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Effect of an applied magnetic field on 3*Sr n'D, ultralong-range Rydberg dimers
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Photoassociation of Ssnd 'D, — 5s? 'S, ultralong-range Rydberg dimers from an ultracold ¥ Sr atomic gas in
a magnetic field is studied. In the absence of magnetic fields, the electronic wave function is aligned along the
rotating molecular axis through electron-atom scattering. With increasing magnetic field strength, the symmetry
axis of the electron wave function becomes determined by the applied field. While the ground-state atom has
no spin or net charge to interact directly with the magnetic field, the dimer wave function in the limit of strong
magnetic field becomes aligned along the applied field. Photoassociation spectra show that with increasing field,
an increasing number of rovibrational states are excited, indicating strong coupling between rotational states

within the Rydberg dimer.
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I. INTRODUCTION

Ultralong-range Rydberg molecules (ULRRMs) comprise
a Rydberg atom whose electron cloud contains one or
more ground-state atoms weakly bound by scattering of the
Rydberg electron from the ground-state atom, resulting in
an unusually large chemical bond length that is compara-
ble to the size of the Rydberg atom itself [1]. Many earlier
studies of such novel species have been reported [2-6] and
they have been used, for example, to probe electron-atom
scattering and spatial correlations in quantum gases [7-10].
Whereas the majority of the earlier studies of dimer forma-
tion have been undertaken in zero or weak electric fields,
relatively few studies of dimer formation in magnetic fields
have been reported. However, as has been demonstrated using
87Rb Rydberg states, an external magnetic field can dramat-
ically influence dimer formation [11-13]. The presence of
a magnetic field 210 G was found to induce alignment of
s-state Rydberg molecules [13]. Studies with ZDs /2 and 2Ds 2
Rydberg states demonstrated the effects of molecular align-
ment and anti-alignment with the external field on dimer
formation [11]. This work showed that the dimer binding
energies for low-m “axial” states were substantially larger
than for high-m “toroidal” states.

In the present work, we use %Sr 'D, Rydberg states to
examine further the effects of a magnetic field on dimer
formation and the changes that occur as the magnetic field
is increased from zero to the strong-field regime. Different
from rubidium Rydberg dimers, bosonic 3*Sr has no hyperfine
structure (/ = 0) and, for singlet states, the total electron
spin S is zero. The ground-state atom does not interact
directly with magnetic fields, but only indirectly through the
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interaction with the Rydberg electron. Figure 1 shows rep-
resentative photoassociation spectra recorded when creating
5550d 'D,-5s* 'Sy Rydberg dimers (and 5s50d 'D, Rydberg
atoms) in a cold (1.1 uK) 84Sy atomic gas in several different
applied magnetic fields. As noted earlier [ 14], molecular states
can be characterized by the total angular momentum K and
its projection m. In the zero field, a series of sharp features
is observed associated with the formation of dimers in dif-
ferent rotational and vibrational states with binding energies
extending up to ~9 MHz [14]. The spectra are independent
of laser polarizations, indicating the rotational symmetry of
the molecular states. In a weak field (0.2 G), Zeeman split-
ting of the atomic line is evident, but the dimer lines remain
essentially unchanged. At fields of 1.0 and 2.0 G, where the
Zeeman splitting of the atomic line becomes sizable, signifi-
cant changes and shifts in the dimer formation spectra become
evident, although the shifts are not of the same magnitude as
the atomic Zeeman shifts. In stronger fields, 6.0 G, where the
Zeeman shifts are large, a well-resolved dimer series associ-
ated with each (Zeeman-shifted) atomic m level can be seen.
These observations raise a number of interesting ques-
tions. For example, why, in a weak field, do the dimer levels
not show any significant Zeeman shifts, and why, at some-
what stronger fields, do they not shift in proportion to the
atomic Zeeman shifts? In strong fields, the binding energies
of the most prominent dimer features, relative to their as-
sociated Zeeman-shifted atomic state, become much smaller
than in weak magnetic fields. To address these, and other,
questions, we develop a theoretical model that includes both
intramolecular angular momentum mixing and the presence of
an external field. The mixing of the electronic orbital angular
momentum and the rotational angular momentum plays a key
role in understanding the energy shifts of molecular levels in
a magnetic field. We probe the transition from the weak-field
regime, where the interaction between m levels induced by the
electron-atom scattering is larger than the Zeeman splitting, to
the strong-field regime where interactions with the magnetic
field become dominant. In the absence of a magnetic field, the
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FIG. 1. Photoassociation spectra recorded when creating
5550d 'D, dimers in the magnetic fields: (a) 0, (b) 0.2, (c) 1.0,
(d) 2.0, and (e) 6.0 G. The laser polarizations (¢ + o, 7w + ) (see
text) were selected to probe the population of m = 0 and £2 states
in each molecular eigenstate. The atomic excitation lines are also
included and form the sharp features present in each spectrum. The
laser powers used to obtain the dimer spectra were ~400 times
larger than those used to obtain the atomic spectra. The detunings
are measured from the m = 0 atomic line and only those parts of the
spectra seen at negative detunings are included.

molecular states are rotationally symmetric. The application
of a magnetic field breaks this symmetry and, in the limit of
strong fields, the molecular state becomes cylindrically sym-
metric around the magnetic field, forming axial and toroidal
states aligned along and perpendicular, respectively, to the
field axis.

The model predictions are in good agreement with the
experimental measurements and account for many of the fea-
tures seen in the data. They also provide insights into the
transition from weak- to strong-field behavior. In Sec. II, we
describe the experimental apparatus used for dimer photoas-
sociation studies. Section III describes the theory, followed
in Sec. IV by its application in the zero-field limit, Sec. V
to the strong-field limit, and Sec. VI in intermediate fields.

413 nm

QUADRANT ELECTRODES

Section VII provides detailed comparisons between model
predictions and the experimental observations.

II. EXPERIMENTAL APPARATUS

A schematic of the present apparatus is shown in Fig. 2 and
is described in detail elsewhere [8]. Briefly, 84Sr atoms are
cooled and loaded into a crossed optical dipole trap (ODT).
Evaporative cooling is used to control the temperature of the
atoms in the trap, which typically contains ~10° atoms with a
peak density of ~7 x 10'> cm™3. A series of six square coils
arranged as the sides of a cube are positioned on the outside
of the apparatus. These are used to null the Earth’s magnetic
field, but can also be used to generate a magnetic field of up
to a maximum of ~ 6G along the z axis, indicated in Fig. 2.
The Rydberg atoms are created by two-photon excitation,
552 1Sy — 5s5p' P — 5snd 'Ds, using counterpropagating
lasers operating at 461 and 413 nm, respectively. The 461 nm
laser is blue detuned by 18 GHz to limit heating of the sam-
ple through scattering. The lasers are linearly polarized and
their planes of polarization, defined relative to the magnetic
field axis, can be controlled to permit selective excitation of
m=0 (w+m), £1 (o0 +m), or 0 and £2 states (o + o).
The high degree of linear polarization that is achieved is
demonstrated by the fact that when scanning the atomic line
in a magnetic field using, say, m + 7 laser polarizations the
number of m = =1 states that are excited is less than 3% of
the number of m = 0 states that are created. This observa-
tion also shows that any mixing of m levels by stray electric
fields is negligible. The lasers are frequency stabilized using
a high-finesse ultralow-expansion cavity. Rydberg atoms and
molecules are detected using selective field ionization (SFI)
in a field generated by applying potential differences to the
electrodes shown in Fig. 2. The product electrons are directed
to a microchannel plate for detection.

A cold (T ~ 1.1 uK) atomic gas of 3*Sr is first prepared.
Concurrent laser pulses of 20 us duration are then applied
to create Rydberg atoms and molecules. The number of
Rydberg atoms and molecules created per laser pulse is kept
low, <1, to avoid Rydberg-Rydberg interactions. Photoassoci-
ation spectra are built up through multiple cycles at each laser
frequency. Typically ~100 such experimental cycles can be
performed using a single cold-atom sample before significant
heating of the sample occurs. At the end of each series of
experimental cycles, the atom number and temperature are
determined by releasing atoms from the trap and monitoring
the expansion of the atomic cloud via absorption imaging on
the 552 'Sy — 5s5p 'P; transition. A new cold-atom sample
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FIG. 2. Apparatus schematic and energy diagram around the 5550d' D, Rydberg state of strontium.
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is then prepared and the process repeated for the next data
point in the spectrum.

III. THEORY

The 5snd'D, Rydberg dimer is treated as a three-body
system comprising the Rydberg electron, the Rydberg core
ion, and the ground-state atom. In the presence of an external
magnetic field, B = B2, the effective three-body system can
be represented by the Hamiltonian

2 2

p L = e
H~— V. V(7 —R
21 + 2m, TV +VE )+ 2m,

B, (1)

where 7 and R are the positions of the electron and ground-
state atom relative to the nucleus, u = m,/2 the reduced
mass of the dimer (m, is the mass of an 3*Sr atom), m,
the electron mass, e the elementary charge, p the electron
momentum, P the momentum of the ground-state atom, £,
the projection of electronic orbital angular momentum onto
the z axis, V.(r) the electron-Sr* ion core interaction, and
V(#— ﬁ) the electron—ground-state atom interaction, which is
approximated by

. 27k . 6nR e o
V(F—R)~ ay(k)s(F — R) + @ V3(F —R)V.
me me

2

The energy-dependent s-wave scattering length, a,(k) =
—13.84ay + (7 /3)ak (ap: Bohr radius; «: ground-state atom
polarizability), and the p-wave scattering length, a, = 9.7ao,
are taken from earlier measurements in zero magnetic field
[14]. For strontium, the low-energy p-wave shape resonance
present in the alkalis is absent and D states are well isolated
from adjacent £ states (Fig. 2) when compared to the typical
molecular binding energies (~10MHz at n = 50). Therefore,
the molecular potential of a D state does not cross with those
of other ¢ states. Assuming that the electronic wave function
(Fln, £, m) = p, ¢(r)Y,"(#) is unperturbed by the presence of
the ground-state atom, we use an ansatz for the «th molecular
eigenstate,

(7, R|nD; k, M)

=3 Y bu=m (ORI RV BN R).  (3)

v, N m+My=Mg

N and My are the rotational angular momentum and its pro-
jection. Using this ansatz, the time-independent Schrodinger
equation can be written as coupled partial differential equa-
tions for the radial wave functions R‘(f;,!m(R), which are
solved numerically to obtain the molecular eigenenergies and
eigenwave functions (see details in [14]). [We choose to use
unnormalized radial wave functions such that the population
of the configuration (v, N, M) in the molecular eigenstate k is
proportional to the square of the norm of R®)(R).] M is

v,N,m
a projection of the total angular momentum K = 7+ N onto
the z axis. (The effects of electron spin are neglected for the
present n' D states.) In the presence of a magnetic field, My is
a good quantum number, but not K.

The two-photon transition amplitude from the initial scat-
tering state |5s® 'So; k, N', M) is given by

FK,MK(kv N/» M]/v)
= (nD; k, Mk|dady |55 'Sos k, N', My)

= Duste—n, / dRR? jy (kKRYRYY e (R (4)

Here the atomic wave function of the initial scattering

state is represented as a spherical wave jy/(kR)Y, My R).
Jn'(kR) is a spherical Bessel function for N > 0, while for
N =0, jo(kR) = sin[k(R — Ay)]/(kR) including the scatter-
ing length (A, = 123a) between 84Sr atoms. dip=yorz
specify the polarizations of the two excitation lasers (o or )
and D,, is the electronic two-photon transition matrix element.
This transition amplitude is similar to the Franck-Condon fac-
tor, but including the electronic dipole transition amplitudes
to account for the angular momentum coupling. For a nonzero
sample temperature 7, the photoassociation spectrum as a
function of laser frequency w can be evaluated as

3/2
i 22
= — dk A ke~ K/ QuksT)
f(w) <27T/LkBT> / Z TKe

N',M},

X Y Lk, ) F g (k, N', M), )
K,Mg

where L, y, (k, @) is a Voigt profile centered at the molecular
eigenenergy E, u, . The spatial distribution of the ground-state
atom in the Rydberg dimer can be calculated by tracing over
the electronic wave function,

Ocu (R, Or) = / d*r|(7, R|nD; «c, M) |*

23

m

2
D O RE LRYSYEMER)| L (6)
VN

The wave function is cylindrically symmetric around the mag-
netic field (i.e., z axis) and depends on R = |R| and the angle
Or between R and the 7 axis.

For the current study, all numerical results are obtained us-
ing rotational states up to N = 50, including the contributions
from both s- and p-wave scattering and also from both ¥ and
IT molecular states. The convergence of the photoassociation
spectra was confirmed by comparison with simulations in-
cluding states up to N = 100. In the next sections, we analyze
two extreme limits (without magnetic field and with strong
field). The full numerical calculations can be interpreted using
an approximation containing only the dominant contributions
from X states.

IV. ZERO MAGNETIC FIELD

In the absence of a magnetic field, the Rydberg molecule
has rotational symmetry and the total angular momentum K
is a good quantum number. Since the centrifugal energies and
coupling to IT states are typically negligible, the molecular
radial wave function can be approximately calculated using

022814-3
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FIG. 3. Effective molecular potential [Eq. (7)] for the vibrational
motion of a 50! D, Rydberg dimer (black). Zero energy is set to that
of a 50'D, Rydberg atom (without the ground-state atom). Radial
wavefunctions Ry, (R) for v =0, 1,2 are also shown. Their base
lines correspond to their binding energies.
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the effective potential

B0+ 1)
2

Vir(R) =~ as (k)| .o (R)]?

e
2

2m,

(see Fig. 3) and is nearly independent of N and m. We denote
the resulting N- and m-independent normalized radial wave
function by x)(R). Consequently, the molecular wave func-
tion can be approximated as [14]

(7, RInD, v, K, M)

~ (X R) Y Coun KOV (RIYY =M (R)

m,N

20+ 1
4
where the coefficient

Con(K) = (—=1)VME /N + 1)2K + 1)

¢ N K\(¢t N K o
o 0o o)\m Me—m —m) @

is defined using the Wigner 3 symbols. A molecular state
is a superposition of all m states (—2 < m < 2) and a few N
levels (| — K| < N < £+ K). A selection rule defined from
a Wigner 3j symbol indicates that £ + N 4 K has to be even.
For an initial gas of bosons, only rotational states with even
N’ are present. Consequently, assuming a vertical transition
N = N’, only molecular states with even K can be photoas-
sociated for £ = 2. For example, at the sample temperature of
1 uK (i.e., the average relative momentum for a pair of atoms,
fik ~ 7 x 10~* a.u.), the initial gas is dominated by the partial
waves satisfying N’ < iikR. In particular, around R = 210 nm
~ 4000 a.u., N' = 0 and = 2 rotational states are dominant

+

(2L + 1)a | 0gpnc(R)|? ()

= (=¥ Pna (M XS (RIPi=o (7 - RV (R), (8)

and molecular states with K = 0, 2, 4 are principally excited
for £ = 2.

The calculated photoassociation spectrum for 5550d 'D,
dimers at a sample temperature of 1.1 uK in the absence of
magnetic field is calculated using the three-body Hamiltonian
introduced in Sec. III [Fig. 4(a)]. We interpret the results
using the approximation described earlier [Eq. (8)]. For this
temperature and dimers with R, ~ 200 nm, the initial scatter-
ing states correlate primarily with N = 0, 2 rotational states.
Indeed, the peak seen at —9 MHz corresponds to the produc-
tion of dimers in the ground vibrational state (v = 0) with
contributions from the K = 0, 2, 4 levels. Though the energy
splittings between those K levels at n = 50 are too small
(~30 kHz) to resolve, such line broadening has been observed
at lower n [14]. The wave functions R2o(R, 6g) [Eq. (6)]
for K =0, 2,4 [Figs. 4(c)-4(e)] with Mg = 0 are localized
in R around R ~ 230 nm [or ~1.8(n — 8)ao] and the exci-
tations (nodal structures) are seen in angular coordinate 6g.
Indeed, the angular distribution is proportional to |Y1?/I’< (R)?
[Eq. (8)]. While the wave function with Mg = 0 is mostly
aligned along the z axis, due to the Mg-level degeneracy, the
wave functions with a superposition of My states can have any
orientation. Only in the defined limit of low temperature, i.e.,
when the scattering states with N’ = M}, = 0 are dominant,
can the laser polarization break the rotational symmetry and
allow selective excitation of aligned molecular states (along
zby m +m and y by 0 4+ o). Whereas only a few K levels
are visible in the calculated photoassociation spectrum, many
more excited rovibrational states are found in the calculations
[Fig. 4(b)]. As expected, as the expectation value (N) for
each molecular state increases, its binding energy decreases.
However, the standard deviation ((AN)?)!/? stays constant,
limited by the condition |[K — 2| < N < K + 2.

At the second peak around ~ — 4.3 MHz, the wave func-
tion of the molecular state [Fig. 4(f)] with the largest
Franck-Condon factor within this peak possesses a radial dis-
tribution shifted towards smaller R (~200 nm), which points
to the excitation of v =1 states (see Fig. 3). The angular
distribution with two nodes indicates the formation of the
K = 2 state. Several vibrational states are densely distributed
around —3.6 MHz. That with the largest Franck-Condon fac-
tor (v = 3 and K = 2) is shown in Fig. 4(g).

V. STRONG-FIELD LIMIT

In the limit of strong magnetic field, Zeeman splittings be-
come so large that the mixing of m levels induced by scattering
from the ground-state atom becomes negligible [11], allowing
the molecular eigenstates to be calculated by diagonalizing
the Hamiltonian [Eq. (1)] for each m level separately. We
note that the “strong”-field limit in this section means that the
field is strong enough to uncouple m levels, but not so strong
as to induce the coupling between ¢ levels or to introduce
significant diamagnetic energies (~50 kHz for n = 50 at B =~
6 G). Figure 5 shows the calculated photoassociation spectra
for the creation of 5s50d 'D, dimers with (a) m = —2 and
(b) m = —1, in the limit of a strong magnetic field. When the
dimer binding energies are referenced to the corresponding
Zeeman-shifted [by emB/(2m,)] atomic lines, their binding
energies of <3 MHz are seen to be significantly smaller than

022814-4



EFFECT OF AN APPLIED MAGNETIC FIELD ON ...

PHYSICAL REVIEW A 114, 022814 (2026)

150

-

o
@

/ )
_m
g

—_— LE T T , -l T
B 5Ny I I I ()
c
=)
§4 | ]
5%
-‘5% ] ! ] , | , 1 ®)
™ 40._ T I T IIF I T
LIJE) - IIIi IIIIIJ'I
= ¥ z
® 20| g AT
53% 5 II II
s [ £ %%% Y
o- | ,
-8 -6 0

Detuning (MHz)

FIG. 4. (a) Calculated spectrum for the photoassociation of 5550d 'D, Rydberg dimers in the absence of a magnetic field with a sample
temperature 7 = 1.1 uK. The detuning is referenced to the atomic Rydberg state. The contributions from My states in the range [—6, 6]

are summed. (b) Expectation value (N) (red dots) of the molecular Mg

= 0 eigenstates. The error bars indicate the standard deviations. The

molecular wave functions R2o(R, 6) are shown for v = 0 with (c) K =0, (d) K =2, and (e) K =4, and for (f) v =1 and K = 2, and (g)

v=3and K = 2.

those in the absence of a magnetic field, ~9 MHz (see Fig. 4).
In the strong-field limit, an effective molecular potential can
be evaluated for each m level separately and approximated by

e 27 h?
2m, m,

Un(R) ~ a; (k)| oo (R)|?

67Tﬁ2 A (2
+ a3,|aan,g<R>|2} [Y,"(R)|
me
A2
1|Y[”(R)| . (10
)
-E I.
=}
cg’ 7]
28 1
Sso |-
2o o T
9 gl : I8
® L i itn"_'
g 1]=2 = 1
-3 -3 0

Detuning (IV1IHz) Detuning (MHz)
FIG. 5. Calculated photoassociation spectra for 5s50d 'D, Ryd-
berg dimers for (a) m = —2 and (b) m = —1 in the limit of strong
magnetic field. The sample temperature is set to 7 = 1.1 uK. Con-
tributions from My states in the range [—6, 6] are summed. The laser
polarizations are (a) o + o and (b) o + 7. Detuning is defined with
respect to the Zeeman-shifted atomic line. Expectation value (N) for
(¢) m = —2 and (d) m = —1. The red dots correspond to states with
My = —2 and the blue triangles are states with My = —1. In (d), the
states with Mg = —2 are not shown as they are nearly identical to
those of Mg = —1. The error bars indicate the standard deviations.

The Zeeman shift, emB/(2m,), is constant within a single m
manifold and the rest is separable into the radial part Vj;(R)
(Fig. 3) obtained in the absence of a magnetic field [Eq. (7)]
and the angular part —|YZ’”(IQ)|2. The latter is depicted in
Fig. 6. We note that due to the negative scattering length a,(0),
the angular potential is plotted with a minus sign. The depths
of the angular potentials are 3/8 = 0.375 for |m| = 1,2 and
the molecular binding energies [Figs. 5(a) and 5(b)] become
smaller than those for B = 0 (Fig. 4).

The molecular wave functions (Fig. 7) are consistent with
the angular part of molecular potentials (Fig. 6) and local-
ized around 6g = 7w /2 for m = —2 (As, Bs, Cs), and £ /4
for m = —1 (Ds, Es). The expectation value (N) increases as
the binding energy decreases [Figs. 5(c) and 5(d)] until the
next excited vibrational state around —1.5 MHz is found. In

2
|

m
|

-4 /(21+1) |Y

FIG. 6. Angular parts of the effective potential for (a) |m| = 2,
(b) jm| =1, and (¢) |m| = 0.
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FIG. 7. Molecular wave functions R?g(R, 6z) corresponding to
the peaks indicated as As to Es in the photoassociation spectra in
Fig. 5. As and Cs are for m = —2 and Mg = —2, Bs is form = -2
and My = —1. D5 and E5 are form = —1 and Mgy = —1.

contrast to the zero-field case (Fig. 4), the standard deviation
also increases with (N), implying that highly excited rovibra-
tional states contain a wide range of N states, including low-N
states, which can be photoassociated in an ultracold gas. The
wave functions (Fig. 7) show narrower distributions in 0 than
those for B = 0 (Fig. 4), confirming larger standard deviations
((AN)?)1/2, The excitation strength of each molecular state is
closely related to the symmetry of the angular wave function.
The Franck-Condon factor is enhanced (suppressed) when the
number of nodes within a single potential well in g is even as
in As, Cs, Ds (odd as in Bs and E5). Additional information on
the symmetry of molecular wave functions can be extracted
from the quantum number Mg, which could be controlled by

the laser polarizations in the limit of ultracold gas (i.e., N' =
M}, = 0). The angular wave function is even with respect to
Or = /2 for even Mg and odd for odd Mg. For m = —2,
the effective potential has a single well around 6 = 7 /2 and
the symmetric wave functions with even Mg have sizable
excitation strengths. On the other hand, for m = —1, i.e., in
the double-well potential in 6 (Fig. 6), Mg determines the
gerade and ungerade symmetry between these two wells. In
the current case, they are nearly degenerate and even and
odd M states cannot be distinguished in the photoassociation
spectra. We note that the above analysis shown for negative
values of m is also applicable for positive m.

For m = 0, the angular potential (Fig. 6) shows multiple
wells at g = 0 and £x with different depths. Calculated pho-
toassociation spectra [Fig. 8(a)] also show small peaks below
—2 MHz [clearly seen in the logarithmic scale in Fig. 8(b)]
corresponding to the deep wells at 6 = 0, 7 and large sharp
peaks above —2 MHz for the shallow well at 6 = 0. The
molecular wave functions (Fig. 9) confirm the localization at
O0r = 0, m (axial states) for the small peaks (As, By, Cg) and
Or = /2 (toroidal states) for the dominant peaks (Dg, Es, Fg)
[11]. As expected from Fig. 6, the binding energies for the
axial states are comparable to those without magnetic fields
(Fig. 4). Below —4 MHz, increasing (N) indicates the exci-
tation of rovibrational states. Since the molecular states are
subject to different boundary conditions at 6 = 0, w (see
Fig. 9), no degeneracy is seen between different My states.
The first excited vibrational state is present around —4 MHz
(with small (N)), but the photoassociation strength is not
significantly larger than is the case for m = —1, —2 (Fig. 5).
This can be be recognized in the photoassociation spectra as a
change in the interval between peaks.

The binding energies for the toroidal states (> —4 MHz)
are suppressed by a factor ~0.25 (Fig. 8) compared to those

B 2°‘(a)l T ]
s T :
B e -
mgno (b)
S 10°rhA; Gy
@ 45kf| Bs
e
40—(C)| T T - ':': =
T |
~ i T i } + -
ST Prrilelily - i
o -| \ I \ |I A C I H

-8 -6 -4
Detuning (MHz)

2 -1
Detuning (MHz)

FIG. 8. (a) Calculated photoassociation spectrum of 5550d 'D, Rydberg dimers with m = 0 in the strong-field limit. The sample temper-
ature is set to 7 = 1.1 uK. All contributions from My states in the range [—6, 6] are summed. The laser polarization is 7= + 7. Detuning is
defined with respect to the Zeeman-shifted atomic line. (b) Same as (a), but on a logarithmic scale to visualize the small peaks. (c) Expectation

value (N) for Mx = 0 (red dots) and Mg = —1 (blue triangles). Above —

The error bars indicate the standard deviations.

2 MHz, only states with significant Franck-Condon factors are shown.
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FIG. 9. Molecular wave functions R*>o(R, 6z) for m = 0 corre-
sponding to the peaks indicated as Ag to F3 in the photoassociation
spectra in Fig. 8. Bg is for Mg = —1 and all others are for Mx = 0.
To visualize the wave function near the boundary, in Ag, Bg, and Cg,
the 0y axis is scaled by a power law [ox (6 — 1/2)°].

without magnetic fields (Fig. 4). The prominent peaks in the
photoassociation spectrum correspond to the lowest-energy
toroidal state (Fig. 9, Dg), the first excited rotational state
(Fig. 9, Eg), and an excited vibrational state (Fig. 9, Fg). Due
to the presence of excited background axial states, the de-
tailed structure in the other molecular levels cannot be clearly
resolved, as is the case for m = —1, —2. Due to the large
standard deviations in N, the wave functions are well local-
ized in 6 for both axial and toroidal states. Consequently,
the axial states have very small Franck-Condon factors when
photoassociated from an isotropic distribution of atoms. The
observation of such axial states, therefore, would require siz-
able laser powers [11].

VI. INTERMEDIATE-FIELD REGIME

When the Zeeman splitting is smaller or comparable to
the interaction energy between the Rydberg electron and the
ground-state atom, the couplings between m levels induced by
the electron-atom scattering must be considered. The molecu-
lar energy levels in the intermediate-field regime calculated by
diagonalizing the Hamiltonian [Eq. (1)] including the mixing
of m levels are shown for 5550d 'D, Mx = 0 dimers as a func-
tion of magnetic field applied along the z axis together with
the Zeeman-shifted atomic levels (Fig. 10). Only those dimer
states with (R) < 2.2(n — §)%ay are considered as bound. For
each bound state «, the weight on each N state,

wy) = Z/dRR2 D ORI LR

is evaluated. States with the sum ) y_, wl(\',() of N =0 and
N = 2 populations over 1% are plotted in red in Fig. 10 to
highlight those states that can be accessed optically in a cold
gas. At B =0, only a few rotational states centered on the
different vibrational states are optically accessible and can
be populated. However, as illustrated by the black lines in
Fig. 10, many additional molecular levels exist that are not
optically accessible.

2
)

(1)

Energy (MHz)

Atomic Zeeman line
—— Bound molecular state

Optically accessible
bound molecular state

L l 'l I L
0 2 4 6

Magnetic field (G)

FIG. 10. Calculated bound molecular energy levels for 5550d 'D,
dimers (Mg = 0) as a function of magnetic field. The bound molec-
ular states are defined by an average bond length satisfying (R) <
2.2(n — 8)*ay. Those bound molecular states with N =0 and 2
populations greater than 1% are highlighted in red (see text). The
dissociation thresholds (i.e., atomic Zeeman lines) are also shown.

As B increases, the dimer levels begin to shift and split.
Those with small level shifts, dE/dB, correspond to states
with small expectation values of m, i.e., (m) ~ 0,as dE /dB =
e{m)/(2m,). Many of these molecular states with energies
between —4 and —9 MHz are not optically accessible from an
ultracold gas in a weak magnetic field. However, with increas-
ing magnetic field, the energies of some of these states shift
below —9 MHz, whereupon they become optically accessible
due to the coupling between rotational states, opening up
the possibility of photoassociating weakly aligned molecules.
Other states show larger B-field dependences, pointing to
larger values of (m) and contributions from higher m states.
Indeed, at the highest field in Fig. 10, the most strongly
bound states have values of dE /dB characteristic of m = —2
states, i.e., of toroidal states. Also, at the higher fields, the
dimer binding energies, relative to the corresponding Zeeman-
shifted atomic level, become much reduced.

We note that the “bound” states associated with all but
the m = —2 level lie above the dissociation threshold for one
or more other m states. Therefore, they couple strongly with
scattering states above the dissociation thresholds of other m
states. These quasibound states are defined by the condition
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FIG. 11. (a) Rydberg excitation spectra recorded in a magnetic
field B = 0.2 G using the combinations of laser polarizations indi-
cated. (b)—(d), Comparison, on an expanded vertical scale, of the
measured 5550d 'D, dimer production rates with those predicted
using the present model. The sample temperature is 1.1 uK and the
calculations include the sum of contributions for —6 < Mg < 6. The
dashed blue lines indicate the positions of the Zeeman-shifted atomic
lines.

(R) < 2.2(n — 8)ay, but are sensitive to the chosen threshold
(R) value. The quasibound states displayed as nearly solid
lines are close to true bound states and those as broken lines
have expectation values (R) close to the threshold value, indi-
cating strong coupling to scattering states.

VII. RESULTS AND DISCUSSION

Figures 11-13 show photoassociation spectra recorded in
selected magnetic fields using different combinations of laser
polarizations to selectively excite different m levels. (Note
that because of small misalignments of the laser and magnetic
fields, the spectra contain small contributions from the exci-
tation of atomic m states other than those targeted. However,
as noted previously, their excitation strengths are very small
and therefore they and their associated dimers do not provide
a significant contribution to the measured molecular photoas-
sociation spectra.) Each spectrum is referenced to the m = 0
atomic line.

Figure 11 shows spectra recorded in a 0.2 G magnetic field.
These match closely with those seen in zero magnetic field
and contain three prominent narrow features associated with
the creation of v = 0, 1, and 3 vibrational states having bind-
ing energies of ~9, 4.3, and 3.4 MHz (see Fig. 4). The model
predictions agree well with the experimental measurements.
The lack of any significant energy shifts is consistent with
Fig. 10, confirming that in this regime, the dimer properties
are governed simply by Rydberg electron scattering from the
ground-state atom.

At B=1 G (Fig. 12) and B =2 G (Fig. 13), significant
changes in the dimer spectra become apparent that depend
markedly on the choice of laser polarizations and are again

m=-2 m=-1m=0 m=1 m=2
T T -

T T T

| — o+c 1(@)

100 __ oix H
[ — m+n 1
) |
_—
o
o
c OF T : =
3 g — Calc. oto L (b)
g 3-_ — Expt. ]
= t Jk M N
(1] 0 YR} L " " L
c : : T
D gl — T ] o+n 1(c)
o |
2,4 | i
=T 5
'g 0 AAJI-A e " A‘M : L
N . T T+T (d)
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-10 -5
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FIG. 12. (a) Rydberg excitation spectra recorded in a magnetic
field B = 1.0 G in the vicinity of n = 50 using the combinations of
laser polarizations indicated. (b)-(d) Comparison, on an expanded
vertical scale, of the measured 55s50d 'D, dimer production rates
with those predicted using the present model. All other conditions
are as in Fig. 11.

well described by the model. For o + m polarization, pro-
nounced broadening is seen, resulting from the creation of
multiple rovibrational levels. For o 4+ o polarization, a sig-
nificant change in binding energy is evident, from ~9 MHz
at B=0 to ~11 MHz at B=2 G, as might be expected
from its m = —2 character. For w 4 & polarization, a peak
at ~ —9 MHz is still present at both B=1 and = 2 G,
consistent with the production of (m) >~ 0 states (Fig. 10),

m=-2 m=-1 m=0 m=1 m=2
200 T T T T T T (a)
I — o+o 1
— O+T
00~ — nin H

Rydberg signal (arb. units) _

-5 | 0 5
Laser detuning (MHz)

FIG. 13. (a) Rydberg excitation spectra recorded in a magnetic
field B = 2.0 G in the vicinity of n = 50 using the combinations of
laser polarizations indicated. (b)-(d) Comparison, on an expanded
vertical scale, of the measured 5550d 'D, dimer production rates
with those predicted using the present model. All other conditions
are as in Fig. 11.
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FIG. 14. (a) Comparison of the Rydberg excitation spectra
recorded in a magnetic field B = 6.0 G in the vicinity of n = 50
using the combinations of laser polarizations indicated. (b)—(d) Com-
parison, on an expanded scale, of the measured 5550d 'D, dimer
production rates with those predicted using the present model. All
other conditions are as in Fig. 11.

implying the presence of an aligned Mx = 0 molecular state.
AtT = 1.1 uK and R,, = 200 nm, the initial gas of atoms has
a non-negligible population of K = 2 states. The observed
peak at —9 MHz may contain contributions from other My
states, |Mk| < 2, that are not aligned to the magnetic field.
However, at lower temperatures or for smaller n, the Mx = 0
states can become dominant and aligned molecules can be
created. Moreover, the features corresponding to quasibound
molecular states above the dissociation threshold for m = —2
states become sizable.

We note that the calculations are implemented in a finite-
size box with R < 500 nm. Therefore, the states above
dissociation thresholds are not accurately represented. This

m=0

A m=1 c

1 1

leads to some discrepancies with the measured data, in par-
ticular the line width near the Zeeman-shifted atomic lines.

At B = 6.0 G (Fig. 14), the system approaches the strong-
field limit (Sec. V). The spectra contain a series of isolated
subspectra, each of which converges to a particular atomic
m level. As predicted, the detailed structure of the individual
contributions depends markedly on the value of m. Rydberg
dimers observed below —16 MHz using o + o laser polariza-
tion are dominated by the m = —2 state, which contributes
more than 90% of the observed signal. The spectra contain
multiple sharp peaks that correspond to vibrational excitations
and small (quasiperiodic) peaks associated with rovibrational
excitations [see the inset of Fig. 14(b)]. Quasibound molecular
states belonging to other m states are embedded in the sea
of highly excited (dissociated) dimer states of lower m (see
Fig. 10). While coupling between m states induced by electron
scattering is still sizable, for quasibound molecular states,
the molecular wave functions [Eq. (6)] reveal that they are
dominated by the nearby Zeeman-shifted m state. The distri-
bution in angle 0 (see Fig. 15) is well localized within the
potential wells (see Fig. 6) associated with the corresponding
value of m. For m = 0 (C,D), as expected in the strong-field
limit (Sec. V), the localization around 6 = 7 /2 indicates the
dominance of toroidal states, although a small admixture of
axial states is also seen. Axial states with energies of —9
to —8 MHz (Fig. 8) are expected but are strongly perturbed
by other m states as they overlay the m = —1 Zeeman line.
Similar to toroidal states (Fig. 1), the angular distribution
of axial states becomes narrower with increasing magnetic
field. As the axial state aligns more sharply with the mag-
netic field, the corresponding Franck-Condon factor becomes
smaller.

VIII. CONCLUSIONS

The present work shows that the presence of a magnetic
field can have a dramatic effect on the structure of 3*Sr dimers.
Although, in the absence of electronic and nuclear spins (I =
S = 0), the ground-state atom barely interacts with magnetic

m=2

E m=l G

1

0.5

~X

0.5

R (nm)

FIG. 15. Molecular wave functions R%o(R, 6z) corresponding to the peaks indicated as A to H in the photoassociation spectra in Fig. 14.
A and B with Mg = —1, C and D with My = 0, E and F with My = 1, and G and H with My = 2.
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fields, in the case of the dimer, indirect interactions through
scattering of the Rydberg electron can affect the geometry of
the molecular wave function. From an isotropic distribution of
atoms, dimer states with toroidal wave functions perpendicu-
lar to the applied magnetic field have large photoassociation
rates. Dimers aligned along the magnetic field (axial states)
might also be photoassociated in a weak magnetic field in the
limit of low temperature or in a strong field using high-power
lasers. In future studies, it will be interesting to examine
the production of n’D; » ;3 Rydberg dimers and the effects of
nonzero total electron spin. Measurements of dimer binding
energies in the presence of an electric field are also of interest,
with emphasis on the creation of quasi-one-dimensional Stark

states for which the electron probability density is strongly
localized on one side of the nucleus [15].
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