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The application of nonresonant electromagnetic fields, a technique known as ’dressing’, provides 
critical control over the properties of fundamental quantum systems. We investigate the time 
evolution of a dressed-atom coherent spin ensemble, effectively representing a qubit, driven by a 
non-resonant electromagnetic field with two components, one along the quantisation static magnetic 
field and the other one orthogonal to it. While this second component produces a Larmor precession 
of the spin, the longitudinal dressing modifies the instantaneous field value, leading to a frequency 
modulated temporal evolution of the spin. This dual-dressing configuration represents an extension 
of the Landau-Zener multipassage interferometry in the presence of an additional dressing field 
controlling the tunneling process by its amplitude and phase. Our measurement of the qubit coherence 
introduces additional features to the transition probability readout of standard interferometry. The 
coherence time evolution is characterized by oscillations at several frequencies, each of them produced 
by a different quantum contribution. Such frequency description introduces a new picture of the qubit 
multipassage evolution. Our tuning-dressed configuration expands the toolbox for quantum state 
manipulation and quantum control applications. The experiments are performed in rubidium and 
caesium atomic magnetometers, confined in a magneto-optical trap and in a vapour cell, respectively. 
Static fields in the µT range and kHz oscillating fields with large Rabi frequencies are applied. Because 
the present low-frequency dressing operation does not fall within the standard Floquet engineering 
paradigm based on the high-frequency expansion, we develop an ad-hoc dressing perturbation 
treatment. Numerical simulations support the adiabatic and non-adiabatic qubit evolution.

Floquet engineering is a vital technique for analyzing quantum systems influenced by periodic electromagnetic 
fields, allowing the generation of unique quantum properties across various domains, including physics, chemistry, 
and engineering1–5. It captures the dynamics of time-dependent Hamiltonians through effective Hamiltonians 
that account for the system’s key features, characterized by two distinct time evolutions: a micromotion, which 
occurs at the frequency of the periodic field, and a slower evolution governed by the effective Hamiltonian.

The experimental approach to a Floquet engineered system typically isolates the slower dynamics by integrating 
the faster, less relevant one, often eliminating the need for a detailed integration due to the small amplitude of the 
micromotion. This capability is advantageous for quantum simulation tasks, such as those involving cold atomic 
gases6–12 and solid state/superconducting ones13–16. There, the intricacies of the micromotion can be neglected 
to focus on the emergent phenomena captured by the effective Hamiltonian.

We present here experimental and theoretical studies on the strong periodic bi-modal nonresonant drive 
of a two-level atomic coherent spin ensemble, effectively representing a qubit, which fits within the broader 
context of two-level systems influenced by virtual/real photons17,18. This concept, initially proposed by 
Cohen-Tannoudji and Haroche19,20, focuses on an energy splitting that is small relative to the driving field’s 
frequency. In the Floquet framework, the effective Hamiltonian accounts for an energy splitting modulated 
by the dressing field amplitude. Previous work21,22 exploring dual-dressing with two electromagnetic fields of 
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different polarizations has provided insight into how these dual interactions can yield new dynamical behaviours 
and effective Hamiltonians that significantly modify the system’s energy landscape. Several original features are 
introduced into the present dual dressing study.

In our configuration, an atomic qubit with energy splitting produced by a static magnetic field is dressed 
by oscillating fields with frequencies lower than the qubit’s Larmor precession frequency and large amplitudes. 
Here, the dynamics unfolds a fast timescale diverging from the standard Floquet treatment that, unlike previous 
studies indicating adiabatic behavior in slow driving regimes4, allows us to explore non-adiabatic features. Our 
focus on quantum control involves direct measurement of the qubit time evolution, revealing a distinct spin 
evolution that deviates from traditional micromotion patterns.

The XZ dual-dressing setup utilizes the interaction of atomic qubits with two off-resonant magnetic fields, 
namely an x-axis oscillating field and a z-axis oscillating one periodically adjusting the magnetic energy gap. 
XZ dual dressing of a two-level system was proposed in refs23,24 within the context of nonadiabatic dynamics 
acceleration. This configuration implements a periodic multipassage scheme akin to the Landau-Zener-
Stückelberg-Majorana (LZSM) interferometer, as reviewed in25, examined in solid state or superconductor 
experiments, for instance16,26–33, with applications to driven conductance in Dirac materials34, some planned 
in optical lattice clocks35, and other ones reported in36. Our experimental approach enhances LZSM studies by 
detecting the transverse oscillating spin component rather than the conventional probability transfer between 
eigenstates. The relative phase of the driving fields regulating the periodicity of the multipassage tunneling 
and the continuous monitoring represent additional LZSM handles. The strong nonlinear response of the spin 
dynamics produces high-order interference oscillations with their collapse and revival at different time periods. 
The direct detection of the qubit full wave function, including its phase, is important nowadays for quantum 
control and quantum information, as pointed out in37.

Operating at high electromagnetic field strengths, our system deviates from the rotating-wave approximation, 
used typically in LZSM analyses. For a two level driven system the electromagnetic field strength is usually 
measured by the ratio between the Rabi frequency of the electromagnetic drive and the Larmor frequency. 
While experiments with a pulsed laser excitation hardly account phase relations, continuous-wave experiments 
mitigate these concerns. This was demonstrated in prior works38–42 exploring Rabi frequencies up to four times 
the Larmor frequency, with the highest values reached inside a cavity as in43. In this work we employ Rabi 
frequencies up to seven times larger than the Larmor frequency, significantly enhancing quantum control 
capabilities.

The experiments, exploiting the setups of the previous investigation of the XY dual dressing on both cesium and 
rubidium atoms21,44,45, are briefly described within the next Section. Here we present also the basic Hamiltonian 
and some typical evolutions of the system. The full theoretical description, presented in the following Section, is 
based on several tools. For the low magnetic fields of our explorations, the atoms are equivalent to an assembly 
of one-half spins. Owing the reversed role of our dressing/Larmor frequencies, the standard Floquet high-
frequency expansion (HFE) approach cannot be applied. Therefore, we present theoretical descriptions based 
on i) a full adiabatic evolution valid for weak dressing parameters, ii) a quasi-adiabatic evolution leading to an 
analytical solution for the spin’s time evolution, and iii) a modified Floquet treatment. Numerical simulations 
describe the strong field dynamics. The connection with the Stückelberg oscillations and other LZSM features is 
emphasized. The experiments monitor the time dependence of the atomic spin evolution and access the phase 
of its wavefunction. Several recorded atomic evolutions are presented. Section “LZSM data analysis” discusses 
the interpretation of our results and the theoretical comparison to the experimental findings. The conclusion 
Section completes our work.

The qubit system and its detection
Hamiltonian
The time evolution of an assembly of atomic non-interacting qubits in a dual dressing configuration is explored 
as in Fig.(1), i.e., in the presence of a static magnetic field B0z  parallel to the z-axis and two non-resonant 
electromagnetic fields oscillating at ω angular frequency. For the XZ dressing these fields are oriented along 

Fig. 1.  Schematic of a qubit dressed by the Bx and Bz  oscillating fields, generated by the radiofrequency 
coils and in the presence of a B0z  static field. In this figure the ⟨σy(t)⟩ expectation value is monitored by the 
polarization rotation of a probe beam propagating along the y axis.
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the x and z axes, with Bi the maximum value for i = (x, z). Similar results are obtained for the equivalent YZ 
dressing configuration. At the very weak applied magnetic field B0z , the atomic structure of rubidium/caesium 
atoms can be described by a coherent spin ensemble, effectively modeled by a spin one-half system.

The qubit-field coupling is determined by the γ = gµB  constant with g an effective Landé factor and µB  
the Bohr magneton, assuming ℏ = 1. The spin-static field interaction corresponds to the ω0z = γB0z  Larmor 
frequency. The coupling with the XZ dressing fields is described by the Rabi frequency amplitudes Ωx = γBx 
and Ωz = γBz , respectively. Introducing the Φ0z  the phase difference between x and z dressings, the XZ 
Hamiltonian is written as

	
H(t) = 1

2 h⃗(t) · σ⃗,� (1)

with the effective ⃗h(t) field given by

	
h⃗(t) =

(
Ωx cos(ωt)

0
ω0z + Ωz cos(ωt + Φ0z)

)
.� (2)

Owing to negligible decoherence processes this Hamiltonian is complete. Starting from the initial 
⟨σx(t = 0)⟩ = 1 qubit coherence, the time evolution of the ⟨σx(t)⟩ coherence, or of the equivalent one 
along the y axis, is monitored in the experiment. The theory comparison requires the control of the following 
parameters: the oscillation frequency ω, the bare Larmor angular frequency ω0z , the Ωx, (transverse) and the 
Ωz  (longitudinal) Rabi angular frequencies, all expressed in kHz units in the following, and the Φ0z  phase. As 
for our ω ≪ ω0z, Ωx, Ωz  operational parameters the standard dressed atom HFE approach used in Floquet 
engineering is not suitable, we rely on various theoretical treatments: 1) an adiabatic one, improved by non-
adiabatic corrections, 2) a perturbative approach in a suitable rotating frame owing to the large Ωz/ω ratio, and 
finally 3) numerical simulations.

We notice that the above XZ bichromatic driving Hamiltonian, which reduces to the LZSM one for Ωx = 0, 
represents a very rich configuration to explore. A LZSM Ωx = 0 scheme with Z-axis bichromatic driving was 
explored in ref46.

Experimental setup and results
We perform our observations in two experimental setups: a first one where an 85Rb atomic sample is laser-cooled 
and trapped in a magneto-optical trap to a few tens of microKelvins, occupying the single Fg = 3 hyperfine 
state47, and a second apparatus that employs 133Cs atoms contained in a vapor cell and prepared in the Fg = 4 
hyperfine state48. In the Rb case, the cold atomic sample is monitored during its 10 ms free-fall and exhibits a 
damped dynamics with a characteristic time of about 4 ms. In the Cs case, a vapor sample in 23 Torr buffer gas 
contained in a centimetric cell is interrogated after being optically laser pumped, and the signal damping lasts 
about 10 ms. Both experiments work in cycles: in a first phase atoms are prepared spin-polarized along the x-axis 
using a circularly polarized pump laser in the presence of a uniform B0z  static magnetic field. At the conclusion 
of the polarization phase, two radiofrequency fields, linearly polarized and operating in the 1–10 kHz range with 
amplitudes varying from 0 to 50 µT, are applied to the atoms along the (x, z) or (y, z) directions. The time scale 
of dressing evolution refers to the zero initial phase choice of the effective field, as described in Eq. (2).

The expectation value of ⟨σy(t)⟩ for Rb and ⟨σx(t)⟩ for Cs is monitored by examining the polarization 
rotation (Faraday effect) of a probe beam propagating along the y-axis or x-axis, respectively, as depicted in Fig.
(1). The time evolution of the ⟨σx(t)⟩ and ⟨σy(t)⟩ components is very similar, differing only by a phase factor, 
as evidenced by the numerical analyses presented in the following.

The rotation angle, from the initial direction to the final orientation, is analyzed with a balanced polarimeter, 
whose output enables a precise detection of the amplitude and phase of the magnetization component along the 
monitored axis. In both cases the measured Faraday rotation signal is renormalized to compensate for the signal 
decay. The time resolution is limited by the sampling rate which is 250 kHz and 125 kHz in the Rb and in the 
Cs cases, respectively. The Rb experiment uses crossed laser beams for the pumping and probe purposes, both 
tuned to the D2 line of Rb (780 nm), while the Cs one uses two co-propagating laser beams tuned to D1 (pump, 
895 nm) and D2 (probe, 852 nm) lines of Cs. In the cesium case the pump component is detuned several GHz 
out of resonance during the measurement and finally filtered away before the polarimeter while it is just cut off 
in the rubidium experiment.

Some measured time dependencies of the atomic spin evolution are illustrated in Fig.  (2), with Rabi 
frequency values increasing from top to bottom. The balanced polarimeter output is plotted against the reduced 
time τ = t/T , where T = 2π/ω represents the radiofrequency field period, and τ = 0 corresponds to the 
initial preparation state ⟨σx⟩ = 1. The plots of this Figure offer a synthetic overview for all recorded temporal 
structures. The spin component aligned with the detection axis oscillates quasi-periodically between positive 
and negative values, produced by spin precession in the (x, y) horizontal plane. The recorded signals exhibit 
three distinct periodic or quasi-periodic patterns. The first precise periodicity matches the dressing fields’ period 
T, corresponding to ∆τ  integer values. The other two patterns are shorter period structures, appearing quasi-
regular in (a) and chirped in frequency in (b), that reflect the large amplitude oscillations of the qubit coherence. 
The amplitude of those oscillations is time modulated with the T period. At high dressing frequencies Ωx or 
Ωz , the oscillation pattern repeats with a substantial ∆τ  period, 3.00(1) for the parameters in plot (c). Similar 
experimental results are presented in Fig.(3a) and compared with the theoretical simulations shown in Fig.(3b).
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For the parameters in Fig.( 2c), the ratio between Rabi frequency and atomic splitting is 7.4. Experiments 
with ratios up to 10 showed a comparably long periodicity. For comparison we notice that the continuous-wave, 
strong-drive experiment in41 applied Rabi frequencies up to four times the Larmor frequency.

Theoretical treatment
Our theoretical analysis of the qubit response follows different action lines. The numerical solution of the 
Schrödinger equation for the |ψ⟩ wavefunction represents the most precise approach. That solution handles 
also the more general case of an initial t = 0 qubit preparation not matching the zero phase of the x-axis driving 

Fig. 2.  (Color online) Time evolution of the atomic spin. Black lines (left axis) report experimental 
polarimeter signals, red lines (right axis) the theoretical ΩLd of Eq. (3) derived from the applied static and 
oscillating field values. On the horizontal axis the τ  reduced time. Parameters (ω, ω0z, Ωx, Ωz) all in kHz and 
Φ0z . In (a) ⟨σy(τ)⟩ Rb atoms, (3.0, 77.645, 2.06, 2.0) and Φ0z = 0, a linearly polarized oscillating field; in (b) 
⟨σy(τ)⟩ Rb atoms, (3.0, 77.645, 53.1, 146.9) and Φ0z = π/2; in (c) ⟨σx(τ)⟩ Cs atoms, (1.028, 4.42, 6.27, 31.79) 
and Φ0z = 0.70π. For the (c) parameters the large value of the Z dressing amplitude leads to two maxima and 
minima within each time period of the effective field. Note the different time periodicity.
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as in the effective field of Eq. (2). Numerical solutions of the Schrödinger equation are presented in Figs.(3b), 
and (c) and (6). The numerical solutions, representing the key element for the analysis of the experimental data, 
point out the high sensitivity of the qubit time evolution to dressing parameters and initial conditions. The 
theoretical model further predicts that, for a given set of parameters, the atomic response has a non-periodic 
amplitude despite the temporal periodicity. This was previously illustrated in Fig.(2) and will be further explored 
in the next section. Both elements limit the accuracy of the experiment-theory comparison. A comparison 
between experiment and theory for the investigated Cs parameters is shown in Fig.(3a) and (b). Both exhibit 
a similar alternating sequence of fast and slow oscillations, although the simulation fails to precisely replicate 
their amplitude due to nonadiabatic atomic evolution. Within an adiabatic approach, the qubit time evolution 
is determined by the time-periodic (E+(t), E−(t)) eigenvalues of the XZ Hamiltonian of Eq.  (1). These 
eigenvalues are derived from the h modulus as follows: 
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Fig. 3.  (Color online) In (a) experimental ⟨σx(τ)⟩ polarimeter signal. In (b) and (c) ⟨σx⟩ and P+ probability 
occupation of the |+⟩ eigenstate, respectively, derived from numerical solution of the Schrödinger equation. 
On the horizontal axis the τ = ωt/(2π) reduced time. Red line in (c), time dependence of the ΩLd Larmor 
dressed frequency. Cs parameters in kHz: ω = 1.028, ω0z = 4.42, Ωx = 3.95, Ωz = 20.93, and Φ0z = 1.63π 
corresponding to a nonadiabatic regime. As in previous figure 2c for these parameters the large value of the Z 
dressing amplitude leads to two maxima and minima within each time period of the effective field.
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	 ΩLd(t) = h =
√

Ω2
x cos(ωt)2 + [ω0z + Ωz cos(ωt + Φ0z)]2, � (3a)

	
E+(t) = −E−(t) = ΩLd

2 . � (3b)

 with the time-dependent ΩLd dressed atom Larmor frequency corresponding to the dressed-atom energy gap at 
time t. ΩLd is equivalent to the Rabi oscillation frequency of LZSM theory/experiment29,49. The time dependence 
of the ΩLd Larmor dressed frequency are represented by continuous red lines in several plots.

In Fig.  (2a) where the dressing amplitudes are very low ΩLd is almost constant, dominated by the ω0z  
static contribution. In Fig.(2b), at increased dressing amplitude, the modulated component acquires a larger 
weight. Here, the time evolution of the eigenenergies is characterized by a sequence of avoided crossings with 
T periodicity. For the Fig.(2c) plot parameters, corresponding to even larger modulation amplitude, the dual 
dressing operation leads to two separated avoided crossings within a single T period.

An adiabatic perturbation treatment is valid for a slowly-changing time-dependent Hamiltonian, as 
recalled in the Supplemental Information50“Adiabatic perturbation theory” It is applied in the Supplemental 
Information 50“XZ rotating Hamiltonian” to a simplified XZ excitation scheme, denoted as rotating XZ, where 
Ωx = Ωz  and Φ = π/2. This analysis shows that the evolution of the monitored spin components depends on 
two parameters: the θ(t) orientation angle of the ⃗h vector and the LZSM interference phase ϕ(t) given by

	

θ(t) = arctan
(

hx

hz

)
= arctan

(
Ωx cos(ωt)

ω0z + Ωz cos(ωt + Φ0z)

)
,

ϕ(t) =
ˆ t

0
ΩLd(τ)dτ.

� (4)

A similar geometric approach based on a rotation around an axis in the xy plane followed by a rotation around 
the z-axis was explored for a standard LZSM evolution in ref25.

As in Eq. (27) of the Supplemental Information50 the time dependence of the ⟨σx(t)⟩, ⟨σy(t)⟩ spin mean values is 
given by

	

⟨σx(t)⟩ ∝ cos(ϕ),
⟨σy(t)⟩ ∝ sin(ϕ).

� (5)

These expressions, verified numerically, evidence the key role played by the ΩLd frequency into the time-
dependent spin mean values. The qubit oscillation at the ΩLd Larmor angular frequency of Eq. (3) produces the 
ϕ accumulated phase. The θ(t) orientation angle determines the amplitude of the qubit oscillations monitored 
along the experimental detection axis. The observed complex qubit oscillating response is based on the ΩLd 
time dependent fast oscillations combined with a slower scale variations of the amplitude variations. Additional 
interference oscillations are produced by the multi-passage LZSM avoided crossings, as shown in the following 
Section.

To describe the nonadiabatic low-frequency regime for our ω ≪ ω0z  operation, the standard HFE Floquet 
approach is not appropriate. Hence, a perturbative dressed atom approach is developed here. The spirit of 
this approach is to derive a perturbative expansion in the limit of large Ω−1

z . As detailed in the Supplemental 
Information 50“Low-frequency nonadiabatic regime”, this is achieved by representing the problem in a time-
dependent rotating frame where the Fourier components of the Hamiltonian are proportional to ∼ ΩxJn(Ωz/ω), 
where Jn(·) are Bessel functions of the first kind. The small value of the latter for large values of the argument 
Ωz/ω, as compared to the value of Ωx considered, justifies an expansion of the effective Floquet Hamiltonian 
Heff and the Floquet kick operator K(t) (see above quoted Supplemental Information). This provides an 
approximation of the evolution operator in the form of Floquet’s theorem

	 U(t, t0) = e−iK(t)e−iHeff(t−t0)eiK(t0).� (6)

As shown in Fig.( 4 a)-(b), this approach succeeds in capturing the key features of the exact dynamics with a 
second-order description also in the low-frequency, but yet nonadiabatic, regime considered.

LZSM data analysis
In a double Landau-Zener tunneling process, with an avoided crossing region passed twice at the same speed, 
the excitation probability becomes an oscillating function characterized by the so-called Stückelberg oscillations. 
In a multipassage Landau-Zener passage the quantum-mechanical interference for the amplitudes of quantum 
states sequentially mixed at separated crossings leads to additional structures in the qubit time-evolution. In 
the absence of the Ωx dressing the Hamiltonian of Eq. (1) reduces to the LZSM one25,36, with the Ωz  driving 
producing the avoided-crossing sequence. The Ωx coupling presence modifies the LZSM tunneling process 
owing to the time dependent orientation angle of the periodic magnetic field.

The LZSM tunneling treatment is characterized by different operation regimes, denoted as adiabatic and 
nonadiabatic ones. For Ωx = 0 the LZSM derivation of those regimes requires ωΩz  smaller or larger than ω2

0z , 
respectively25. For Ωx ̸= 0, a modification of that treatment leads to
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	 ω
√

Ω2
x + Ω2

z ≶ ω2
0z � (7)

for adiabatic and nonadiabatic evolutions, respectively.
The nonadiabatic tunneling enhances the interference oscillations in the occupation probabilities of the |±⟩ 

states. Those oscillations appear in the P+ numerical simulation of Fig. (3c) for nonadiabatic parameters. The 
overall occupation time dependence agrees with previous LZSM work. The probability steps of our simulations 
correspond to the Landau-Zener crossing processes at the minima of the energy gap, for that figure in the 
red lines for the adiabatic potentials. Those jumps are followed by Stückelberg oscillations. These oscillations 
with a quasi regular frequency match the high frequency ones appearing in all the ⟨σx⟩, ⟨σy⟩ plots of Fig.(2). 
Such match of the Stückelberg oscillations applies to all our theoretical plots. These nearly periodic oscillations 
do not appear in previous Stückelberg results, for instance from atom optics interferometry of refs51–53.. This 
quasi-periodicity arises because the ω rate of the Landau-Zener tunneling is small compared to the Stückelberg 
oscillation frequency.

Our detection of the qubit coherences leads to time dependencies greatly different from the LZSM transition 
probabilities. The greater contribution to the coherence oscillation is at the ΩLd(τ) frequency and this frequency 
describes also the probability oscillations. As in Fig.(2a) at low dressing values the qubit spin performs a 
precession on a nearly horizontal plane at a quasi constant ΩLd Larmor dressed frequency. In those conditions 
the transition probability does not contain ΩLd(τ) frequency components. At larger Ωz  values the Landau-
Zener tunneling takes place in the presence of a modification of the precession axis leading to ΩLd components 
also into P+ probabilities.

In order to characterize the qubit response at the ΩLd(τ) frequency, we measure the tP (j) times corresponding 
to the j-th zero signal values of the polarimeter. For those times the qubit spin orientation is orthogonal to the 
monitored axis. The time separation between neighbouring zero values represents the period time for a single 
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Fig. 4.  Comparison between the exact numerical time evolution (black continuous line) and the analytical 
estimate (blue dashed line) of the spin evolution along the x and y axes [see main text and the Supplemental 
Information 50 “Low-frequency nonadiabatic regime”] based on the modified Floquet approach. Parameters in 
kHz: ω = 1.028, ω0z = 4.42, Ωx = 3.85, and Ωz = 20.93, and Φ = 1.63π corresponding to a nonadiabatic 
regime.
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Larmor precession. From the measured times we derive the experimental dressed Larmor frequency fLd(j) at 
the time tj = [tP (j) + tP (j + 1)] /2 given by

	
fLd(j) = 2π

tP (j + 1) − tP (j) .� (8)

Figure 5 reports measured fLd time evolutions of the dressed qubit frequency for several dressing parameters. 
The (a) plot evidences the fLd time periodicity with the dressing period T. Owing to such periodicity, all the 
fLdvalues may be folded back into a single (0, 1) time period. Within the temporal analog of real-space periodic 
Hamiltonian of ref54, that folding represents a reduction to a single Floquet zone corresponding to the Bloch 
zone for periodicity in position space for our time periodicity. fLd(t) folded plots are reported in Fig. (5b) and 
(c). Fig.( 5d) reports a case where the fLd vs τ  is not fully periodic, as examined in the following paragraph. The 
fLd measured values are compared to the time dependent ΩLd(τ), showing a remarkable agreement limited by 
the time resolution of the sampling acquisition rate.

The wavefunction interferences associated to multiple periodic Landau-Zener processes introduce additional 
periodic oscillating structures, for the Ωx = 0 LZSM discussed theoretically in refs25,49 and investigated in solid-
state experiments29,55,56. In these works, focused on the occupation probabilities, such periodic structures are 
denominated Rabi-like oscillations with their ΩRl frequency approximated by the Ωz  dressing frequency35,49,57. 
The Rabi-like positive and negative interferences appear also for our Hamiltonian as in the simulation of Fig.
(6) with the P+(τ) occupation probability in (a) and the ⟨σx(τ)⟩ coherence in (b). Rabi-like oscillations are 
clearly visible in the occupation probability. The Larmor dressed frequency oscillations produce the high-
frequency modulation of the P+(τ) envelope. For the coherence the Rabi-like oscillations produce an amplitude 
modulation of the Larmor dressed frequency oscillations. Their experimental detection is limited by our 
sampling resolution. The Rabi-like oscillations well resolved in the data of Fig.(2c) produce a periodic large 
modification of the coherence time dependence. Their presence leads to the absence of data points in the fLd vs 
τ  plot of Fig.(5d) for τ  in the (0.49, 1.06) interval, with 4.13(2)τ  oscillation period, corresponding to 0.25 kHz. 
The experimental results for the Rabi-like oscillations are described by numerical simulations. Their dependence 
on the Hamiltonian parameters appears more complex than the theoretical ones for the standard LZSM single 
dressing process.

Fig. 5.  (Color online) Measured fLd and predicted ΩLd values for time dependent adiabatic frequency versus 
time. Frequencies in kHz and times τ  in reduced units. fLd frequencies (black squares) are derived from the 
polarimeter zero values as in Eq. (8). The typical error bars, reported for clarity only for one/two points in each 
plot, are determined by the sampling rate, leading to larger errors at closely spaced time intervals and higher 
fLd values. In (b) and (c) plots the fLd high value data are discrete because of the limited sampling rate. Red 
lines ΩLd report theoretical values calculated from Eq.(3). Notice that no adjustable parameters are introduced 
in the calculation. Parameters (ω, ω0z, Ωx, Ωz) frequencies in kHz and Φ0z : in (a) Cs (1.028, 4.42, 3.85, 20.93), 
and 1.63π as in Fig.(3); in (b) Rb experiment (3.0, 77.645, 51.56, 96.77), and π/2; in (c) Cs atoms 
(1.03, 4.66, 4.55, 35.3) and 0; in (d) Cs atoms, (1.028, 4.42, 6.27, 31.79) and 0.70π, as in Fig.(2c).
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Conclusion
The time evolution of an atomic qubit interacting with two off-resonant dressing fields in a longitudinal/
transversal configuration is examined experimentally. The qubit coherence is recorded for long interaction times 
with negligible relaxation processes on the evolution timescales. The standard Floquet engineering treatment 
predicts a time evolution with a constant dressed Larmor frequency, not matching these experimental results 
owing to our dressing parameters. We develop a theoretical analysis relying on numerical simulations combined 
to an adiabatic treatment and an ad-hoc dressed-atom perturbation treatment. An analytical formula for the 
frequency of the Rabi-like oscillations would represent an useful tool. The complex mathematical treatment 
for the Ωx = 0  of refs35,49,57 evidences that such a task is hard to complete. Our longitudinal/transversal 
dressing configuration represents an extended version of the multipassage LZSM tunneling, with the transverse 
dressing modifying the tunneling probability. An important feature of the present experiment is the continuous 
monitoring of the qubit coherences, which gives a direct access to the phase wavefunction and opens new 
perspectives in the LZSM quantum control. In terms of the Bloch vector evolution, the transition probability 
monitors its z component while the coherences monitor the evolution within the xy plane. The time evolution of 
the latter shows the presence of several frequency contributions: the dressing one, the dressed Larmor one and 
the Rabi-like one. Within the time dependent transition probability, the dressed Larmor frequency components 
produce Stückelberg oscillations, which represent a single component of the total evolution. On the contrary, 
those oscillations dominate the coherence time evolution. Finally the probability evolution represents a strong 
probe of the Rabi-like oscillations.

Our work opens a new exploration direction within the broad area of LZSM interferometry. The ability 
to control the dynamics of the atomic qubit in this dual-dressing regime expands the toolbox for quantum 
state manipulation. Alternative fast quantum logic gates using nonadiabatic LZSM transitions were introduced 
in ref58, and similar shortcuts to adiabaticity in refs23,24. Our experimental investigation evidencing the rich 
dynamics associated to the XZ configuration opens an avenue to quantum control accelerations.

Data availability
The datasets used and/or analysed during the current study are available from the corresponding author on 
reasonable request.
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