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Quantum systems with multiharmonic dressing have been extensively investigated and exhibited various novel
phenomena and technologies by virtue of their robust electromagnetic response. Here we mainly investigate the
self-generated longitudinal Floquet modulation phenomenon of an alignment-based magnetic-resonance system
with pump-probe structure dressed by two different transverse radio-frequency (rf) fields in a warm atomic
cesium ensemble, both theoretically and experimentally. The self-generated Floquet modulation includes first
and second harmonics, which are contributed to by linear and nonlinear processes from the weak-dressed field,
respectively. The self-generated Floquet modulation dresses the alignment absorption spectra into two continua.
The asymmetry of each dressed continuum is due to the generalized parity symmetry of the system being broken
by the second harmonic modulation. Moreover, the nonlinear modification effect of the weak rf field on the probe
verifies the existence of the four-wave mixing process in the rf band. The analytical expression, establishment
process, and asymmetry analysis of the continua are given concisely. Our results can be applied to the fields of
precision magnetic-field measurement, quantum control, quantum simulation, and so on. In addition, because
the physical mechanism is universal, it can be applied not only to an atomic ensemble, but also to solid-state

devices.
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I. INTRODUCTION

The electromagnetic dressing of quantum systems is a
tool for investigating quantum observables, quantum vari-
ables, and system energy [1-4]. Since the dressed field has
a long-term robust effect on the system energy and the coher-
ence establishment, quantum systems with radio frequency or
microwave dressing exhibit a variety of multiphoton phenom-
ena in various atomic vapor experiments and solid-state spin
systems, including multiphoton interference process [5,6],
Bloch-Siegert shifts [7,8], modifications of the Landé g factor
[9-11], strong spin-exchange collisions [12], and so on. With
the development of theory and experiments, these physical
functionalities can be used in frontier fields such as magnetic
resonance imaging [13], quantum computation [14], spin ma-
nipulation [15], and precision measurement [16]. Especially
in the area of precision measurement, the typical application
is that the intervention of the radio-frequency or microwave
dressing ingeniously transforms the amplitude measurement
of the physical quantity into the frequency measurement to
improve the accuracy and sensitivity [17,18], which can like-
wise be used for absolute calibration of quantum sensors [19].
Furthermore, the spin lock formed by the coupling of the
dressed field and the spin system can suppress the measure-
ment error caused by the nonlinear Zeeman effect [20]. In
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addition, Sinuco-Leon et al. [21,22] observed the rf multi-
photon effect in the cold atom experiment, where a strong
dc magnetic field and a strong rf field comodified atoms, and
the existence of the rf multiphoton process reduced the sen-
sitivity of the ground-state atomic ensemble to low-frequency
noise fluctuations. Therefore, the rf multiphoton effect plays
a key role in improving the signal-to-noise ratio of magnetic
sensors, which is of great significance for the development of
high-precision atomic magnetometers.

Periodically driven (Floquet) systems have received in-
creasing attention in recent years. Within this area of Floquet
engineering, periodic electromagnetic dressing modifies the
response of the quantum system and presents numerous
physical phenomena such as topological Floquet insulators
[23-26], time crystal [27], prethermalization [28], Floquet
Raman transition [29], and multichromatic resonance peaks
[30]. Furthermore, with the continuous development of Flo-
quet engineering, some important applications also surfaced.
For example, the Floquet maser with periodically driven '**Xe
cell can achieve Floquet spin amplification and improve the
sensitivity of the magnetic sensor to the subpicotesla level
[31,32], which can be used to search for axion-like dark matter
with multiple sensitive windows of particle mass [33]. More-
over, the concatenated continuous driving can flexibly control
the symmetry of the quantum system [34]. In addition, quan-
tum mixers realized by nonlinear effects in the periodically
(Floquet) driven nitrogen-vacancy (NV) ensemble can be used
for vector magnetic field measurements at arbitrary frequen-
cies, with no loss of their ability to measure nanometer-scale
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FIG. 1. (a) Two adjacent hyperfine sublevels of the ground state
F, =4 of cesium atom are driven by external magnetic fields. The
hyperfine structure is uniformly split with w, by the offset field
By. The two transverse rf fields B;(¢) and B,(tr) with frequency
detuning § modify the nondegenerate hyperfine energy levels. The
modified alignment magnetic-resonance system is scanned by the
probe field B,(¢). (b) Experimental setup. DL pro: tunable diode
laser with digital control; M: mirror; HWP: half-wave plate; PBS:
polarizing beam splitter; SAS: saturated absorption spectroscopy;
Digilock: digital laser locking module; GTP: Glan-Taylor linear
polarizer; Cell: Cs atomic vapor cell with antirelaxation paraffin
coating; Coils: three pairs of Holmbheitz coils; Shield: four-layer
mumetal shield; Solenoid: low-noise nonmoment solenoid; DDS1
and DDS2: direct digital synthesized signal generators (Keysight
33500B series); PD: photodetector; PCS: precision current source
(Keysight B2902A); OSC: digital storage oscilloscope (Keysight
InfiniiVision DSOX6004A).

features [35]. Nevertheless, our interest is to investigate the
self-generated Floquet modulation behavior of the system and
the influences of this self-generated modulation on the system
by dressing the alignment-based magnetic resonance system
with two transverse rf fields as shown in Fig. 1(a). The re-
search of this self-generated Floquet modulation can further
reveal the physical mechanism of the interaction between the
multi-modulation fields and the quantum spin system. The
atomic-alignment magnetic resonance is excited by optical-
radio-frequency double-resonance devices, where a linearly
polarized laser is used for optical pumping and detection [36].
Moreover, the atomic alignment magnetic-resonance spec-
trum is a valuable topic in fundamental physics research and
potential applications, which can be applied to warm atomic
spin squeezing and entanglement [37-39], magnetooptical
effects [40], orientation-to-alignment conversion [41], vector
atomic magnetometer [42], atomic compass [43], and so on.

In this article, we concentrate on the atomic-alignment
magnetic resonance dressed by two rf dressed fields [strong
rf field B;(¢), weak rf field B,(r)], both theoretically and
experimentally. This study is organized as follows. Section II
gives the experimental setup of the alignment magnetic reso-
nance dressed by two transverse rf fields and the expression
of spectral detection. In Sec. III, the theoretical model of the
system is presented and the physical picture of self-generated
Floquet modulation is analyzed. In Sec. IV, the influences
of self-generated Floquet modulation on alignment magnetic-
resonance spectra are investigated experimentally. Finally, a
summary for this study is given in Sec. V.

II. EXPERIMENTAL DESIGN AND ALIGNMENT-BASED
MAGNETIC RESONANCE SPECTRA DETECTION

This experiment is based on the alignment magnetic res-
onance for ground state F, = 4 in a cesium atomic ensemble
with light pump-probe structure [36]. The spatial distribution
and coupling schemes of magnetic fields in the experiment
are shown in Fig. 1. A room-temperature glass cell for
providing a paramagnetic atom sample is a homemade an-
tirelaxation paraffin-coated cesium atom cell with a diameter
of 25 mm and a length of 30 mm, which is placed in a
four-layer mumetal shield isolated from the complex magnetic
field environment [cf. Fig. 1(b)]. There are three processes
in the experiment: prepare, interact, and probe. In the pro-
cess of alignment state preparation, the tunable diode laser
(~894 nm) with digital control used to prepare the alignment
polarization distribution of the ground-state atoms is locked
to 62812, F; =4 < 62Py), F, = 3 hyperfine structure by
means of saturated absorption spectroscopy. To ensure that
the residual circular polarization contamination in the beam is
less than 1%, a Glan-Taylor linear polarizer is used to purify
the polarization before entering the magnetic shield. With the
condition that the relaxation of the spontaneous emission of
atoms in the excited states is far greater than the laser pumping
rate, the combined effect of the depopulation relaxation of the
weak-field laser and the repopulation relaxation of the spon-
taneous emission will eventually lead to a new distribution of
the ground-state atoms to establish a new dynamic balance,
i.e., the atoms are aligned [44]. In the process of atom-field
interaction, the hyperfine components for F, = 4 are evenly
split by the offset field By along the light propagation direc-
tion, where the offset field By is generated by a nonmoment
solenoid coil driven by a low-noise precision current source.
The strong-dressed field B;(t) = Bj coswt and the weak-
dressed field B (t) = B, cos wyt perpendicular to the offset
field By are generated by two pairs of Helmholtz coils driven
by two signal generators, where B; and w; (j =1,2) are
the amplitude and oscillating frequency, respectively. These
three fields are coupled to the atoms to change the energy
of the atoms and establish coherence among the sublevels,
which satisfy the relationship By > B; > B,. In addition,
the rf dressing field B,(¢) is the key field for self-generated
longitudinal Floquet modulation in the system. In the probe
process, there are two processes: the rf probe field scanning
and optical power monitoring. When the frequency w, of the
probe field B,(t) = B, cos w,t scans to the resonance neigh-
borhood of the system, the rf field is coupled with the system
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to establish coherence and change the population distribution,
thereby partially destroying the alignment distribution estab-
lished by the optical pumping process, so that atoms are forced
to reabsorb light to establish a new dynamic balance. The
transmitted light passing through the cell is received by the
photodetector with a transimpedance amplifier and low-pass
filter and recorded by the digital oscilloscope. If the dressed
fields B;(¢) and B,(¢) are turned off, the device returns to
the traditional alignment magnetic-resonance device [45]. The
power variation of the pump-probe laser indirectly reflects the
information of the ground-state magnetic resonance, where
the relationship between the absorption of the pump-probe
laser and the sublevels of the ground-state hyperfine struc-
ture can be described by Eq. (A6) in Appendix A. To gain
further insight, we convert the absorption of the pump-probe

laser into the form of polarization moments Com{™5 + C,m5%,

where the atomic multipole moments mg'y and mlf‘% are the
monopole moment and alignment [36], respectively. The coef-
ficients Cp and C, are related to the analyzing power, amplifier
gain factor, optical power, and so on. Since mgy = 1/3 is a
number related to the population of atoms and has nothing to
do with the information carried by the spectra, the alignment
magnetic-resonance spectra can be simplified to

Slab (wp) szlab ( 1 )

Details on the laser-detected alignment magnetic-resonance
spectra are given in Appendix A.

III. THEORETICAL MODEL ESTABLISHMENT
AND ANALYSIS

To investigate the double-dressed alignment magnetic-
resonance spectra, the quantization axis z is selected in the
direction of the offset field By. In this original represen-
tation of the calculation, the atom sees the total magnetic
field Bio = Boé, + [B1(t) + Ba(t) + By(t)]e,. The Hamilto-
nian Hy, of the magnetic fields interacting with atom is
given by Hg = —1 - Bt = grpp Y o= | F:B' [46,47], where
the physical constants gr and wp, the angular momentum
F;, and the magnetic-field component B’ are the hyperfine-
structure Landé g factor, the Bohr magneton, the hyperfine
angular momentum in covariant spherical harmonic represen-
tation, and the magnetic-field component in the contravariant
spherical harmonic representation, respectively. The covariant
spherical harmonic representation components e; (with j =
0, £1) in the Cartesian coordinate representation are given by
ey = :F%fz(ex =+ iey), ey = e;. Additionally, the contravariant

spherical harmonic representation components e/ (where j =
0, 1) in the Cartesian coordinate representation are defined
by the relations e*! = :F\/%(ex Fiey), ¢ = e, [48]. In the
spherical harmonic representation, when the rotating-wave
approximation condition is satisfied, by going into the rotating
frame with frequency w; and neglecting the counterrotating
terms, the Hamiltonian for the system in the spherical har-
monic representation is given by

Hy =Hy+H, +H, + Hp, )

with
Hy = AF, (3a)
Hy = Q(F_1 — F), (3b)
H2 = QQ(F_leiSt — Fle_i&), (3C)
H, = Q,(F_1™" — Fe™™"), (3d)

where detuning A = wy — w; is the detuning of the Lar-
mor precession frequency wg = upgrBy generated by the
offset field By and the frequency w; of the strong rf
field Bi(¢t). The detunings § and §, are given by § =
wy —w; and 8, = w, — w;. The Rabi frequencies of the
strong rf field, the weak rf field, and the probe field are
defined by Q; = 1pgrB;/2+/2 (with j = 1,2, p). The spher-
ical components F, of the hyperfine angular momentum
can be expressed in terms of the basis {|4,m)} as F, =

25 =t Cyt 4 m 4 ) (4, m| with g = 0, &1, where

the coefficient C <<>> oo 1s the Clebsch-Gordan coefficient and
the operator |4, m + () (4, m| represents the transition from
|4, m) to |4, m + ) [48].

It is convenient to further pursue an analytical method
for physical insights. This can be achieved by imposing the
following conditions. (i) The Zeeman splitting wy of the lon-
gitudinal offset field By and the Rabi frequencies w; and w, of
the two transverse rf fields satisfy the relation wy > Q| > Q.
On the one hand, this condition ensures that the possible
presence of longitudinal components for the rf fields B;(t)
and B,(¢) in the direction of the offset field By due to the fact
that both rf fields B;(¢) and B,(¢) are not strictly orthogonal
to the offset field By can be ignored by the rotating-wave
approximation during the experiment. On the other hand, it
is ensured that the Hamiltonian of the offset field By and the
strong rf field B;(¢) satisfies the diagonalization condition,
and the Hamiltonian of the weak rf field B,(¢) satisfies the
perturbation condition. (ii) The Rabi frequency €2, of the
probe field is much smaller than the Rabi frequency €2, of the
rf field By (), i.e., €25 > €2, so the influence of the probe field
on the system can be ignored. (iii) The detuning § of the two
rf dressed fields is smaller than the linewidth I of the system,
ie., 6 < I'. All parameters are experimentally manageable.
Typical values of the optimized experimental parameters are

~ 152.210 kHz, w; ~ 152.210 kHz, w, ~ 152.220 kHz,
Ql ~ 810 Hz, Q, ~ 243 Hz, I' ~ 50 Hz, and 2, ~ 20 Hz,
which satisfy the above constraints. All parameters are tuned
in the neighborhood of these typical values during the experi-
ment.

To gain further insight, the Hamiltonian Hy + H; is
diagonalized into the dressed-state |4, m’ ) representation,
where the eigenvalue is A =m'Q (m' = ., 4) with

=+ A?+2Q2. The eigenvector is given by |4, m') =
Z |4, m)D (4)*(0 B,0) and the Euler angle g satisfies

B _ [Q+A B _ [Q-A
cos 5 =,/*35s and sin5 =,/>5=, in which the rotation

transformation D (¥, 0, ¢) is the Wigner D functions de-

mm’

fined by analytic continuation with the Euler angles v, 6,
and ¢ [49]. The hyperfine angular momentum operator F ].’ can

be expanded into F, = 2¢/3 Y724, CImev 14, m! + v) (4, mi|

m'=—4 ~4m'lv .
with v =0+ 1 in the dressed-state representation, where
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the operator |4, m' + v){4, m'| represents the transition
from |4,m') to |4,m' 4+ v). The angular momentum op-
erators between the two representations satisfy F, =

>, FDY)0, B,0) with g, ¢ =0, +1. Next, the Hamilto-
nian H, 0? the weak rf field B,(¢) and the Hamiltonian H,
of the probe field B,(¢) enter the dressed-state representa-
tion. According to the effective Hamiltonian theory [50], the
Hamiltonian is perturbed to the second order. Therefore, the
effective Hamiltonian H'(¢) of the system in the dressed-state

representation is

H'(t) = H(t) + Hy (1), )
with
H{(1) = Qum(t)Fy, (52)
HY(t) = QuIfe()F e — fi()Fe®™], (5b)
m(t) = 2+/2 cos g sin g cos &t

— 2% cos? g sin? g cos 28t, (5¢)

fe(t) = ! izosﬁ + ﬁ{fﬁ 5 €0 g sin® ge”"”
— ﬁ% cos’ g sin geial, (5d)

where H{(1) and H{(r) are the system Hamiltonian and
the probe Hamiltonian in the dressed-state representation,
respectively. The dimensionless parameters m(t) and fi(t)
are the self-generated Floquet modulation coefficient and the
modified probe coefficient, respectively (see Appendix B for

details). The detuning 61 and frequency shift wgs are given
2 sin*f  cost
Q

by 8+ = Q2+ wps F 8, and wps = Q3(5F + =5 ). respec-
tively. The subscript “+” (“—"") corresponds to the right (left)
sideband of the spectra.

In the double-dressed system, the Hamiltonian (5a) and
Fig. 2(a) show that the strong-dressed field B;(z) splits
each atomic energy level equidistantly with energy 2 in
the dressed-state representation. The weak rf field B,(¢) has
nonresonant one-photon and two-photon modifications to the
system. For nonresonant one-photon modification, the dressed
atoms absorb the m photons from the dressed field B(t)
in different transition channels to synthesize Floquet first-
harmonic modulation 2\/5522 cos "; sin g cos &t [cf. transition
1 in Fig. 2(a)]. For nonresonant two-photon modification, the
weak rf field B,(¢) makes the system produce time-dependent
second harmonic modulation and time-independent energy-
level shifting effects. On the one hand, the dressed atoms
undergo nonresonant cascaded two-photon transitions in two
adjacent two-photon transition channels, wherein the dressed
atoms simultaneously absorb two nonresonant o rf photons
from the dressed field B, (¢) in each channel, so that these two
cascaded two-photon processes jointly synthesize the Floquet

. . Q2 .
second-harmonic modulation —252 cos? % sin? g cos 28t ; see

transition 2 in Fig. 2(a). On the other hand, the dressed atoms
undergo nonresonant Raman transitions in two adjacent two-
photon transition channels, wherein the dressed atoms absorb
and emit two nonresonant o rf photons from the dressed field

(a) |/ ____________ \J,|,/ 4,mv+1\
ame)—L—cT T 2y 4l )
: | TRY : : 26{_ ‘4,m> :
e I o, |
I [N o_ :
| |4,m) LB - [, +1),
l4,m — T o_ |
: rM1s H— { _<> ‘4,m'> :
| ete o= N g |
|, L Ll b N
: 4T |4,m +1>:
:|4’m_l> :;H = A |4,m") :
' Y s seres :
! |

Dressed-state representation

(b) .’/ Left continuum \“// Right continuum \ ,
5 m(t)\1 H ||4,m +1)
1112 [ I ,
I ™ 1 4am>
I e |
I I
: a_ | : O'+ ! ’
: } i i 4,m +1>
E w, | i w w, | 4m')
| Qi g’ |
o_ T T a T o
| | £ + '
I T v 4,m +l>
I ag_| | I
[ L : 4,m’)
4 5 6 /7 8 9

Dressed-state representation

FIG. 2. Hyperfine energy-level structure of doubly dressed mag-
netic resonance. (a) System dressed by two transverse rf fields. In
the original representation with the basis {|4, m)}, the nine hyperfine
sublevels are uniformly split by the offset field By and their frequency
interval is wy (for brevity only three adjacent sublevels are given).
The frequency w; of the strong dressed field B;(¢) is resonant with
the frequency wg and detuned from the weak rf field B,(¢). Each
hyperfine sublevel in the original representation is uniformly dressed
by strong rf field B;(z) into nine new sublevels in the dressed-state
representation (for brevity only two adjacent sublevels are given in
the dressed-state representation). In the dressed-state representation
with the basis {|4, m')}, the dressed field B,(¢) modifies the energy
levels of the system. Transition 1: The nonresonant process of two
single rf photons generates first harmonic modulation. Transition 2:
Two cascade two-photon processes generate second harmonic modu-
lation. Transitions 1 and 2 constitute the Floquet modulation €,m(t).
Transition 3: Two Raman two-rf-photon processes produce wgs.
(b) The dressed field B,(¢) modifies the rf probe process. Transition
4 (7): Single-photon process in the left (right) continuum. Transition
5 (8): The cascade four-wave mixing modification in the left (right)
continuum. Transition 6 (9): Raman four-wave mixing modification
in the left (right) continuum.

B>(t) in each channel, so that the two Raman two-photon
processes jointly produce a Bloch-Siegert-like shift wgs [8];
see transition 3 in Fig. 2(a). Therefore, due to the presence of
the dressed field B; (), the system will automatically generate
the Floquet modulation 2,m(t).

In the probe process, because the probe is modified by the
weak rf field B,(¢), there is not only the linear absorption
process, but also the obvious nonlinear absorption process;
see Fig. 2(b) and Hamiltonian (5b). Taking the right sideband
as an example, for the linear absorption process, the atom
absorbs a rf photon with frequency w, = w; + 2 + wgs in
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the probe field B,(¢) and cause Am’ =1 transition with the
coupling strength WQP; see transition 7 in Fig. 2(b).
For nonlinear absorption processes, there are two channels of
Raman and cascade four-wave mixing [51,52]. In the cascade
four-wave mixing process, the dressed atoms absorb one rf
photon with frequency w, and one 1f photon with frequency
w, in the probe field B,(¢) and dressed field B (), respec-
tively, while the dressed field B; (¢) emits two rf photons with
frequency w;, in which the frequencies satisfy the relation
Q + wps — § — 8, ~ 0 in the entire process; see transition 8
in Fig. 2(b). In the Raman four-wave mixing process, the
dressed atoms absorb a rf photon of frequency w,, in the probe
field B,(t) and then emit a rf photon of frequency w, into
the dressed field B,(¢), while the dressed field B;(¢) emits
a rf photon with frequency w; and absorbs the photon with
frequency w;, where these frequencies satisfy the relation
Q + wps — 8 + 5, ~ 0 in the entire process; see transition
9 in Fig. 2(b). All of these transitions partially change the

atomic alignment distribution established by optical pumping.
Eventually, the atoms are forced to continuously absorb laser
photons and establish new dynamic alignment distribution.
To find the transparent form of dressed spectra (1), the
Hamiltonian (4) with Floquet transformation is brought into
the evolution equation, where the evolution of the polarized
atomic ensembles governed by the master equation p(t) =
—i[H', p(t)] + Lp(t); see Appendix B for details of the
derivation. The density matrix ,o(t) is straightforwardly ex-
panded to p(t) = k 2F Zq_ 2 Mig() Ty g with a set of
kth-order irreducible tensor bases {T.4} [49] and brought into
the master equation, so that the expression of the steady-state
alignment transmission spectra is analytically given by

1 ll=+oc
lab _ +
S (wp)—c{§ 4 Z |:A(1)2
o LB+

I=—

where the detuning A(l) 16 +6+, the coefficient
C =3GDY) (0, %, Z)D5y (0, B, 0)mi5, and the spectral
linewidths y2, =I2 4 [Q2/4 and y2 =2+ QP )/4.
The linewidth I' is the equivalent relaxation rate of the
alignment. Spectra S™°(w),) and S (w,) correspond to the
left continuum and the right continuum, respectively. Details
of the derivation of Eq. (6) can be found in Appendix B. The
Rabi frequency with second-order correction is given by

n=-+o00

—"Q, Z Jan+1(EDIn(62)

n=—

3 B B2, "o

1+cosp

o) —
+ 2

P
— cos’ > sin o5 H_Z:OOJanH(fl)J (62)
n=-+00
3 p \/_92 p
— — Jon J,,
+ Cos 3 sin REY ,,Z wmri—1(61)a(82),
3)
with arguments & = cos g sin g@ and & =
cos? ﬁ sin? g o> Where function J,(z) is the Bessel

functlon of the first kind [53]. The arguments & and &,
are respectively derived from the first harmonic and the
second harmonic in the self-generated Floquet modulation.
From the spectra (6) and the Rabi frequency (8), it can
be seen that if the condition & — 0 is satisfied, only the
first harmonic in the self-generated Floquet modulation
Qom(t) is considered, and the equivalent Rabi frequency
Qi) returns to Qi) = wﬁph(é]). When the system
satisfies the resonance condition 8+ = 0, it is found that the
Hamiltonian (4) satisfies the generalized parity symmetry,
that is, PH'(t + T/2)P = H'(t), where the definition of
the generalized parity operator P is the energy reversal

54 (w,) = % (wp) + S (w)), (6)
with
|
20f sjalf } @
+ 3’121 42(Ai)2 + Vlzi)(Ai)z + szi) ’

(

(Fp — —Fp) of the system after half a period of modulation
(t —> t + T/2) [54]. The continuum is symmetrical as shown
by the hollow green circles in Fig. 3(a), which is similar to the
resonance fluorescence spectrum with one modulated laser
light discussed previously [55,56]. Essentially, symmetry
for continuum is due to the fact that the Hamiltonian
modulated by the first harmonic satisfies generalized parity
symmetry [57]. Furthermore, only considering the nonlinear
modification of the probe by the field B, (), the two types of
four-wave mixing process symmetrically modify the profile
of the continuum to make the profile lighter [cf. the solid
blue circles in Fig. 3(a)]. However, notwithstanding that
only considering the first term of the Rabi frequency Q.
the continuum is pronouncedly asymmetric; see the hollow
black circles in Fig. 3(b). The relative magnitude of the
extremum amplitudes of each continuum depends on the
second harmonic modulation parameter &, and on the relative
magnitude of the extremums of the square of the absolute
value of the probe Rabi frequency |Qi)|2; see Appendix C

for more details about |Qi) 2. The reason for the asymmetry
of the continuum, from the perspective of symmetry, is that
the second harmonic modulation breaks the symmetry of the
system. Therefore, the self-generated Floquet modulation
Qom(t) modifies the symmetry and profile of the alignment
magnetic resonance spectra and the generalized parity of the
Hamiltonian with this Floquet modulation is absent [54] [the
solid purple circles in Fig. 3(b)].

IV. EXPERIMENTAL AND THEORETICAL
VERIFICATION

Experimentally, the system is scanned by a low-intensity
transverse rf field B, (¢), and the magnetic-resonance align-
ment magnetic-resonance spectra S'(w),) can be observed by
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FIG. 3. The right continua of alignment magnetic-resonance
spectra $'™ (w,) with doubly dressed fields corresponding to the
different modifications from dressed field B, (). (a) Hollow green
circles: The system is modulated by the self-generated first harmonic
and the probe is not modified by the four-wave mixing process. Solid
blue circles: The system is modulated by the self-generated first har-
monic and the probe is modified by the four-wave mixing process. (b)
Hollow black circles: The system is modulated by the self-generated
first and second harmonics and the probe is not modified by the four-
wave mixing process. Solid purple circles: The system is modulated
by the self-generated first and second harmonics and the detection
is modified by the four-wave mixing process. The parameters used
in the calculation are wy = 152.210 kHz, w; = 152.210 kHz, w, =
152.220 kHz, ; = 810 Hz, 2, = 243 Hz, and 2, = 20 Hz.

monitoring changes in the optical power of the probe light. For
the system dressed by a intense tf field B;(¢), the alignment
magnetic-resonance spectra show the standard Autler-Townes
splittings as shown in Fig. 4(a), where the frequency separa-
tion between the two splittings depends on the Rabi frequency
2 and the detuning A. However, for the system dressed by
two rf fields Bi(¢) and B;,(¢), when the frequency w; of the
strong dressed field B;(¢) is set to resonate with the Larmor
frequency wp and the frequency w, is detuned with w; by
10 Hz, compared with the Autler-Townes absorption spectra
produced by one dressed field [17,58], the presence of the
weak dressed field B,(¢) leads to the pronouncedly asym-
metric continuous broadened modification of the sidebands
for the alignment magnetic-resonance spectra; see Fig. 4(b).
The center of the broadened sideband continuum is located at
w1 £ (2 + wps). With the condition of the weak probe, each
sideband continuum is the accumulation of infinite Lorentz
functions whose center is w; £ (2 + wgs + [8), linewidth is
Y1+, and weight factor is [Q{|? with the modification from
rf field B,(¢). There are two inflection points in the edge
area of each asymmetric continuum, and the frequencies {i»
and ¢4 correspond to the frequency positions for maxima
and submaxima, respectively. The sideband continua quickly
decrease to zero after the maxima. The experimental data
(black circles) match well with the theoretical predictions
(blue continuous line). The physical picture for the forma-
tion of the spectra can be explained concisely as follows:
the alignment magnetic-resonance spectrum without dressing
from rf field B,(¢) is split into an Autler-Townes doublet by

0.00
-0.28
-0.56

0.00

W
:zi?i Y
"\

V

pWa

153000

(arb. units)

0.00
-0.06 |
-0.13 -

Slab( (Dp)

150000 151000 152000

w,(Hz)

154000

FIG. 4. The alignment magnetic-resonance spectra $'**(w,,) with
double rf dressing fields. The black circles are the experimental data
and the blue continuous line is the theoretical fit. (a) The alignment
magnetic resonance spectra are dressed by a strong rf field B;(¢)
with resonant frequency w; = wy = 152.210 kHz. (b) The alignment
magnetic-resonance spectra are dressed by two rf fields B, (¢) and
B;(t), where the strong one resonates with frequency wy and the
weak one is detuned at 10 Hz (w, = w; + 10 Hz). (¢) The alignment
magnetic-resonance spectra are dressed by two nonresonant 1f fields
B;(t) and B,(t) with w; = 152.310 kHz and w, = 152.320 kHz.
Other parameters are 2, ~ 810 Hz, 2, ~ 162 Hz, 2, ~ 20 Hz, and
I' ~ 50 Hz.

the transverse strong rf field B;(z). Next, the self-generated
Floquet modulation modulates the sidebands of the Autler-
Townes splittings into asymmetrical continua. Note that the
asymmetry of the continuum originates from the second har-
monic modification in the self-generated Floquet modulation.
Moreover, when the strong dressed field B (¢) is detuned to
the Larmor precession frequency wy, the left and right con-
tinua are recognizably asymmetrical as shown in Fig. 4(c).
The physical mechanism is that the Rabi frequencies Qi) of
the left and right continua are not equal due to detuning, i.e.,
B # /2. The self-generated Floquet modulation field and the
four-wave mixing processes make different modifications to
the two continua. From the perspective of parity symmetry,
due to the appearance of the detuning A # 0, the generalized
parity of the system is completely destroyed. Furthermore,
the frequency detuning § of the two dressed fields affects the
magnitude of the maxima and submaxima of the continua of
the alignment magnetic-resonance spectra. Figure 5 shows the
right continua of alignment magnetic-resonance spectra for
different detuning §. It is obvious that the continuum with
a detuning of 10 Hz between the two dressed fields is more
symmetrical than the continuum with a detuning of 5 Hz. The
physical mechanism can be revealed as follows: the asymmet-
ric modification of the spectral continuum originates from the
second harmonic in the self-generated Floquet modulation.
The detuning § affects the magnitudes of the arguments &
and xi, of the Bessel functions J;(&;) and J,(&;) of the first
kind in the probe Rabi frequency (8). when the detuning
é increases, the argument &, of the Bessel function J,(&;)
decreases, and the corresponding value decreases, so the in-
fluence of the second harmonic modulation on the asymmetry
of the continuum decreases. According to Appendix C, it can
be approximated that the relative magnitudes of the maxima
and submaxima for the spectral sideband continuum depend
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0.00 (a)Theoretical calculation |(b)Experimental data
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FIG. 5. The right continua of alignment magnetic-resonance
spectra ' (w,) with different detuning § of two rf dressed fields.
(a) Theoretical analytical calculation: The black and blue solid lines
correspond to detuning at 5 Hz and 10 Hz, respectively. (b) Ex-
perimental measurement data: The hollow black and blue circles
correspond to detuning of 5 Hz and 10 Hz, respectively. The pa-
rameters are wy = 152.210 kHz, w; = 152.210 kHz, 2, ~ 810 Hz,
2, ~ 162 Hz, and Q, ~ 20 Hz.

on the ratio of the maxima and submaxima of the square of the
absolute value of the probe Rabi frequency. Under the limiting
condition that the argument &, tends to zero, the continuum
is symmetric, which is similar to the symmetric continua
phenomenon previously seen in quantum dots [59] and in the
negatively charged single silicon vacancy (Vg;) color centers
in 4H silicon carbide (4H-SiC) [56].

It can be captured from Fig. 6 that, when the Rabi fre-
quency €2 increases within a certain range, the frequencies ¢;
and ¢, corresponding to the two extreme values for the right
continuum increase linearly, while the frequencies ¢{_; and £_»
corresponding to the two extreme values of the left continuum
decrease linearly. This change in linear behavior is similar to
that of the two splittings in the Autler-Townes spectra [60],
both of which are caused by the strong dressed field B(¢).

1.537x10° | a e AT
e 4 - “ " -
LS3IX105F |, . oaooeoa 1
_ S fit:{, o data:{,
E 1.525x10 fit:{, < data:{,
7 1.520x10° - fit:(, 4 data:(, J
fit:{, + data:(,
1.514x10° | ‘\‘\.\\* 1
R S
1.508x10° | R R S

650 715 780 845 910 975
Q,(Hz)

FIG. 6. The four extreme positions ¢; (j = £1, £2) of the align-
ment magnetic-resonance spectra versus the Rabi frequency €2, of
the strong dressed field B (¢), in which subscript j takes 1(—1) and
2(—2) to correspond to the positions of the submaxima and maxima
of the right (left) continuum for the alignment magnetic resonance
spectrum, respectively. The parameters are wy = 152.210 kHz, v, =
152.210 kHz, w, = 152.220 kHz, 2, ~ 162 Hz, and , ~ 20 Hz.

T T T T T T T T T
651 ||—— Theoretical fitting b
e Experimental data

1 1 1 1 1 1 1 1

66 88 110 132 154 176 198 220 242
Q,(Hz)

FIG. 7. The positional interval A = ¢, — ¢; between the max-
ima and submaxima of the right continuum for the alignment
magnetic-resonance spectra versus the Rabi frequency €2, of the
weak field B, (). The parameters used in the calculation and experi-
ment are wy = 152.210kHz, w; = 152.210kHz, w, = 152.220 kHz,
Q2 ~ 810 Hz, and , ~ 20 Hz.

Moreover, the frequency interval A¢ = |¢4r — {4q| of the
extreme values in each continuum remains constant during
the change of the strong dressed field B (¢). The reason why
the frequency interval A¢ remains the same is that the argu-
ment &; of Bessel function J;(&;), which mainly determines
the extreme positions, is unchanged. Furthermore, under the
condition that the Rabi frequency €2; of the strong rf field
B (t) remains constant and the Rabi frequency €2, of the
weak rf field B,(¢#) changes in a certain small range, the
frequency interval A¢ between the maxima and submaxima
of the right continuum of the alignment magnetic-resonance
spectrum can be approximately considered to vary linearly
with the Rabi frequency €2,; see Fig. 7. it is noteworthy
that the approximately linear curve does not extrapolate to
zero at € = 0. This phenomenon is revealed as follows:
on the one hand, the extreme positions ¢; (j = +1, £2) of
the spectral continuum is related to the extreme positions
of the square |§2§?|2 of the absolute value of the probe
Rabi frequency. The positions Piigy and Pieg of the max-
ima and submaxima of |Q$)|2 in the right continuum for
the alignment magnetic resonance spectra are approximately
Pright = [£1] — ko and Pree = —|[&1] + k1| with (ky or ky =
0,1,2,...), where [x] denotes the integer part satisfying the
relation [x] < x < [x] + 1. When the argument &, is large, k;
and k, are not equal. the interval AP between the maxima
and submaxima is AP = |2[&;] + k; — kz|. Then in this case,
when 2, directly tends to 0, argument &; tends to O, but
AP is |k; — kz| # 0. On the other hand, because the spec-
tral continuum is synthesized by the summation of infinite
Lorentzian peaks with different resonance points, the average
effect of the summation is also considered. In addition, be-
cause the magnitude of the value of |52:P|2 corresponding to
the different / on both sides of the extreme of |S25f)|2 is not
symmetrical with respect to the extreme position, the average
effect of the summation will also shift the extreme position of
the continuum. According to the analysis of the above two
aspects, the approximately linear curve of Fig. 7 does not
extrapolate to zero within the range of our typical
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experimental parameters. Considering the results of Figs. 6
and 7 comprehensively, the Rabi frequency €2; or €2, of the
dressed field By () or B,(t) corresponds to the frequency ¢;
corresponding to the extreme values in the continua in a linear
one-to-one correspondence. This linear conversion relation-
ship between frequency and amplitude has certain reference
significance in the field of precision measurement of magnetic
fields [18]. Moreover, two 1f fields with small frequency de-
tuning & can be measured simultaneously for our system.

V. CONCLUSION

We investigate an alignment magnetic-resonance system
dressed by two transverse rf fields with different frequencies,
both theoretically and experimentally. The alignment mag-
netic resonance spectra differ qualitatively from both the one
dressing case [60,61] and the two dressing case with two fields
of equal frequencies [59,62]. Due to the dressing from the
weak field B,(¢), the system self-generates robust longitudinal
Floquet modulation €2,m(z) with first and second harmonics.
The modulation of the self-generated first harmonic to the
system changes the Autler-Townes doublet structure into a
double symmetric continua, where the generalized parity of
the system is present. The two continua are composed of in-
finite Lorentz spectra accumulated and separated by the Rabi
frequency 2; of the strong dressed field; the bandwidth of
each continuum is determined by the Rabi frequency €2, of
the weak dressed field. However, the self-generated second
harmonic modulation changes the continua from symmetric
to asymmetric because the modulation destroys the general-
ized parity symmetry of the system. Moreover, the nonlinear
modification of the probe by the weak rf field B,(¢) also
verifies the existence of four-wave mixing in the radio fre-
quency band. Furthermore, the frequency corresponding to
the extreme points of the continua has the linear one-to-one
correspondence with the Rabi frequency of the modified field,
which is a constructive guide to the study of indirect measure-
ment of physical quantities.

In addition, our results also show that the ground-state
atoms of the coated alkali-metal atom gas cell have the ad-
vantages of narrow linewidth and high stability, which can
be used as a supplementary platform for studying the in-
teraction between electromagnetic fields and atoms in the
radio frequency band. The direct application of the alignment
magnetic-resonance system modified by double harmonics
is the precise measurement for rf magnetic fields [63,64].
Since this double-dressing structure can change the profile
of the spectra and control the spectral width, it can be used
for spectral shaping [65,66]. It can also be used for the re-
search and development of tunable wideband rf sources and
receivers [67,68]. In addition, the spectra can also be used to
study atomic optical filters [69,70]. Therefore, the magnetic
dressing provides a versatile tool for studying dressed spectra
[71], precision measurements [17], quantum control [72,73],
quantum simulations [74], and so on.
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APPENDIX A: DERIVATION OF LASER-DETECTED
ALIGNMENT-BASED MAGNETIC-RESONANCE
SPECTRA (1)

In the experiments, alignment magnetic-resonance spec-
tra are obtained with a weakly resonant linearly polarized
light pump-probe structure [75], where the resonant linearly
polarized light is used to prepare the ground-state atomic-
alignment polarization state on the one hand, and to detect the
ground-state magnetic-resonance spectra on the other hand.
The detailed process is that weak resonant linearly polarized
laser aligns with the hyperfine structure transition 6252,

=4 & 6°%P 2, Fe = 3. Weak lasers pump atoms from
the ground-state hyperfine sublevels to the excited hyperfine
sublevels, where a depopulation process occurs. Since the
pumping rate is much smaller than the spontaneous emission
rate, the spontaneous emission of the excited state brings
the atoms back to the ground-state hyperfine sublevels for a
repopulation process. When the system reaches a steady state,
the depopulation process of the laser and the repopulation
process of the spontaneous emission make the atoms at the
hyperfine sublevels establish a dynamic equilibrium [76]; at
the same time, the distribution of thermal atoms also changes
from the thermal equilibrium distribution [77] to the align-
ment polarization distribution [78]. When the polarized atoms
undergo magnetic-resonance interaction with the magnetic
fields, the alignment distribution will be partially destroyed,
and the atoms are forced to absorb laser photons to establish a
new dynamic equilibrium. During this process, the transmitted
optical power of the probe laser will change, and this change
can reflect the atomic-alignment magnetic resonance informa-
tion. Next, we obtain the probe expressions of the alignment
magnetic-resonance spectra by means of the master equa-
tion [79,80]. In the laboratory frame, the quantization axis z is
set as the polarization direction of the pump-probe laser and
the atoms are coupled with the laser in the configuration of the
7 transition. The master equation for the interaction between
the resonant linearly polarized pump-probe laser and atoms
and spontaneous emission relaxation process is

dp

Z = _i[Hlaser’ ,0] + £se,07 (Al)
with
HaL = Vg Zo + Vo Xy, (A2a)
2J,+ 1
L D[z, ]p, A2b
SEQ = (2] n l) Z gl (A2b)

where Har, and Lsgp are the Hamiltonian for the atom-laser
interaction and spontaneous emission, respectively. The Rabi
frequency for the coupling of the atoms in the ground state
F, =4 and the excited state F, =3 with the laser is Vj =
—(LlId|IJ)E, in which (J,||d||J,) and E are the electric-
dipole matrix element and the laser amplitude, respectively.
Symbols J, and J, are fine-structure angular momenta of the
ground state and excited state. The lowering operator from
Egs. (A2a) and (A2b) between any two hyperfine structure
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sublevels |Fy, mg) and |F,, m,) is

= Z (- 1)F+Jg+1+1CIL;1ngFmE

Fy.mgF,m,
x J@F, + D2, + 1)

N
F, F,

(A3)

1
,} |Fy, mg) (Fe, mel,

where [ is the nuclear spin quantum number and {:::} is
the Wigner 6-j symbol. The Lindblad superoperator D[Z,]0
is defined by D[Zy]p = TepE) — 35i 80 — 3p L) T, The
subscript g takes —1, 0, 1 corresponding to the o_ transition,
7 transition, and o transition, respectively. The coefficient
I" is the rate of spontaneous emission. Since the pumping
rate Vp of the linearly polarized pump-probe laser is much
smaller than the decay rate I' of the spontaneous emission,
i.e., Vo « T, the matrix elements pg, i ,» between the ground
state and the hyperfine sublevels of the excited state can be
obtained by adiabatically removing the excited states |F,, m,)
according to adiabatic approximation [81], where m means
that the indices of the hyperfine sublevels of the ground and
excited states are equal (mg, = m,). The details of the density
matrix elements o, r,n are given by

8iAF™Vy
- M (A4)
ngmFem 3 T ngmFgm s
with
Fm m+Jg+1 Fe 1 F,
A = (= 1y ] +1< .
(AS5)

x J@F, + )(F, +1){F ; }}

The off-diagonal matrix element of,,, Fym is related to the de-
tection absorption of the linearly polarized pump-probe laser.
Therefore, the linearly polarized pump-probe laser absorption

is [82-84]
n=t | Ag lldIle) |

e (A6)
AfmVo

a=a Im[pFmpml-

m=—4
Here the coefficient ap = 4mNwy /fic is a constant, where
N is the atomic density, w; is the pump-probe laser
transition frequency in the absence of a magnetic field,
c is the speed of light, and 7% is Planck’s constant.
According to the transformation relationship PEmEm =

k=2F, o e
Zk =0 Zq__k (—Dfs 2%k + 1(51 fm
the density matrix element and the state Hlllltlpole mlab [49],

the pump-probe laser absorption expression in the tensor rep-
resentation is obtained as

)mlab between

o
o= 90(14 mis —
where the atomic multipole moments ml‘ib and mldb are the
monopole moment and alignment in the laboratory frame
[36], respectively. The alignment magnetic-resonance absorp-
tion spectra described by atomic multipole moments for
the linearly polarized pump-probe laser is proportional to
Com{'y + Comi%. The coefficients Cy and C, contain an-
alyzing power, amplifier gain factors, and optical power
dependencies [45]. The monopole moment ml‘ﬁlb is related
to the total population of ground-state atoms [76] which is
just a number and has nothing to do with the information
carried by the spectra. The main influence on the spectra
is alignment mlza%. Therefore, the laser-detected alignment
magnetic-resonaﬁce spectra can be given by

V7Tm5%), (A7)

5 (w,) = ComY. (A8)

APPENDIX B: DERIVATION OF EQS. (4) AND (6)

The total Hamiltonian in the dressed-state representation
with rotating frequency €2 is

Hy(t) = Q2 (0052 §F_’167"9’ + /2 cos g sin gFO/ + sin? §Fl’ei9’>ei5’

- (sin2 gFlle’iQ’ -2

2 B

H(t) = <cos ZF e 4 /2 cos

where the Hamiltonian H,(t) and Hl’,(t) are derived from
the Hamiltonian H, and H, in the original representation,
respectively. In the Hamiltonian Hj, the terms containing Fj

Hy (1) = Hy(t) + H) (1), (B1)
with
J
cos g sin gFO/ + cos? 'BF{ ’Q’) —isr (B2a)
g sin gFo/ + sin® ﬁF’e’“’) 18pt
— Q| sin® EF_’le"Qt —V/2cos P in EFO’ + cos? éFl’eiQ’ e ot (B2b)
2 2 2 2
[
modulation
IS () — 24/2 B . B_, B3
2L (t) = 2428 cos > sin EFO cos 8t. (B3)

directly synthesize the longitudinal first harmonic Floquet
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The high-frequency oscillation terms with frequencies (€2 &
8) and (2 £§,) in the Hamiltonian Hy (¢) satisfy the con-
ditions (2 £ 8), (2 £8,) > cos? £, sin® £Q,, cos® £,
sin’ %Qp, so these terms can use the perturbation theory
[50,85] to give the effective Hamiltonian. For the effective
Hamiltonian of each order, the low-frequency terms are kept
and the high-frequency oscillation terms are ignored. There-
fore, the effective Hamiltonian is given by

where the parameters 2 H¢I and 3 H eI represent the second-

and third-order effective Hamiltonians, respectively. The
second-order effective Hamiltonian is given by

1
2ndH§)ftf(t) = _th/ot(t)/ dt/H/tot(t/)

= —i[Hy(t) + H[/,(t)]/ di'[Hy(t") + H[',(t’)]

— 2ndH26§f(t) + 2ndHeff([) + zndHeff(t) (BS)
Ht (1) = MH! (1) + ™MHG (1), (B4)  with
- J
Mpel = —iH)(t) f dt'Hy(t")
~ / 2 13 2
~ wpsFy — 2 cos ) sin EEFO cos 26t, (B6a)
t t
ST = —iH) (1) / di'H(t") — iH,(t) / dt'Hs(t')
3 :3 na2 o0t 3 :3 S \F! ol
~Q, «/_cos—sm 2§2 \/_sm—cos ZQ F’e »
Q
-Q, (\/Ecos g sin § 92 ¢ — \/2sin g cos® = b e 92 e"‘”)F’e’(Q’L‘Sp)’
+Q, (ﬁCOS g sin® g Qz e~ — \/2sin g cos’ 'g 9 e"s’)F e (@
Q.
-Q, (x/icos g sin® gée"” — V/2sin g cos® = p 92 e"‘”)F’e’(Q )t (B6b)
t
2nd pyeff __ cry/ 11T/ (4
Hp, = —sz(t)/ dt'H,(t"). (B6¢)

Here frequency shift wgs = (Sg 5 cos’ 2 ) is the Bloch-

Siegert-like shift [8]. The effective Hamlltoman ndpefte)
is the second-order modification of the weak rf field B,(¢).
The effective Hamiltonian 2“dHfIf,f(t) is the second-order mod-
ification of the weak 1f field B,(¢) and probe field B,(z).

J

—H/

tot

3ndHeff(l) —

tot

= —[H;(t) + H,(1)] / [Hy(t") + H,(1")] / [H,(t") + H,(t")]dt"dt’

(

The effective Hamiltonian 2" F<7(1) is the second-order self-
modification of the probe field B,(¢). Note that since the Rabi
frequency €2, of the probe field is very small, the second-order
effect 2nd H;g(t) can be ignored. The third-order effective
Hamiltonian is

(t)/ Ot(t)/ H, (:"dt"dt’

(B7)

'ﬁ‘dHeff(t) + 3rdH2ff(t) + 3rdHeff(t)

with

M) = —H, (1) / Hj(t) / H,(t")dt"dt’'

58 B A
cos’ 5 sin 5 _

COS 3

S5
SlIl2

3/3

COos sin g

~2\/’9*<

28Q — Q2

3B

27/293(282 4 Q%) cos® £ sin® £

286Q+ Q2

(467 — Q2)(8? — 92)
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MHS () = —[Hz’(t)+Hl’,(t)]|: / H,(t') / H)(t")dt"dt’ + / H(1") / Hz'(t”)dt”dt’]
—Hz’(t)/ H;,(t/)/ H;,(t”)dt”dt’ —H;,(t)/ Hz’(z/)/ H;(¢t")dt"dt’, (B8b)

t t
3de;§(¢) = —H) (1) / H(t') / H)(t")dt"dt'. (B8c)

The effective Hamiltonians *H5y'(r), *H5) (1), and *“HS0(¢) represent the third-order self-modification of the weak rf field
B, (), the third-order modification between the weak rf field B () and the probe field B, (), and the third-order self-modification
of the probe field B,(¢), respectively. In our experiments, typical values of the optimized experimental parameters are wy ~
152.210 kHz, w; = 152 210 kHz, w, ~ 152.220 kHz, Q; ~ 810 Hz, Q, ~ 243Hz, I' ~ 50 Hz, and 2, ~ 20 Hz. Combined
with our experimental parameters and the comprehensive analysis of Egs. (B3) and (B8a), the first harmomc coefficient in
Eq. (B3) is much larger than that in Eq. (B8a), so the first harmonic modulation generated by the third-order perturbation can
be ignored. The coefficient of the second harmonic in Eq. (B6a) is much larger than the coefficient of the third harmonic in
Eq. (B8a), so the third harmonic modulation present in the system can be ignored. Considering that €2, is much smaller than €2,
the Hamiltonian *f5¥(r) and *H1(¢) in the third-order effective Hamiltonian *H&(¢) can also be ignored. Therefore, the
total Hamiltonian with the second-order modification effect is given by

H'(t) = Qom()Fy + QuLfe(OF e — f(t)F{e®™], (B9)
with
Q
m(t) = 22 cos g sin g cos &t — 252 cos? g sin? g cos 26t, (B10a)
1+ Q Q .
fi() = %S'B + ﬁgz _i cos g sin® g «/59—_26 cos® g sin ge"s’, (B10b)

where the detuning 6. is given by 84 = Q + wps F J,,. The with
subscript “+” (“—") corresponds to the right (left) sideband

of the spectra. The dimensionless parameters m(t) and f(¢) Q) 1 £cosp 1+cosp, nioo ot (EDI(E2)
are related to the Floquet modulation and probe modification, + 2 2n 1351 2
respectively. Next, the Floquet transformation is performed on =
the Hamiltonian, and the transformation operator U (¢) is B B V29,9, "< +oo
— cos® =sin = ———2 Z Jons1+1(E1)n(62)
ot - I . , 2 2 Q-6
U(t) = e*lf dt'Qum(t)Fy _ ,—i(E sin1—& sin 281)Fy i (B11) n=—00
/3 . ,3 \/EQZQ n=-+o00
where the dimensionless parameters £, and & are & = + cos ) sin® > o+ " Z Dontr1-1(61)0(52),
242 cos g sin g% and & = cos’ E sin’ gm, respectively. (B14)
The Hamiltonian H'(t) after Floquet transformation U (¢) is
dui(t) where the probe Rabi frequency Qi) is the modified Rabi
Hy(t)=U"(OH' OU @) +i U() frequency with nonlinearity. The detuning A4 is defined by

Ay =64 +15. The evolution of the density matrix is gov-

e ntee (5. 115 erned by the master equation
=Q, > Y S EDIE) L ()F e O
I=—00 n=—00 o= [H[,([), p] + Lp, (B15)
=400 n=+00
- Q, Z Z Jonr1 (ENT(E) fE (1) F &1 where Lp represents the relaxation process of the system,
I=—00 n=-00 which is mainly composed of three types of relaxation pro-

(B12) cesses: the optical pump relaxation process [86], the ground-

state spin-exchange collision relaxation process [87,88], and

Here the identity relationship e™*"? ZZ—J_FOO imé j (x)is  the transit relaxation process [44]. To study the evolution of

used, which can be obtained by the Laurent series expansion ~ alignment concise@y, we expand‘ the density operator p into an

of the function e*¢— 5 in 0 < lt| < oo and taking ¢ = e (x ensemble of polarized atoms Wltl} hyperfine angular momen-
is the parameter variable) [53]. Therefore, the /th Floquet M according to the atomic multipole moments 1y, 4:

Hamiltonian with rotating frequency /6 is given by

«ny _ O _ p= Z Z Mg Thg: (B16)
H AiF + Q (F ), (B13) k=0 q=—k
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where T; , is the irreducible tensor [49]. The multipole moments m , are defined by mkyqz(leq) =trp T,: q [36]. According to

Egs. (B13), (B15), and (B16), the evolution of the alignment components mélzl of the atomic ensemble is

’h;l,fz = iZAi)mg{),z - i\/zﬁi)mg’ll - Fz._zmg)d, (B17a)

my) = iAPmi | —iv3QPmS) —iv2QPmS) ) — 1y m§) (B17b)

m(zlz) = _iﬁgi)mg,)_l - lﬁgi)m(zl)l - r‘2,0’713}) — Lo,0mo,0, (B17¢)

my) = —iAYmY) —iv3QPm{y — iv2QUm)) — T mf), (B17d)

myhy = —i2APm) — iv2QPmf| — Ty omd), (B17¢)

where the coefficient I'; , (with ¢ = —2, ..., 2) is the relaxation coefficient of alignment and satisfies the relationship I'; ;, =

I"5,14 [46]. The monopole moment my o is the injection of the system, which is equal to the population divided by ~/2F 4+ 1 [76].

When the steady-state condition 3,mg%) = 0 is satisfied, the solution of the incoherent component of the /th alignment is

my  Tool(AY 4T3 ) (A2 + T3,) — 480" + 1,10 |20 + ]2l

mo,0 (—)z

(B18)

with

Z=4T20+ 3F2,2)|Q§?|4 + 1“2,0(A§?2 + F%_l)(4Ai)2 + F%,z) (B19)

2
+ 2[T2,1T22(20 0 + 3T22) — 4A D> (0 — 30)] ’Qi)’ .

Equation (B18) can be simplified substantially if we consider the isotropic relaxation process, i.e., I'po = Th | =Tho =T,
which is without loss of generality. The steady-state analytical expression of alignment m% is given by

2 4
SV G < N 39| , (B20)
T3 AlaPP eyl 2D+ y)(AY7 04

(

where the spectral linewidths 2, =I2+ |Q{|2/4 and  nance spectra. According to Eq. (B14) and Figs. 8(a) to 8(f),

Y2, =(T'2 + |202)/4. The symbol “+7(“—") corresponds to the followmg conclusions are dra\yn. o .

tlfét right (left) :ideband for the incoherent term of alignment () When(lc))rél?/ the first h.armomc modulation is considered
of the /th Floquet state. The first term of Eq. (B20) is constant, (62 = 0), [€2,|” is symmetric about / = 0; when both the first
which has nothing to do with the information carried by the harmonlc(:l)aznq the second harmonic modulation are consid-
spectra and can be ignored. The second term is the standard ered, |§2,|” is asymmetric about / = 0 and the positions of
Lorentz line type. The third term is formed by the multiplica- ~ the maxima and submaxima will shift. o .
tion of two Lorentz spectra with different line widths, which is (i) When only the first harmonic modulation is consid-

the correction term of the spectra. The spectra (6) is obtained ered, tlhe position Pign of the maximum value on the right
by substituting Eq. (B20) into Eq. (1). of |Q:_)|2 and the position P of the maximum value on

the left and the argument &; approximately satisfy the rela-
tionship respectively: Pyighe = [£1] — k and Pege = —|[&(] + k|,
(k=0,1,2,...,), where [x] denotes the integer part satis-
fying the relation [x] < x < [x] + 1. The value range of the
variable &; is different and the corresponding value of k is
According to Eq. (B20), with the weak probe power  also different. As shown in Fig. 8(a), when the value of &; is
limit (€2, — 0), the alignment magnetic-resonance spectra small, the value of & is approximately considered to be zero.
can be considered to be formed by the superposition of =~ When the value of & is larger, the value of k is nonzero [see
infinite Lorentz peaks with different resonance positions Figs. 8(b) and 8(c)].
w1 £ (2 4+ wps + [8). The peak value of each Lorentz peak (iii) As shown in Figs. 8(e) and 8(f), when & is large, the
is proportional to |S21)|2 and the contribution of Lorentz position P of the submaximum of |S2(J£)|2 is offset com-
peaks at different resonance positions to the alignment  pared to the position P in conclusion (ii). The position of

APPENDIX C: CHARACTERISTICS FOR THE SQUARE OF
THE ABSOLUTE VALUE
OF THE PROBE RABI FREQUENCY |22

magnetic-resonance spectra is different. Moreover, according the submaximum can be expressed as Py = —|[&1] + k1],
to Figs. 8(a) to 8(f), the distribution of |Q2{’|? with the Floquet (k1 =0, 1,2, ..., ). The position Prgy of the maximum value
summation index / is similar to the distribution of the align- of |§2$)|2 is also offset from the position Py in conclusion
ment magnetic resonance spectra with the probe frequency (i1), which is Prgne = [£1] — ko, (k2 =0,1,2,...,). It is es-
w,. Therefore, studying the characteristics of |Qi)|2 is helpful pecially worth noting that when €2 is large, k; and k, are
to understand the properties of the alignment magnetic reso- ~ not equal. Therefore, the interval AP between the maxima
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FIG. 8. The square of absolute value of probe Rabi frequency Qﬁ) versus the Floquet summation index / for right continuum. (a)—(c) con-

B

sider only the first harmonic modulation (24225 cos g

. Q .
and second harmonic (—2€2 -3 cos? g sin? g

sin g cos 81). (d)—(f) are the cases where the first harmonic (2+/2€2; cos £ sin g cos &t)

2

cos 28t) modulation are considered at the same time. The parameters used in the cal-

culation are (a) 2, =20 Hz, & ~2.83, & =0; (b) 2, =100 Hz, & ~ 14.14, & =0; (¢) Q, = 150 Hz, & ~ 21.21, & =0; (d) 2, =
20 Hz, & ~ 2.83, & =~ 0.01; (e) 2, = 100 Hz, & ~ 14.14, & =~ 0.22; (f) 2, = 150 Hz, & =~ 21.21, & ~ 0.49. Other parameters are wy =

152.210 kHz, w; = 152.210 kHz, 2, = 810 Hz, and , = 20 Hz.

and submaxima is AP = |Pright — Plete| = 2[&1] + ki — ka|.
Then in this case, when €2, directly tends to 0, argument &;
tends to 0, but AP is |k; — k2| # 0. However, by analyzing
Fig. 8(d), when £, is small, the positions of the extreme values
are basically consistent with conclusion (ii). However, in this
case, the two extreme positions of the spectra are submerged
within the linewidth and cannot be distinguished. Therefore,
the position relationship of the extreme values of the spectra
satisfied in the case of small €2, and the case of large €2, is
different. In addition, the ratio of maxima to submaxima in
the spectral continua can be approximately proportional to the
ratio of the maxima to submaxima of |S2§?|2.

(iv) Because the spectral continuum is synthesized by the
summation of infinite Lorenz peaks with different resonance
points, the average effect of the summation is also considered.
Since the magnitude of the value of |Q:l_)|2 corresponding to

the different / on both sides of the extreme point of |Q$)|2
is not symmetrical with respect to the extreme value position,
the average effect of the summation will also shift the extreme
value position of the continuum.

According to the above analysis of |Qi) |2, the forma-
tion process and characteristics of the alignment magnetic-
resonance spectra dressed by the double rf fields can be further
understood.
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