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Magnetically Tunable Electric Dipolar Interactions of Ultracold Polar Molecules
in the Quantum Ergodic Regime
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By leveraging the hyperfine interaction between the rotational and nuclear spin degrees of freedom, we
demonstrate extensive magnetic control over the electric dipole moments, electric dipolar interactions, and
ac Stark shifts of ground-state alkali-dimer molecules such as KRb(X'E*). The control is enabled by
narrow avoided crossings and the highly ergodic character of molecular eigenstates at low magnetic fields,
offering a general and robust way of continuously tuning the intermolecular electric dipolar interaction for
applications in quantum simulation, quantum sensing, and dipolar spinor physics.
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The nearly limitless availability of quantum levels with
long lifetimes, favorable coherence properties, and strong,
tunable electric dipolar (ED) interactions make ultracold
polar molecules a highly attractive platform for quantum
science [1-16], ultracold chemistry [17,18], and precision
searches of new physics beyond the standard model [4,19].
Attaining robust quantum control over molecular electric
dipole moments (EDMs) and their ED interactions is key to
achieving high-fidelity quantum gates [2,20] and dynami-
cal generation of entangled states [15,16], which can be
used for a wide range of applications ranging from quantum
metrology [21-24] to quantum simulation [3,25-29].

Thus far, quantum control of EDMs and ED interactions
of polar molecules has only been explored for internal
molecular states in the high magnetic (B) field limit, where
the nuclear spins are nearly completely polarized and
decoupled from molecular rotation, leading to magnetic
field-insensitive molecular eigenstates of the form
INMy)|I,M; )|I,M,), where N is the rotational angular
momentum of the molecule with eigenvalue /N(N + 1),
im are the spin operators for the mth nucleus (m = 1, 2),
and My and M, are the projections of N and 1,, on the B-
field axis. As a result, in this limit, B fields cannot be used
to tune the EDMs of closed-shell polar molecules (such as
KRb, NaK, and NaCs), precluding magnetic control over
their ED interactions. While these interactions can still be
tuned using external dc and ac electric (F) fields, this type of
control imposes a number of significant limitations, includ-
ing undesirable field inhomogeneities and decoherence
mechanisms, which have prevented most experiments from
operating outside the weak E field limit. Furthermore, it is
impossible to turn the ED interaction off on demand using a
dc E field alone when working with superpositions of
rotational states with nonzero ED coupling, such as N = 0
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and N = 1 states. Thus far, this challenge has been addressed
by transferring the molecules to (or from) the states coupled
(decoupled) by the ED interaction [3,20], requiring additional
microwave or Raman pulses.

Here, we propose a general mechanism for smoothly
tuning the ED interactions between polar molecules via an
external dc magnetic field. By leveraging the hyperfine
interactions between the nuclear spin and rotational degrees
of freedom in polar alkali dimers, we demonstrate magnetic
control over their EDMs over a wide dynamic range
enabled by the ergodic behavior of molecular eigenstates
at low B fields. Here, we adopt the term “ergodicity” in the
context used in theory of quantum chaos [30-32]. Under
this context, an ergodic quantum system is one that displays
level repulsion quantified by a Wigner-Dyson distribution
of nearest-neighbor energy level spacings and a high degree
of delocalization in Hilbert space. Such criteria have been
used to diagnose ergodicity-breaking transitions in Cg
molecules [33]. Unlike previous work [23,28], our proposal
does not require strong magnetic fields and/or microwave
(mw) dressing, and can be realized with molecules remain-
ing in a single quantum state, thus obviating the need for
coherent state transfer to switch the ED interaction on and
off [2,20]. Our results thus demonstrate the possibility of
on-demand generation and tuning of ED interactions in
ultracold molecular gases using dc magnetic fields alone.

We start by considering the energy level spectrum of an
alkali dimer molecule (e.g., KRb) in its ground electronic
and vibrational states described by the Hamiltonian [34]

Hyo = Hoo + Hyp + Hy + Hs, (1)

where H,,, = BeNz is the rotational Hamiltonian, N is
the rotational angular momentum operator, and B, is
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the rotational constant. The Stark Hamiltonian A ¢ = —EZOE
[35] describes the interaction of the z component
of the EDM d, = d, with a dc electric field directed
along a space-fixed (SF) z axis. The interaction
of the molecule with an external magnetic field B = |B|,
parallel to the E field, is given by H,=
—gNﬂNNzB =2 m=12 gzmﬂmezB(l —0,), where gy is
the rotational g factor, g; 1is the g factor for the mth
nucleus, py is the nuclear Bohr magneton, and ¢,, are the
shielding factors. The hyperfine Hamiltonian 4, f
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is dominated by the scalar spin-spin interaction c3i1 1,
and the nuclear electric quadrupole (NEQ) interaction
[34,36]. The latter arises from the nonspherical shape of
the / > 1 nuclei in KRb leading to nonzero NEQ moments,
which interact with the (nonspherical) electron charge
distribution inside the molecule. The interaction energy
depends on the orientation of the NEQ ellipsoid (whose
axis of symmetry coincides with the direction of I,,) with
respect to the molecular axis r [37]. Transforming this
electrostatic interaction to the SF frame, one obtains the
second term in Eq. (2), where C% (6, ¢) is a renormalized
spherical harmonic, 8 and ¢ specify the orientation of r in
the SF frame [38], (eQq),, are the NEQ interaction
constants, and Tz(im, im) is the second-rank tensor prod-
uct of im with itself [36]. The NEQ interaction couples the
bare states [NMy, M; M,,) with [N —=N'| <2 and [My —
M)y| <2 [28] but vanishes in the N = 0 manifold. As a
result, in the previously underexplored low B-field regime
of interest here, the eigenstates in the N = 1 manifold
contain contributions from many bare states with different
My, My, and M,,.

Figure 1 shows the energy levels and transition EDMs of
KRbD as a function of magnetic field at £ = 0 obtained by
exact diagonalization of the Hamiltonian (1) [23,28]. We
label the levels in the order of increasing energy (with |1)
being the ground state). The nuclear spins of *°K and 8’Rb are
I, =4 and I, =3/2, giving rise to (21, +1)(21, +
1)(2N + 1) or 36 (108) Zeeman sublevels in the N =0
(N = 1)rotational manifolds [34]. The total angular momen-
tum projection along the applied electromagnetic fields,
Mp=My+M; +M, ,where F=N+TA=1, + 1,
is conserved in parallel £ and B fields, so only a smaller
subset of levels (3 for N = 0 and 9 for N = 1) occurs in the
M = 7/2 symmetry sector [34,39]. In the N = 0 manifold
at B < 20 G, the scalar spin-spin interaction splits the energy
levels into four manifolds F = {11/2,9/2,7/2,5/2}
according to the value of the total angular momentum F,
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FIG. 1. (a) Representative transition EDMs dj ;y and d;;; of
40K87Rb plotted as a function of magnetic field at zero electric
field for My =7/2. The N =1 and N = 0 hyperfine Zeeman
energy levels of KRb are shown in panels (b) and (c). The color of
the ith energy level (see encircled labels) corresponds to the IPR
ergodicity measure, P,(i|i) = Y2 |c,,|*, of the energy eigen-
state |7) [see Eq. (3) and text]. Encircled is the avoided crossing
between the N = 1 states |10) and |11). (d)—(f) Transition EDMs
and energy levels calculated with the hyperfine interactions
omitted. The maximum value of d3'{} = 0.33 D achieved in
the high B-field limit is shown by the horizontal black line in
panel (d). The inset in panel (d) shows a schematic of the KRb
molecule with its rotational (N) and nuclear spin (im) angular
momenta and energy levels.

which ranges from |/ — N| to |/ + N|. In the N > 1 mani-
folds the dominant effect at low B fields is the NEQ
interaction, which splits the energy levels by their F, =
N+ iz angular momenta values, F, = 5/2,3/2,1/2, where
F, =|I, — N| £ F, <1, + N. In the high B-field limit, the
Zeeman interaction takes over and groups the eigenstates by
the values of good quantum numbers My, M, and M,,. The
dramatic effect of the hyperfine interactions on the energy
levels becomes clear when comparing Figs. 1(b) and 1(e): the
levels calculated with A nr (2) set to zero [Fig. 1(e)] are
straight lines, which do not experience avoided crossings.

Remarkably, as shown in Fig. 1(a), the absolute magnitude
of the matrix element of the EDM [35] between the molecular
eigenstates [3) and |11), ds;; = |(3|dp|11)|, increases
sharply from zero to a nearly constant value with increasing
B field, while dj, decreases to zero. To explain these
variations, we notice that there is an avoided crossing
between the energy eigenstates |10) and |11) at the same
field (140 G), where d; | and d5 || swap values. The crossing
causes the eigenstates to switch their dominant bare states,
only one of which has nonzero transition EDM with the
ground state |3) = |00, 4 — 1), which explains the switching.
Indeed, to the left of the avoided crossing encircled in
)~ (10,4 —1) and [11) ~|11,3 — 1) and thus
ds 10 = constand d; ;; — 0. To the right of the crossing, the
bare states are swapped, and hence d5 ;) — 0 and d;1; —
const at large B. This tunability is ubiquitous [40].
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At a more quantitative level, the B-field dependence
of the EDM matrix elements can be described by expan-
ding molecular eigenstates |i) in bare states |a) =
INMy,M; M,,) as [40]

i) = cai(B)la), (3)

a=1

which gives the EDM matrix elements (i|d|j) =
Za,a’ Cz,i(B)C(ll,j(B)éM]]M[fl 5M12M1’2 <NMN|d0|N/M§V> Be-

cause the matrix elements on the right-hand side are
independent of B, the magnetic tunability of the EDM
originates solely from the expansion coefficients c, ;(B).

Qualitatively, the change in the transition EDMs arises
from the coupling between the bare states with different
M. While this coupling is induced in KRb by the NEQ
interaction, it can also be due to other spin-rotation
interactions, such as the electron spin-rotation and aniso-
tropic hyperfine interactions in *X molecules [36]. As a
result, the N = 1 eigenstates become superpositions of bare
basis states with different M. The M, composition of
molecular eigenstates is crucial to the magnetic tunability
of transition EDMs. It is encoded into the expansion
coefficients {c;} in Eq. (3), and quantified by the inverse
population ratio (IPR) [30,45] P,(i|i) = >, |c4.l*, which
characterizes the extent of quantum ergodicity of eigenstate
|i). Ergodic behavior is signified by P,(i|i) ~3/D [30],
where D is the total number of bare states, |a) =
INMy,M; M,,) in our case [45-50]. A small value of
P,(i|i) therefore indicates that many different M values
contribute to the transition EDM involving eigenstate |i).
This is exactly what enables a high degree of magnetic
tunability. In the opposite limit of P, (i|i) ~ 1, My becomes
a good quantum number, and the EDM becomes indepen-
dent of B.

Figures 1(b) and 1(c) show the IPR for the lowest
eigenstates of KRb as a function of magnetic field. In
the high B-field limit the eigenstates consist primarily of a
single bare state, so P,(i|i) ~ 1. At lower B fields, the NEQ
interaction causes different bare state contributions to the
individual eigenstates to mix, increasing their ergodicity
and lowering P, (i|/). An external magnetic field orients the
nuclear magnetic moments, which decouples the nuclear
spins from rotational motion and makes My, M, , and M,
good quantum numbers, suppressing the mixing induced
by the NEQ interaction. The competition between the NEQ
and Zeeman interactions determines the ergodicity of
molecular eigenstates, and, in turn, magnetic tunability
of transition EDMs between them.

To test whether the exquisite magnetic tunability of the
EDMs in the quantum ergodic regime extends to other
observables, we plot in Fig. 2 the tensor ac Stark shifts
AE® of the hyperfine sublevels |i) induced by the optical
fields used in trapping experiments [51-56]. Minimizing
these shifts is crucial for achieving long coherence times of
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FIG. 2. Tensor ac Stark shifts, AE* = (i|P,(cos®)|i) [28],
where P, (cos 6) is the second-order Legendre polynomial, for the
KRb states shown in Fig. 1(b) as a function of B field (E = 0).
The green circle marks the magic B field for state |10).

ultracold molecules trapped in optical lattices and tweezers
[3,4,7-16]. We observe that the ac Stark shifts can be
efficiently controlled by applying a moderate B field. The
shifts follow the same trends as those displayed by
transition EDMs [see Fig. 1(a)], showing rapid variations
near avoided crossings and at low B fields. Importantly, the
tensor ac Stark shifts vanish at certain “magic” B fields [see
Fig. 2]. This shows that, similarly to E fields [51,52], B
fields can be used to prolong the coherence lifetimes of
trapped alkali-dimer molecules.

Figures 3(a) and 3(d) show the magnetic field depend-
ence of transition EDMs d, ;; and d, ;, in the presence of a
small dc E field. In contrast to the zero E-field case, the
EDMs display narrow peaks due to the additional avoided
crossings seen in Figs. 3(b) and 3(e). We also observe a
decrease in the ergodicity of the eigenstates compared to
the field-free case. This is caused by the Stark splitting
between the My, = 0 and My = +1 levels, which weakens
the ergodicity-inducing NEQ coupling between these
levels. As a result, the eigenstate composition changes
more dramatically near avoided crossings than in the zero
E-field case, causing rapid variations in the EDMs, as
shown in Figs. 3(a) and 3(d).

We now explore magnetic control of ED interactions
between two polar alkali-dimer molecules trapped in an
optical lattice or a tweezer as recently demonstrated
experimentally [7-16]. We encode an effective spin-%
system with eigenstates |1) and |} ) into molecular states
chosen from the hyperfine Zeeman levels in the N = 1 and
N = 0 manifolds [see, e.g., Fig. 1]. The ED interaction
between the molecules i and j treated as effective spin-%
systems may be written as [35]

. 1=3c0820;; [J| ni ni min: s
=l | (808 + §.80) + U 8181, (4)
Rl 2
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FIG. 3. Representative transition EDMs d,,; and d;,, of KRb
plotted as a function of magnetic field for M, = —3/2 at E =
0.2kV/cm (a) and E=0.3 kV/cm (d). The corresponding
N =0 and N =1 Zeeman energy levels (see encircled labels)
are shown in panels (c) and (b), respectively The color of the
energy levels corresponds to the ergodicity of molecular eigen-
states. Encircled are the avoided crossings between the N = 1
levels responsible for the tunable behavior of the EDMs in panels
(a) and (d).

where 3‘; and S‘; are the effective spin-% operators, 6;; is the
angle between E and the vector joining the molecules R;;,
and J, = (dy —d)* and J | = 2d}, are the Ising and spin
exchange coupling constants [28,35]. The tunability of
these constants is key to generating metrologically useful
many-body entangled states [23,57] and exploring new
regimes of far-from-equilibrium quantum magnetism
[3,29] using the XXZ Hamiltonian (4).

Figure 4 shows the magnetic field dependence of the spin
exchange coupling J, for several representative encodings
of the effective spin-% into molecular hyperfine states, such
as |1) = |3), |{) = [10). We observe strong variations in
J | over a wide dynamic range (0-250 Hz) as the B field is

B T 1 AL T T ]
(a) (b)
200~ — (3,100 200 — (3,12)
g L — (3,11) L — (3,13) i
™ 100 —100 _
n E=0 ] E=0 a
MF:7/2 MF:—3/2
O T ; 1 0 U } T ‘ T } }
L (c) 1 L@ i
— (112 |00 |
= 200 oD 200
E L - L .
™ 100} — 100}~ |
E=0.2kV/cm
r MF: =312 r 7
0 | L 0 ] | ]
0 200 400 600 0 200 400 600 800

Magnetic Field (G) Magnetic Field (G)

FIG. 4. Spin exchange coupling constants J, plotted as a
function of magnetic field at E = 0 for My = 7/2 (a) and M =
—3/2 (b). Bottom panels show J, vs B for Mp = —=3/2 at E =
0.2 kV/cm (c) and 0.3 kV/cm (d).

tuned from 10 to 600 G, which match those in the transition
EDMs shown in Figs. 1 and 3.

The strong dependence and fast change of J, with
magnetic field opens a unique opportunity to use molecules
for dc magnetometry. This can be achieved by taking
advantage of the so-called density shift or dipolar induced
precession of the collective Bloch vector of the system in the
presence of ED interactions [7,58]. The latter can be
measured in a standard Ramsey spectroscopy sequence,
where A molecules prepared in the lowest rotational state are
illuminated by a mw drive to generate a coherent super-
position with a targeted excited rotational state (denoted as
1) state), i.e., [y(0)) = (cos(®)[}) + sin(®)|1))". In this
case the |1) state is the one that features the sharp resonance
as a function of B. After the pulse, the system is let to evolve
under the presence of ED exchange interactions for time ¢,
accumulating a density shift, which manifests by the accu-
mulated phase ¢¢(r) = (J,—J )ntcos(®) and 5=
>;(1=3cos?6y;)/|Rg;|*. The phase is measured via a
second 7 /2 pulse that converts it into a population difference.
As any standard Ramsey sequence, the sensitivity of this
protocol for an array of A independent molecules is given by

the standard quantum limit A¢(7) = 1/+/A. The fact that ¢
is a very sensitive function of B nevertheless opens a path for
very precise magnetic field sensing with a sensitivity given
by AB = (VNd¢p/dB)™" with (dp/dB) = nt(dJ,/dB).
For unit filled molecular arrays in 2D geometries with the
E field perpendicular to the molecule plane, the optimal
sensitivity scales as AB = [1/ cos(®)m/N|(dB/dJ ),
which can be as large as AB = 1/(2ncos @\/N) pT/
VHz, close to the point of maximum slope (around
B =152.2 G, (dJ/dB) ~ 200 Hz/G). This translates into
a sensitivity at the level of a few hundred pT/+/Hz for an
array of pinned 10° molecules assuming 5 ~ 1. Even though
this value is at least 3 orders of magnitude less sensitive than
that achievable with state of the art cold atom magnetometers
[59], it potentially offers unique opportunities for improve-
ment given the many-body nature of the shift. For example,
by enhancing the range of the exchange interactions via the
use of microwave cavities or by operating with itinerant
arrays 7] instead of pinned particles, 7 could be made to scale
linearly with A/, significantly increasing the achievable
sensitivity.

Finally, our results suggest novel possibilities for high-
dimensional quantum information processing [60,61] and
quantum simulation [62] with ultracold polar molecules. As
shown in Figs. 1 and 3, the splitting between the N =1
levels near an avoided crossing can be made smaller than
~50 Hz, the strength of the ED interaction at a typical
lattice spacing. Molecules near such crossings can no
longer be described as effective two-level systems, and
the explicit inclusion of the third level becomes necessary.
To this end, we describe each molecule by an effective
three-level system (qutrit) comprising the ground and two
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excited energy levels in the V configuration. The effective
ED interaction between the V-system qutrits at the avoided
crossing, where the transition EDMs are both equal to d
[see Fig. 1(a)], takes the form [40]

Ay = |R;|Pd(1 = 3cos%0,;) [8L80 + 0i.0%.], (5)

where S‘f, are the effective dipole (or spin-1) operators, and
A;ﬂ (a0, = x, y, z) are the quadrupole operators, which
form an orthogonal basis of SU3) [63-65]. The
Hamiltonian (5) contains similar processes to the ones
engineered with effective all-to-all couplings in spinor
quantum gases of ultracold atoms (such as four-wave
mixing) [64], where spin-nematic squeezed vacuum has
been experimentally realized thanks to the SU(2)-like
character of the {S,.0,..0,.} quadratures [24]. The
implementation of this Hamiltonian in dipolar molecules
can open unique opportunities of realizing such states with
even richer properties.

In summary, we have shown that transition EDMs of
polar molecules can be magnetically tuned over a wide
dynamic range, and can even be made to vanish as shown in
Fig. 1(a), effectively turning a polar molecule like KRb into
a nonpolar one! The underlying mechanism relies on
narrow avoided crossings and the quantum ergodic behav-
ior of molecular eigenstates. This enables continuous
magnetic tuning of exchange ED interactions between zero
and a maximum value without the need to transfer the
molecules from one quantum state to another. Our approach
requires neither strong B fields nor mw dressing, and only
relies on the interplay between the hyperfine and Zeeman
interactions. As a consequence, it can be applied to laser-
coolable 2% molecules [66-72] and even polyatomic
molecules [33,73-79] providing a versatile tool for con-
trolling intermolecular interactions in the quantum regime.
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