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Abstract—In a two-dimensional electron gas (2DEG) inside a 
terahertz (THz) cavity in a perpendicular magnetic field, we 
observed a clear resonance-frequency shift originating from the 
counter-rotating coupling between the electrons’ cyclotron 
resonance and THz cavity modes. This shift can be understood as 
a vacuum Bloch-Siegert shift, arising from the ultrastrong 
counter-rotating coupling between the cyclotron-orbiting 2DEG 
and the vacuum fluctuations of the THz cavity modes. While such 
a shift has been difficult to observe clearly and is usually neglected 
under the rotating-wave approximation, here an unambiguous 
observation was made possible by the broken time-reversal 
symmetry of the 2DEG in a magnetic field and the use of an 
ultrahigh-mobility 2DEG, a high-quality-factor cavity, and 
circularly polarized THz radiation. 

I. INTRODUCTION 

oupling of an electromagnetic wave with an 
electromagnetic polarization in matter is usually 
investigated under the rotating-wave approximation 

(RWA), which neglects the counter-rotating coupling of the two 
oscillating fields. Even when the RWA is invalidated by the use 
of a high-intensity electromagnetic wave, it is usually difficult 
to distinguish between corotating and counter-rotating 
contributions (which induce the optical Stark shift and the 
Bloch-Siegert shift, respectively), unless the driven material 
exhibits special selection rules [1]. 

Even in the limit of a low-intensity electromagnetic wave, the 
counter-rotating contribution cannot be neglected when the 
coupling strength is in the ultrastrong coupling regime [2], 
where the vacuum Rabi splitting is comparable to, or larger than, 
the resonance frequencies of the electromagnetic wave and 
oscillating electromagnetic polarization. Counter-rotating 
coupling can cause fascinating phenomena, such as the 
appearance of vacuum photons in the ground state of the 
coupled system [2]. However, the corotating and counter-
rotating contributions in the ultra-strong coupling regime have 
never been clearly separated. Here, we report a clear 
observation of a vacuum Bloch-Siegert shift caused by the 
ultrastrong counter-rotating coupling of THz light and matter. 

A combination of an ultrahigh-mobility GaAs two-
dimensional electron gas (2DEG), high-Q THz cavity photons, 
and ultrastrong coupling between them led to ultrahigh 
cooperativity polaritons in the THz frequency range [3]. As 
shown in Fig. 1a, in an external static magnetic flux density ܤୱ୲ୟ୲ > 0, the cyclotron resonance (CR) of the 2DEG couples 
with the “+” circularly polarized THz mode in a corotating 
manner but with the “−” mode in a counter-rotating manner. As 
discussed below in detail, when we focus on the “+” circularly 
polarized mode, we observe resonance frequencies exhibiting 
the vacuum Rabi splitting (anticrossing) on the positive ܤୱ୲ୟ୲ 

side and the vacuum Bloch-Siegert shift (resonance frequency 
shift) on the negative ܤୱ୲ୟ୲ side as sketched in Fig. 1b. 

II. CALCULATIONS 

We describe this system starting from the so-called minimal-
coupling Hamiltonian: ܪ෡ = නd࢘	 ቈ߳଴߳ୡୟ୴(ݖ)ࡱ෡(ݖ)ଶ2 + ଴ߤଶ2(ݖ)෡࡮ ቉ 	+෍ൣෝ࣊௝ + ൧ଶ2݉∗ே(଴ݖ)෡࡭݁

௝ୀଵ .  (1) 
The first two terms represent the energy of the transverse 
electromagnetic waves. For simplicity, we consider only plane 
waves perpendicular to the 2DEG in the ݕ-ݔ plane. The cavity 
structure is described by the ݖ-dependent relative permittivity ߳ୡୟ୴(ݖ).  ߳଴  and ߤ଴  are the vacuum permittivity and 
permeability, respectively. The oscillating magnetic flux 
density ࡮෡(ݖ) = સ × (ݖ)෡࡭  is described by a vector potential ࡭෡(ݖ) , and the transverse electric field ࡱ෡(ݖ) = (ݖ)෡࡭ of (ݖ)෡ࢰ is described by the conjugate momentum [(ݖ)଴߳ୡୟ୴߳]/(ݖ)෡ࢰ− . They satisfy ൣܣመక(ݖ), ൧(ᇱݖ)෡కᇲߎ = ݅ℏߜక,కᇲݖ)ߜ − ܵ/(ᇱݖ , 
where ߦ = ሼݔ,  plane. The last ݕ-ݔ ሽ and ܵ is the area of theݕ
term in Eq. (1) is the kinetic energy of the 2DEG placed at ݖ଴. 
We assume that the width of the 2DEG is negligible compared 
to the wavelength of the THz wave. ܰ  is the number of 
electrons, and ݉∗  is the effective mass. ෝ࣊௝ = ෝ௝࢖ +  ୱ୲ୟ୲࡭݁
represents the in-plane momentum ࢖ෝ௝ of the j-th electron and 
the contribution of the static vector potential ࡭ୱ୲ୟ୲ giving the 
static magnetic flux density ࡮ୱ୲ୟ୲ = સ × ୱ୲ୟ୲࡭ = (0, 0,  .ୱ୲ୟ୲)୲ܤ

We rewrite the kinetic energy as ∑ ℏ߱ୡ୷ୡ൫ܿ̂௝றܿ̂௝ + 1/2൯ே௝ୀଵ  by 

introducing the cyclotron frequency ߱ୡ୷ୡ = ∗݉/|ୱ୲ୟ୲ܤ|݁  and 
the following operators: 
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Fig. 1. a, The cyclotron resonance of electrons in an external static magnetic 
flux density ܤୱ୲ୟ୲ couples with the “+” circularly-polarized cavity mode in a 
corotating manner, while it couples with the “−” mode in a counter-rotating 
manner.  The “+” mode shows the vacuum Rabi splitting, while the “−” one 
shows the vacuum Bloch-Siegert shift. b, Resonance frequencies of the “+”
circularly polarized modes are plotted as a function of ܤୱ୲ୟ୲. We get the vacuum 
Rabi splitting (anti-crossoing) on the positive ܤୱ୲ୟ୲  side, while the vacuum 
Boch-Siegert shift is obtained on the negative ܤୱ୲ୟ୲ side, where the electrons 
rotate in the opposite direction as that in Panel a. 



ܿ̂௝ ≡ ൫ߨො௝,௬ + iߨො௝,௫൯ඥ2݉∗ℏ߱ୡ୷ୡ , ܿ̂௝ற ≡ ൫ߨො௝,௬ − iߨො௝,௫൯ඥ2݉∗ℏ߱ୡ୷ୡ . (2) 
They satisfy ቂܿ̂௝, ܿ̂௝ᇲற ቃ = ୱ୲ୟ୲ܤ ௝,௝ᇱ. Atߜ > 0, ܿ̂௝ and ܿ̂௝ᇲற  correspond 

to the lowering and raising operators for the Landau levels, 
respectively, while the correspondence is reversed at ܤୱ୲ୟ୲ < 0. 
We do not consider Coulomb interactions, since they do not 
influence linear optical responses due to Kohn’s theorem. 

In the following calculations, we assume ܤୱ୲ୟ୲ > 0  unless 
specified. For simplicity, we focus only on two degenerate 
circularly polarized cavity modes with a resonance frequency ߱ୡୟ୴. We describe each mode by an annihilation operator ොܽక  of 
a photon with a circular polarization ߦ = ±. We also focus only 
on the collective CR mode interacting with the plane 
electromagnetic wave. We define its annihilation operator as ෠ܾ ≡ ∑ ܿ̂௝/√ܰே௝ୀଵ , satisfying ൣ ෠ܾ, ෠ܾற൧ = 1. While we should in 
principle consider the degree of occupation of each Landau 
level and the coupling enhancement factor √ߥ + 1 at the ߥ-th 
level, as far as the linear optical responses are concerned, the 
following Hamiltonian gives the same results [4]: ܪ෡ = ෍ℏ߱ୡୟ୴ ൬ ොܽకற ොܽక + 12൰కୀ± + ℏ߱ୡ୷ୡ ൬෠ܾற ෠ܾ + 12൰+݅ℏ݃̅ൣ ෠ܾற( ොܽା + ොܽறି 	) − ൫ ොܽି + ොܽାற 	൯ ෠ܾ൧+ ℏ݃̅ଶ߱ୡ୷ୡ ( ොܽା + ොܽறି 	)൫ ොܽି + ොܽାற 	൯. (3) 
Here, ݃̅ = ݃ඥ߱ୡ୷ୡ/߱ୡୟ୴  is the coupling rate between the 
collective CR mode and the two cavity modes, where ݃ =ඥ݊݁ଶ/[߳଴߳ୡୟ୴(ݖ଴)݉∗ୣܮ୤୤]	  is the ܤୱ୲ୟ୲ -independent coupling 
rate. ݊  is the surface density of the 2DEG, and ୣܮ୤୤  is an 
effective cavity length reflecting the cavity structure ߳ୡୟ୴(ݖ) 
[4]. 

The last term in Eq. (3) is the so-called ܣଶ term, which comes 
from the square of the vector potential ࡭෡(ݖ଴) in the expansion 

of the kinetic energy ൣෝ࣊௝ + ∗൧ଶ/2݉(଴ݖ)෡࡭݁  in Eq. (1). The 
product (݁/݉∗)ෝ࣊௝ ⋅  gives the third term of Eq. (3), which (଴ݖ)෡࡭
represents the couplings between the CR and the cavity modes. 
As seen in Eq. (2), a circular motion of electrons corresponds 
to the lowering operator, and the opposite motion corresponds 
to the raising one. As a result, the CR couples with the “+” 
circularly polarized cavity mode in a corotating manner as ൫෠ܾற ොܽା − ොܽାற ෠ܾ൯ , while it couples with the “− ” mode in a 
counter-rotating manner as ൫෠ܾற ොܽறି − ොܽି	 ෠ܾ൯. This fact reflects 
the broken time-reversal symmetry of the electrons in the 
external magnetic field, as depicted in Fig. 1a, and gives a clear 
difference between the resonance frequencies of the two 
circular polarizations ߦ = ±, as discussed below. 

By solving the Heisenberg equations derived from the 
Hamiltonian in Eq. (3), we get the following two dispersion 
relations determining the eigenfrequencies ߱ of the system: ߱ୡୟ୴ଶ߱ଶ = 1 − 2݃2߱2 − 2݃ଶ߱൫߱ − ߱ୡ୷ୡ൯߱cyc߱ (4a) 

= 1 − 2݃ଶ߱൫߱ − ߱ୡ୷ୡ൯,										 (4b) 

߱ୡୟ୴ଶ߱ଶ = 1 − 2݃2߱2 + 2݃ଶ߱൫߱ + ߱ୡ୷ୡ൯߱cyc߱ (5a) 
= 1 − 2݃ଶ߱൫߱ + ߱ୡ୷ୡ൯.									 (5b) 

The left-hand side of both equations is proportional to (݇/߱)ଶ, 

where ݇ ≡ ߱ୡୟ୴ඥ߳ୡୟ୴(ݖ଴)/ܿ ≈ ୤୤ୣܮ/ߨ  is the confinement 
wavenumber of the THz wave in the cavity and ܿ is the speed 
of light in vacuum. The right-hand side corresponds to the 
relative permittivity [divided by ߳ୡୟ୴(ݖ଴)]. The second term in 
Eqs. (4b) and (5b) is the electric susceptibility iߪ±(߱)/[߳଴߳ୡୟ୴(ݖ଴)߱ୣܮ୤୤], reflecting the optical conductivity ߪ±(߱) =(i݊݁ଶ/݉∗)/൫߱ ∓ ߱ୡ୷ୡ൯  of the 2DEG for “ ± ” circularly 

polarized THz waves. The factor ൫߱ − ߱ୡ୷ୡ൯ିଵ comes from the 

corotating coupling ݁ି୧(ఠିఠౙ౯ౙ)௧ between the CR and the “+” 

THz wave, while ൫߱ + ߱ୡ୷ୡ൯ିଵ  comes from the counter-

rotating coupling ݁ି୧(ఠାఠౙ౯ౙ)௧  between the CR and the “−” 
THz wave. The latter contribution is neglected under the RWA. 

III. RESULTS 

When we focus on the case of ܤୱ୲ୟ୲ > 0, Eq. (4b) gives two 
positive ߱  solutions (upper and lower cavity polaritons), 
showing an anticrossing behavior between the CR and cavity 
frequencies, as plotted by the solid blue line in Fig. 2a. These 
coupled corotating modes are excited by the “+” THz radiation, 
conserving the angular momentum. At ܤୱ୲ୟ୲ = ଴ܤ  giving ߱ୡ୷ୡ = ߱ୡୟ୴ , the frequency splitting is approximately 
expressed as 2݃, which is the exact value in the limit of ݃ ≪߱ୡୟ୴, ߱ୡ୷ୡ. This splitting does not depend on the intensity of the 
incident THz beam but reflects the vacuum fluctuations 〈ܣመకܣመక〉 = ℏ/[߳଴߳ୡୟ୴(ݖ଴)݉∗ୣܮ୤୤] = ℏ݃ଶ/(݊݁ଶ)  of the THz 
cavity modes. This splitting is called the vacuum Rabi splitting. 

On the other hand, Eq. (5b) gives one positive ߱ solution 
without any splitting, as plotted by the red dashed line on the 
positive ܤୱ୲ୟ୲  side in Fig. 2a. This corresponds to the cavity 
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Fig. 2. Eigenfrequencies ߱ verus static magnetic flux density ܤୱ୲ୟ୲ , a, with 
counter-rotating terms (CRTs) and ܣଶ  terms, b, with CRTs but without ܣଶ
terms, c, without CRTs but with ܣଶ terms, and d, without CRTs and ܣଶ terms.ܤ଴ gives ߱ୡ୷ୡ = ߱ୡୟ୴. The blue solid and red dashed curves represent the “+” 
and “−” circularly polarized modes, respectively. The black dotted and dashed-
dotted lines are the cavity and CR frequencies, respectively. Parameters: ݃ =0.4߱ୡୟ୴. 



mode that couples with the CR in the counter-rotating manner, 
i.e., the electric susceptibility is proportional to ൫߱ +߱ୡ୷ୡ൯ିଵon the right-hand side of Eq. (5b). This counter-rotating 
mode is excited by the “–” THz radiation, conserving the 
angular momentum. In the limit of ܤୱ୲ୟ୲ → ∞ , its 
eigenfrequency asymptotically reaches ߱ୡୟ୴ together with the 
lower corotating mode since the electric susceptibilities in Eqs. 
(4b) and (5b) become negligible (߱ୡ୷ୡ becomes far away from ߱ୡୟ୴). The eigenfrequencies of the counter-rotating and upper 
corotating modes coincide with each other at ܤୱ୲ୟ୲ = 0 (߱ୡ୷ୡ =0) since the coupling rate ݃̅ = ݃ඥ߱ୡ୷ୡ/߱ୡୟ୴	 becomes zero and 
the two circularly polarized THz waves couple with the 2DEG 
in the same manner (the time-reversal symmetry is not broken). 
In the case of ܤୱ୲ୟ୲ < 0, the “+” and “−” circularly polarized 
modes couple with the CR in the counter- and corotating 
manner, respectively, since the electrons rotate in the opposite 
direction to that at ܤୱ୲ୟ୲ > 0. 

The electric susceptibilities in fact include two contributions 
described by the last two terms in Eqs. (4a) and (5a). The last 
terms come from the corotating and counter-rotating couplings 
between the CR and cavity modes. On the other hand, the 
second last term is the contribution of the ܣଶ term. It gives a 

frequency shift of the cavity mode as ߱ୡୟ୴ᇱ = ඥ	߱ୡୟ୴ଶ + 2݃ଶ, 
which is equivalent to the solution of Eqs. (4) and (5) at ܤୱ୲ୟ୲ =0  (߱ୡ୷ୡ = 0 ) because the coupling rate ݃̅ = ݃ඥ߱ୡ୷ୡ/߱ୡୟ୴	 
becomes zero while the coefficient ݃̅ଶ/߱ୡ୷ୡ = ݃ଶ/߱ୡୟ୴ of the ܣଶ term remains and does not depend on ܤୱ୲ୟ୲. In Fig. 2b, we 
plot the eigenfrequencies without the contribution of the ܣଶ 
term. The cavity frequency ߱ୡୟ୴  looks red-shifted as ඥ߱ୡୟ୴ଶ − 2݃ଶ , i.e., the eigenfrequencies of the counter-
rotating modes becomes ߱ = ߱ୡୟ୴  at ܤୱ୲ୟ୲ = 0  and ߱ →ඥ	߱ୡୟ୴ଶ − 2݃ଶ in the limit of ܤୱ୲ୟ୲ → ±∞. 

When we apply the RWA in the Heisenberg equations, the 
last term is eliminated in Eq. (5a) while the contribution of the ܣଶ  term remains. As a result, as we plotted in Fig. 2c, the 
eigenfrequencies of the counter-rotating modes are no longer 
shifted by the change in ܤୱ୲ୟ୲. We call this red-shift originating 
from the counter-rotating coupling a vacuum Bloch-Siegert 
shift. Its shift does not depend on the intensity of the incident 
THz beam but reflects the vacuum fluctuations 〈ܣመకܣመక〉 =ℏ݃ଶ/(݊݁ଶ) of the THz cavity modes. The maximum shift is 
obtained in the limit of ܤୱ୲ୟ୲ → ±∞ and compensate the shift 

by the ܣଶ  term, i.e., ඥ	߱ୡୟ୴ଶ + 2݃ଶ − ߱ୡୟ୴ . When we 
eliminate the contributions of both the counter-rotating terms 
and the ܣଶ terms, the eigenfrequencies of the counter-rotating 
modes completely agree with the bare cavity frequency ߱ୡୟ୴, as 
shown in Fig. 2d. 

The resonance frequencies that can be obtained 
experimentally are those in Fig. 2a. The blue-shift of the cavity 
frequency by the ܣଶ term can be extracted from the difference 
between the resonance frequencies of the counter-rotating 
modes at ܤୱ୲ୟ୲ = 0 and in the limit of ܤୱ୲ୟ୲ → ∞ (or frequency 
difference between the upper corotating mode at ܤୱ୲ୟ୲ = 0 and 
lower corotating one in the limit of ܤୱ୲ୟ୲ → ∞). The vacuum 
Bloch-Siegert shift can be extracted as the frequency shift of the 
counter-rotating mode from that at ܤୱ୲ୟ୲ = 0, when CR-cavity 

coupled systems show a sufficiently high cooperativity 
parameter. 

IV. SUMMARY 

The origin of the unambiguous separation of the 
contributions of the ܣଶ  term, corotating and counter-rotating 
terms can be traced back to the broken time-reversal symmetry 
of the 2DEG in the external magnetic flux density ܤୱ୲ୟ୲. In a 
general system without special selection rules of optical 
excitations in the absence of ܤୱ୲ୟ୲, the two circularly polarized 
cavity modes independently couple with two circularly 
polarized electric polarizations. In this case, each 
eigenfrequency includes all the contributions of the ܣଶ  term, 
corotating and counter-rotating couplings. In contrast, in the 
presence of ܤୱ୲ୟ୲ , the time-reversal symmetry of electrons is 
broken. As shown in Eq. (2), a circular motion of electrons 
corresponds to the lowering operator, and the other motion 
corresponds to the raising one in the present 2DEG system. As 
a result, the CR couples with a circularly polarized mode in the 
corotating manner but with the other mode in the counter-
rotating manner, and the contributions of these couplings can 
be separated by controlling the circular polarization of the 
incident THz beam. The contribution of the ܣଶ term can also be 
separated in the present system since the coupling rate ݃̅ =݃ඥ߱ୡ୷ୡ/߱ୡୟ୴	 becomes zero at ܤୱ୲ୟ୲ = 0 while the coefficient 
of the ܣଶ term remains and does not depend on ܤୱ୲ୟ୲. 

In the regime of high cooperativity and ultrastrong coupling 
between the 2DEG CR and THz cavity modes, the counter-
rotating contribution can be distinguished clearly, as the 
appearance of a vacuum Bloch-Siegert shift. In addition to the 
counter-rotating contribution generating virtual photons [2], we 
can also distinguish the photon-field self-interaction frequency 
shift by the so-called A2 term, which prevents the superradiant 
phase transition [5]. Our findings provide much significant new 
insight into the above-mentioned three contributions in general 
systems in the ultrastrong coupling regime. 
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