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Quantum Langevin equations The amplitude operators 6,4, (z, w) and 6, (z, w) defined in
the main text maybe regarded as system operators that describe the space-dependent amplitudes of
the monochromatic EM field in 1D periodic, dispersive and lossy dielectric medium. These
amplitudes are exponentially damped out in space and the characteristic length is given by y; 1.
The spatial evolution of the amplitude operators is governed by quantum Langevin equations,
where the quantum noise associated with the damping is taken into account by operator Langevin
noise sources, the spatial evolutions of the amplitude operators can be derived from their
definition
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these are quantum Langevin equations where the operator Langevin noise sources are given by
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The commutators [, (z, w), LT (2", w")]and [L;7,(z @), L, (2", w")] can be calculated based on
Egs. (S2)

[It (2, w), [T (2", w")] = eFiPm#tibnz’ 3 Sam 5pn (w)8(z —2)6(w — '), (S3)
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The commutation relations between the operators L}, (z,w), L, (z,w) and the amplitude
operators are given by

[6}{1(2, w),Z,ilJr(z’,w’)] =0 if z—2z's0, (S4)
Integrate the amplitude operators in equation (S4) over z, we get the solutions

0%, (z,0) = e™o 00k (2, w) + [ dze Vo @ DL (Z,w) if z—2'20, (SH)

In order to compare the quantum Langevin equations with the previous works of other authors. We
also consider the homogeneous dielectric and only the radiation order in the normal propagation
case, following our derivation, the spatial evolutions of the photon operators @y (z,w) and
ay (z,w) can be expressed as
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These quantum Langevin equations coincide with that in the predecessors’ work, the other results
in this part can be also derived back to the related studies in the previous work successfully.

Commutation relations of amplitude operators The commutation relations of the operator
noise current density need to be calculated in order to obtain the commutation relations of the
amplitude operators, based on the relation between the source term J(# w) and the bosonic
vector field f(r,w) and the commutation relations of the components of f(r,w) we obtain



[fy(r, a)),f;(r’,w’)] =p(# w)s(r—-r)5(w—w"), (S7a)
Uy @ ), 1, (', )] = [ (r,w), Ji @, )] = 0, (S7b)
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here p(r,w) = Zohew g (r, ), substituting in equations (S7) for the operator noise current density

the in plane wave expression of the operator current density fy(r, w), after a little lengthy
calculation we get

iy @z 0), 11, (2", 0] = pmen(@)8(z — 2V (0 — "), (S8a)
[y @ @), Jny @', 0] = [Jhy (2 @), ], (2, )] = 0, (S8b)
Sy (@ @) = |22 V& fineny (2, 0), (S8c)
where py,_n(w) = Ohw Erm-n(®).

After some calculation, the commutation relations of the amplitude operators can be obtained
based on the amplitude operator expressions and the commutation relations (S8)
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The commutation relations between the amplitude operators or between the Hermitian
conjugates of the amplitude operators are equal to zero due to (S8b). Here 6(z — z') is step
function, which is equal to 1 if z = z’ or equal to zero if z < z'.

Electromagnetic field quantization in homogeneous dielectric When we consider the
homogeneous dielectric which is a special case of periodic structure, the previous quantization
theory can be applied, in this case, the matrix S is identity matrix and U is a diagonal matrix
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&1(0)8man, (S10)
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So the coefficient matrix X in homogeneous dielectric case can be expressed as

Xy = /%&m, (S11)
it can be seen that X is also a diagonal matrix. In homogeneous case, the amplitude operators
Omy(z,w) and 0, (z,w) are equal to the annihilation operators d;,,(z w) and @, (z o)
multiplied by a constant X%,

In Fig. S1 we plot the five coefficients X;,, X5, X33, X4s and Xgg in air with small

absorption, the real parts and imaginary parts of the coefficients as a function of the imaginary part
of the relative permittivity are plotted in Fig. S1(a) and S1(b), respectively. It can be seen clearly



that the first coefficient X;; becomes a definite real number and higher order coefficients become

zero as the imaginary part of the relative permittivity approaches zero. These results are in
agreement with the former work?.
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Figure S1. The real parts and imaginary parts of the coefficients X;; (i=1,2,3,4,5) as a
function of the imaginary part of the relative permittivity are plotted in (a) and (b),

respectively. These results are multiplied by a same constant number. The real part of the
permittivity is 1 and the reduced wavelength is 1.5.

In order to compare our theory with previous works which provide the EM quantization in
radiattion mode for homogenous dielectric, following our derivation, the operator electric field in
the radiation order (m = 0) in the normal propagation case can be expressed as

B (zw) =i \/h—wnr(w)[ei“’”r(“’)z/cd;(z, w) + eiwn@2/eq2 (7, 0)],  (S12a)

4megen(w)n(w)

ay(z,w) =i /2 %ni (w) f_ZOO dz’e‘i“’"r(‘“)z/cei‘“"(“’)(z_zl)/cfy (z', w), (S12b)

ay(z,w) =i /2 %ni (w) fzoo dz’ei“’"r(‘“)z/ce_i"’"("’)(z_zl)/cfy (z',w), (S12c)

in the above equations we omit the subscript of the integer 0 because we only consider the
radiation order. The commutation relations of annihilation and creation operators are derived back

to the previous conclusions. These results are in agreement with the corresponding results of the
previous work of other authors?

Quantum optical input-output relation for grating In the following we study the input-output
relations for a grating of thickness I. Based on the quantized scheme the electric field operator in
the jth (j = 1, 2, 3) region can be written as

E,];ly (z, w) = iugw Xy S,{m [eiﬁrj;zﬁé+ (z,w) + e‘iﬁ%zﬁf;_ (z, a))]. (S13)

The corresponding magnetic field operator in the jth region is obtained from the quantum Maxwell
equation

Ho(z,0) ==Y, S,{m [ik,{eiﬁrjlzﬁrjf (z,w) — ik,];e_iﬁﬁzﬁf;_ (z, a))]. (S14)

The amplitude operators of the incoming fields from the bottom (- <z < —1/2) and top
(/2 <z <), 017 (—1/2,w) and 837 (1/2,w) shown in Fig.3 can be written as



l/2

ot (—1/2,w) =i —Tlleiﬁ%l/Zeikﬂ—l/Z—@jﬁy(z, ), (S15a)

/2,0 =i P dz Bil/2-01/2=D)[3 (7 w). (S15b)

The field operators in 1th, 2th and 3th regions are, of course, not independent but are related by
the boundary conditions at the two interfaces. At the interface z =1/2, we can express the
boundary condition from the equations (S13) and (S14) and write it in matrix form
(53 s3 )(e"ﬁ3‘/2X3&3+(l/2,w) > _ (52 s? )(6"?2‘/262*(1/2'&’) ) (S16)
T3 T3/ \e-iFU2X333~(1/2, w) T? —T% \e-iF*V252-(1/2, w)
A similar relation holds at the interface z = —1/2

sz sz (e 2524 (— /2, w) st st [e V211 (—1/2, w)
G, S N=0, S, ), (s17)
T -T eBU252=(—1/2, w) T -T el 2x161-(—1/2, w)

here. ¢218'707% (2, w) = (e24700% (7, 0), e£8:701% (7, 0) - e Hh70E 2 w)) the elements

of the matrix T/ (j = 1,2,3) are expressed as T7, = ﬁs{,’min,{, and the matrix S/ in the
0

homogeneous dielectric (j = 1,3) is identity matrix S._ = &,,n.

The propagations of the amplitude operators in the slab region are determined by the solution of
guantum Langevin equations which mean the spatial evolutions of the amplitude operators, the
annihilation operators at z = [/2 can be written in terms of the annihilation operators at z =
—1/2 and noise source operator

( eiﬁzl/262+(l/2,a)) > 3 (ei’le 0 ><e—i,821/262+(_ 1/2,(1)))
e 1*/252-(1/2, w) 0 e WU\ V2527 (~1/2, w)

eiKzl/z\/Z_)/z 0 @+(w)
+< 0 /ﬁ)(@(@) (519

here the elements of the columns G*(w) and G~ (w) associated with the slab read

~ l mn
F() = H 7= [, dze ¥ S, R (7 ), (519)

Based on the relations between amplitude operators at different regions expressed in equations
(S16), (S17), (S18) and the definition of §*(w), we can get the input-output relation for the
grating in transfer matrix form

(C:l:(l/Z,w)) _ (T11 T12) (?P:(— l/2,a))> n (t11 t12) <Qi(w)> (S20)
a*~(1/2,w) Ty Ty)\a' (-1/2,w) t1 22/\G~(w)

The commutation relations between input photon operators in air and excitations with the slab
can be derived based on their definitions

[aY (2, w),ar (2", w")] = el 215, 6(w — w"), (S21a)
[a37 (2, ), 8272, 0")] = e hl==2'l5,,. 6 (0 — ), (S21b)
[k (z w), a5~ t(z', ] = [a3 (z, ), artt(z, w] =0, (S21c)
a3y (z, ), 351 (@] = [@57 (2. w), g T (@)] = 0, (S21d)

In this part we obtain the input-output relation in transfer matrix form and the commutation
relations between the input operators for the grating.
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