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Abstract: We propose Green functions scattering method to obtain the Casimir-Polder potential
between anisotropic atom and one or two planar parallel plates. Lifshitz formula for pressure
between two dielectric half-spaces separated by a vacuum slit is derived within the same method.
The method is also applied to known conducting systems including graphene which are overviewed.
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1. Introduction

The Casimir effect [1,2] is a quantum interaction effect between macroscopic objects.
Two main ingredients of the effect are geometry of interacting objects and their material
check for properties [3]. Various reviews and books are dedicated to the Casimir effect or related
updates mathematical techniques [4-22]. In this paper we present another derivation of the Casimir
effect. One can use this paper as an introduction to the Casimir effect: detailed derivations
of classical results are presented, flat boundaries are considered.
The ground state energy of the bosonic system is defined by expression
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energy in Ref. [23]. The approach based on Formula (3) was strongly advocated in the
review [5]. Fock-Schwinger regularization was applied to derivation of the Casimir result
for two perfectly conducting plates (2) in Ref. [24]. Detailed study of the Lifshitz energy [3]
for two half-spaces separated by a vacuum slit was performed in Ref. [25] based on the
argument principle (3) and plasma model of the permittivity.

The formalism was effectively generalized to non-flat geometries. Theoretical for-
malism for evaluation of the Casimir free energy and the Casimir force in the system of
two diffraction gratings separated by a vacuum slit was developed in Refs. [26,27]. In
Refs. [26,27] the Casimir energy was expressed through Rayleigh reflection coefficients [28].
The theory [26] was found to be in agreement with experimental results of Ref. [29] for
the normal Casimir force in sphere - rectangular grating geometry. In Refs. [30,31] a com-
parison of the theory and experiment was performed in the system of two Au sinusoidal
gratings with coinciding periods, one of the gratings was skillfully imprinted at the surface
of Au sphere. Theory of the lateral Casimir force based on Rayleigh reflection coefficients
was found to be in excellent agreement with experiment [30,31], strong deviations from
proximity force approximation [32] based on Lifshitz theory for flat geometries were dis-
covered. The Casimir normal force measurements between Au sphere and Si grating [33]
and experiments [34,35] with two rectangular gratings separated by a vacuum slit were
also found to be in agreement with theoretical approach developed in Refs. [26,27]. Impli-
cation of the formalism based on Rayleigh coefficients to evaluation of torque between two
gratings separated by a vacuum slit led to theoretical discovery of geometric transitions in
Ref. [36]. An abrupt change in the energy of infinite system during an infinitesimal change
of rotation angle between gratings discovered in Ref. [36] results in a giant torque in the
system of two finite gratings.

Path-integral approach has been used to derive general analytic results for the Casimir
free energy of electromagnetic fields in the presence of several compact objects [37,38].
The Casimir energy for systems with cylindrical and spherical objects has been actively
studied [39-41].

The Casimir energy of two Chern-Simons layers in vacuum is derived in Refs. [42,43],
repulsive Casimir force between Chern-Simons layers in vacuum and Chern-Simons layers
at the boundaries of realistic dielectrics is predicted for an interval of parameters of the
layers [42—46]. When one inserts chiral medium in a slit between ordinary materials one
can also obtain Casimir repulsion [47,48].

One can extract the Casimir-Polder potential of a neutral atom from interaction energy
of two dielectrics by rarefication procedure applied to one dielectric [4,22]. In a dilute limit
one should sum the Casimir-Polder potential of every atom in the rarefied dielectric to
obtain interaction energy of two dielectrics. Please note that one must introduce anisotropic
dielectric to extract the Casimir-Polder potential for anisotropic atom or molecule by
rarefication procedure, which is definitely more complex procedure.

It is convenient to derive the Casimir-Polder potential of an atom with anisotropic
polarizability directly from first principles of quantum field theory. One can use Green
functions in the evaluation of the Casimir-Polder potential. The first calculation of this kind
was performed in Ref. [1] for the potential of anisotropic atom interacting with a perfectly
conducting plane. Direct procedure proved useful for evaluation of the Casimir-Polder
potential for non-flat geometries including perfectly conducting wedge and dielectric
diffraction grating [49-51]. Casimir repulsion emerges for anisotropic atom above a hole in
metal [52] or anisotropic atom above a dielectric grating [53]. The Casimir-Polder potential
of an anisotropic atom (molecule) interacting with Chern-Simons layer was derived in
Ref. [54]. Charge-parity-violating effects in Casimir—Polder potentials were studied in
Ref. [55]. Other approaches to derivation of the Casimir—Polder potential are based on the
harmonic oscillator models [56] and interaction of point dipoles [57].

In this paper, we start from evaluation of the Casimir-Polder potential between
anisotropic neutral atom and dielectric half-space. We use Weyl formula [58] for the Green
function of Helmholtz equation (note that Weyl formula has been used before in derivations
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of the Casimir effect, for example, in Ref. [38]), take vector potentials in a Lorentz gauge
and then express the electromagnetic field from a dipole source in terms of electric and
magnetic fields. Various boundary conditions considered in the paper are also written in
terms of electric and magnetic fields. Thus, the full procedure is clearly gauge-invariant
by construction. We demonstrate how to derive the Casimir force between geometries
with flat parallel boundaries within the same formalism and derive general formula for
the Casimir—Polder potential of anisotropic atom between two half-spaces with parallel
boundaries and given boundary conditions.

The paper is organized as follows. We introduce the method based on Green functions
scattering in Section 2 during derivation of the Casimir-Polder potential of anisotropic
atom in its ground state interacting with a dielectric half-space with frequency dispersion of
permittivity e(w). In Section 3 we apply the method to derive the well-known Lifshitz result
for pressure between two dielectric half-spaces separated by a vacuum slit. In Section 4 we
derive the Casimir-Polder potential of anisotropic atom between two dielectric half-spaces
with parallel boundaries.

The method developed in Sections 2—4 is applied to known systems with 2 + 1-
dimensional conducting layers (Sections 5 and 6) and impedance boundary conditions for
metals (Section 7), an overview of results for these systems is given.

In Section 5 we discuss 2 + 1 surface conductivity and derive expressions for reflection
coefficients in this case. We also comment results obtained for systems with non-diagonal
components of conductivity.

Spatial dispersion in a boundary 2 + 1 layer is important for applications, we start
discussion of this case by writing boundary conditions in Section 6. We explain general-
izations which need to be done to write boundary conditions with a spatial dispersion
of surface conductivity at the boundary of a dielectric half-space. We introduce 2 + 1
polarization operator and express 2 + 1 surface conductivity with a spatial dispersion
in terms of a polarization operator. Reflection coefficients for a layer of 2 4- 1 fermions
at the boundary of a dielectric half-space are derived and written explicitly in terms of
components of polarization operator in several convenient for use forms. Casimir and
Casimir-Polder type formulas in Sections 2—4 are valid in this case after substitution of
reflection coefficients into respective formulas.

Next we consider 2 + 1 Dirac fermions in graphene and overview main implications
for layers with graphene at finite temperature in the Casimir effect. Giant temperature
Casimir effect for systems with graphene layers is discussed.

In Section 7 we consider impedance boundary conditions and derive reflection coeffi-
cients for frequency and spatial dispersion cases.

We put it = ¢ = kp = 1 and use Heaviside-Lorentz units. We take magnetic perme-
ability # = 1 in materials and work with a frequency dispersion of permittivity ¢ = e(w) in
material volumes.

2. Casimir-Polder Potential of Anisotropic Atom above a Dielectric Half-Space

In this section, we derive the Casimir-Polder potential of a neutral anisotropic atom
in its ground state located at a distance L from a dielectric half-space.
One can substitute Weyl formula [58]

plwlr’ 1| —x)+ky (Y —y)+y /W —ki—kj (2 —z)) dk dk
4rlr’ — x| // 2, Jw? — K2 — k% (271)2 !

valid for z’ — z > 0, into the solution of equations for vector potentials in a Lorentz gauge

©)

(A +w?)p(w,r) = —p(w,1), ©)
(A + w?)A(w,1) = —j(w,1). @)
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It is convenient to denote k| = (kx, ky). Then electric and magnetic fields propagating
downwards from the source at the point ' = (0,0, L) can be represented in the form

: . N\ KT pikz(L—2) J2K
E(w,n) = / (o, K - wj(w, &) zekz (2n)H2 , (8)
e pika(L—2) 4%k
Bl = [l k) <K —— ©

where k, = , /w? — kﬁ, k= (kH, —kz), p(w,f() and j(w, E) are Fourier components of the
source current.

Consider propagation of an electromagnetic field from a dipole source at the point
r' = (0,0, L) characterized by electric dipole moment d. In this case, components of the
four-current density of the dipole source must be written in the form [54]

o(t,r) = —d' (1,83 (r — 1), (10)
jl(tx) = 0:d ()63 (xr —1'). (11)

Please note that four-current density (10), (11) satisfies the continuity equation d;p +
divj = 0. For the point dipole (10), (11) one should substitute

plw k) = —d / 916 (r — ') s = id - ke':", (12)
fH(w, k) = —iwd" /(53(r — 1) Py = —jwd' e*:L (13)
to Equations (8) and (9).

Now consider homogeneous dielectric half-space z < 0 characterized by frequency
dispersion of a dielectric permittivity ¢(w). For z > 0 expansions for electric and magnetic
fields can be written in the form

Ei(w,r) = / f(w, keI Ml ke h g2y 4 / v(w, ke ek =d?k, ,  (14)
Bi(w,r) = %/g(w,kH)eikH‘r”e*ikZ(Z*L)dzkH+
é / ([k” % v(w, k)] +kz[n x V(w,kH)])eikH'rHeikzzdzkH (15)
with vector functions f(w, k), g(w, k| ), v(w, k| ). For a dipole source at the point (0,0, L)
one substitutes components of the four-current density (12), (13) to electric and mag-

netic fields (8), (9) and obtains from comparison with first terms in the right-hand side
of (14), (15):

i T2
; 2
1 W” =~
glw k) = S [k x d]. (17)

For z < 0 one can write expansions for electric and magnetic fields in the form
Ex(w,r) = /u(w, Ky )™ Tle Kz (18)

Bz(w, r) = %/([ku X u(w,kH)] —K; [n X u(a),kH)])eik\\'rllg—iKzdekH (19)
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with K, = ,/e(w)w? — k2 — kﬁ and vector function u(w, k). Functions v(w, k) and
u(w, k) are expressed in terms of functions f(w, k), g(w, k) after imposing boundary
conditions and solution of diffraction problem.

Without loss of generality, we may use polar coordinates in two dimensional (ky, k)
momentum space and orthogonal local basis e;, ey, e, so that kH = ke, k, = |kH |. Reflected
and transmitted electric fields are transverse (note that in the local basis v(w, kH )kH = vk,
u(w, k”)kH = Mrky)i

vk, + kv, =0, (20)
uyk, — Kyuy = 0. (21)

Continuity of tangential components of the fields at the boundary of dielectric half-
space z = 0 yields four conditions:

U, = v, + frel, (22)
Ug = Uy + fgeikzL , (23)
Kyupg = —kyvg + greikzL , (24)
—kyu, — Kyu, = —kyvy + kyo, + ggeikzL. (25)
Reflected and transmitted fields are expressed in terms of f,, fg, gr, go:
: k
ik, L z 2
— _ptkel 2 (K
Or € (UZ(KZ + Skz) ( 286 T+ €W f?’) ’ (26)
ik, L
= ZE — K.
09 = ol (g — foks), @7)
: k
ik, L r 2
= s K 2
Uz =¢€ w2(Kz+€kz)( 280 +Ew"fr), (28)
; K
ik, L Z 2
pu— z R _k
ur e (UZ(KZ + €kz) ( Zg9 + w fr) 7 (29)
ik, L
= e k
ug =e k. + K. (8r + fokz), (30)
; k
TP (k250 + wzfr) . (31)

w?(K; + ¢k;)

In general, v; = P;jd;. Non-diagonal components of the matrix P;; do not contribute
to the Casimir-Polder potential of a neutral atom interacting with a dielectric half-space.
Diagonal components of the matrix P;; can be found from (16), (17) and (26)—(28):

i .
Prr(w/ kr) = _@elkszerM(w/ kr) ’ (32)
. 2
_ b kL@
Poo(w, kr) = o3¢ i rre(w, kr), (33)
i oo k?
P (w, k) = S?elksz—rrTM(w, k,), (34)
v4

where r1p(w, kr) and r7g(w, k) are Fresnel reflection coefficients

ek, — K,
ek, + K, ’

k, — K
rre(w, ky) = kz T Kz (35)

rem(w, kr) =
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At this point it is natural to define atomic polarizability a;j(w) following definitions
from Ref. [59]:

wij(h — 1) = i(T(di(h),dj(t2))) , (36)
wif(f) = /'°° exp(—iwt)ucij(w);l—;], (37)

J —00

where d;(t) in (36) are operators of electric dipole moment, T indicates that the expression
is to be evaluated by time-ordering. Additionally, we use relation

Di]'(f — t/, T, 1'/) = i<T(1::i(t, I')E]'(t/, l'/))>. (38)

To find the Casimir-Polder potential at zero temperature one can use definition for
the change of the ground state energy level AE, after actuation of the interaction V in the
Hamiltonian H = Hy + V [60]:

(0|5]0) = e7*AFT, T 5 foo, (39)

here T = 79 — Ty is the time interval which enters standard definition of §(T1, ), S-matrix
is defined in the interaction representation [61]:

S(t1, ) = exp(iHoty) exp(—iH(Ty — 12)) exp(—iHyT2), (40)

$ = 5(+00, —00) = Texp(—z/—|roo datv(t)). (41)
The vacuum element (39) includes disconnected diagrams. We take
- / &Pr J, (1, 1) Al (t, ) (42)
with operators d' (t) in the four-current density (10), (11) and obtain
/dtV /dtd3 At (06 (x =) = Ao(t,0)d (918 (x— 1)) =
/ dtdr((3,Ao(t,x) — A (1, 1)) d ()8 (x — 1) = — / AR (L)), (43)

In the second order perturbation theory we use (41)—(43), definitions of atomic polar-
izability (36), (37) and electric field propagator (38) to obtain

015?10y = /dtdt’zx']t—t)(Dij(t—t',r,r')—Dl.(]Q)(t—t',r,r'))

/ ol (w 4w“qq:ﬁ[mﬂQWMmﬂwﬂﬂy (44)
2 ) 27T g T 0 2r g Y

In the last equality of (44) we use aj(w) = ay;(—w) [62] and make Wick rotation
afterwards. When one evaluates the Casimir-Polder potential of a neutral atom in the
presence of a dielectric half-space one should use the difference between the full propagator
with dielectric half-space and the vacuum propagator at the position of the atom outside
dielectric. This calculation leads to the finite value of the Casimir-Polder potential. As
a result, one always needs the scattering part of the full propagator to determine the
Casimir-Polder potential. The scattering part of the electric field propagator is defined by

Dg‘(t—t/,r/r/):Dz](t t 1‘1‘) (]O)(t_t rr) (45)
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From (39) and (44) the Casimir-Polder potential is defined in terms of scattering
electric Green function (45):

/2—w T (icw) DE(zw r,r). (46)
0

Diagonal components of the scattering electric field propagator can be immediately
written from (14) and (32)—(34):

DE (w,r,¥) = / "L (P (w, ky) cos 0 + Pgg(w, kr) sin” 0) d’k , (47)
Dﬁy(w, v, r) = /eikzL (Per(w, ky) sin? 0 + Pag(w, ky) cos? 0) deH , (48)
DE.(w, ¥, t') = / eL P, (w, K )2k (49)

Please note that in expressions (47)—(49) we put ' = (0,0,L). We substitute expres-
sions (47)-(49) into a general Formula (46) and find the Casimir-Polder potential of a
neutral polarizable atom separated by a distance L from a dielectric half-space [15]:

2 /w2 +k2

3 (o, k) (@ +12) = rp (i k) o?) (@) + g (i) | - (50)

%) dw ©0 dk ex 602 + k2L ' .
/ 7/ 27Tr p 2 ) {rTM(lwrkr)k%“ZZ(l(U)‘f“
0 0

In this paper, we do not construct electric Green functions on the basis of existing trans-
verse electric (TE) and transverse magnetic (TM) mode solutions as it is usually done [63].
In the method developed in this paper TE and TM reflection coefficients appear in solu-
tions of electric Green functions (47)—(49) on the fly from the system of Equations (20)—-(25)
resulting from transversality conditions and boundary conditions imposed on electric and
magnetic fields.

The primary goal of our paper is to illustrate the method on several examples which
are overviewed at the same time.

3. Force between Two Dielectric Half-Spaces

Consider two dielectric half-spaces z < 0, z > d and the vacuum slit 0 < z < d
between them. We evaluate the Casimir force and the Casimir-Polder potential of a neutral
atom in this system.

Consider propagation of an electromagnetic field from a point dipole located at
r' = (0,0,20), 2o < d. Electric and magnetic fields propagating upwards from the dipole
source can be represented in the form

E _ /NeikH‘r“eikz(2720)d2k‘|/ (51)
B L [l Njeh a2 — ¥ [ et g, ©2)
w w

where N = —i((k-d)k — w?d)/(87%k;), M = [k x NJ. For z < d electric and magnetic
fields reflected from a boundary z = d have the form

ER(w,1) = [vae®i e il (53)

BR(w,r) = % / ([kH x v1] — kz[n x vﬂ)eikll'fue*fkﬂdzku, (54)
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where we assume that vector function v depends on w, k|, external geometric parameters
of the system zg, d and the dipole moment d. Transmitted electric and magnetic fields for
z > d have the form

E'T (w, 1) = /uleikH-rHeiKzlzd2kH ) (55)
1T 1 i1 Kz 12
B (w,r) = 5/([kH X ur] + Ko [ x wa) )o1Kz (56)

One may use the local basis e;, ey, e, for every kH to find local contributions to the
components of the fields. Electric field is transverse:

ulrkr + Kzl”lz =0, (57)
vlrkr - kzvlz =0. (58)

Tangential components of electric and magnetic fields are continuous at z = d, which
yields four conditions:

upeKad = g p=iked 4 N pik:(d-20) (59)

Ugpe’ 1 — yge—td 4 N gik=(d—20) (60)

—KzlulgeiKﬂd = kszefikzd + Mreikz(dizo) , (61)

—kyupe Kl 4+ Koqug,ead = —koope* — kyuy,em 1 4 Mpelke(d—20), (62)

One can express reflected fields in terms of Ny, Ny, M,, My:

kzeikz (2d—zg)

=~ (K; 1My — ew?N
1y w(ek; + Kz1) (Kz1Mg — ewNy), (63)
eikz(zd—ZO)
019 = —W(Mr + NGKzl) ’ (64)
z Z
kreikz(m‘zf)) )
12 = 2 (ek, + Kap) (KaMp = "), )
where
i
Ny = _Sﬁ(krdz - kzdr) ’ (66)
P2
i w
=" 24 7
k
N; = _k*rNr' (68)
z
Finally, one finds:
o1, = —Nyrpane=?1-20), (69)
v1g = Nprrppet=(24-%0) | (70)

01, = Nyrpppe'=21-%0), (71)
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To obtain the components of reflected fields vy, v, one should use rotation between
two local bases and make substitutions for every given k|| in expression (53) for the
reflected field:

dyr = dycosf +dysinf, (72)
dg = dysinf —dycos, (73)
U1y = U1, COS 0 + v1psin b, (74)
v1y = V1 Sin6 — vy cos 6. (75)

Therefore, the electric field reflected from a boundary z = d can be written in the
form (53) with vector functions (69)—(71) in the basis e;, ey, e,. Reflected and transmitted
electric fields after diffraction at the boundary z = 0 can be written as

E2R — /VzeikH»r”eikszZkH ) (76)
E2T — /uzeikH.rHquﬁzdzkH, (77)
where now one finds
Uy = =012 = Nerranrrane™247%0) (78)
k. (2d—
a9 = vigrTE2 = Norrpirreae=2720) (79)
02, = v1rTM2 = Narranrrae’ 24 7%0), (80)

If one continues along the same lines then, for example, after n reflections from
z = d boundary

ik, (2nd— -1
Opr = — Nyetke(2n ZO)r¥M1r’%M2, (81)

and for consecutive reflection from z = 0 boundary

U(nt1)r = Nyelke =200t ot po. (82)

After summation of all reflections of the electric field which first reflects from z = d
boundary one obtains

eikz (2(1720)

Eup(r) = [ k™™

egNp (rre1rTE2e™ + rrpre %) + e;N; (rramrrae’™ + rTMleilkzz)} . (83)

ik,z —ik,z
R E—T [erNr(rTerTMZe “ —rpme )+
— 'TMITTM2

In full analogy, after summation of all reflections of the electric field which first reflects
from z = 0 boundary one derives

eikz (2d+20)

21 ik Vs —ik ik
Eiown (1) = /d k\|el I 7] [erNr(rTerTMZe TE — rrve™ ) +

1 — reanrrme?k:

egNp (rre1rTE2e % + rrE2e™e?) + . N; (rramrrame = + FTMzelkzz)] , (84)

where
~ i
N, = W(krdz + kzdr) ’ (85)
.2
~ i w
No = gz do. (86)
No= Ry (87)
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The electric field E(r) from a dipole source at the point (0, 0, zo) between two dielectric
half-spaces separated by a distance d is the sum of (83) and (84):

E(r) = Eup(r) + Edown (r) (88)

It is convenient to write local components of electric Green functions for a given k| in
a local basis e, ey, e;:

ik 4 o .
DE (w kr) Z |:elkZZ (rTerTMZGZkZ(Zd 20) *TTMzelkZZO)+
2ATMm
o—ikaz (VTM1VTM2 pikz(2d+2) _ et eikz(dezO))} ) (89)
E(w k i Tk ik (2d—z) k220
Dgy(w, kr) = %A e (VTElfTEze + rTE2€ )+
zBTE
g ka2 (VTElf’TEZEikZ(ZdJrZO) + T’TEleikz(ZdizO))} , (90)
DE (w,k, ik T ke ik (2dz0) ik220
2(w k) = A e (rranrTiee + rrave™0) +
zBTM
o ka2 (rTerTMZ oike(2d+20) 4 P eikZ(Zd—zo))} ) 91)
where we defined A =1-r r e2ked Arr = 1 — rrprrree?®:. One deri
™ = TM1YTM2 , ATE = TE1YTE2 . e derives

components of electric Green functions from (89)—(91):

1, (r_r) 47K
DE (w,r,v) = /(Dfr(w,kr)coszﬂ—i—Dge(w,k,)sinz G)elk“(r\\ rH)i(er)Hz , (92)
DL, (w,x,¥') = [ (DE(co,kr) sin® 8 + Dy (o, ky) cos? 8) ™11~ 'k 93
yy(w 1, 1") = [ (D (w, ky)sin 6 + Dgy(w, kr) cos” 0)e o P
d’k
DL (w,r,Y) /D eIt =) (Zn)H (94)

Electric Green functions (92)—(94) agree with electric Green functions from Ref. [63].
Magnetic Green function can be evaluated from electric Green function:

9 9 pr (w,x,x"). (95)

H A ..
Dil (w, X, X ) = jel]kelmn@axilkan

One can find local components of magnetic Green functions for a given k| in a local
basis e;, ey, e;:

ik ; , .
DH((A] k ) ez [ezkzz (rTEerEzesz(dezO) - rTE261k2Z0)+
2ATE
o ikzz (rTEerEZ eikz(2d+z0) _ Tl eikz(dezO))} ) (96)
Dgg(w, kr) {el = (rean e ?1770) el +
ZkZATM
o ik:z (rramrran eik=2d420) oy eikZ(Zd—ZO))} ) 97)
DH(w,k,) = ik [eikzz (rrprrrE2e™= =20 4 ppppeiso) 4
Y 2k, ATk

o—ikaz (rTE1 P— otke(2d+20) | rrEL eikZ(Zd—zo))} _ (98)



Universe 2021, 7, 195

11 of 21

The components DZ-II»{ (w, 1,1") can be evaluated from local components (96)—(98) in
complete analogy to (92)-(94). One can check that for every 0 < zg < d

E H H 2ik rrp1rTE2€ kA
D99 (ZOIZO) + Drr (ZO, ZO) - Dzz (Zo,Zo) ATE ’ (99)
2ik,r r g2ikzd
Dy, (z0,20) — D, (20, 20) + Dy (20, 20) = —— TMAlTTMMZ : (100)

T, component of the energy-momentum tensor is expressed in terms of electric and
magnetic Green functions:

oo dw
TZZ(ZO) = -z

2 ) 27 {D %x(20,20) + Dy, (20, 20) — D (20, 20) +

D! (z0,20) + D} (z0,20) — Dg(zo,zo)] (101)

We use identities (99), (100) to derive the Casimir pressure at zero temperature between
two dielectric half-spaces separated by a distance d:

1 [ee) o0
P = Tu(z0) = _ﬁ/o dw/o dkrky exp(—24/w? + K2d) [ ? + K2 x

(rTEl(iw/kr)rTEz(iwrkr) +TTM1(iw/kr)rTM2(iw/kr)> (102)
ATE(iw,kr) ATM(iw,kr) ’

Casimir pressure between two dielectric half-spaces separated by a vacuum slit (102)
was derived in Ref. [3] by use of Green functions and fluctuation-dissipation theorem. The
Casimir effect theory based on Green functions was further developed in Refs. [4,64-69].

In Ref. [4] the Lifshitz force is expressed through T,, component of the energy-
momentum tensor and, by making use of fluctuation-dissipation theorem, through retarded
Green functions. Furthermore, in Ref. [4] authors search solution for Green functions be-
tween two dielectric half-spaces which does not depend on z + z(, where z and z; are two
arguments of the Green function in real space. In our opinion, an important physical part
of the solution is therefore not present in Ref. [4]. Although one obtains the result for
standard Lifshitz pressure (102) in Ref. [4], absence of z + zj terms in Green functions in
Ref. [4] does not give correct values of propagators at coincident points z = zg to derive
the Casimir-Polder potential of a neutral atom between two dielectric half-spaces. In
our derivation performed in this section z + zg terms are rigorously derived for all Green
functions. In Section 4 we derive expression for the Casimir-Polder potential of a neutral
atom between two dielectric half-spaces with parallel boundaries.

4. Casimir-Polder Potential of Anisotropic Atom between Two Dielectric Half-Spaces

We use expression (46) and electric propagators for two half-spaces (92)~(94) atr| = r’H,
z = zg = L to derive the Casimir—Polder potential of a neutral anisotropic atom between
two dielectric half-spaces with parallel boundaries separated by a distance d:

Ko (iw)+

U(le):_/dﬁ/dzn [exp —2y/w? 4+ k2L) [rTMz k)

w2 +k2 Arm(iw, ky)

0
(rTMZ(Z:w’kr)(wz + k%) - mwz> (“xx (iw) + D‘W(iw))] +
L)

exp(—2y/w? + k2(d — )[ﬁMl(iwrkr)k (iw)+
2\/w? + K2 Arm(ico, k)

(”TM] (iw, kr) +Up(d), (103)

Arwr (i ) (W + k%) — Ww2> (xx (iw) + ayy(iw))]

ATE(ZCU, kr)
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where

Tdw T dkky exp(—2y/w? + K2d) , ‘
Uy(d) = /—/ =T 4 (ocxx(zw)—l—ayy(zw))x
2 2 2
5 T 5 T 2y w? 4+ kz
<FTM1(iW,kr)7TM2(iCU,kr)
Arm(iw, ky)

(W + 1) + TTEl(iw,kr)VTEz(iw,kr)w2>

ATE (1(")/ kr)
rem (iw, ke )rrap (i, ky) 2
Arpm(iw, kr) ’

-2 Zz(iw)] . (104)

Quantum-electrodynamic level shifts of anisotropic atom between parallel perfectly
conducting mirrors are considered in Ref. [70]. To proceed it is convenient to introduce
a dimensionless variable ¢ = 71(2L — d)/d. We substitute reflection coefficients rrp; = 1,
rre = —1 to (103) and use integrals

© dpp® 1
/0 exp(2p) —1 240 (105

/“d gcoshép 3 —2cos?(&/2)
0 sinhtp ~ 8cost(&/2)

(106)

to obtain the result which agrees with Barton [70] for the ground state energy of anisotropic
atom at large distances from perfectly conducting mirrors:

2 _ 2
U(Z,d) = 3o (w2 (0) + 1y (0) + tz2(0)) W
71—2

144044

(107)

(2xx(0) + ayy (0) — a22(0)).

The result (107) is valid at large distances of the atom from mirrors L,d — L > Ag = 27t/ wy,
A is a wavelength corresponding to a typical absorption frequency wy. At large distances
from materials one can effectively take atomic polarizabilities at zero frequencies: the
result (107) depends on ax(0), &y (0), az2(0).

Various confined cases have been studied before: Casimir interaction of two rectangu-
lar and circular cylinders between two parallel plates [71,72], the Casimir-Polder effect for
a perfectly conducting wedge [49], interaction of compact objects with a mirror plane due to
quantum fluctuations of a scalar or electromagnetic field [73], Casimir-Polder interaction of
two anisotropic atoms in front of a perfectly conducting plate as well as Casimir interaction
of two perfect spheres in front of a perfectly conducting plate [74], Casimir interactions of
an object inside a spherical metal shell [75], Casimir interaction of objects inside a perfectly
conducting cylindrical shell [76].

5. Conducting 2 + 1 Layer

The conducting plane 2 + 1 layer with surface conductivity o(w) at the boundary of a
dielectric half-space can be introduced by imposing boundary conditions

(E" —E%) xn =0, (108)
(H" —HY) x n = o(w)E". (109)

Here E", H" and EY, HY are electric and magnetic fields in the medium and vacuum,
respectively. We consider diffraction from a layer z = d at the boundary of a dielectric half-
spacez > d, n = (0,0, —1). We work in the same system of coordinates as in the previous
section and use the same notations. From boundary conditions (108), (109), transversality
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of fields and expansions (51)~(56) one writes system of equations for a given k| in a local
basis ey, eg, e;:

uyky + Koy, =0, (110)

v1ky — k201, =0, (111)

Ulre_ikzd + Nreikz(d_ZO) _ ulreiKzld, (112)
Ulge_ikzd + Ngeikz(d_zo) — uleeil(zld, (113)

— Kyyuppe®a? = kyoige 24 4 M, etkz(d—20) 4 a(w)w(vlgefikzd + Nge"kZ(’j*ZO)), (114)

O(w)w(vlre_ikzd + NreikZ(d_ZO)) - krulzeiKﬂd + KzlulreiKﬂd =

— krvlze*"kzd — kyvqpe kel 4 MgeikZ(d*ZO). (115)

One finds
01, = —Nyrppp (420, (116)
v1g = Nprrpp =720, (117)
01, = Narpppete(24-%0), (118)
where
o(w)wk;Ky1 + w?(ek; — Ky1)
= 11
TIML= ) koK + w2 (eks + Ka)” (119)
o(w)w+k; —Kn
= . 12
"TELS () + ks + Ko (120

One can find reflection of electromagnetic field from a conducting layer located at
z = 0 in a similar way. Then it is immediate to see that Casimir and Casimir-Polder
formulas derived in previous sections are valid in the present case if one substitutes
reflection coefficients (119) and (120). Conducting planes with constant conductivities have
been studied in Refs. [77,78].

Non-diagonal components of the surface conductivity are also important for applica-
tions. The Casimir force between 2 + 1 layers in the quantum Hall regime described by
quantized conductivities of the layers has been studied in Ref. [79], the force is repulsive
for layers with the same type of carrier. Chern insulator is an example of 2 4 1 layer with a
conductivity quantized when no external magnetic field is present [80]. Please note that
the Casimir force between identical Chern insulator plates with vanishing longitudinal
conductivities and small values of non-diagonal conductivities is repulsive; however, for
large values of non-diagonal conductivities the Casimir force is attractive and coincides
with the Casimir force between two perfectly conducting plates in the limit of infinite
conductivities [42]. In Ref. [43] general result for the Casimir energy of two plates with
arbitrary values of non-diagonal constant conductivities is derived. A review of Casimir
physics for novel materials including Chern and topological insulators can be found
in Ref. [17].
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6. Polarization Operator of 2 + 1 Fermions and Graphene

Spatial dispersion yields possibility to generalize boundary condition (109). For sys-
tems invariant under rotation around z axis one can introduce longitudinal and transverse
conductivities oy (w, kr), 0p(w, kr) and write boundary conditions:

(E" —E’) xn =0 (121)
[(Hm(a),kH) — H”(w, kH)) X I‘IL = Ur(w,kr)Ef(a),kH) (122)
[(H’"(w, kH) — Hv(w,ku)) X n]e = Ug(w,kr)Eg(w,kH) (123)

Boundary conditions (122), (123) yield equations

— Kaugpe®a? = ko190 7% 4+ Moo= 720) 4 g (w, ky ) (0196~ ™= + Npe™=(=20)), (124)

or(w, kr)a)(vlre_ikzd + Nyeikz(d_zﬁ)) — kpupe®? 4 Kquq,e®ad =

— kﬂ)lze_ikzd — kzvl,e_ikzd + MgeikZ(d_ZO). (125)

The solution of Equations (110)-(113), (124) and (125) can be written in the form

o1y = —Npran e 24720, (126)
019 = Nprrgpek=(24=20), (127)
01, = Narppp (24770, (128)

where now reflection coefficients r1p1, 7r1 depend on two different conductivities oy (w, ky)
and oy (w, ky):

o or(@ k) wkoKe + w?(ekz — Ka) (129)
™1 U'r(w k,)w 71 +OJ (Ekz +Kzl),

~ op(w, kr)w +k; — Kn
"TEL = (@, k)@ + Kk + Koy o

Please note it is impossible to define two conductivities with a frequency dispersion
for a given layer. One needs vector k| to determine spatial direction of the incident wave
and define longitudinal and transverse conductivities.

As soon as one determines conductivities o, (w, k; ), 0g(w, k) one can find the Casimir
force and Casimir-Polder potentials by direct substitution of the coefficients (129), (130) to
general results (50), (102) and (103).

Now we express conductivities o, (w, k), 0g(w, k;) in terms of components of polariza-
tion operator for 2 + 1-dimensional fermions. Consider polarization operator IT"* (w, k)
of 2 + 1-dimensional fermions in the plane layer z = 0. One can evaluate the components
of the polarization operator in the plane layer and then extend it to 3 + 1 space by condition
I3 = I+ = 0.

We first find reflection coefficients from the plane layer z = 0 of 2 + 1-dimensional
fermions in vacuum without specifying a concrete form of the polarization operator for
2 + 1-dimensional fermions in a layer. One can write equations for electromagnetic field in
this case:

9, F" +6(2)IT"PA, =0, (131)

where FF = gt AV — 9V AF. Equations (131) lead to conditions

azAm|z:+0 - azAm|z:70 = HmnAnlz:O' (132)
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Gauge potentials should be continuous through z = 0:
Am|z:+0 = Am|z:70- (133)

We select A, = 0 gauge for convenience. Then equations for reflection of the TE wave
may be written as follows:

Ag = Mol o prpelbire=ikez for 2 <0, (134)
Ap = e*Ze b for z>0), (135)

and one obtains
[Tgy, A" = —Tlgg(w, kr) Ag. (136)

Continuity of vector potentials at z = 0 yields 1 + r7r = t7r. From the condition (132)

one derives
Igg(w, kr)

—Zikz — Hgg (w, kr) '

Please note that conditions Ay = 0, wAg = kA, are imposed on TM wave. For A
one can write

rre(w k) = (137)

Ag = ez oy, efremikz for 2 <0 (138)

Ag = eikzzeik’rtAo for z>0. (139)

Current conservation yields conditions

(UHOO ((U, k?’) - kTHVO (wl k?’) == O/
WHOr(w/ kr) — k11, ((U/ kr) =0,
which result in
WZHOO (a); kr) = kznrr (w/ kr)- (140)
Now we can write
0 r k% k%
[ggA” + 1T, A" = *EnrrAO = *EHWAO- (141)
Equation (132) results in
. K2
Zlkz(tAO + 74, -1) = _EnrrA0(1+7A0)~ (142)
From equality rry(w, ky) = —74,(w, kr) one obtains
ik, 11,y (w/ kr)
L ky) = . . 14
rrm(w, k) —2w? + ik, I (w, ky) (143)
By making use of identities
—il1 k
oy (w, ky) = ) ”a()w’ 7), (144)
—ill k
oplw, ky) = —iTlgg(w, kr) (145)

one can check that reflection coefficients (137), (143) coincide with reflection coefficients (129),
(130) for e = 1.

Reflection coefficients of electromagnetic field from a plane layer of 2 + 1-dimensional
fermions at the boundary of a dielectric half-space with a frequency dispersion of per-
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mittivity ¢ = ¢(w) can be immediately expressed in terms of components of polarization
operator Iy, (w, ky) for 2 + 1-dimensional fermions in a layer:

P —iT T (w, ky )k K, + w? (ek; — Ky) (146)
M= i (w, ke ks Kz+w2(sk +K,)’
—illgg(w, ky) +
= — 147
TTE —ZHQQ(CU,kr) +k +Kz ( )

The Casimir force and the Casimir-Polder potential of an anisotropic atom can be
found by substitution of reflection coefficients (146), (147) to expressions (50), (102) and (103).
We define trI1 = IT}]. By making use of Equation (140) and equality

K — w?
trll(w, ky) = Tgo(w, kr)r? -

r

Hgg(w, kr) (148)

one can express reflection coefficients (146) and (147) in terms of Iy (w, k,) and trI1(w, k;).
In the case of a fermion layer in a vacuum (¢ = 1) we obtain reflection coefficients in a
form first given in [81]:

k-TToo
k1o + Zlkz !

k%Hoo + k%trH
k%Hoo + k‘?: (trIT — 2ik;) ’

rem(w, k) = rre(w, kr) = — (149)

Components of polarization operator for 2 + 1 Dirac fermions at finite temperature
were first evaluated in Ref. [81] during evaluation of the Casimir free energy of a graphene
layer—metal half-space system.

Graphene is a system of 2 4 1 Dirac fermions with a linear dispersion law w =
vrk (vp =~ ¢/300 is a Fermi velocity, c is a speed of light). This description is valid for
quasiparticles of pristine graphene [82,83] at energies less than 2 eV. There are N = 4
species of fermions in graphene.

Interaction of ideal metal with graphene layer at temperature T = 0 is studied
in Ref. [84]. Finite temperature Casimir interaction in graphene layer—metal systems
including ideal metal and Au half-space is studied in Ref. [81]. One can write finite
temperature expansions for k, — 0 (for zero mass gap and zero chemical potential):

4aNT1In2 N aNk2
vk 12T '
thkaz
o o,

% (iw = 0,k;) =

(150)

trl1(icw = 0,k,) — 1% (iw = 0,k,) = (151)

« is the coupling constant, which lead to the following high-temperature behavior of the
free energy in the graphene-ideal metal system (higher order terms in vr are omitted):

_Tg@3)
Form = Torna? +..., (152)
och%
Fore = oo T (153)
Please note that . 23)
-7:Drude|T%oo = E‘F.id|T~>oo = - 167102 (154)

is the high-temperature metal-metal asymptotics of the free energy for a Drude model of
permittivity, which is also one half of the high-temperature asymptotics of the free energy
for perfectly conducting boundary conditions. Detailed analysis [81] has demonstrated
that the high-temperature behavior in the graphene layer—metal system can be observed
at separations of the order 100 nm at room temperature.
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In Ref. [85] the Casimir force in the system of an Au-coated sphere and a graphene
layer deposited on a SiO; film covering a Si plate is measured. Experimental results of
Ref. [85] are found to be in a good agreement with the theory based on the polarization
operator of graphene.

Planar QED at finite temperature and density and its relation to minimal conductivity
of graphene is considered in Ref. [86]. The origin of the high-temperature behavior (152) for
2D materials with a frequency dispersion is discussed in Ref. [87]. In Ref. [88] a convenient
representation of graphene polarization operator is applied at nonzero temperature to
study properties of graphene reflectivity at real frequencies. A review of recent results in
graphene physics obtained by use of polarization operator can be found in Ref. [89].

7. Impedance Boundary Conditions

Impedance boundary conditions are defined as follows:
E; = g(w)[Htxn]. (155)

Tangential components of the electromagnetic field are continuous through the bound-
ary of metal in this case. For impedance boundary conditions (155) one must write three
equations to determine reflected electromagnetic field. We impose impedance boundary
conditions at z = 4 and consider reflection of an electromagnetic field (51), (52) from a
metallic half-space z > d. The reflected electric field is transverse:

vlrkr — Ulzkz =0. (156)

Impedance boundary conditions (155) and expansions (51)—(54) yield two equations
in a local basis e;, ey, e;:

Nye=d=20) 4y ekt — 7 (w) (—kyv1.6 % — kzvq, + Mge=(0720)) (157)
Ngeikz(d_z()) + Ulee_ikzd — é’(w) (kzvlee_ikZd + Mreikz(d—ZO) ) (158)

One finds in this case

o1 = - Norpage 2420 (159)
vig = Nprrgie=(24720) (160)
U1y = NZT’TMleikZ(Zd_ZO) , (161)
where
k: — {(w)w
r = - - 162
™= (@) (162)
(ks —w
=t - 163
ITE1 @)k +@ (163)

One can generalize impedance boundary conditions to spatial dispersion case:

Etr = gr(w,k,)[Htxn]r , (164)
Etg = gg(a),kr)[HtXn}g. (165)

Then one obtains two independent equations in a local basis e;, ey, e:

NreikZ(dizO) + Ulreiikzd =—Cr (wr kr) (_krvlzeiikzd — kzv1, + Meeikz(dizow ’ (166)
Nge™=(=20) e~ = 74 (@, ky ) (kw196 %2 4+ Me™=(d=20)y | (167)
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and reflection coefficients (162), (163) are generalized to

P k; — Cr(w, kr)w
T ky + gr(w/kr)w ’
. _ g@(w/kr)kz_w

T Zo(w ko )k + @

(168)
(169)

with two functions {r(w, k,), {p(w, k;). Impedance approach was first studied in the
framework of the Casimir effect in Ref. [90] for evaluation of the Casimir force between
two metals. In Ref. [91] the Casimir force at finite temperature is studied in impedance
approach with concrete models of the function {(w) with a frequency dispersion. The
high-temperature behavior of the Casimir free energy for two metals has received much
attention [92,93].

8. Discussion

In this paper, we present an explicit gauge-invariant derivation of the Casimir-Polder
potential and the Casimir pressure starting from the four-current (10), (11) [54] and
interaction (42).

Green functions scattering method is first applied to obtain the Casimir-Polder poten-
tial of anisotropic atom above a dielectric half-space (50) and obtain result for the Lifshitz
pressure (102) in Sections 2 and 3 respectively. In Section 4 we derive the Formula (103) for
the Casimir-Polder potential of anisotropic atom between two dielectric half-spaces with
parallel boundaries. The result (107) [70] for the ground state energy shift of anisotropic
atom between two perfectly conducting mirrors agrees with general Formula (103).

In consequent Sections the method is applied to 2 + 1 conductivity layer with a
frequency dispersion (Section 5), 2 4- 1 layer with spatial dispersion of conductivity and
polarization operator of graphene (Section 6), impedance boundary conditions (Section 7),
an overview of known results for these conducting systems is given.

The method developed for half-space geometries can be immediately generalized to
obtain results for the Casimir—Polder potential between anisotropic atom and one or two
planar plates with parallel boundaries and the Casimir pressure between two planar plates
with parallel boundaries: one just must substitute reflection coefficients from the plate(s)
to general Formulas (50), (103) and (102) to obtain the Casimir-Polder potential between
anisotropic atom and one or two planar parallel plates and the Casimir pressure between
two planar parallel plates.
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