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Goos-Hanchen and Imbert-Fedorov shifts of vortex beams at air-left-handed-material interfaces
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In this paper, we present a systematic study of beam shifts and angular momenta of paraxial vortex beams at
air-left-handed-material (LHM) interfaces. It is shown that, compared to their counterparts at air-right-handed-
material (RHM) interfaces, the spatial Goos-Hanchen (GH) and Imbert-Fedorov (IF) shifts remain the same,
while the angular GH and IF shifts are reversed at air-LHM interfaces. The spatial and angular shifts of paraxial
vortex beams have their respective origins in transverse angular momenta and transverse linear momenta. The
spatial GH and IF shifts remain unreversed as a result of both reversions of transverse angular momenta and
z-component linear momentum, while the angular GH and IF shifts are reversed because the z-component linear
momentum is reversed and the transverse linear momenta are unreversed at air-LHM interfaces. In addition, we
perform a quantitative analysis on spin-orbit angular momentum conversion and orbit-orbit angular momentum
conversion, which further helps us understand the essence of vortex beam shifts at air-LHM interfaces and their

fundamental distinctions from those at air-RHM interfaces.

DOI: 10.1103/PhysRevA.85.053822

I. INTRODUCTION

The reflection and transmission of light at an air-medium
interface has been the topic of ongoing investigation and
contention. Initially, the amplitudes and directions of reflected
and transmitted light were determined by Fresnel formulas
and Snell’s law. Deviations were later found in total internal
reflection (TIR), however. They are the Goos-Hanchen (GH)
shift [1-4] and the Imbert-Fedorov (IF) shift [5—10], which are
parallel and perpendicular to the incident plane, respectively.
Artmann’s formula [2] for GH shift and Schilling’s formula [6]
for IF shift in TIR are widely accepted. The exact formulas
for IF shifts in partial reflection and transmission, however,
have divided many physicists [8,11-14]. Owing to Hosten’s
precise measurement, the debate was settled down [15].
Apart from the constant spatial GH and IF shifts, the light
beam also experiences angular shifts [16,17], which increase
proportionally with propagation distance z. In general, the
spatial GH and IF shifts stem from spin-orbit interaction at
the air-medium interface [18,19]. To satisfy the z-component
angular momentum conservation law, the reflected and trans-
mitted beams must possess extrinsic transverse orbital angular
momenta, which result in spatial GH and IF shifts. The
angular shift is essentially a diffractive correction on light
beams and is governed by the linear momentum conservation
law [18,20].

The emergence of left-handed materials (LHMs) has
brought about great opportunities and sophisticated pathways
to manipulate light [21-24]. As a branch of metamaterials,
LHMs usually refer to those materials whose permittivity and
permeability are negative simultaneously. LHMs have shown
very unique properties, such as negative refraction [23], inverse
Doppler effect [25,26], unreversed rotational Doppler effect
[27], and inverse Cherenkov radiation [28]. Apart from these
properties, beam shifts in LHMs have been demonstrated to
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be significantly different from right-handed materials (RHMs)
[29-33]. Theoretical papers [29,30] indicate that the light beam
experiences negative GH shift at the air-LHM interface and
this shift can be amplified in a layered structure. The IF shift
in partial reflection, however, remains unreversed owing to
unreversed spin angular momentum in LHMs [33]. As for the
vortex beam, it carries intrinsic orbital angular momentum.
Therefore, orbit-orbit conversion is inevitable in reflection
and transmission. Will the spatial GH and IF shifts remain
unreversed in the presence of orbital angular momentum?
What about the angular shifts? What does the physical picture
of spin-orbit and orbit-orbit conversions look like? Clarifying
these problems not only is conducive to understanding the
detailed behaviors of vortex beams at the air-LHM interface but
also sheds new light on the essence of the angular momentum
and linear momentum of the vortex beam.

In this paper, we endeavor to offer concrete expressions
of the spatial and angular shifts of the vortex beam at the
air-LHM interface and elaborate on their relations with the
linear and angular momenta. We also contrast these results
with the air-RHM interface. Although some of the results are
similar to our previous paper [33], we conduct considerably
rigorous analyses of the topics and give thorough explanations
of the results. The rest of the paper is arranged as follows.
In Sec. II, we adopt the angular spectrum method to derive
the electric fields of reflected and transmitted vortex beams
at the air-LHM interface. Except for some special cases, for
instance, in the vicinity of the critical angle of TIR and the
Brewster angle, the expressions of electric fields generally
hold true. The longitudinal fields are included as well, which
take on polarization-sensitive vortex structure [34], providing
a new perspective on the mechanism of IF shifts other than
spin-orbit conversion. In Sec. I1I, we adopt the operator method
to calculate the spatial and angular shifts, which is signif-
icantly different from the conventional calculation method
[14,33-35] and saves us considerable time and effort. The GH
and IF shifts in TIR and partial transmission are demonstrated
and contrasted with the air-RHM interface. The impact of
the incident angle on the beam shifts is analyzed as well. In
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Sec. IV, we calculate the linear and angular momenta of the
incident, reflected, and transmitted beams. The origins of the
spatial and angular shifts are clarified. A quantitative analysis
of the spin-orbit conversion and orbit-orbit conversion is also
given.

II. ELECTRIC FIELDS OF REFLECTED AND
TRANSMITTED VORTEX BEAMS

In this study, we adopt the angular spectrum method to
establish a model for the reflected and transmitted vortex
beams at the air-LHM interface. The main procedures of
this method are as follows. We first decompose the vortex
beams into plane waves with a finite spectral width. Then,
we analyze the incident angle and Fresnel coefficients of each
plane-wave component separately. In this case, the incident
angle and Fresnel coefficients of each plane wave slightly differ
from those of the main Fourier component (also known as the
central-wave component). Therefore, we expand the Fresnel
coefficients in a Taylor series around the central incident angle
and make an approximation to the first order. Afterward, we
transform the electric fields from momentum space to position
space.

The geometry of reflection and transmission is demon-
strated in Fig. 1. The incident vortex beam propagates along the
z; axis and impinges on the air-LHM interface. The incident
plane of the main Fourier componentis xoz. The reflected wave
and transmitted wave of the main Fourier component travel
along the z, axis and z, axis, respectively. The incident angle,
reflection angle, and transmission angle of the main Fourier
component are 6;, 6,, and 6,, respectively. The relations among
the coordinates o-xyz, 0;-x;yiZi, Or-X; Yy Zr, and o0;-X;y;z; are
determined by Snell’s law:

X, costy, 0 —sind, X
V. | = 0 1 0 v, (1)
Z. sin; 0 cosv; Z

vZ

FIG. 1. (Color online) Geometry of reflection and transmission.
The incident plane of the main Fourier component is xoz [marked
with green (light gray) lines]. For an arbitrary plane wave, the incident
plane is X O Z [marked with blue (dark gray) lines].
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where T = i,r, or t, [X ¥ Z] and [X; ¥, Z.] are the unit basis
vectors of the coordinates o-xyz and o.-x;y; 2z, respectively,
[0; 0, 0 )=1[6 T —6; —6],6; =6,,andsin 6, = sinb; /|n|.
The constant n is the refractive index of the LHM. For
an arbitrary plane wave, we assume that the incident plane
is XOZ. The incident, reflected, and transmitted plane
waves travel along the Z;, Z,, and Z, axes, respectively.
The incident angle, reflection angle, and transmission an-
gle of an arbitrary Fourier component are 6/, 0/, and 6;,
respectively. The relations among coordinates O-XY Z, O;-
XY, Z;, 0,-X,Y,Z,, and O,-X,Y,Z, are easily acquired by
revising [¥; ¥, 9] in Eq. (1) as [0/ # — 6] —6/]. From
Fig. 1, we derive the incident angle of an arbitrary plane
wave, 6] = arccos(—ky, sinb;/k + k;, cos 6; / k), where k is
the wave number in vacuum and k., ky,, and k; are the
components of the wave vector along the x;, y;, and z; axes,
respectively. We can expand the incident angle 6 around
the central incident angle 6; in series of k., /k and k,, /k.
Therefore, 6/ ~ 6; + ki, /k, 6 =6, +k,/(In|nk), where
n = cos 6,/ cos 6;.

After introducing the geometry of reflection and transmis-
sion, we start analyzing the angular spectrum of reflected and
transmitted beams by using the transformation matrix. Note
that the incident, reflected, and transmitted vortex beams are
presented in local coordinate systems 0,-x; y;z,. The angular
spectrum of incident beam is

E = |:Otf‘i +BYi — % (ctky, + Bky,) ii:| i,

Crwg

5 [wo( — iky, + sgn[l]ky,,)/ﬁ]
coxp[uR(EE +12) /4]

111

2

where ii; is the angular spectrum of vortex beams, / is the
vortex charge, C; = /2/(s|l]!) is the normalization constant,
wy is the width of the beam waist, k., and k,, are wave-vector
components along the x; and y; axes, k is wave number in
vacuum, sgn[/] is the sign function, and « and B are Jones
vectors, where ||> 4 |B]> = 1. There are two parameters
that characterize the polarization state of paraxial beams:
o =2Im[a*B],x = 2Re[a*B]. o is the degree of circular
polarization. A value of o = +1 corresponds to the left
circularly polarized light beam, whereas a parameter of o =
—1 corresponds to the right circularly polarized light beam.
o = 0 represents linear polarization, and values between 0
and 1 should correspond to elliptically polarized states. y is
the degree of linear polarization. It is generally recognized
that the circularly polarized vortex beam has intrinsic angular
momentum (/ + o) per photon [36,37].

We first write the electric field in coordinates O;-X;Y; Z;.
This target will be achieved in three steps. First, we
write the electric field in o-xyz by using the matrix in
Eq. (1). Second, we transform the electric field from o-xyz
to O-XYZ. This step is accomplished by using the re-
lations X = (Z x k;) x Z/1(Z x k) x2,Y=2x l:i,-/li x ki,
7 =i, where k; = (k. %; + ky§i + k-, 2;)/ k. Therefore, this
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transformation matrix is
ky; cos 0;+k;; sin; ky,

X ksin6] ksin 6] 0 X

Y — _ ky, ky; cos6;+k;, sin6; & 3

. ksin 6] k sin 6] 0 {’ ( )
VA

z 0 0 1

Third, we transform the electric field from O-XY Z to O;-
X,;Y;Z; using a revised version of Eq. (1). The transformation
matrix of these three steps is written as

A ky,; cot; ky; R

X; 1 k % X;
5 k. cot; A

Y | = -2 1 _ $i |. 4)
7 ky. ky. 7.

AN R R

In Eq. (4), we assume that terms equivalent to or higher than
(ky,/ k)2, (ky, / k)* are null.

After we get the expression for the electric field in O;-
X;Y;Z; coordinates, the reflected and transmitted fields can
be easily obtained by multiplying the Fresnel coefficients.
We define the amplitude reflection coefficients of the main
Fourier component as r,,r, and the amplitude transmission
coefficients of the main Fourier component as ?,,t;, where
p and s denote p-polarized and s-polarized states. We also
define the amplitude reflection coefficients of an arbitrary
plane wave as rp, + and the amplitude transmission coefficients
of an arbitrary plane wave as tp,tS. To simplify the Fresnel
coefficients of an arbitrary wave component, we expand them
around the central incident angle 6; in series of k, / k and k, / k

kx.
s =lps+ aatgy - Note that the reflected and transmltted
electric fields are still presented in O,-X, Y, Z, and O;-X,Y; Z,
coordinates. Hence, we need to transform them back to
the o,-x,y,z, and 0,-x,y,z, coordinates. The transformation
matrices are

and retain the first-order term. Thus, r, & =17, +

— A - B ky, cot6; ky; -3 -
%, [ e
A ky. cot6, ky. <
Yr | = = % 1 % Y |,
7 ky; ky. 4
e
- 5
- . r —nky, cot; ky; — & ( )
X; 1 k nnk X;
N nky,; coto; ky; S
yt = : k 1 # Yt
| % | _ky ky 1 _Zt_
L nnk nk

The detailed procedures are similar to Eq. (4). As mentioned
previously, we eliminate terms equal to or higher than (k,, / k)
and (ky, / k)*.

The Fresnel coefficients only reveal the amplitudes of
reflected and transmitted vortex beams. To get the full
expressions of reflected and transmitted vortex beams, we still
need the phase-matching conditions. For an arbitrary plane-
wave component, the boundary conditions [38] require that
in the plane xoy, explik; - r] = explik, - r] = exp[ik, - r],
where k;, k,, and k; are the wave vectors of the incident,
reflected, and transmitted beams, respectively. Therefore, the
phase-matching conditions are presented as follows:

kx, = _kxis ky, = kyis kz, = kzi;
ke, =kg/n, ky =ky, k, =nk,.

(6)
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FIG. 2. (Color online) The helical wave fronts of incident,
reflected, and transmitted beams. Incident, reflected, and transmitted
vortex beams propagate along the z;,z,, and z, axes, respectively. We
choose [ = 1 for the incident vortex beam. The incident, reflected,
and transmitted vortex beams have counterclockwise, clockwise, and
clockwise helical wave fronts, respectively.

Combining the Fresnel coefficients and Egs. (2) and (4)—
(6), we get the electric fields of reflected and transmitted
beams:

. oty ky ky . .
E =]« t,,—i—n—— + B, — nts)cotQiT Xy

+|B 1+ 01 ks + a(nt t)cotek
s naek amty, — I & iy

1
—E(oztpkx, + Btsky, )iy, (8)

where ., = 4;(yrky,,.ky,,), ¥» = —1,7;, = n. Note that the
reflected and transmitted vortex beams experience extra phase
shifts [39] associated w1th dlffractlon while propagatmg,

which are explikz, (1 — 2k2 K )] and explinkz, (1 —
respectively.

At this point, we feel obliged to make several comments.
First, the phase-matching conditions, as demonstrated in
Eq. (6), play a crucial role in this paper. For instance, k,, =
—ky, andk, = k,, show that the wave front of the reflected
vortex beam is reversed (shown in Fig. 2), resulting in a
reversed orbital angular momentum —/7 per photon. k,, = nk;,
shows that the transmitted beam in LHMs undergoes negative
phase velocity, resulting in a reversed helical wave front
(shown in Fig. 2). The reversed wave front in LHMs does
not lead to reversed orbital angular momentum, which is
explained in Sec. IV. The equation k,, = ky, /1 means that

2}12](2 )]
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the transmitted beam experiences a beam deformation in the
cross section. Second, in the vicinity of critical angle 6 of TIR
and Brewster angle 65 [|6; — 0p.c| < 6y, where 6y = 2/(kwy)
is the beam divergence angle], we should be cautious. For
example, in the vicinity of the critical angle (|6; — 6¢| < 6p),
the first derivatives of r, ; are extremely large [40], meaning
that Eqs. (7) and (8) should be revised to include terms higher
than (ky,/k)* and (k,/k)*. If a p-polarized vortex beam
impinges on the air-LHM interface with the incident angle
being in the vicinity of the Brewster angle (|6, — 05| < 6p),
the power of the reflected beam would be on the scale of 67
(approximately 10~* ~ 107 for paraxial beams) compared
with that of the incident beam. This constitutes the reason why
the experiments [41,42] fail to collect reliable data concerning
the shift of p-polarized beams in the vicinity of the Brewster
angle. Third, although the beam shape and the shift of the
reflected vortex beam are already clear [18,43,44], the profile
of the transmitted vortex beam is far from clear-cut. We
formulate a rigorous transmitted field in the Appendix. By
referencing the Appendix, the beam shape of the transmitted
vortex beam is easily acquired.

III. SPATIAL AND ANGULAR SHIFTS

The paraxial wave equation is identical to the two-
dimensional Schrodinger equation with z replaced by ¢. Hence,
the operator formalism proposed by Stoler [45] has become a
powerful tool in physical optics [46—48]. In this section, we
will apply the operator formalism to calculate the centroid of
the reflected and transmitted beams. In momentum space, the
transverse position operator is i dx, . Therefore, the centroid of
the beams in a given plane z = const is readily given by

(GElid, |GE)

ru) = (GE|GE)

€))
wherer; = xX+ y§, o, = %f( + %y, and the propagation

operator G = explinkz — 35 (k2 + kz)] The above equation
can be easily formulated into the following one:

_ (Bligg, |E)  z (Elk.[E)
- (EE) nk (E|E)

, (10)

where k is the wave number in vacuum and # is the refractive
index. The first and second terms in Eq. (10) are the spatial and
angular shifts, which are independent of and dependent on z,
respectively. From the second term in Eq. (10), we can easily
find that the negative refractive index n results in reversed
angular shifts in LHMs [33]. For the reflected and transmitted
beams, the GH and IF shifts can be expressed as (x;) = Ax; +
2:AB,, and (y;) = Ay, + 2. A0, , where T =r,t.

We first calculate the spatial and angular shifts of reflected
beams. Substituting Eq. (7) into Eq. (10), we get the spatial
and angular shifts of reflected beams:

¢,, 3¢,
lorp 2 + 1B 2 G
k(|ozrp|2 +1Brsl?)

_ xleot;(|rs> — Irpl?)
" 2k(larp |+ |Brl?)

’

(1)
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—1(jePlrp) 5 + 18RI et
Ayr = 2 2
k(lar, 2 + | Brsl?)
O Inlirlsin (6, — ¢,
— rg||r,| sin (@, — @,
2k(lar, |2+ |Bry?) A $ T O
+o[lrpl* + 1 + 2IrplIrsl cos (¢, — br,) ]}, (12)
—(I + D(leeirp 1 52 + 18121 22t
A6, = . . . (13)
kZR(|arp| + |Brs|*)
I| + Dcot6:(|r,|? — |rs)?
ag, = XU+ Deot b, = ) a4
2kzr(lar, 2 + |Brsl?)
where 1, = |rp lexpli¢,, 1. o =2Im[a*pl, x=
2Re[a*B], and zg =kw}/2 is the Rayleigh length.

When evaluating the energy term (E|E), we discard the
cross-polarization terms (terms proportional to k /k or
ky, / k) and z,-component electric field E. _ since their average
energy density is proportional to 63. The first terms of
Egs. (11) and (12) are vortex-induced spatial GH and IF
shifts. They were initially proposed by Bliokh et al. [18] and
Fedoseyev [43], respectively. Experimental demonstrations
were accomplished by Merano et al. [44] and Dasgupta
and Gupta [41] at the air-glass interface. Note that the
vortex-induced spatial GH shift only exists in mixed linearly
polarized beams (the polarization vector is oblique to the
incident plane), while the vortex-induced spatial IF shift
occurs in the arbitrary polarized state. The second term in Eq.
(11) coincides with the well-known Artmann’s formula [2].
The second term of Eq. (12) is the spin-dependent IF
shift [6,14,35]. In partial reflection and TIR, it turns into
the Bliokh’s formula [14] and Schilling’s formula [6],
respectively. Equations (13) and (14) are the angular shifts. In
general, they are proportional to 6. For p-polarized beams,
these angular shifts could be remarkably magnified through
Brewster resonance [17] (finally in the scale of 6y near the
Brewster angle). In these cases, the cross-polarization terms
are not negligible when we calculate the energy intensity.

A careful assessment of Egs. (11)—(14) indicates that, in
the partial reflection region, the spatial and angular GH and
IF shifts at loss-free air-LHM and air-RHM interfaces are
identical. In TIR, shifts are different, however. In this case,
the vortex-induced shifts and angular shifts are null. The
phase ¢,, has the same magnitude but the opposite sign for
RHMs and LHMs, resulting in a negative GH shift [29,30]
in LHMs. The IF shifts for circularly polarized beams and
mixed linearly polarized beams are —o cot6;[1 + cos(¢,, —
¢,p)] /k and — x cot 6; sin(¢,, — ¢,ﬁ) / k, respectively. Here, we
theoretically predict that, owing to the phase reversion, the
IF shift in the total reflection region would also be reversed
at the air-LHM interface when the incident beam is in the
mixed linearly polarized state. This prediction is illustrated
in Fig. 3. With the refractive index ng = —ny = 1.515, we
choose incident 8; = 7 /4 to avoid the deformation of reflected
beams [40]. Figures 3(a) and 3(b) show that the IF shift in TIR
remains unreversed when the incident beam is in the circularly
polarized state. Figures 3(c) and 3(d) suggest that the IF shift
in TIR is reversed when the incident beam is in the mixed
linearly polarized state.
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Air-LHM

FIG. 3. (Color online) The GH and IF shifts in TIR. The
parameters are incident angle 6; = 7 /4, refractive index of LHM
n; = —1.515, refractive index of RHM ng = 1.515, vortex charge
[ =1, propagation distance z = zg, and beam waist wy = 201,
where A is the wavelength in vacuum. To make the shifts more
noticeable, we amplify them by 20 times. In (a) and (b), the incident
beam is left circularly polarized. The actual beam shifts of (a) are
(xF) = 1.1291 and (y*) = —0.282). The actual beam shifts of (b)
are (x®) = —1.1294 and (y¥) = —0.282A. In (c) and (d), the incident
beam is mixed linearly polarized with x = 1. The actual beam shifts
of (¢) are (x*) = 1.129 and (y*) = 0.101A. The actual beam shifts
of (d) are (x®) = —1.1294 and (yX) = —0.101A.

Now, we begin to study the shifts of transmitted vortex in
LHMs. We substitute Eq. (8) into Eq. (10) and get the spatial
and angular shifts of transmitted beams:

gy, Oy
I R e N B (e )

Ax; = s
T 2k(lat, 2 + B P) k(loty |2 + | Bty |2)
(15)
ay, _ Pl 52+ BRI 55
= k(at, 2 + |p1s2)
cot6;
2xn|ts||t,] si —
2k(|0{tp|2 + |IBIS|2){ X’ﬂ || p| s (¢TA ¢)t],)
—o[lt,* + 151> = 2nlt,lIts| cos (¢, — ¢1,)]}. (16)
0+ Dl Pl G+ 181185 e -
. kzg, (Jt, 2 + | B1,]2) ’
/ 1 t@,‘ t 2 _ tg 2
A@,,:X(' |+ Deotdi(lr, =115 s)
2kzg,(Jat, 2 + 181, 12)
where 1, ; = |1, ] exp[iqﬁ,/m] and zp, = nkn2w§/2 and zp, =

nkw(z)/Z are the Rayleigh lengths along x, and y, axes,
respectively. These Rayleigh lengths of the transmitted vortex
beam in LHMs are both negative owing to negative phase
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Air-LHM. e

FIG. 4. (Color online) The spatial GH and IF shifts of transmitted
vortex beams at air-LHM and air-RHM interfaces. The parameters
are incident angle 6; = m /4, refractive index of LHM n; = —1.515,
refractive index of RHM ng = 1.515, polarization state o = 1/2,
x = 1/2, propagation distance z = zg, and beam waist wy = 20A.
To make the shifts more noticeable, we amplify them by a factor of
200. In (a) and (b), the vortex charge is / = 1. The actual beam shifts
of (a) and (b) are Ax} = 0.0062 and Ay = 0.0851. In (c) and (d),
the vortex charge is [ = —1. The actual beam shifts of (c) and (d) are
AxEF = —0.006) and Ayl = —0.033A.

velocity [49]. The first terms in Eqgs. (15) and (16) are
vortex-induced spatial GH and IF shifts. Until now, no
experiments have been reported on these vortex-induced GH
and IF shifts. The vortex-induced GH shift of the transmitted
beam occurs when the incident beam is in the mixed linearly
polarized state. The vortex-induced IF shift, however, exists
in any polarization state. The second term in Eq. (15) is the
phase-dependent GH shift. In lossy media, this part is not
negligible. The second term in Eq. (16) is the spin-dependent
IF shift. If the LHM is loss free, this term degenerates into
the Bliokh’s formula [14]. A special case is “total transmis-
sion,” where n = —1. In this case, f, =, = 1, and we get
(x1) = (y) =0.

We closely examine Eqs. (15)—(18) and find that spatial GH
and IF shifts of partial transmitted beams remain unreversed at
the air-LHM interface compared to the air-RHM interface.
The angular shifts, however, are reversed. Figure 4 shows
the spatial GH and IF shifts of transmitted beams at the
air-LHM and air-RHM interfaces. The beam profiles are drawn
according to Egs. (A4), (A7), and (A8). We can easily find
that the transmitted beam is stretched along the x, axis,
which is a pure geometrical phenomenon. We assume that the
LHM is low loss or loss free. This assumption is reasonable
considering state-of-the-art micro- and nanomanufacturing
technology. For example, by incorporating gain media into the
fishnet structure [50] or exploiting the second-order magnetic
resonance of the fishnet structure [51], we can obtain a
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FIG. 5. (Color online) The spatial GH and IF shifts of transmitted
vortex beams at air-LHM and air-RHM interfaces. The parameters
are the refractive index of LHM n; = —1.515, the refractive index
of RHM ny = 1.515, polarization state ¢ = 1/2, and x = 1/2. The
spatial shifts are presented on the scale of A.

low-loss, three-dimensional, polarization-independent LHM
in the visible spectral range. Based on this assumption, the
phase-dependent term of the spatial GH shift vanishes, and
the spatial GH shift only depends on vortex. This argument is
confirmed by Figs. 4(a) and 4(c), where the vortex charge is
I = 1and ! = —1, respectively. Figures 4(a) and 4(c) indicate
that when the vortex charge is reversed, the spatial GH shift
is also reversed. The spatial IF shift is both vortex and spin
dependent. Therefore, when the vortex charge is flipped,
the absolute value of the spatial IF shift is altered [but not
flipped; see Figs. 4(a) and 4(c)]. In Fig. 5, we demonstrates
how the incident angle impacts the spatial GH and IF shifts.
When the incident angle increases, both GH and IF shifts
increase. The IF shift fails to converge when 6; approaches
90°. We note that in this case, the energy transmission
coefficient is zero. Hence, the spatial shifts of transmitted
beams are meaningless. Figure 5 also suggests that both spatial
GH and IF shifts can be enhanced by raising the vortex
charge.

We proceed to analyze the angular GH and IF shifts.
Figure 6 demonstrates how the incident angle affects the
angular shifts. Figures 6(a) and 6(b) show the angular GH shift
at the air-LHM and air-RHM interfaces, respectively. They
indicate that the angular GH shift is reversed at the air-LHM
interface. Figures 6(c) and 6(d) show the angular IF shift at the
air-LHM and air-RHM interfaces, respectively. They indicate
that the angular IF shift is reversed at the air-LHM interface.
For the angular IF shift at the air-LHM interface, there exists
a minimum point as incident angle increases from 0° to 90°.
These angular shifts increase proportionally as we raise the
absolute value of vortex charge.
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FIG. 6. (Color online) The angular GH and IF shifts of transmitted
vortex beams at air-LHM and air-RHM interfaces. The parameters
are the refractive index of LHM n; = —1.515, the refractive index
of RHM ny = 1.515, polarization state ¢ = 1/2, and x = 1/2. The
angular shifts are presented on the scale of 63.

IV. LINEAR AND ANGULAR MOMENTA

In this section, we start to analyze the linear and angular
momenta of reflected and transmitted vortex beams. In general,
the linear momentum density can be divided into the orbital
part and the spin part [52], which reads

p = Im[E* - (V)E] + 1Im[V x (E* x E)], (19)

where the first term is orbital momentum density p?, the second
term is spin momentum density p°, and E is the electric field
in position space. In momentum space, we can write Eq. (19)
as

p = |GE[’k + (k. § — k,X)(G*E*GE, — GE,G*E}). (20)
Therefore, the momentum per unit length is
P = (EK|E) + (E. |k |E,)§ — (E\|ky|EQR, (21

where the first term is orbital momentum P and the second
and third terms are spin momentum PS. From the above
equation, we find that P, « nk, which means P, in LHMs is
opposite to P, in RHMs. For both paraxial and nonparaxial
beams, the spin part makes no contribution to the linear
momentum [48,53]: PS = 0.

In position space, the angular momentum density is denoted
by j=r x p. In momentum space, we replace r with the
operator i dx, + zZ and get the angular momentum:

J = (GE|(id, + z2) x k|GE)
+[(GE, i (3, ks + 81, k) IGE,)
—(GE,|i (ks + 9 ky)IGEy)]z, (22)

053822-6



GOOS-HANCHEN AND IMBERT-FEDOROV SHIFTS OF ...

where the first term is orbital angular momentum J© and the
second and third terms are spin angular momentum J5. Note
that the transverse spin angular momenta are null, which means

J$ =JJ =0. We substitute the propagation operator G =
explinkz — ﬁ(kf + kﬁ)] into Eq. (22) and get the orbital and
spin angular momenta [47,48,53]:

JO = (Elinkdy, |E)X + (E| — inkdy, |E)¥
+(Eli (kyox, — ke, )IE)2, (23)

I5 = [(Ey i (3, ke + B, Ky ) | Ex)
—(Exi (9 kx + 0k, ky) |1 Ey) ]2 (24)

We find that the transverse orbital angular momenta J¢ and
JVO are proportional to nk, which means they have opposite
directions in LHMs compared to their counterparts in RHMs.
Equations (23) and (24) also indicate that the z-component
orbital angular momentum JZO and spin angular momentum
JZS have the same directions in LHMs and RHMs. Comparing
Eq. (10) with Egs. (21) and (23), we can easily get the following
relations:

JO Jo po PO
Ax=—i, Ay = 2. Af, = 1| A9,=;7
PZO y on X PZO y on

(25)

where Ax and Ay are spatial shifts and Afx and Afy are
angular shifts.

We first offer a qualitative explanation of why spatial shifts
are unreversed in LHMs but angular shifts are reversed in
LHMs. Equation (25) indicates that spatial shifts have no direct
relation to the z-component orbital angular momentum JZO
and spin angular momentum JZS . They are dependent on the
transverse angular momenta Jf and the z-component linear
momentum PZO [47]. Since the directions of Jf and PZO
are both reversed in LHMs, the spatial shifts Ar; remain
unreversed as a result. The angular shifts, however, solely
depend on linear momentum. The reason why angular shifts
are reversed in LHM s is that the transverse linear momentum
P¢ is unreversed but the z-component linear momentum P?
is reversed.

From now on, we will perform a quantitative analysis of
the linear and angular momenta and confirm the momentum
conservation laws. Therefore, we assume that the LHM is
loss free and the amplitude reflection coefficients r,, and
amplitude transmission coefficients ¢, s are real variables. By
substituting Eqs. (2), (7), and (8) into Eq. (21), we obtain
the linear momenta of the incident, reflected, and transmitted
beams:

P; = ki;,
—(+1D8Q,.  x(+1,, )
b= rt 0, - t6,),
2zp  00; 2%r (ry = r3)(cot 6§
+kQ, i,
WM+DIT,  x(+D,, - )
P, = T XU+ o oy o
! 2n%zg 06; Xi 207R (p 7)(cot 6,)F;
kT
i, o6
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where O, = |ar), |2 + | Br,|? is the energy reflection coefficient
and T = |ozt,,|2 + | Bt,|*. The energy transmission coefficient
is Q; = |n|nT. Note that the linear momenta of incident, re-
flected, and transmitted beams are presented in three different
coordinate systems o; , ;-X; ;i r.Zir:- We can verify that the
linear momenta along the x and y axes satisfy the conservation
law [19,20]

P, sin6; = P, sin; — P, cos6;
+ || (Py, cos 6; —
Py, = Py, + |”|’72P)'r =0.

P, sin6};), 27

For the incident beam, there is no transverse linear mo-
mentum. To satisfy the linear momentum conservation law,
transverse linear momenta P, , P, , Py, P, are produced.
These transverse linear momenta are responsible for angular
shifts.

We proceed to analyze the angular momenta. By substi-
tuting Egs. (2), (7), and (8) into Egs. (23) and (24), we get
the angular momenta of incident, reflected, and transmitted
beams:

3=+ o),
T 180, o .
J, = _—5 00, E(rp —i—rs)zcotQ,}x,
l
+ L2 = ) cotbg + (10, + oyt (28)
[ nldT no,, , .
Ji = _Za_ez - %(tp +1t; - 2ntpt$) cot@,}x,

nyl ) IA+nHT ot ],
+%(t§—t;)(cot9,-)yr+[( LI ]z,,

2?2 ]

where the spin angular momenta of incident, reflected, and
transmitted beams are o, or,7,, and at,,tsn_l, respectively.
For each individual photon, the angular momenta of the
incident, reflected, and transmitted beams are (I + o )i, (—I +
orpts/Qh, and [I(n + n~H/2+ otyts/ TIh, respectively.
Though the orbital and spin momenta of the reflected photon
and transmitted photon depend on the absolute value of the
refractive index, they are independent of the sign of the
refractive index. The z-component angular momenta satisfy
the conservation law

J; cosf; = —J, cosf; — Jy sinb;
+ n|n*(Jx, sin6, + J,, cos 6,). (29)

From Egs. (28) and (29), we can infer that there are two types of
momentum conversions. The first type is spin-orbit conversion.
The z-component spin angular momentum of incident beam
o cos6; converts into transverse angular momenta J? and

JX?, resulting in spin-dependent IF shifts. The second type
is orbit-orbit conversion. The z-component orbital angular
momentum of incident beam / cos 6; converts into transverse

angular momenta Jf and JX?, resulting in vortex-induced
IF shifts. The vortex-induced GH shifts, though related to
]y?,’ are not governed by the angular momentum conservation
law.
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In TIR, the linear and angular momenta of incident and
reflected beams are

P, =kz;, P.=kz; J, =d1+0),
J, = —cot6; [o + o cos (¢rv - ¢r,,) + x sin (¢rx - ‘%)]’A‘r
45:, 200\ .
(| P—= + 1B 0 )
+ [~ + o cos (¢, — ¢>,p) + x sin (¢, — &r,) |2
(30)

We can easily verify that they fulfill the conservation law

P, sin6; = P, sin6;,
3D

J; cosf = —J, cosf; — Jy sinb;.

At this point, we would like to add three comments. First,
it is worth noting that we adopted the Minkowski momentum
in Egs. (27) and (29) in this paper. Although the Abraham-
Minkowski dilemma has been solved [54-56], why Minkowski
momentum is a proper form in this study, we believe, is an
interesting problem worth further investigation. Second, two
important papers [34,57] were published while our paper was
being peer reviewed. One paper [34] adopted the real-space ap-
proach and revealed the role of longitudinal field E. in IF shifts
for the first time. We think additional analysis of the connection
between longitudinal field and spin-orbit conversion could also
be carried out in the momentum space. The other paper [57]
unambiguously separated the effects of beam shape and other
parameters (such as polarization, the property of the interface)
on GH and IF shifts, which have long escaped researchers’ at-
tention over the past years. But the discussions are confined to
areflected vortex beam. Generalization to a transmitted vortex
beam, we think, remains quite challenging. Third, owing to the
close similarity between light beams and matter waves, scien-
tists have found that electron beams can also possess orbital
angular momentum by passing through a spiral phase plate [58]
or nanofabricated diffraction hologram [59]. In this regard, the
vortex electron beam might also experience vortex-induced
shifts in a potential well [60,61]. By properly designing the
potential well and taking advantage of quantum weak measure-
ments or other measuring technology, we may even observe the
vortex-induced beam shifts of an electron beam in experiment.

V. CONCLUSIONS

In conclusion, we have derived the reflected and transmitted
fields of a vortex beam at the air-LHM interface via the angular
spectrum method. By using this method, we have managed to
get the formulas of spatial GH shifts, spatial IF shifts, angular
GH shifts, and angular IF shifts. These formulas suggest that
the spatial GH and IF shifts remain unreversed at the air-LHM
interface compared with the air-RHM interface. By raising the
vortex charge, the spatial shifts can be remarkably enhanced.
In TIR, apart from the reversed GH shift, we predict that the
IF shift would also be reversed when the incident beam is in a
mixed linearly polarized state. The physical interpretation of
these interesting phenomena lies in the reversed transverse
angular momenta and reversed linear momenta. Although
the spatial shifts have no direct relation to the z-component
angular momentum (the z-component angular momentum is

PHYSICAL REVIEW A 85, 053822 (2012)

not reversed in LHMs), they are actually the outcomes of spin-
orbit and orbit-orbit conversion. Therefore, the unreversed
spatial shifts are indirect evidence of unreversed angular
momentum of LHMs. As for angular shifts, they are reversed
at the air-LHM interface and can be amplified by enhancing
the vortex charge. This is direct evidence of the reversed linear
momentum of LHMs. In addition to this qualitative analysis,
we also offer concrete expressions of the transverse linear and
angular momenta, which explicitly reveal the physical picture
of spin-orbit and orbit-orbit conversions. These momentum
conversions are governed by the z-component angular mo-
mentum conservation law.
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APPENDIX: ELECTRIC FIELDS IN POSITION SPACE

In this Appendix, we will give the full analytical expressions
of the electric fields of reflected and transmitted beams. The
electric fields in position space are given by inverse Fourier
transformation,

1
ulx,y,z) = — / dkydkyii(ky,,ky)expli(kyx + kyy)]

2

X exp |:mkz — —(k2 + kz)] (A1)

2nk

We first apply Eq. (Al) to calculate the reflected fields.
Substituting Eq. (7) into Eq. (A1), we get the reflected beams:

i ar, 0
E, = L PO
{ar”+k [ 36; 9%,

g i ory
rs +
06; 0x,

0 5
+ rp) cot 9,‘ 8_yri| } Uu,X,

9 .
+ rp) COteia_yri| } uryr

i 9 d o
+ - X oOry, — 8 + ,Brv By, UrZy, (A2)
Crkwy [kwo X — isgn[l]yr}l
U, = - — -
2zr +iz) L2 zr+izr
k(x? + y?)
xexp| ————2 +ikz, |. A3
p[ 2er+iz) (A9

Note that the orbital angular momentum of the reflected beam
is —Ih per photon. Equations (A2) and (A3) are the full
expressions of the reflected electric fields.

We proceed to calculate the transmitted electric fields.
Substituting Eq. (8) into Eq. (A1), we get the transmitted fields:

i[ o, d R
E, = atp — k (Xn%a—t + ﬂ(tp — nts)coteia—yt UurX;

89 0x Xt 8yt

+ i t 9 + Bt 9 7
— | at,— s— | u,.
nk P ox; Y, o

i aty, 0 0 .
Bt — | Bng o g, —t)cotbo | ui§i

(A4)
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The formula for u, is rather lengthy. If |/| is an even number, then the formula is

Cilnlk 1 i L ) ,
u; = 1|n|kwo [ﬂ} exp [_"_ < x; . ¥ | ) . inkzr:|
o \/(ZRX +iz)(zr, +iz) V2 2 \zr, +iz: R, +iz

1] . alll-m m
m |~ Sgl’l[l] 22 ) 1+|l|—m 1+m
X{ 2. C'”[ﬁ} ] et - (=2 ) r (£57)

m=0,2,4,.

14+ |1 1 1
><1F1< +|2| '3 bz) (_—;m dz)

-1 m
+ [ 2] B sz ept-a e (14 077 ) (147

m=

1,3,5,.
[ 3
x1Fy <1+| |2 Zab2>1F1 <1+%,5,0d2>}; (AS)

if |/] is an odd number, then the formula is

Cilnlk 1 0 ' s
u; = Il;' Wo [ﬂ} exp I:_n7 ( X : I Vi . ) + lnth:I
" \/(ZR«‘ + izf)(ZR,v + iz,) V2 R, +ize  Zr, tiZ

[71-1 . [l|—m m
m | —in sgn[/] | —m 14+m
x { > [%} [ 7 ] 2+/abexp[—ab® — cd’]T (1 +— )r( > )

m=0,2,4,...

U—m3 l+m 1
F (1 Zap? ) F (D ea
X“<+ R A U

|1]

—in """ sgnl] s o (1l —m m
+ Z i 7 2y/cd expl—ab® — cd’IT — r 1+3

m=1,3,5,.

1 1| — 1 3
x1Fy (#,E,aW) (1+ o d2>}, (A6)

where C} i is the binomial coefficient, I is the Gamma function, ; F; is the Kummer confluent hypergeometric function,
a=n w(z)/4 +iz:/2nk,b =ix;/2a,c = w0/4 +iz;/2nk, and d = iy;/2c. Equations (A4)—(A6) fully describe the transmitted
vortex beams. Although Eqgs. (AS) and (A6) are cumbersome, we still manage to get the electric fields for several low-order
vortex beams:

R, iz Zr, iz
ui:—l I ( nx: : _ LY : ) , (AS)
IR, t1i2+  ZRr, +1Zs
. 2 . 2
- X i iz, (1 —
uﬁ—zcx[( ey ) + o) } (A9)
zr iz zw +iz nk(zr, +iz)(zx, +iz:)
. 2 . 2
1 —
u'= o<|:< e ) SR e ] (A10)
g +izn Ik tin nk(zg, +iz)(zr, +izs)
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