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Sagnac effect of excitonic polaritons
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We theoretically treat the Sagnac effect of excitonic polaritons in bulk material and microcavity. Using the
coupling between the electromagnetic and excitonic waves, the rotational sensitivity per unit area of a Sagnac
loop can be tuned from light to exciton behavior by varying frequency. We also discuss the feasibility and the
difficulties of the hybrid light-exciton wave Sagnac interferometer. We show that the quasi-two-dimensional
microcavity excitonic polariton is a better candidate than the bulk one. Considering the short decoherence time
in semiconductors, we suggest using the degenerate four-wave mixing of the microcavity excitonic polaritons to

generate two intrinsically coherent conjugate waves.
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I. INTRODUCTION

In 1913, Sagnac demonstrated the feasibility of using a ring
interferometer to detect the rotation of a system, in which the
interferometer is at rest.! The phase difference between two
counterpropagating light beams in a closed loop is

AD =4nQ - A, @)
where 2 is the angular velocity of the system and A is the
vector of the loop area. The coefficient 7 is

1)

nznpzc_zv (2)

where w is the frequency of the light and c is the velocity of
light in vacuum. Even if the light is propagating in a medium,
the coefficient is the same.>* A similar effect occurs in the

ring interferometer of matter wave, but the coefficient is>8
m
n=Mm =2 3)

where m is the mass of the particle and 7 is the reduced Planck
constant. The Sagnac phase shift per unit area in a matter-wave
device exceeds that of laser-based interferometers by the ratio

of %; taking the visible light and electrons as an example,

the ratio is about 10°.

In order to combine the large loop area in the light system
and high rotational sensitivity per unit area in matter wave
devices, Zimmer and Fleischhauer have proposed a light-
matter wave Sagnac interferometer based on the slow-light
propagation in ultracold atomic vapor,” in which the light
can be coupled to the atomic Raman resonance to form the
so-called dark-state polaritons. Following similar ideas, in
this paper we discuss the feasibility of the hybrid light-matter
wave Sagnac interferometer based on excitonic polaritons in
semiconductors, which are quasiparticles coupled by photons
and dipole active excitons.'%12

The Sagnac effect of the excitonic polaritons can be
expressed as follows. In a rotational system, the equations of
the electromagnetic wave and the excitonic wave have to take
some corrections. We calculate wave equations in a rotational
system to first order in % and, compared with the result in
an inertial system, the wave vector of the electromagnetic
wave here has an additional term ék = 1,(vg - €r)er, where
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vgp = Q2 x R and e; is the unit vector of k; similarly, the
wave vector of the excitonic wave has an additional term
8k = n,,(Vg - e;)er, which is the same as the matter wave with
an effective mass m. Next, when we consider the coupling
between an electromagnetic wave and an excitonic wave, a
new type of quasiparticles called polaritons appear. The wave
vector of the polariton also has an additional term in the
rotational system,

Sk = Nefr,i (VR - €). 4)

Here i indicates the energy branches of the polariton (as it will
be stated in the following) and 7. ; is the effective coefficient.
Therefore, the Sagnac effect of the excitonic polariton is

AD = 4ner ;2 - A %)

We hope to obtain a big nefr; to get a high sensitivity and
simultaneously we want to have a large photon proportion so
that the shot-noise level is low. Therefore, we calculate the
coefficient nesr; and the photon proportion of the excitonic
polaritons as functions of frequency w. It appears that when w
approaches to the exciton frequency, 7nes,; gradually increases
from 3 to 7, while the photon proportion decreases from 1
to 0; here, m is the effective mass of the exciton. Therefore, it
is possible to choose a suitable frequency so that the excitonic
polariton wave can possess a large value of 7.¢,; and a moderate
proportion of photon simultaneously. This is a favorable factor
for constructing the Sagnac interferometer based on excitonic
polaritons.

Owing to momentum conservation, direct transition from
photons to the bulk excitonic polaritons is prohibited. As
a result, keeping the phase relations in the bulk hybrid
light-exciton interferometer is very difficult. Moreover, the
decoherence time of the bulk excitonic polaritons is usually
very short, which is another serious problem for the Sagnac
interferometer based on bulk excitonic polaritons. A better
candidate is the excitonic polaritons in semiconductor mi-
crocavity with one or a few quantum wells embedded at the
antinodes of its intracavity mode. These are two-dimensional
quasiparticles and the direct transition from the external
photons to such two-dimensional quasiparticles is possible
because momentum conservation in the optical transition
needs to be satisfied only in the quantum well plane but
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not along the confinement direction. In addition, scattering
of the lower branch microcavity excitonic polaritons by
phonons is suppressed remarkably in the neighborhood of the
origin of the two-dimensional Brillouin zone. Therefore, the
decoherence time of the lower branch microcavity excitonic
polaritons is much longer than that of the bulk excitonic
polaritons. However, even using a high quality semiconductor
microcavity, measurement of the decoherence time is shorter
than 10 ps, which is also very short.

Therefore, in order to solve this problem, we use the
degenerate four-wave mixing (DFWM) of the microcavity
excitonic polaritons. Due to the exciton-exciton interaction,
third-order nonlinear effects are strengthened remarkably.
Many theoretical and experimental works have reported the
third-order nonlinear effects of the excitonic polaritons.'~1?
During the DFWM process, two conjugate waves with coun-
terpropagating directions are generated and those two waves
are intrinsically coherent. We also demonstrate that the phase
difference between the two conjugate wave has a form similar
to the Sagnac phase difference obtained from the excitonic
polariton. Therefore, we can use this process in our hybrid
interferometer.

The paper is organized as follows. In Sec. II, we discuss the
Sagnac effect of the bulk excitonic polariton and the difficulties
of the Sagnac interferometer based on it. Then the Sagnac
effect of microcavity excitonic polaritons and their advantages
are discussed in Sec. III. The Sagnac effect for the DFWM of
microcavity excitonic polaritons is discussed in Sec. IV. Some
brief conclusions are made in Sec. V.

II. SAGNAC EFFECT OF THE EXCITONIC POLARITONS

A. Electromagnetic wave and excitonic wave
in a rotational system

In a rotational system, which is not inertial, the Maxwell
equations should make some changes. We obtain the Maxwell
equations to first order in “2.; the first pair is

c

V.-B=0,
6)

It is the same as in the inertial system and the second pair is

1
V~<E——VRXB>=47T,0,
c
(7
1 10 1 4
VX(B__VRXE>:——<E——VRXB>+—7Tj.
c c dt c c

Here E and B are the electric field and the magnetic field; p
and j are the charge density and the electric current density. In

dielectric,

p=-=V-P,
j= 2 ®)
Y= %
Here P is the dielectric polarization. Then we have
1 3°E VR 1 0E 47 9*P
—— -VE-2=.V(|(-—|=—F—,
c? 9r? c (c Bt> c? 912 ©)
d(E + 4P
V.(E+4np)=_V_R.M. (10)

c? ot
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The third term on the left-hand side of Eq. (9) and the
right-hand side of Eq. (10) are correction terms that do not exist
in inertial systems. In the usual dielectric, if frequency of the
electromagnetic field is far away from the exciton resonance
frequency, the polarization is linear with the electric field and
their relation is local; that is,

P, = «.E. (11)
Therefore, Eq. (9) becomes
- 0°E 13E
02 _vE-_ 2 .v(Z) oo (12)
c? 012 c c ot

Here e, = 1+ 4nk,.
Using a quasiclassical approximation, we can write the
electric field as

E = Aexp(—jot +k-r). (13)

Inserting it into Eq. (12),

2

=22 (vg ek — <o =0, (14)
C C
we get
w w
k%\/gz-l-c—z(VR‘ek)- (15)

After integrating over the Sagnac loop, we can have Eq. (1) and
Eq. (2). The Sagnac effect only results from the additional term
ok = C%(V R - €r)er, and it has nothing to do with the medium
property.

When the frequency of the propagating light in a semicon-
ductor approaches the a-exciton state resonance frequency w,,
the dipole active exciton contributes to the polarization in the
semiconductor. Also, the polarization includes two parts:

P=P.+P,. (16)

Here P, is the same as that in Eq. (11). It is contributions from
all the other excited states that are far away from resonance;
P, is a contribution from the resonant «-exciton state. Now
Eq. (9) becomes

€ E _, Vg 1 0E 47 37P,
<~ _VE-222.v(-=)=-= (17)

c? 3r? ¢ ¢ ot 2 a2’

In order to make the discussion specifically, we only
consider the Mott-Wannier exciton, which can be regarded
as an electron-hole pair and its motion can be divided into
two parts. One is the relative motion between the electron
and the hole; the eigenvalue of this Hamiltonian determines
its resonance frequency w,. Another part is the motion of the
exciton mass center and the Hamiltonian of this part can be
written as

H h - v? 18

M, — Wy M . ( )

Here M is the total mass of the « exciton. If the exciton
interparticle spacing is much larger than its Bohr radius, the
excitons can be regarded as bosons and the wave function
of the mass center can be regarded as the excitonic wave
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function.”’>??> Therefore, we can write that the polarization
induced by the « exciton is

Pa = la(\pa + “Pa*)- (19)

Here W, is the wave equation of the « exciton and 1, is the
matrix element between the ground state and the «-exciton
state. Interaction between this polarization and the electric
field is —P, - E; then we can get the wave equation of the
exciton,

92P, Hyo\? Hy o L1,
—+< ik > P, — — 22X E=0. (20)

o2 h h h

Next we consider the exciton wave equation in a rotational
system. In that case, the electron-hole Hamiltonian will
have extra terms related to the rotational velocity. For the
relative motion between electron and hole, the additional
term turns out to be (2 x r,) - p,, where r, and p, are the
relative coordinate and momentum of the electron-hole pair,
respectively, while for the mass center Hamiltonian, there is an
additional term (€2 X rys) - py, where r; and pys are the mass
center coordinate and momentum accordingly. While the term
(2 x r,) - p, only changes the resonance frequency w,, the
change is so small that we can neglect it. Therefore, we only
consider the mass center part and assume the matrix element
is isotropic, and Eq. (20) becomes

3°P, R, :
W_’_ a)a—mv 4+ jvg -V | P,

2 L V4 jvg-V|E=0. (21
—_— a)a__ . = .
A om” VR

In the extreme case E = 0, using a quasiclassical approxi-

mation, we get k =,/ M + %(VR - ¢¢); that is, Sagnac

behavior of the exciton wave is the same as a matter wave with
its effective mass M.

Therefore, we have obtained the coupling wave equations
between the light wave and the exciton wave—Eq. (12) and
Eq. (21). In inertial system €2 =0, by solving these two
equations, we get two branches of the excitonic polaritons
with different eigenenergies; in the following, we consider the
rotational system and will use these coupling wave equations
to discuss the Sagnac effect of the excitonic polaritons.

B. Excitonic polariton and its Sagnac effect

Again, we use the quasiclassical approximation,
(E,Py) = (Ex, Pys)exp(—jot + jk-1). (22)
Then, Eq. (12) and Eq. (21) become

) w? w 47
ke — GL»C—Z — Zz(VR . ek)k Ek — 2

Pox =0, (23)

6cwoz,k

{[@ax — (Vg - €k]* — @} Pyy — ArEr =0, (24)

412 .
hﬂe « ]t is reasonable to

2
where wy = wy + % and At =
take the approximation

Wy k — (Vg -epk + o~ Zwa,k. (25)
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Then the coupling wave equations become

Q(k) — 2, (Vi - e )k —Z? [ Ex ] 3
— e 2MA R(k) — 2nm(vg - ek | [ Pak |

4T h
(26)

In deriving the above result, we introduced the following
notations:

2
w
2
k.ZEC_r] = —
c CQ’P

M =
c?’

s

SIS

k) = k> — k2 Rk) =k*+ 27M(a)0, —w). (@27

From this equation, we can obtain k as a function of w,
that is, the dispersion relation of the excitonic polariton wave.
We solve this equation by expanding k in powers of (*£); the
zeroth-order equation is

2M
QUOR®K) = —=k:*Aur. (28)
There are two branches of solutions for Eq. (28),
1 2M
kL,U2 = 5 I:kc2 - 7(6001 - a))]

2M > 8M
+ \/|:k02 + 7(0)& - a))i| + chzALT» (29)

where “+”corresponds to the dispersion of the lower branch
of the excitonic polaritons (LPB), and “—”corresponds to the
upper branch of the excitonic polaritons (UPB).!!!2

The first-order solution is

np + Dinm
8ki = ———— (Vg - €). 30
11D, (Vg - ) (30)
Herei = L or U and
ho Q%(k
Diw) = - 28 31)
2M k" Arr
Defining the effective coefficient as
» + Di (w)
et = AL (32)

1+ Dj(w)

we have the phase difference between the clockwise and
counterclockwise wave as

AD =2 % 5K; - dl
= dner,i 2 - A (33)

Therefore, the effective Sagnac coefficient of the i-branch
excitonic polariton with frequency w is Resr,; -

In order to build a hybrid Sagnac interferometer, we also
have to guarantee that the photon flux is large enough to
get a lower shot-noise level. Now we calculate the photon
proportion of the excitonic polariton. The method is that, first,
we transform the equations of E; and P, ; into equations of
the amplitude of the photon wave A; and the amplitude of
exciton wave Fy . Second, we write the annihilation operator
of the i-branch excitonic polariton as cph;ax + Cex,iba,x; here,
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ay and b, i are the annihilation operators of photon and the «
exciton, respectively. Finally, we get the coefficient

*\2A1r/wk i

i = V@ = o 2+ o* QA Jor) (34)
o @ — wyi?
Cort = V(@ = o 2+ o* QA /or)
where wy ; = i

€.
We use the following notations for simplification and
change all the quantities into dimensionless ones:

€ k A
kc,ot = \/_wou X = 27 q = s (SLT = LTv
Wy kc,a Wy
hiog B =4A5 (35)
}"a = R = R = .
2Mc? €ty Lt

Using these notations, Egs. (29), (31), and (34) can be rewritten
as

a; %BZ—AG—xﬂiJUL+M1—DP+Bﬁ,

4 (g = x*)
D= (36)

o 28u(x*/q1)
phi = J (g2 — x2)? + 281r(x*/q:)”

X2 g2
Cex,i — s
' (gi* — x2)? + 281p(x*/q;)

and 1, = %, ;_; = 2r,X.

C. An example: Excitonic polaritons in GaN

GaN is a kind of III-V compound; it has large exciton
binding energy (=50 meV) and oscillation strength, and it
had been demonstrated that excitons in it are stable at room
temperature. AAlso, due to the progress of material technology
in the past few years, lasing and Bose-Einstein condensation
of the excitonic polariton have been demonstrated in the
GaN cavity at room temperature. Therefore, we choose it as
an example to calculate the Sagnac effect of bulk excitonic
polaritons. The parameters of the A exciton of GaN are®*?*

hwy, = 3.487eV,Air =3.0meV,
M = 1.3m,,e. = 8.75. 37

Because the upper polariton branch suffers more serious
scattering than the lower polariton branch, it has a much shorter
decoherence time and shorter radiative lifetime. As a result,
we mainly discuss the results of the lower polariton branch.
The dispersion relations are shown in Fig. 1. We can find that
the dispersion curve g, (x) deviates from the dispersion curve
of photon g,(x) = x remarkably from the beginning point
x = 0.990, and then gradually approaches the dispersion curve
of exciton gex(x) = +/A(x — 1). Also, at large wave vectors,
dispersion of the LPB and UPB converge to the exciton and
photon dispersions, respectively.

Figure 2 shows the effective coefficient 1., ; as a function
of x. At the beginning, 7.1 (x) is close to , = ‘j—;’x. Then
it increases very quickly within a narrow interval around

PHYSICAL REVIEW B 84, 075402 (2011)
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FIG. 1. (Color online) Dispersion curves of the excitonic polari-
tons (solid line). LPB represents the lower polariton branch and
UPB represents the upper polariton branch. The dashed lines are
the dispersion curves of the photons and excitons, respectively.

x = 1. As is shown in Fig. 2, at x = 0.990, 7., increases
to 2.1884 sm~2, which is approximatedly 35 times the value
of np, while at x = 0.999, nef 1 (x) rises to 197.5422 sm~2,
which is 3700 times of the value of 7,. Finally, ne . (x) ap-
proaches ny = % ~ 1.1 x 10* sm~2.InFig. 3, the proportion
of the photon is shown as a function of x. We can find that
the value of npp 7 (x) begins at less than 1 and then drops
very quickly in the small interval next to x = 1. As it has
been shown in this figure, at x = 0.990, ny, ;. ~ 0.19, and at
x =0.995, npp, . drops to 0.002.

In order to evaluate the influence of the material parameters
on these results, we make the calculation using the same
parameters with Eq. (37), except that the effective mass of
the exciton M = 13m,; the values of ne (x) and npy 1 (x)
are shown in Figs. 4 and 5, respectively. It is clear that the
behaviors are similar to the case with M = 1.3m,.

Therefore, it is evident that at suitable x, the excitonic
polariton wave can provide us with a large value of negr 7 (x) and
a moderate value of np, ; (x) simultaneously. If we construct
a hybrid light-exciton wave interferometer just like Fig. 6,

neff,L

log, (s/m*)]

0.9 0.95 1 1.05 1.1

FIG. 2. (Color online) Effective Sagnac coefficient of bulk GaN
excitonic polaritons (solid line) and Sagnac coefficient of the photons
(dashed line); M = 1.3m,.
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FIG. 3. (Color online) Photon proportion of bulk GaN excitonic
polaritons; M = 1.3m,.

the phase difference between the two counterpropagating
beams is

Liny + bnesr
1+ 1

AD =4 Q1. (38)

If light frequency o is close to the resonance frequency of the

a-exciton w,, the sensitivity of the hybrid interferometer can

be enhanced by a factor of ﬁ(l 1 +1h %) than the common
2 p

laser interferometer.

D. Some intrinsical difficulties of the bulk excitonic polariton

Nevertheless, there are some intrinsical difficulties for such
a hybrid interferometer. First of all, conservation of energy
and momentum prohibits direct transition from photons to the
bulk excitonic polaritons unless some higher-order processes
occur, for example, the scattering of the photons or excitons
by interface, phonons, or defects in the crystal. However, these
higher-order processes are complicated and may destroy the
phase relations of these waves, so Eq. (38) is not correct in this
case and has to make some corrections. Itis a very complicated
problem to calculate, so keeping a stable phase relation in such
an interferometer is very difficult.

The second difficulty is that the decoherence time of the
bulk excitonic polariton wave is usually very short, much
shorter than 1 ps at room temperature. The dominant deco-
herent processes of the excitonic polaritons are the scattering

4 Nefr L

log, j[n(s/m?)]
N

0

.
-2

0.9 0.95 1 1.05 1.1

FIG. 4. (Color online) Effective Sagnac coefficient of bulk GaN
excitonic polaritons (solid line) and Sagnac coefficient of the photons
(dashed line); M = 13m,.
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0.9 0.92 0.94 0.96 0.98 1
X

FIG. 5. (Color online) Photon proportion of bulk GaN excitonic
polaritons; M = 13m,.

processes of the excitons by other excitons, photons, or various
defects in the crystal. A phenomenological description of the
decoherence of excitons can be given by inserting a relaxation
term into Eq. (20). Then it becomes

3°P, Hyo—vVi-p\° P,
’ P, +T
12 +< h ) «t oy
lala HMa_VR'p
—2— | ——|E=0. 39
e (M) (39)

Here the coefficient [, ~! can be understood as the decoher-
ence time of the excitonic wave.

The decoherent processes also occur in light waves;
similarly, the effects of these processes can be described by
inserting an extra imaginary part in the dielectric constant. In
that case, Eq. (12) changes into

€+ jy. ’E _, VR 13E 4 9%P,
LR VE2 2y (-=)=—Z2 0
c? ot c? c ot c? 0t (40)

In the quasiclassical approximation, Egs. (39) and (40) become

2 w? w Cw? 47 ?
k —ECC—Z—ZC—z(VR~ek)—mc—2 E — Py =0,

2
(41)
(@ — VR - €k]* — @ — jTq@} Py y— Eelok ArrEp=0.
(42)
5]
I, R

<

™,

FIG. 6. Schematic of the hybrid light-exciton wave interferome-
ter. S: laser source; D: detector; BS: beam splitter; R: reflect mirror.
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Using the same method in Sec. IIB to deal with these
imaginary terms, we can obtain the first-order corrections
for k;:

Np@Ye + Dinyly

S0ki = Netr e 43
Nett,i(VR - €) + J %+ D) (43)
When 5. > np, Eq. (43) changes into
8k ~ (Vg - )+ L 44)
i ™~ MNeff,i R " €k Jj 2%

We can find that the sensitivity of the Sagnac interferometer
based on the excitonic polariton wave is limited to 7 +lz 22“11

As the decoherent time of excitons is approxrrnately 1 ps
or shorter, it really is a serious difficulty for such a Sagnac

interferometer.

III. SAGNAC EFFECT OF THE MICROCAVITY
EXCITONIC POLARITONS

A. Excitonic polaritons in microcavity and its Sagnac effect

A typical semiconductor microcavity consists of a pair
of distributed Bragg reflectors with one or several quantum
wells (QWs) embedded at the antinodes of the intracavity
light field.>~2” When the exciton resonance energy coincides
with that of a cavity eigenmode, they couple with each other
and lead to the generation of excitonic polaritons. As the
excitonic polariton is in quasi-two-dimensional propagating
mode, momentum conservation needs only to be satisfied in
the QW plane but not the confinement direction. This is one
reason why we choose the microcavity excitonic polariton
rather than the bulk system.

The propagation equation of the excitonic polariton in the
cavity is similar to Eq. (12):

€c 82E2D
¢z or?

+ (kS — szD)EzD

2 BEQD 4 8 PD, 2D
— Z(vp -V = . (45

2 (Ve Vi) — = = ——&—5—. (45)
Here the electric field E;p = exp¢o(z) Eap(x,y,t) is propa-
gating in the x-y plane, ¢o(z) is the longitudinal component
of the cavity mode function, V;p = (%,%,0), ko is the
longitudinal wave vector, and e;p is the polarization direction
of the wave. Therefore, the cavity mode can be written as
exp Eapo(z) exp [j(kix + kyy) — jwot] and its frequency as
[E2+ K2+ kD).

In Eq. (45), Py op is the QW «a-exciton polarization; it
can be written as f,(z)F,(x,y,t). The quasi-two-dimensional
propagation function of the exciton is similar to Eq. (20):

Puop [ Hex )’ Hexll
o +<h) v — 2%

wo k =

“Eypp = 0. (46)

Here H., = hw, — %V%D + jhvg - Vop, hw, is the energy
of the « exciton, and the parameter § = [ fo(2)Po(z)dz. If
we introduce Pop = &P, op and suppose the dipoles 1, are

isotropic, then with Apr = 4”@' i , Egs. (45) and (46) can be
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transformed into

L
O A . )
32% + (wa 2?/[ sz + jvg - V2D>2P2D
_ eﬁm (wa—%viﬁ- vk - V) Eyp=0. (48)

Analogous to the calculations in the preceding section, we
can obtain

, 1], 2M
kpy® = 5 ka® — 7(0){1 - w)
, 2M P o8M
£,/ | ka” + 7(60“ —w)| + ch Arr.  (49)

Here kc2 = ec%z, kfl = kc2 — ké, and L and U are labeled as
the lower and upper branches of the microcavity excitonic
polaritons.

Then we get the first-order approximation of the wave
vector of the microcavity excitonic polaritons,

Skegr,i = Metr,i (VR - €1). (50)
Here
_ np + Di(w)nu _h 02 (k)
Netti = ————————, Di(w) = ——F—,
1 + Di(w) 2M k. Arr
Qa(k) = k* — kq*. (51)

We can further simplify the above results that

1
qZUZzbﬁ—Aﬂ—xﬂi/hj+M1—mf+Bﬁ,

) 281;[)(4/ qlz + )Cg
epni = J _ : (52)
(a7 —x3)" + 28urx*/y/qF + x5

Here, except for the parameters x5 = x> — x5 and xo = cho
[N

the other parameters have all been defined in the previous
section.

B. An example: Microcavity GaN excitonic polaritons

In order to show the properties of microcavity excitonic
polaritons, we use the GaN quantum wells embedded in a
microcavity as an example. If we ignore the difference between
the parameters of the bulk exciton and QW exciton of GaN and
also ignore the dielectric constant difference between GaN and
the medium in the cavity, then we can calculate the dispersion
curves of the lower and upper branch using Eq. (52).

The calculation results are plotted in Fig. 7. It is very hard
to illustrate g7 (x) and gy(x) simultaneously in one figure
because, compared with ¢y, in the region x € [0.9,1.1], gy (x)
increases very quickly, but its value is very small. What we are
concerned about and going to use is the LPB, so in Fig. 7 (a),
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FIG. 7. (Color online) Dispersion curves: (a) the lower polariton branch (LPB) for xo = 1.00; (b) the upper polariton branch (UPB) and
LPB for xo = 1.00; (c) same as (b) but with xy = 0.98; (d) same as (b) but with x, = 1.01.

we show the dispersion curve of the LPB and, in Fig. 7 (b),
we illustrate the UPB and LPB simultaneously in the small
region 0 < g < 1. We notice that there is a “pit”around g = 0
in the LPB; it acts like the dispersion of the 2D quasiparticle
with a very small effective mass. However, in the following,
when it approaches x = 1, its behavior becomes nonparabolic.
It is well known that such a region possesses the so-called
bottleneck effect and the scattering by phonons is strongly
depressed, so the decoherence time is much longer for the
excitonic polaritons in this region.”®?° In Fig. 7(b), we have
xo = 1.00, while in Figs. 7(c) and 7(d), we have xo = 0.98
and xo = 1.01, respectively. The three figures show similar
properties, except that the pit depths are different. The depth
is deeper at xo = 0.98 than in the case that xo = 1.00 and
xo = 1.01.

The effective Sagnac coefficient 7 ;, and the proportion
of photon nyp, 1 as functions of x are illustrated in Figs. 8 and
9. It is also clear that, at suitable frequency, the microcavity
excitonic polaritons can provide us with large values of e 1,
and moderate values of nyp, ; simultaneously.

The major advantage of the microcavity excitonic polari-
tons is that momentum conservation in an optical transition
needs only to be satisfied in the QW plane but not along
the confinement direction. The excitons in a QW couple to
light with the same in-plane wave number k; and arbitrary
transverse number k. Therefore, QWs microcavity is more
optically accessible than bulk materials and the first difficulty
discussed in Sec. II can be solved in microcavity.

The second difficulty discussed in Sec. II can also be
improved in microcavity. In the bottleneck region, scattering
of the polaritons by phonons is strongly depressed.”®?° As
a result, the excitonic polaritons in this region have longer
decoherence time (some experimental works estimate it as
about 10 ps). Nevertheless, it is also too short and, in order
to obtain very high sensitivity, we suggest the degenerate
four-wave mixing of the microcavity excitonic polariton as
a better method.

4 Mo L

log, j[n(s/m?)]
N

0
L

-2

0.9 0.95 1 1.05 1.1

FIG. 8. (Color online) Effective Sagnac coefficient of microcavity
GaN excitonic polaritons (solid line) and Sagnac coefficient of the
photons (dashed line).
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FIG. 9. (Color online) Photon proportion of microcavity GaN
excitonic polaritons.

IV. SAGNAC EFFECT IN THE FOUR-WAVE MIXING
PROCESS OF MICROCAVITY POLARITON

Due to the excitonic component of the excitonic polaritons
and strong confinement in the microcavity, the excitonic
polaritons can have strong nonlinear interactions. The third-
order nonlinear effects of the microcavity excitonic polari-
tons, like parametric amplification and degenerate four-wave
mixing (DFWM), had been demonstrated in experiments and
discussed by theoretical works.'*"'> Among those nonlinear
interactions, DWFM is rather important, because it can
generate two conjugate waves with opposite directions and
these two waves are intrinsically correlative.'"' If we can
prove that the two conjugate waves can provide us with the
Sagnac phase information, they can be used to overcome the
problem caused by the short decoherence time of the excitonic
polariton. Therefore, in this section, we make a theoretical
description of the Sagnac effect of these two conjugate waves
and prove that their phase difference is analog with the one we
get from the usual Sagnac effect.

A. Nonlinear interaction between the excitonic polaritons

The exciton-exciton interaction in the inertial system can
be described by (see Fig. 10)

Hip = Z (Vi2,3abk, "bi, i, b, +c.c.)8(ky + ko — ks — ka).
12,34

(53)

Here by, and by,' are the annihilation and creation operators
of the exciton with wave vector k;.'»'* Then taking this

\k: k.
/k: \kz

FIG. 10. (Color online) Exciton-exciton interaction in which two
excitons k; and k4 are scattered into k; and k5.
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interaction into account, the polarization equation of the
excitonic wave with wave vector k; is similar to Eq. (20),
but with an extra term on the right-hand side of the equation,

3P Hy\* 2Hy L1, Hy Vio34
S (ZM) p Mg pTM RN T b
12 +( h ) hoh H !

(54)

In this equation, i,j = 1,2,3,4. P; is the exciton-induced
polarization and H), is the Hamiltonian of the exciton mass
center in an inertial system. We can find that the left-hand
side of this equation is the propagation of P; and the right-
hand side is to describe the creation of P; by a third-order
nonlinear effect. If we neglect photon-exciton and photon-
photon nonlinear interactions, the coupled equations of the
exciton and light wave now become

) cul.2 47'rwi2
—V* —e.— | E; — P, =0,

c? c?
,  2M
-V + 7(5001 —w) | P (55
€ ZMALT 2M V12 34
- F=———— P;.
4Tt h o2 H !

@ i
As we have discussed in Sec. I11, if we ignore the nonlinear
term, the homogeneous part of Eq. (55) has two branches
of solutions corresponding to the lower and upper polariton
branch. We combine the electric field and the polarization into
a matrix and normalize it; that is,

Ei, CE, . .
F .= ( Pi,Z ) = fiu <ciﬁ> exp[—jwit + jky(wi)e; - rl.
(56)

Herew = Lor U, |cg 1> + |cp.u|* = 1, ey is the propagating
direction of the ith wave, and k,(w;) has been obtained in
Eqg. (29). Also, in this case, we can consider that the p-branch
excitonic polariton is the solution of the equation

[V + k()] fiu(r) = 0. (57)

Then we take the nonlinear interactions into account. From
the preceding section, we know that when w < w, + Arr,
ky(w) becomes imaginary, so in the strong coupling regime,
where Apr is large enough to fulfill this condition, we only
need to consider the lower branch polaritons and rewrite
Eq. (55) as

[V + k3 ()] frrlwrr) = x T fir- (58)

J#
Here the third-order nonlinear coefficient xf) =
v
2%% [1ep(@)).
C A

Besides, it has to satisfy the following conditions:

w)+wy — w3 —ws =0,
kp(wr)ex, + kp(wr)er, — kp(ws)er, — kp(wy)e, =0.  (59)
This result is similar to four-wave interaction in nonlinear

optics, so the third-order nonlinear interaction process between
light waves can be applied to the excitonic polaritons. Some
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experimental results have shown that the third-order nonlinear

coefficient xf) of an excitonic polariton is much larger than
that of the light wave.

Next we consider the nonlinear interaction of the excitonic
polariton in a rotational system and take the decoherence
process into account. Discussed in the preceding section, in
a rotational system the left-hand side of Eq. (55) has to add
terms that are proportional to @ , and these terms result in the
propagating constant ky (w) changes to k() + 8k (w) and
8k (w) = nefr. . (w)(Vg - €;). As for the decoherence process,
we showed that when ne; < 7n,, the influence of the
decoherence process is that it generates an imaginary part in the
propagating constant and makes it change into k(@) + jy (®)
and y (@) ~ nef, L%. Therefore, Eq. (58) becomes

(V2 + ke + Ak fin = x0 [ ] fin (60)
J#

and Ak, = 8k + jyL = Nesr,L [(VR i)+ ]2,122‘ ]

B. DFWM of microcavity excitonic polaritons

In this section, we discuss the DFWM of the lower branch
of the excitonic polariton waves (Fig. 11). The sample is on the
x-y plane, and the two pump waves are propagating along the
y axis, while the signal wave 1 propagates along the +x axis,
so the idler 2 propagates in its opposite direction. We assume
that the angular velocity of the system 2 = Qe, and the size
of the interferometer is large enough that the velocity vz can
be approximated as an invariant vector parallel to x direction.
Therefore, we have

W =W =03 =W =0,

SkL,l = neff.L(VR ° ex)ex == (Skex,
(61)
8k o = ner 2 [Vr - (—e)](—e,) = Ske,,

Sky 3 =0k 4 =0.

Assume that the pump waves are strong enough and their
amplitude variation can be neglected. Therefore, the coupling
equations of the signal and idler wave can be dealt with by the
slowly varying amplitude approximation,

fi(x,t) = fy(x)exp(—jwt + jkrx) + c.c.,
a0 = fuo)exp(—jot — jkpx) +ee.  (62)

l —ke,

4—
~(k—Ak)e. k+Ak)e,

‘[ ke,

FIG. 11. (Color online) Degenerate four-wave mixing.
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If we use the notations k, = ,ﬁ—flj{jy and k. = /ﬂ—f;f;;/’
the coupling wave equations become
df, . :
dxs = (]8k - y)fs - ]stc*»
dft . .
T = Uk =y = Kl S (63)

The solutions of the above equations have the following
form:

f, = Al 4 Be I,

fo = Cel® 4 De™ /4%, (64)
Here
g = Jkok? + Ok + jy ) (65)
and
. Ix® f3 fal?
ke =773 212 9
kp”— 68k +y* —2jydk
~ Ix® fs fal? 66)
kp? — 8k2 + 2
3) 2
Let k2 = —A{ﬁ{ﬂyw SO
g% = (&> + AK* — y?) + 2jy Ak. (67)

If the intensities of the pump pulse are strong enough that
> 4+ Ak* — y? > 0, then neglecting the imaginary term y Ak,
we get

g~ &2+ AR? — y? (68)

as a real quantity.

Here we can obtain the coefficients A, B, C, and D by
the boundary conditions of the signal and its conjugate waves.
As is illustrated in Fig. 12, the boundary conditions can be
expressed as

fs(0) = Fi o,
fe) = 0. (69)
Then
_ q cosq(l —x)+ (y — jAk)sing(l — x)
s = Fo q cosql + (y — jAk)singl
£ = F Jjk*sing*(l — x) (70)

Vg% cosg*l 4+ (y + jAk)sing*l’
fe(0) +—

| 1]
NERRAR

X=0 X=I

— f()
— > ()

FIG. 12. (Color online) Boundary conditions.
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Now we write the solutions of the coupling wave equations
into the following form:

cos [g(l — x) — B] S(x) _ .
cos(gl —B)  S(0) exp[j6;(0) — jO,(x)],

jKk sing(l — x)

Ja* + y? cos(gl — B)S(0)

Here we neglect the imaginary part of ¢ and

fb(x) = FAx,O

Je(x) = Ffy exp[—j6s(0)]. (71)

cosf = ——,
q*+vy

3 cosB 8k sing(l —x)7?
S(X)_\/H[cos(ql—ﬁ) e O

6,(x) = tan! [ cosB 8k sing(l — x)}
’ cos(gl — B) q '

If we rewrite Eq. (70) in the form
Js(x) = Fy(x)exp{j[65(0) — 65(x)]},
Je(x) = jFe(x)exp[—jos(0)], (73)

and inset the above equation into Eq. (62), we can get the
signal wave and the idler wave,

f1(x,1) = 2F;(x)cos[wt — ki x + O,(x) — 6,(0)],
Sfa(x,t) = 2F.(x)sin[wt + kpx + 6,(0)]. (74)
We can get the outgoing signal wave at x = [ and the idler

wave exit at x = 0; therefore, the phase difference between
the signal and the idler at the two boundaries of the medium is

AG = 20,(0) — % (75)

and 6,(0) = tan™! (#ﬁﬁ) %(Sk). If we take the approxima-

tion Sig—‘f’ak ~ §kl, then

cos B

0,(0) = tan™" | —————8kI
O = (cos(ql ) )
cos 8
~ —————8kl. (76)
cos(gl — B)
So the phase difference between the outgoing signal wave
at x = [ and the outgoing idler wave at x = 0 is similar to
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the Sagnac phase difference between two counterpropagating
waves at the same interval. It can thus provide the information
of the angular velocity of the system. However, we shall em-
phasize that the two counterpropagating waves are intrinsically
coherent and so DFWM can be used to construct the hybrid
interferometer.

V. CONCLUSION

In Secs. II-IV, we have presented the theoretical treatments
for the Sagnac effect of the excitonic polaritons. It has been
shown that the excitonic polariton wave is the coupling of the
light wave and excitonic wave, so its Sagnac coefficient 7 ;
is the function of the frequency of w. The dependence of 7 i
on w is very sensitive at the neighborhood of the resonant
frequency of photon and exciton. By choosing the frequency
appropriately, the excitonic polaritons wave can provide us
with a large value of nesr; (for example, &~ 10° times of the
1np) and a moderate photon proportion simultaneously. It is
also clarified that the excitonic polaritons in the microcavity
with one or a few quantum wells embedded in it are 2D
quasiparticles, and the direct transitions from photons to the
microcavity excitonic polaritons and its inverse process are
permitted. In addition, the excitonic state can be manipulated
by some methods, for example, applying external electric or
magnetic field, so the value of 7.y; can be manipulated to
bigger values. However, an intrinsical difficulty still exists
that the decoherence time of the excitonic polaritons is very
short, even though this time is much larger than that of bulk
excitonic polaritons. As a result, we discuss the Sagnac effect
of degenerate four-wave mixing of the excitonic polaritons.
We find that the two counterpropagating waves, the signal
wave and its conjugate wave, have a phase difference that
has a form similar to the value we get from the original
Sagnac effect and can thus provide the information about
the angular velocity of the system. More importantly, these
two waves are coherent intrinsically and so are helpful for
achieving a high sensitivity. Since the polariton degenerate
four-wave mixing has been measured by experiments, we
believe that the Sagnac interferometer based on the ex-
citonic polariton wave in a semiconductor microcavity is
feasible.
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