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Laser spectroscopy of phonons and rotons in superfluid helium doped with Dy atoms
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We report the results of a high-resolution laser-spectroscopy study of dysprosium atoms injected into superfluid
4He. A special attention is paid to the transitions between the inner 4f and 5d electronic shells of Dy. The
characteristic gap is observed between the zero-phonon line and the phonon wing in the experimental excitation
spectrum that arises due to the peculiar structure of the phonon-roton spectrum of superfluid He. This observation
resolves the longstanding discrepancy between the studies of bulk superfluid He and He nanodroplets.
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I. INTRODUCTION

When a metal atom is injected into superfluid helium, it
resides in the center of a nanometer-sized cavity formed in the
surrounding quantum fluid due to the strong repulsion between
He atoms and the foreign atom. The cavity has the shape and
the size of the outer electron shell of the embedded atom and is
usually referred to as an atomic bubble. Elementary excitations
of superfluid He, such as phonons and rotons, couple to various
electronic properties of the impurity atom via the vibrations of
the bubble surface. This process is of fundamental interest since
it represents the interaction between two quantum subsystems:
one is microscopic and strongly localized (atom in the bubble);
another, delocalized and spread over a macroscopically large
volume (quantum fluid He). Understanding of the details of
the phonon-impurity coupling mechanism is also essential
for the usage of atomic bubbles as microscopic probes for
the properties and elementary excitations of quantum fluids
and solids and for further studies of microscopic effects of
superfluidity.

The structure, energetics, and dynamics of atomic bubbles
had been addressed in a number of studies (for a review
see Ref. [1]). Optical transitions within the inner electronic
shells of the embedded atoms [2–5] are screened from the
surrounding He by the valence electrons. In that case the kick
on the bubble interface produced by the sudden change of
the impurity electron configuration is rather small and the
spectrum typically consists of two parts: a zero-phonon line
(ZPL) and a phonon wing (PW). The former is a very sharp
peak associated with the transitions that involve no creation
or annihilation of phonons, i.e., no energy transfer between
the dopant and the environment. The latter (PW) appears due
to the transitions that generate or annihilate a small number
of phonons. The PW line shape thus reflects the spectrum of
the generated phonon wave packet [4]. The spectral width of
the ZPL is determined by the scattering [6] of the thermal
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phonons (rotons) on the atomic bubble and by the lifetime of
the electronically excited state of the dopant.

A number of experiments reported ZPL and PW in the elec-
tronic spectra of various molecules attached to superfluid He
nanodroplets (for a review see Refs. [7,8]). Among them, the
spectrum of glyoxal had been interpreted in terms of elemen-
tary excitations and provided the evidence for the superfluidity
of the droplets [9]. The key feature is a 170 GHz (5.6 cm−1) gap
between the ZPL and PW that arises due to a peculiar structure
of the spectrum of elementary excitations in a superfluid that is
not expected in normal liquids. Due to the evaporative cooling,
the temperature of helium nanodroplets can not be varied that
makes it impossible to observe a transition from normal fluid
to superfluid phase. Further complications arise due to the
anisotropic molecule-helium interaction that is not yet very
well characterized, from molecular vibrations and rotations,
which also couple to the elementary excitations, and from
possible surface-related and finite-size effects due to the small
size of the droplets [7,8]. It is therefore important to study
the impurity-phonon coupling in bulk superfluid helium, with
well-characterized spherical atomic bubbles as impurities.

Several experiments of this kind have been reported up to
date. Excitation spectra have been studied for the 4f -5d inner-
shell transitions of lanthanide elements Tm [2] and Eu [3]. In
emission, ZPL and PW have been observed for the forbidden
3d-4s transitions of Cu [10,11] and 5d-6s transitions of Au
[5,11]. No gap had been found between ZPL and PW in those
experiments, neither in superfluid nor in normal fluid helium.
Although, a well-resolved gap had been observed in solid He
samples [5,10,11]. The origin of this discrepancy until now
remained unclear.

Here we present a new high-resolution spectroscopic study
of dysprosium atoms in bulk superfluid helium that resolves
this issue and reports the dependence of the ZPL and PW on
temperature and laser power. Dy is a perspective candidate for
the low-temperature studies because of its very large magnetic
moment. Recently, it was proposed [12] to use Dy atoms
embedded into a solid 4He matrix to realize a controllable
quantum spin glass phase. Presently, there is also a renewed
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FIG. 1. Dispersion diagram of superfluid He ω(k) [15]. Two
shaded bands correspond to the two types of elementary excitations:
phonons and rotons.

interest in Dy spectra in connection with the Bose-Einstein
condensation (BEC) [13] and ferrofluidic properties of Dy
BEC [14].

II. THEORETICAL MODEL

According to the bubble model, absorption of a laser photon
by the Dy atom will lead to the bubble oscillations damped due
to the emission of phonons. In Fig. 1 we plot the dispersion
diagram ω(k) of elementary excitations in superfluid 4He [15].
Here, ω denotes the excitation frequency and k is the wave
vector. The density of states (DOS) in the frequency domain is
proportional to (dω/dk)−1:

DOS ∝ k(ω)2

(
dω

dk

)−1

. (1)

The peculiar shape of the dispersion diagram of superfluid He
leads to two sharp maxima in the DOS at ωm = 0.29 THz
(maxon) and at ωr = 0.18 THz (roton), corresponding to

k = 1.1 and 2.0 Å
−1

, respectively.
We calculate the parameters of the atomic bubble using a

standard approach (see, e.g., Refs. [1,16]). The details are given
in the Appendix. The Dy-He pair interaction potential is not yet
available. We utilize the potential [17] for another lanthanide
element Yb that differs from Dy only by the number of
electrons in the 4f shell. As shown in Ref. [17], the lanthanide-
He interaction is dominated by the spherically symmetric
outer 6s shell and the influence of the anisotropic inner 4f

shell is rather weak. We therefore neglect the anisotropy and
assume the bubble to be spherically symmetric. We found the
equilibrium bubble radius Rb = 5.3 Å and the eigenfrequen-
cies of undamped bubble oscillations for the breathing and
quadrupolar vibration modes, respectively �0 = 0.18 THz and
�2 = 0.33 THz. �0 lies very close to the roton frequency ωr

and is also resonant with the excitations (phonons) from a linear

part of the ω(k) curve having k ≈ 0.5 Å
−1

. The excitations of
both types thus are expected to contribute to the PW spectrum.
It was shown in Ref. [4] that bubble vibrations are strongly
damped or even overdamped due to the emission of phonons.
We therefore do not expect any discrete features associated
either with �0 or �2 in the experimental spectra.

We assume that the total atom plus bubble energy for the
electronically exited state Ue(R) can be represented by the
same curve as that of the ground state Ug(R) shifted to a slightly
larger value of the equilibrium radius R

(e)
b = R

(g)
b + δR. The

value of δR determines the intensity ratio of ZPL and PW, but
has a little effect on the shape of PW. From the analysis of
experimental spectra we infer δR ≈ 0.15 Å (see Appendix).

The knowledge of the parameters of the atomic bubble: Rb,
δR, α, and the dispersion diagram ω(k) allows us to model
the excitation spectrum using the formalism developed by the
authors of Ref. [9] without introducing any further adjustable
parameters. Following Ref. [9] we write the wave function
ψ

g

0 (r) describing the system with the Dy atom and the bubble in
the ground state with no phonons excited. ψe

1 (k,r) corresponds
to the excited -state bubble (larger) with a single phonon of the
wave vector k excited.

ψ
(g)
0 (r) =

√
ρ(r)eiϕ (2)

ψ
(e)
1 (k,r) =

√
ρ(r − δR)

sin(kr + φ)

r
eiϕ. (3)

The phase φ and the set of the allowed values of the wave vector
k are determined from the normality and boundary conditions.
The wave vector is connected with the phonon frequency via
the dispersion relation, as shown in Fig. 1. The probability of
a transition between these two states is then given by

F1(k) =
[

4π

∫
ψ

(e)
1 (k,r)ψ (g)∗

0 (r)r2dr

]2

. (4)

The single-phonon contribution B1(ω) to the PW spectrum is
produced by a superposition of F1(k) weighted with the density
of states (1). The n-phonon contributions Bn(ω) and the total
PW spectrum G(ω) are obtained [9] from

Bn(ω) =
∫

Bn−1(ω′)B1(ω − ω′)dω′ (5)

G(ω) = e−S
∑

n

Sn

n!
Bn(ω). (6)

Here, S is the Huang-Rhys factor that is related to the intensity
of the ZPL via S = − ln(IZPL/Itot).

The main contribution to G(ω) comes from one-phonon
processes. As expected, the PW spectrum is concentrated at
0.17–0.3 THz on the blue side of ZPL and has two sharp peaks
corresponding to the two maxima in DOS at ωr and ωm.

Until now, we have assumed that each elementary excitation
(phonon) is characterized by a single value of the frequency ω.
According to neutron and Raman scattering data [18,19], the
phonons and rotons in superfluid He possess a finite spectral
width γ , which increases with temperature. In the temperature
range of 1.35–2.1 K, γ varies between 4 and 150 GHz [18,19].
The maxon and roton peaks in the PW spectrum are expected to
be broadened and smeared out at higher temperatures due to the
increase of γ . We take this effect into account by a convolution
of calculated G(ω) with a Lorenzian with a FWHM equal to
4 and 150 GHz, respectively. The resulting PW spectra are
plotted in Fig. 4(b).
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FIG. 2. Electronic states and transitions of Dy atom [21]. Only
the groups of states connected by the strong allowed transitions
to the two lowest 4f 106s2 states are shown. Vertical blue arrow
indicates the transition excited by the laser, red arrows indicate
the transitions observed in the fluorescence spectrum (see Table I).
Transition wavelengths are given in nanometers.

III. EXPERIMENT

Our experimental setup is similar to that described in our
recent paper [20]. A sample cell is filled with liquid He and is
immersed in a liquid He bath kept at a temperature of 1.35–
2.1 K. Dysprosium atoms are injected into superfluid He by a
two-step laser-ablation process using two nanosecond pulsed
lasers. First, a metallic Dy target is ablated by a frequency-
tripled DPSS laser (λ = 355 nm) shooting at a repetition rate
of 20–50 Hz, with a pulse energy of 70 μJ. This primary
ablation produces mostly metal clusters and nanoparticles.
Those particles are further dissociated by another frequency-
doubled Nd:YAG laser (λ = 532 nm) with a repetition rate of
10 Hz and a pulse energy of 0.5–15 mJ. This laser is focused
in the center of the cell, above the primary ablation target.

Dy atoms in liquid He are excited by a frequency-doubled
cw Ti:Sapphire laser aligned along the secondary sputtering
laser beam and tuned into the resonance with the transi-
tion from the 4f 106s2 5I8 ground state towards the state
4f 95d6s2 5K7 at λ = 458.9 nm (see Fig. 2). The transition
is thus between the 4f and 5d shells, screened by the outer
6s shell. The fundamental wavelength of the Ti:Sapphire
laser is measured by a wavelength meter with an absolute
accuracy of ±3.5 × 10−4 nm (0.5 GHz). The second harmonic
linewidth measured by a Fabry-Perot etalon does not exceed
300 MHz. Laser-induced fluorescence is collected at a right
angle with respect to the laser beams and is analyzed with
a grating spectrograph (resolution 70 GHz) equipped with
a CCD camera and a photomultiplier tube (PMT) for time-
resolved measurements.

The ablation process is monitored with a fast digital video
camera oriented orthogonal to the laser beams and operated at a
frame rate of 500–8500 fps. We observe gas bubbles appearing
in the focus of each pulsed laser beam and collapsing within 5–
10 ms. We have verified that the emission from the gas bubbles
does not contribute to the observed spectroscopic signals.

TABLE I. Spectral shifts, FWHM widths, and relative intensities
of electronic transitions of Dy atoms observed in the laser-induced
fluorescence spectrum. λfree are taken from Ref. [21].

λfree Shift FWHM
Transition (nm) (THz) (THz) Irel

4f 106s2-4f 106s6p 554.7 1.05 1.02 0.017
601.1 1.17 0.90 0.007
616.8 1.17 0.84 0.002
625.9 1.05 0.84 0.113
642.4 1.14 0.93 1.00

4f 106s2-4f 95d6s2 683.5 −0.54 0.15 0.052
657.9 −0.54 0.15 0.002

The interaction with the He environment transfers the laser-
excited Dy atoms from the 5K7 state to several lower-lying
states resulting in a rich emission spectrum. The observed
transitions are indicated in Fig. 2 by the red arrows. Their
assignments are given in Table I together with the rela-
tive intensities Irel, spectral shifts with respect to the free-
atomic wavelengths λfree, and the full width at half maximum
(FWHM) spectral widths. Five lines belong to the group of
4f 106s2-4f 106s6p outer-shell transitions. The line shape of
the strongest emission line at λfree = 642.4 nm is shown in
Fig. 3(a). All lines from this group are blue shifted with respect
to the free-atomic transitions by ≈1.1 THz and have nearly
symmetric Gaussian-like line shapes with a FWHM spectral
width of ≈0.9 THz. The line shapes of the two inner-shell
4f 106s2-4f 95d6s2 transitions are significantly narrower with
a FWHM of 150 GHz and have a pronounced asymmetry. Their
maxima are red shifted with respect to the corresponding λfree

by 0.5 THz. The stronger of the two lines at λfree = 683.5 nm
is shown in Fig. 3(b). The line shape can be interpreted as a
superposition of a ZPL that is only factor 2 broader than the
spectrometer resolution and a red-shifted PW, without any gap
between them. This result agrees with the earlier data on Cu
and Au [5,10].

The excitation spectrum was obtained by tuning the
Ti:Sapphire laser wavelength in steps of 3–10 GHz and record-
ing the full emission spectrum at each point. By plotting the
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FIG. 3. Emission spectra of Dy atoms in superfluid He. T =
1.5 K, excitation at λLas = 458.9 nm. (a) valence electron transi-
tion 4f 106s2-4f 106s6p (λfree = 642.4 nm); (b) inner-shell transition
4f 106s2-4f 95d6s2 (λfree = 683.5 nm). Zero detuning corresponds to
λfree.
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FIG. 4. (a) Low-power excitation spectra of the
4f 106s2 5I8-4f 95d6s2 5K7 transition of Dy (λfree = 458.9 nm).
(b) Calculated PW spectra. In (a) and (b) curve 1: T = 2.10 K, curve
2: T = 1.35 K.

fluorescence yield of different emission lines vs. the excitation
wavelength we confirm that all observed emission lines have
the same excitation spectrum shown in Fig. 4(a). It consists of
a narrow peak with a broad shoulder at the shorter wavelength
side, which can be readily attributed to a zero-phonon line
and a phonon wing, respectively. The ZPL is blue shifted by
≈30 GHz with respect to the transition in a free Dy atom. At
T = 1.35 K it has a FWHM spectral width of 4 GHz that
is factor 7.5 smaller than that reported in Ref. [3] for Eu.
The phonon wing spans approximately 0.3 THz and has a
maximum blue shifted with respect to the ZPL by ≈0.17 THz.
At low temperature T = 1.35 K the intensity of PW rises
steeply at a detuning of 110 GHz with respect to ZPL with
a pronounced gap between ZPL and PW. The excitation
spectrum thus strongly resembles the spectra of glyoxal and
other molecules on He nanodroplets [9,22,23] and disagrees
with Eu and Tm data in bulk liquid He [2,3]. Increasing
helium temperature to T = 2.1 K leads to a broadening of
ZPL and its shift by ≈3 GHz to higher frequencies. PW is also
broadened resulting in an almost complete disappearance of
the gap between ZPL and PW.

The dependence of the fluorescence yield on the cw ex-
citation laser power is shown in Fig. 5(b) for two different
excitation wavelengths corresponding to the ZPL and to the
maximum of PW. There is a pronounced saturation at the
laser intensity exceeding ≈0.5 W/cm2. The saturation effect
strongly depends on the excitation wavelength: the ZPL satu-
rates at a lower laser power than does the PW. At a high laser
power this leads to a significant distortion of the excitation
spectrum with a strongly diminished ZPL with respect to the
PW. The saturated ZPL also becomes strongly broadened and
the gap between ZPL and PW could not be resolved any more.
The effect is illustrated in Fig. 5(a). It may explain the puzzling
fact that no gap has been observed in earlier studies [2,3] in
bulk superfluid He.

The saturation intensity for a homogeneously broadened
two-level atomic transition is given [24] by

IS = 1

ν

λ3

4πch

gk

gi

, (7)

where ν is the transition spectral width, gi , gk are statistical
weights of the two electronic states, c is a speed of light,
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FIG. 5. (a) Normalized excitation spectra of the 4f 106s2

5I8-4f 95d6s2 5K7 transition of Dy (λfree = 458.9 nm) recorded
at different laser intensities. Curve 1: ILas = 0.02 W/cm2,
curve 2: ILas = 2.5 W/cm2, curve 3: ILas = 17 W/cm2.
(b) Dependence of the fluorescence yield at λEmis = 641 nm on
the excitation laser power. Curve 1: excitation of ZPL; curve 2:
excitation at the wavelength corresponding to the low-power PW
maximum. T = 2.1 K; dots: experimental data; lines: fits.

and h is the Planck constant. Using the measured spectral
width of ZPL, we obtain IS ≈ 10 W/cm2. In our experiment,
the excited-state population is transferred to other excited
states. We therefore solve a system of rate equations for
the populations in a simplified four-level system including
the ground state, the laser-excited 5K7 state, and the two
lowest states from the 4f 106s6p (5I8)(3PJ ) configuration that
produce the most intense fluorescence lines (see Table I). The
solution demonstrates that the ground state is depleted and
the atoms accumulate the (5I8)(3P0) state (λfree = 642.4 nm)
whose spontaneous emission rate is the smallest in this group
[21,25]. As a result, the fluorescence yield saturates at a lower
laser intensity than predicted by Eq. (7).

IV. DISCUSSION

The maximum of the PW in the experimental absorption
spectrum [Fig. 4(a)] is blue shifted from the ZPL by 0.17 THz
that is indeed very close to ωr . No features associated with
ωm could be distinguished in the experimental PW spectrum.
At low temperature, the peak at ωr in the calculated spectrum
is much narrower than the experimental PW line shape. The
same applies to the experimental spectra of glyoxal on He
nanodroplets [9]. The discrepancy is not related to the spectral
resolution of the experiment. We attribute it to the assumption
that the elementary excitations in the vicinity of the atomic
bubble are identical to those in bulk superfluid helium. In fact,
the PW shape reflects mostly the spectrum of local or pseudolo-
cal excitations existing around the defect. Our atomic bubble
calculations show that the characteristic bubble frequencies
fall within the phonon-roton spectrum and therefore the bubble
vibrations should be considered as pseudolocal modes or wave
packets of phonons and rotons. Their spectral width and DOS
may differ from those in the bulk.

The gap between ZPL and PW can be observed in various
solid matrices, including solid He, but not in classical liquids.
A classical hydrodynamic model of atomic bubble vibrations
ignoring superfluidity was developed in Ref. [4]. It predicted
the spectra without any gap between PW and ZPL. It appears
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in superfluid He and in He nanodroplets due to the peculiar
structure of the spectrum of the elementary excitations and is
thus a manifestation of superfluidity on the nanometer scale.

Although the resolution in our emission spectra is much
lower than in excitation, it is clear that the emission spectra
of inner-shell transitions [Fig. 3(b)] do not show the same
structure as the excitation spectrum. The absence of the gap
between the ZPL and PW may indicate the breakdown of
superfluidity in the vicinity of the atomic bubble in the process
of photon emission.

Due to their sharp ZPL and a large transition dipole, Dy
atoms possess a large absorption cross section for the resonant
laser light and are therefore good candidates for tracers for the
visualization of He flow, similar to He∗

2 excimers [26]. We have
suppressed the scattered laser light by an interference filter and
used the fast video camera to record the atomic fluorescence
at 641 nm. We thus obtain a video of the atomic cloud that
spreads along the secondary sputtering laser beam after each
laser pulse.

In summary, we have measured the temperature dependence
of the impurity-phonon coupling in superfluid helium and
resolved the longstanding discrepancy between the studies
of He nanodroplets [7] and bulk liquid helium [2,3]. The
PW in absorption spectrum is peaked at the frequency of
the roton peak in the DOS of elementary excitations, which
nearly coincides with the breathing vibration mode of the
atomic bubble. Increase of the helium temperature leads to
the broadening and shift of ZPL and disappearance of the gap
between ZPL and PW.
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APPENDIX

The parameters of the atomic bubble surrounding a Dy atom
in superfluid He are calculated using a standard approach (see,
e.g., Refs. [1,16]). The bubble is assumed to be spherically
symmetric neglecting the small anisotropy of Dy-He interac-
tion [17]. The density of liquid He at the bubble surface is
described by a trial function ρ(r) that changes smoothly from
zero to the bulk liquid He density ρ0.

ρ(r) = 0, r < R0

= ρ0[1 − [1 + α(r − R0)]e−α(r−R0)], r � R0. (A1)

The radius of the atomic bubble R is defined as a center of
gravity of this interface profile. The parameter α defines the
width of the surface layer b ∝ α−1.

The energy of Dy-He interaction Eint is obtained by the
integration of the Dy-He pair interactions Upair(r).

Eint(R0,α) = 4π

∫
Upair(r)ρ(r)r2dr. (A2)

The Dy-He interaction potential is not yet available. We there-
fore utilize the potential [17] for another lanthanide element
Yb that is expected to be very similar.

The energy of the bubble Ebub is given by

Ebub(R0,α) = p
4

3
πR3 + κ4πR2 + πh̄2

2m

∫ ∇ρ(r)2

ρ(r)
r2dr.

(A3)

Here, p is the hydrostatic He pressure, κ is the surface
tension parameter, and m is the He atomic mass. The last term
represents the energy arising due to the localization of He atoms
at the bubble interface.

The total energy Ug is a sum of Eint and Ebub. By minimizing
Ug with respect to the parameters R0 and α, we find the
equilibrium bubble configuration. The equilibrium bubble
radius is denoted Rb and is equal to 5.3 Å. The width of the
interface profile is b ≈ 1.5 Å.

We consider breathing and quadrupolar modes of the bubble
vibrations. For the breathing mode, the eigenstates Evib and
corresponding wave functions �g(R) are obtained by solving
a one-dimensional Schrödinger equation:

[
− h̄2

2M0

d2

dR2
+ Ug(R)

]
�(R) = Evib�(R). (A4)

The effective mass of the bubble is M0 = 4πR3
bρ0m. It is

assumed that the thickness of the bubble interface does not
change due to the oscillations. We thus obtain the frequency
of the breathing vibrations is �0 = 0.18 THz.

For the quadrupolar mode, we introduce angular de-
pendence of the parameter R0 in Eq. (A1): R0(θ ) = RS +
RQ(3 cos2 θ − 1), where RS corresponds to the spherical
equilibrium configuration. We then reevaluate the total energy
as a function of the quadrupolar deformation amplitude RQ

and solve the corresponding Schrödinger equation for the
quadrupolar vibrations. In this case, the effective mass of
the bubble is M2 = R3

bρ0m/3. The resulting frequency of the
quadrupolar mode is �2 = 0.33 THz.

The interatomic interaction potential corresponding to the
electronically excited state is not available. However, it is
clear that it is very close to that of the ground state. It
is thus reasonable to represent the total atom plus bubble
energy for the exited state Ue(R) by the same curve as that
of the ground state Ug(R) shifted to a slightly larger value
of the equilibrium radius: Ue(R) = Ug(R − δR) + E0. Here,
δR is the difference of equilibrium bubble radii and E0 is
the energy of the electronic excitation in a free atom. We
write the wave functions of the breathing vibrations in the
lower and the upper electronic states, �g(v,R) and �e(v′,R)
and compute the Franck-Condon factors F (v,v′,δR) for the
transitions between the v = 0 vibration state of the electronic
ground state and all vibration states of the electronically excited
state, v′ = 0,1,2, . . ..

F (v,v′,δR) =
[∫

�g(v,R)�∗
e (v′,R)dR

]2

. (A5)

In the experimental absorption spectra, the zero-phonon line
is formed due to the optical transitions that leave the bubble
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vibrations nonexcited. The ZPL intensity IZPL is thus propor-
tional to F (0,0,δR). All other vibronic transitions contribute
to the phonon wing. We therefore write:

IZPL

Itot
= F (0,0,δR)∑N

v′=0 F (0,v′,δR)
. (A6)

In fact, due to a small displacement of the two potential
curves, only contributions with v′ � 5 have to be taken into
account. We use δR as an adjustable parameter to fit the
experimentally observed ratio IZPL/Itot ≈ 0.7. We thus obtain
δR ≈ 0.15 Å.
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