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The mode splitting in a system with Doppler-broadened high-density two-level atoms in the presence of magnetic field inside a
relatively long optical cavity is studied in the superstrong coupling regime (atoms-cavity coupling strength g VN is near or larger
than the cavity free-spectral range Agsg). The effect of a magnetic field applied along the quantization axis is used to break the

polarization degeneracy of the cavity and thereby introduce birefringence (or Faraday rotation) into the medium. The cavity modes
are further split in the presence of the magnetic field compared with the normal case of the multi-normal-mode splitting of the
two-level system near the D2 line of 8’Rb. The dependence of the mode splitting on the magnetic field and the temperature is

studied. The theoretical analysis according to the linear dispersion theory can provide a good explanation.
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1 Introduction

The multi-atom and cavity system has attracted much at-
tention in the cavity-quantum electrodynamics (C-QED) be-
cause the atomic ensemble can remarkably enhance the co-
herent radiation and the coupling strength. The strong cou-
pling is vital in C-QED, which is characterized by g > «,y (g
is the single-photon coupling strength, « is the cavity decay
rate, and 7y is the atomic decay rate) in the single atom and
cavity system [1-4]. For the multi-atom system, the coupling
strength is increased to g VN (N is the atom number) [5,6].
Compared with the single atom—cavity system in which one
needs to operate the single atoms and decrease the cavity vol-
ume and make the cavity with high finesse simultaneously, it
is relatively easy to realize the strong coupling condition for
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the multi-atom and cavity system even with a low-finesse cav-
ity because the atom number can be increased by raising the
temperature in the hot atom vapor medium [7,8]. Recently, a
new regime, that is, the superstrong coupling condition (the
coupling strength is near or larger than the free spectrum
range of the cavity), has been theoretically discussed [9,10],
in which some interesting phenomena and new applications
are expected. The superstrong coupling condition is experi-
mentally demonstrated in the Doppler-broadened degenerate
two-level atoms and cavity system by coupling many atoms
into the cavity mode [11]. In the experiment, more than
one longitudinal mode (0 mode ) “see” and interact with the
atoms. Hence, the normal-mode splitting can occur for the
adjacent cavity modes.

In this paper, we present the study of the two-level atoms
and cavity system in the superstrong coupling regime in
the presence of magnetic field. When the inhomogeneously
broadened two-level atoms are in a long optical cavity, the
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atomic density can be easily increased by the temperature
to satisfy this superstrong coupling condition. We apply
a magnetic field which is parallel to the axis of the cav-
ity. Hence, the Zeeman sublevels are shifted and split. The
right and left circularly polarized components of the cavity
mode interact with the nondegenerate Zeeman transitions.
This induces the birefringence and splits the degenerate nor-
mal modes. The multi-normal-mode splitting in the bire-
fringence medium is observed in the superstrong coupling
regime. We find that the separation of the splitting is in-
creased when the magnetic field or the temperature rises.
The splitting of the nondegenerate two-level atoms and cav-
ity system can be well explained by the linear dispersion the-
ory. The birefringence-induced and cavity-enhanced multi-
normal-mode splitting can be potentially used to generate the
multi-mode entangled states and to construct high-sensitivity
magnetometer [12-15].

2 Theoretical analysis

The Zeeman energy-levels degenerate two-level atoms inter-
act with the monochromatic plane light field, and the master
equations of the system can be expressed as:
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where pj; ;i is the matrix element of density operator, i, j de-
note the excited and ground states, respectively, w;; is the
transition frequency between i,j, and w is the frequency of
light. w = p;; — pj; is called population inversion. p; =
(i|(—ef)|j) is the electric dipole moment. y is the decay rate
of the excited state. E. is the amplitude of the electric field
component of the light. Applying the slow-varying approx-
imation, we can obtain the steady-state solution of eqs. (1)
and (2):
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where p;; = p;exp(iw?) is the slowly varying quantity, 4 =
w — wjj, and Q = IpijECI/h. Since P(t) = Pexp(—iwt) + c.c. =
Np(u;ipij + pypsi) and P = goxEc, where Np is the atomic
number density, the susceptibility can be written as:

_ 2ND|I1[j|2
~ ehy

i—24/y

: 5
1 +442/y* + 822 [y ®)

If the atoms are placed in the magnetic field, the Zeeman
sublevels are shifted by an amount 6, which is approximately
proportional to the strength of magnetic field when the mag-
netic field is in the weak-field regime, and the second-order
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Zeeman effect appears when the magnetic field is strong
[16,17]. Hence, the detuning of the laser and the atomic tran-
sition becomes 4’ = 4 — ¢ and the atom-cavity detuning is
A, = Aac — 6. According to the linear dispersion theory, the
intensity-absorption coefficient and the refractive index of the
atomic medium are @ = 2wlm[y]/c and n = 1 + Re[y]/2 if
ly] < 1, and then the intensity-absorption coefficient and the
refractive index can be written as:
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Also, when the large detuning condition (4 — § >> Q, y) is
satisfied, eqs. (6) and (7) can be simplified as:
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According to the selection rule, the left circularly polarized
and right circularly polarized components of the intracavity
field drive the transitions with Am = +1, respectively, where
m is the projection of angular momentum along the quanti-
zation axis. If ot transition is shifted by §* = §, then o~
transition is shifted by 6~ = —¢ correspondingly [18,19]. So,
the left circularly polarized light and right circularly polar-
ized light will correspond to different optical susceptibilities.
Those results are consistent with ref. [20], in which the prop-
erties of large dispersion and less absorption in a large detun-
ing regime are used to change the polarization of a linearly
polarized light with high fidelity and low absorption.

Now we consider the transmission of the atomic vapor
medium and a standing wave cavity system. The lengths of
the medium and the cavity are [ and L, respectively. So, the
free spectrum range for the vacuum cavity is Agsg = 7c/L.
The intensity transmissivity (reflectivity) of the input and out-
put mirrors of the cavity are T}, T> (R, Ry), respectively.
Hence, the finesse is F = (R R)"/*/(1 — VR(R,) and the
linewidth is k = Agsr/F. The transmission of the coupled
atom—cavity system can be expressed as [10,21]:

TzAinleial
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where T = +/T\T, and R = +/R|R», Ay is the intracavity
loss, @(A) = 27(4 — Ay )/ Apsr +2(n—1)wl/c is the round-trip
phase shift function of the laser, 4 is the detuning of the laser
and the atomic transition, and 4, is the atom-cavity detuning.
Here, it should be noticed that the left (right) circularly polar-
ized light is defined according to the propagating direction of
light. The left (right) circularly polarized light inside the cav-
ity will be transformed into right (left) circularly polarized
light once reflected by the cavity mirror, but since the relative
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direction between the light and magnetic field (the quantiza-
tion axis) is also changed simultaneously, the resulting right
(left) circularly polarized light will drive the same transition
as transformed before. So, the transmission function for the
left (right) circularly polarized light can be obtained by the
usual method of multibeam interference.

Figure 1 is the theoretical calculation of the transmission
spectra of the two-level atomic medium-cavity system. Pa-
rameters used in plotting Figure 1 have been tried to simulate
the ones in our experiment. The vertical scale is normalized
to the transmission of the cavity. In Figure 1(a), the cou-
pling strength g VN is larger than «, 7y, but smaller than the
free spectrum range. So the 0 mode, which is resonant with
the degenerate two-level transition frequency, is split into two
peaks because the phase shift function has two real solutions
except for 4 = 0 GHz. In Figure 1(b), the coupling strength is
larger than the free spectrum range, which satisfies the super-
strong coupling condition, the adjacent modes (k = %1, +2)
can also interact with the atoms, and are divided into two
peaks, and the split normal modes are located at the two
sides of the two-level transition frequency. The heights of
two peaks are asymmetric because of the detuning of the in-
tracavity modes. Figure 1(c) corresponds to Figure 1(a) when
we apply a magnetic field which shifts the Zeeman sublevels
by 6* = =6~ = 27tx56 MHz, the normal modes, including the
split 0 modes, are further split because Zeeman shift changes
the detuning of the atom and the intracavity fields (the right
and left circularly polarized components of the cavity mode).

Transmission
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Figure 1(d) corresponds to Figure 1(b); the degenerate nor-
mal modes (k = +1, £2) are broken when the magnetic field is
applied. The separations of the nondegenerate peaks depend
on the strength of the magnetic field, the atomic number den-
sity, and the detuning of the intracavity field and the atomic
transition according to eq. (6). For Doppler-broadened hot
atoms, it is approximately valid to replace y by the Doppler
width dwp = w V2kgT /m/c (bwp = 2tx351 MHzin 120 °C,
as a comparison, y = 27tx6.07 MHz for cold rubidium atoms)
to include the Doppler-broadening effect [11]. When draw-
ing Figure 1, we find that choosing y = 0.08 X dwp gives a
better fit with the experimental result. Since the large detun-
ing condition 4 — ¢ > Q,7 is not satisfied anymore, we just
take the separations as:
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So, increasing the atomic number density Np can enlarge the
normal-mode splitting. For a certain mode, increasing the
strength of the magnetic field can increase the splitting of the
degenerate normal mode. The separation of the split degener-
ate normal modes close to the atomic transition is larger than
the ones far away from the atomic transition since the small
detuning makes S/[V2 /4 + (4 - 6)? + 2024 large.

3 Experimental result

The experiment setup is shown in Figure 2. A DBR diode
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Figure 1 (Color online) Theoretical calculation of the transmission spectra of the two-level atoms and cavity system. The dotted blue lines in (a)—(d) are
the transmission spectra of the vacuum cavity. The free spectrum range of the cavity is Apsr = 27t X 833 MHz, the finesse is 54, the wavelength of the laser
is 780 nm, and length of the atomic medium is S5cm. k = £0’, £1’, 2" correspond to the normal-mode splitting peaks of the degenerate two-level atoms and
cavity system (@ = k x2m). k = 0, 1/, 2/, label the normal-mode splitting peaks of the nondegenerate two-level atoms and cavity system for the right and
left circularly polarized components of the cavity field. The other parameters: (a) Np = 1.6 x 10" m™ and 6* = =6~ = 0MHz; (b) Np = 5.4 x 10! m™3 and
6% =—6"=0MHz; (¢) Np = 1.6 x 101" m™3 and 6* = =6~ = 2t x 56 MHz and (d) Np = 5.4 x 10 m~3 and 6* = -6~ = 27t x 56 MHz.
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Figure2 (Color online) Schematic drawing of the experimental setup. 1/2:
half-wave plate; 1/4: quarter-wave plate; PBS: polarized beam splitter; D1-
2: detector; M1-2: concave mirror of the cavity and PZT: piezoelectric trans-
ducer, which is used to adjust the length of the cavity. The copper coil is used
to produce the magnetic field. The temperature of Rb cell is controlled by a

heater.

laser is used with a frequency scanning in the vicinity of ’Rb
D2 line (F = 1-F’ = 0,1,2). The 1/2 wave plate and po-
larized beam splitter (PBS) are used to separate the laser into
two parts. One is injected into the cavity, and the other is used
for frequency reference. The frequency reference is obtained
by the saturated absorption spectrum, in which pump and
probe beams counterpropagate with each other in the natu-
rally mixed rubidium cell. The signal of saturated absorption
is monitored by detector D1. The other laser passes through a
single-mode polarization-maintaining optical fiber. The 1/2
wave plate and PBS after the fiber are used to control the in-
tensity of the incident light of cavity. In our experiment, the
power of the incident beam is about 3.0 mW. The cavity is
composed of two concave mirrors (M1 and M2), whose ra-
diuses of curvature are both 10 cm. The reflectivity of M1 is
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Ry = 90%, and the one of M2 is R, = 99.9%. The length
of the cavity is 18 cm, and a naturally mixed Rb atom vapor
cell with a length of 5 cm is put at the center of the cavity. A
pair of coils provide a bias magnetic field for the atoms. The
temperature of the atomic cell is controlled by a heater. If a
magnetic field is applied, the quantization axis is usually to
be in the direction of the magnetic field for the convenience
of calculation of Hamiltonian of the atoms interacting with
the light. Since the magnetic field in our experiment is paral-
lel to the direction of the light, it’s reasonable to decompose
the light into left circularly polarized component and right
circularly polarized component. Percentage of the two com-
ponents can be changed continuously from 0% to 100% by
rotating the 1/4 wave plate.

In the experiment, we first study the degenerate two-level
atoms and cavity system (the magnetic field B = 0G), as
shown in Figures 3(a) and (b). In Figure 3(a), the temperature
of the Rb cell is 120 °C, the atom number is large enough and
make the coupling strength g VN larger than « and y. When
the strong coupling condition is satisfied, the resonant mode
(0 mode) is split into two peaks. The peaks at the blue detun-
ing side are obvious, but the others at the red detuning side
can not be seen because of the squash effect of another tran-
sition (¥Rb D2 line F = 2—F’ = 1,2,3). So, we do not
plot this part in Figure 3. In Figure 3(b), the temperature is
further increased to 160 °C and the coupling strength is larger
than the free spectrum range; the more adjacent modes begin
to be split into two asymmetric peaks. Then, we apply a mag-
netic field with B = 84 G (correspondingly, 6 is about 27t X 56
MHz), as shown in Figures 3(c) and (d). Figures 3(c) and (d)
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Figure 3 (Color online) The measurement of the cavity transmission by scanning the frequency of the laser. The power of the input light is about 3.0 mW.
The blue dashed lines in the four figures are the transmission of the empty cavity, which is used as a reference. The black lines are the transmission of the
atom-cavity system. In (a) and (c), the temperature is 120 °C, in (b) and (d), the temperature is increased to 160 °C. Parts (a) and (b) are the results with no
magnetic field applied, and (c) and (d) respond to the magnetic field of 84 G. The transmissions have been normalized to the reference line.
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(Color online) The dependence of the mode splitting on the magnetic field (a) and temperature (b). In (a), the temperature is fixed at 165 °C. The

power of the incident light is 3.0 mW. The mode we measured is the k = —1” mode with a detuning to the two-level atoms of 27t X 1.85 GHz. In (b), the
magnetic field is 84 G. The detuning to the two-level atoms is 27t X 2.47 GHz. The incident light has a power of 3.0 mW. The temperatures are increased from

120°C to 165 °C in steps of 5°C.

correspond to Figures 3(a) and (b) with the same other param-
eters. The right and left circularly polarized components of
the cavity modes interact with different Zeeman transitions.
The normal modes for the degenerate two-level atoms and
cavity system are further split into two peaks corresponding
to the right and left circularly polarized lights because the
Zeeman shift has changed the detunings of the light-atom and
atom-cavity. In Figure 3 (c), the 0’ mode and the other modes
(k= +1’,+2’,+3’) are split under the strong coupling condi-
tion. In Figure 3(d), the new modes k = —3’, -2, —1” and the
other modes (k = 0’, +1’, +2") are divided under superstrong
coupling strength condition. We can see in Figure 3(d) that
the split components of modes k = —3’, -2’ merge into a
larger peak.

Figure 4 shows the dependence of the splitting width of the
mode (k = —1’) on the magnetic field and the temperature.
The splitting of the —4” mode is largest, but its peaks are very
small due to the larger loss, so we choose the —1” mode in
Figure 4. According to eq. (11), it is obvious that the split-
ting width is proportional to the Zeeman shift. In Figure 4(a),
the slope of the splitting via the magnetic field is 2.6 MHz/G,
which indicates that the splitting width is very sensitive to
the magnetic field. Thus, this opens a new way to measure
the magnetic field with high sensitivity and high resolution.
The resolution of our system is limited by the linewidth of the
cavity. However, some studies on high-finesse cavity have
been reported [22]. Figure 4(b) shows the splitting of the de-
generate mode having a detuning to the atomic transition of
27t X 2.47 GHz with the temperature increased from 120 °C
to 165 °C in steps of 5 °C. The relation between the splitting
width and the temperature is caused by the atomic number
density in the Rb cell. With data from Figure 4(b) and eq.
(11), we can calculate the number density of 87Rb atoms in
the cell at a specific temperature. It should be noticed that
although it’s very difficult to theoretically get an exact value
of the number density of 8’Rb atoms in a specific container,
an approximate calculation can be made based on the refer-
ence of rubidium 87 D line data (http://steck.us/alkalidata).
Such calculation gives a value that is about one order of mag-
nitude larger than the value calculated from our experimental

result. We think that’s mainly due to a large fraction of atoms
populated at 5S; 2, F = 2 when without a pump light [8].
Finally, we study the polarization of the split nondegener-
ate modes of the cavity transmission by rotating the 1/4 wave
plate before the cavity, as shown in Figure 5. According to
the theoretical calculation, the left circularly polarized light
causes the negative phase shift and the right circularly po-
larized light leads to the positive phase shift. Consequently
the peaks corresponding to the left circularly polarized light
appear at the relatively blue detuning side and the peaks

Transmission
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Figure 5 The transmission of the cavity by scanning the frequency of the
laser and fixing the length of the cavity. The direction of the fast axis of 1/4
wave plate is changed. (1)—(7) correspond to the angles changing from 0 to
37t/4 in steps of 7/8. The temperature of the Rb vapor is 140 °C, and the
magnetic field is B = 84 G.
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corresponding to the right circularly polarized light appear
at the relatively red detuning side of the original degenerate
mode. Adjusting the angle of the polarization of the laser and
the direction of the fast axis of the A/4 wave plate can change
the ratio of the right and left circularly polarized lights.

4 Conclusion

We have studied the nondegenerate two-level atomic
medium-cavity system in the superstrong coupling regime.
The normal modes are further split when we apply a magnetic
field which shifts the Zeeman transitions. The separation is
very sensitive to the intensity of the magnetic field. This work
may be potentially used in the quantum information process
and the measurement of the weak magnetic field.
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