption spectra

The high-resolution absorption spectra of the Yb/Ne sys-
tem shown in Fig. 4 exhibit a number of features that have
not been previously detected in heavier RG matrices. In the
latter, at low resolution, the spectra are structured in a way
that reflects occupation in multiple trapping sites. Here, how-
ever, we observe much sharper structures that have qualitative
similarities across all three 4f — 5d absorption bands of
Figs. 4(c)—4(e). As described in Sec. IIT A, band (c) has a low-
frequency peak at 28 984 cm~! and a high-frequency doublet
with peaks at 29049 and 29073 cm™'; band (e) also has a
doublet, with peaks at 39 631 and 39 652 cm~!, and a less re-
solved shoulder to its red from 39580 to 39610 cm™'; and in
band (d) the doublet has its peaks at 37741 and 37 751 cm~ .
The latter band has a long harmonic progression in its red
wing, which Fig. 5 shows to be especially well resolved un-
der laser excitation. We attributed this progression to phonon
sidebands and the fit presented in Sec. III B fully confirms this
assignment. A more erratic secondary structure seen in band
(c) may have the same origin, though the spacings between
the first four peaks vary from 6 to 10 cm ™.

It is extremely difficult to address the 4f135d'6s? states
of Yb by means of ab initio methods and perform quantum
simulations to discern the phonon structure. Nonetheless, it is
possible to make plausible inferences. First, the structure of
the atomic states originating from the 4 f'354'6s> configura-
tion is dominated by jj coupling and shows large spin-orbit
splitting [26-28]. The weak-field approximation used for the
3P; multiplet should be equally valid. It is thus reasonable to
attribute the overarching band structure to the 1 + 2 CFS of
the J = 1 level in the axial crystal environment. As discussed
above, simulations indicate that the 10V and 8V trapping sites
predominate.

Second, it is well known from experiments in atomic iso-
lation and cooling in magnetic traps and their theoretical
interpretation [50,51] that interaction anisotropy of the open-
shell 4652 lanthanide atoms with He is strongly suppressed.
As both 4 f and 5d shells of the Yb atom are beneath the outer
spherical 65> shell, the same suppression should be expected
for the states arising from the 4 f1354'6s> configuration. For
the same reason, the interaction potentials of these states with
RG atoms should be similar to those for the 4f'46s? ground
state. This accounts for why the peaks in Figs. 4(c)—4(e)
are essentially diagonal Frank-Condon envelopes accompa-
nied by phonon overtones. This also explains why the 1 + 2
crystal-field splittings of the 4f — 5d bands do not exceed
100 cm™!, whereas they are ~200 and ~300 cm™! for the
outer-shell 652 'Sy — 6s6p P and 6s° 'Sy — 6s6p 'P; absorp-
tions, respectively.

Smaller 4£135d'6s? state anisotropy should also diminish
Jahn-Teller splitting of the doublet peaks. Observed splittings
for bands (c), (d), and (e) are 25, 9, and 21 cm™!, respec-
tively. Significantly larger values of 80 and 140 cm™' for
bands (a) and (b), respectively, are predicted by the 65 — 6p
absorption simulations. Similarity of the pairs of excited- and
ground-state interaction potentials in 4f — 5d transitions to

those in 6s — 6p transitions implies similar frequencies for
the phonons involved. Calculations for the 10V site simulated
in Sec. IV B predict 16 and 19 cm~! for A and E symmetry
phonons, respectively, close to the value of 14 cm~! deduced
from the sideband progression of A; symmetry phonons in
Fig. 5.

D. Emission spectrum

The spectrum resulting from 6s? 'Sy — 6s6p 'P; excitation
has been discussed in detail in earlier reports [11,34]. They
found corroborating evidence for the presence of a crystal
field in the observation of 6s6p 3P, state decay. The quenching
of this state is posited to occur through a Stark-type coupling
to the 6s6p 'P; and 6s6p 3P, states mediated by a field the
order of ~20 MV /m [12]. A common feature of these reports,
though, is that they only considered the fluorescence products
at energies below those of the excitation energy, i.e., in the
<2.6 x 10* cm™! range. This work considers the spectrum
due to decay from higher-energy levels, which are reached
through the absorption of a photon by the excited Yb(’Py)
atom. Thus, the emission counterparts to the absorption bands
(c), (d), and (e) in Fig. 4 are observed at 29 030, 37 730, and
39610 cm™! in Fig. 6.

The above is important for the proposed single-atom de-
tection of Yb in sNe [23]. The imaging of a single ns> §
ground-state atom in RG isolation has already been demon-
strated for Ba in solid Xe through the observation of the 6s6p
1P, state decay following its resonant excitation [24]. But effi-
cient detection of singlet-state fluorescence is only possible
when its branching ratio to other states is small. Thus, for
the majority of M/RG systems, in which such fluorescence is
heavily quenched by matrix-enhanced intersystem crossing, a
proof-of-principle using the Yb/Ne system is highly relevant.
The latter’s °P; state fluorescence has the advantage of being
spectroscopically distinct from the source’s exciting photons
and its decay rate of ~1.47 MHz is orders of magnitude
greater than the dark count rate (~25 Hz) of widely available
single-photon counting modules (e.g., Perkin Elmer AQR-16
SPCM). A drawback, though, of leveraging its triplet mani-
fold for single-atom detection is that its relatively long-lived
3P, state acts as a population trap into which electrons will
be transferred on a timescale that is the order of that state’s
lifetime (~17 s in sNe). Fortunately, the observation here of
bright 4£135d'6s> — 652 'S, fluorescence, whose decay rate
is at least an order of magnitude higher than that of the P,
state, shows that 6s6p Py — 6p* 3P, repumping is a viable
method for returning the dark state Yb atom back to the
ground state.

An interesting feature of the Yb/Ne emission bands is
their lack of complex substructure. This is particularly notice-
able in the case of the 4f135d'6s> — 65> 'S, decay, whose
corresponding excitation profiles reflected the presence of
CFS, Jahn-Teller, and electron-phonon coupling. For metal
atoms isolated in the heavier RGs, structures observed in the
absorption spectra due to matrix effects will usually have
counterparts in the emission spectra. In sNe, however, this is
rarely the case, and the literature shows the emission bands
of the Zn/Ne, Cd/Ne, and Mg/Ne systems to have simple
unstructured Gaussian profiles [52]. Some matrix effects can
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nonetheless still be resolved by lifetime measurements, as
each component of the emission band may have distinct decay
probabilities. Previous lifetime measurements of the YbCRy)
state in sNe were fitted to a triple exponential and the various
decay constants attributed to multiple site occupation and iso-
tope composition [11]. However, to identify such components
in the lifetimes of all the excited-state decays reported here
would require a significant upgrade in our apparatus and so is
left for future work.

Spin polarization of 7'Yb nuclei in a matrix by optical
pumping would enable the kinds of precision experiments
envisioned for optically addressable solid-state spin systems.
If the hyperfine structure of a particular transition is resolved,
then it is expected that the optical pumping efficiency (the
fraction of angular momentum transferred from the photon
to the atom) will be high. However, if the hyperfine structure
is unresolved, the optical pumping efficiency will likely de-
pend on the details of the line-broadening mechanism. The
hyperfine structure for the naturally abundant 7' Yb(I = 1/2,
14%) and '*Yb(I = 5/2, 16%) isotopes do not appear to be
resolved for any of the transitions studied here. This implies
that the optical pumping efficiency may be low, which could
be compensated for by a high number density. Because the
transitions involving the inner-shell 4 f electrons have unusu-
ally narrow features, a more detailed study of them using
circularly polarized light has the potential to find evidence of
optical pumping.

V. CONCLUSION

High-resolution spectroscopy of Yb atoms in a cryogenic
Ne matrix over a wide excitation range revealed five asym-
metric absorption features. The two lowest are assigned to
outer-shell 6s — 6p transitions to 6s6p°P; and P, atomic
states and appear, respectively, as a broad doublet and an
asymmetric triplet. Three bands that correspond to inner-shell
4f — 5d transitions to distinct J = 1 states arising from the
4f1354'6s% configuration are much narrower and have rich
structural features.

Interpretation of the band structures relied on the modeling
of the stable trapping sites of the Yb atom in a perfect Ne
fcc crystal. This indicated that the most energetically stable
site is a 10-atom vacancy of C4, symmetry and that there
are three other stable sites (6-, 8-, and 13-atom vacancies)
lying relatively close by in energy. Contributions to the width
of the absorption bands due to Yb occupation in the latter
three sites are especially noticeable in the case of 65 — 6p
excitation. However, in a crystal environment in which axi-

ally symmetric occupation predominates, any J = 1 atomic
state should be observed to split into one-dimensional A;
and two-dimensional E representations. The dynamic Jahn-
Teller effect will then lift the remaining degeneracy producing
the generic 1 4+ 2 or 2 4 1 absorption band shapes observed.
The magnitude of the splittings depends on the interaction
anisotropy which varies from strong for the 'P; state to
medium for the 3P, state and is largely suppressed for the
4£1354'65” states.

Similarly, the degree of phonon excitation reflects the
difference in the ground- and excited-state interaction po-
tentials. It ranges from significant band broadening in the
6s — 6p transitions to the perfectly resolved phonon sideband
progression in the 6s> Sy — 4£1354'6s% (5/2,5/2), transi-
tion. While multiple site occupation complicates the detailed
assignment of all features of the 4f — 5d transitions, the
evidence of resolved individual phonon lines for CFS com-
ponents is very strong as their fits give plausible values for the
Huang-Rhys parameter and the lattice displacement.

Following the Mn/Kr [20] and Eu/Ar systems [21], the
Yb/Ne system is only the third example of a metal-rare-gas
matrix whose crystal-field states yield ZPLs with accompany-
ing phonon sidebands. It is the first one for which this occurs
on an allowed transition, for which sNe is the matrix host,
and for which the trapping site has nonpolyhedral symmetry.
These results also indicate the peculiarities of the semiquan-
tum Ne matrix. On the one hand, well-defined CFS reflects
the classical nature of relatively rigid trapping sites. On the
other, the existence of multiple spacious trapping sites of
axial symmetry and discernible individual phonon excitations
manifest the onset of quantum solid-state physics.
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