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We show how careful control of the incident polarization of a light beam close to the Brewster angle
gives a giant transverse spatial shift on reflection. This resolves the long-standing puzzle of why such beam
shifts transverse to the incident plane (Imbert-Fedorov shifts) tend to be an order of magnitude smaller than
the related Goos-Hinchen shifts in the longitudinal direction, which are largest close to critical incidence.
We demonstrate that with the proper initial polarization the transverse displacements can be equally large,
which we confirm experimentally near Brewster incidence. In contrast to the established understanding,
these polarizations are elliptical and angle dependent. We explain the magnitude of the Imbert-Fedorov
shift by an analogous change of the symmetry properties for the reflection operators as compared to the

Goos-Hinchen shift.
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The reflection of a plane wave from a planar isotropic
interface singles out two eigenpolarizations, linear and
parallel (p) or orthogonal (s) to the plane of incidence,
which remain unchanged after reflection. Realistic optical
beams, however, consist of a bundle of plane waves and, on
reflection, each component experiences a slightly different
reflection coefficient [1,2]. Accounting for these
differences leads to diffractive corrections which result
in a shift to the beam when compared to specular reflection.
The largest of these effects is the Goos-Hénchen (GH) shift
within the plane of incidence (see Fig. 1) [1,3.4], for p
polarization and under total internal reflection. All other
polarizations result in a reduced shift [5]. Beam shifts
highlight many interesting aspects of optical beam physics,
such as paraxiality [6], optical angular momentum, and
vortices [7-9], and provide a classical wave analog to
quantum weak measurements, including weak values
[10,11]. We present here a new analysis and experiment
on beam eigenpolarizations, which puts the resulting
in-plane and transverse beam shifts on an equal footing.

The transverse Imbert-Fedorov (IF) shift [12] or optical
spin-Hall effect [13], was hitherto found to be 1 order of
magnitude smaller, reaching its maximum value under total
internal reflection for circular polarizations. Here we find, by
a careful consideration of the polarization of realistic beams
on reflection, a transverse shift of similarly large magnitude
as the GH shift close to critical incidence. Surprisingly, this
shift occurs close to the Brewster angle under partial
reflection, but remains purely spatial. We measure a differ-
ential IF shift of up to 10 wavelengths (104 corresponding to
8 pm) which is more than 10x larger compared to previous
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IF shift measurements (up to ~0.64 [14]). By comparison,
the GH shift measurements in the optical regime tend to
about ~10 um [15] (this is a differential measurement of s
and p shifts of, respectively, 25 and 114).

Of course, the polarization of reflected plane waves is
unchanged on reflection only for s and p polarizations.
This eigenpolarization concept can be generalized to beams
of finite width, incorporating plane waves with nearby
wave vectors in the Fourier superposition. To first order
(as usual in beam shift physics), a systematic expansion
of the reflection operator in Fourier space gives
R(K) =R + K- VgR + O(K?), where K = (k. k,) is
the transverse wave vector. A paraxial reflected beam is
a superposition of eigenvectors of the scattering matrix
based on this expansion—we call these eigenpolarizations.
As described below, for an incident eigenpolarization the
shift is proportional to the eigenvalues. Despite the fact that
initially polarized beams emerge after reflection in general
with an inhomogeneous polarization structure even in the
paraxial regime [16], this is not the case for paraxial beams
initially in an eigenpolarization. Furthermore, the linearity
of reflection ensures that the shift is extremal at each of the
two eigenpolarizations, suggesting one of these gives the
largest shift. This is true even in the case, relevant in our
work, when the resulting matrix is not Hermitian.

To measure the beam shift (Fig. 1), light from a single-
mode fiber-coupled superluminescent diode (SLED, 2 mW,
825 + 7 nm) is collimated with a 10x, 0.25 NA micro-
scope objective to obtain a beam waist of wy = 1.8 mm
after 1 m propagation. This beam is linearly polarized and
sent through the highest quality, zero-order 1/2 and 1/4

© 2014 American Physical Society
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FIG. 1 (color online). Experimental setup. A collimated light
beam from a single-mode fiber (SMF) coupled superluminescent
diode (SLED) is prepared in each of the illuminating polarization
states f alternately, using a polarizer and wave plates. After
reflection at the air-glass interface, its transverse position is
determined with a quadrant detector (QD).

wave plates to prepare the incident beam in the desired
eigenpolarization. To observe the beam shift, the beam is
reflected from a BK7 wedge (n = 1.5103 at 826 nm)
mounted on a rotation stage to control the angle of
incidence. The position of the reflected beam is detected
using a quadrant detector with a lock-in amplifier that is
synchronized to the SLED modulation at 9.9 kHz.
Theoretically, beam shifts are most simply understood in
Fourier space using a Jones matrix formalism in the p, s
basis, with the shifts being considered with respect to a
“virtual reflected beam” [11] propagating on the z axis
centered at the origin of the x, y coordinates. We write the
transverse virtual reflected beam ¢(r)R-E, where
r = (x,y), @(r) is the radially symmetric spatial profile
of the incident beam, E is the incident polarization, and

= -r, 0 . . .
R =( 0” . ), the mean reflection matrix experienced
A

by a plane wave along the z direction. In beam shift physics
the plane wave reflection is the lowest order of a systematic
series of correction terms which are all evaluated at the
central incidence angle of the beam. For a narrow, colli-
mated paraxial beam with a tight spectrum in Fourier space,
the full wave vector k-dependent reflection matrix can be
approximated by a Taylor expansion

R(k) =R + kR, + kR, + O(K?), (1)
= (1-ikA, - ik,A,)R + O(K?), (2)
= exp(=ilk,A, + k,A, )R+ O(K?).  (3)

which defines the operators responsible for the shifts,
referred to as “Artmann operators” in [17],

i /Ty 0

AX_k( 0 r’s/r5>’ )
~cotf 0 —(L+r,/ry)

Ay17<(1+r5/rp) 0 ) )

where the reflection coefficients ry, r, and their derivatives
rs, 1, depend on the mean incidence angle of the beam 6.
The form of Eq. (2) shows that the effect of reflection,
leaving aside the mean reflection R, resembles a weak
interaction Hamiltonian “measuring” the operators A, A,
acting on the polarization degrees of freedom [18], in terms
of the spatial degrees of freedom x, y (for which k,, k, can
be viewed as generators of translation). This holds when-
ever the beam is paraxial regardless of whether the reflected
light is passed through an analyzer, postselecting a single
polarization component, or measuring the shift in the
overall intensity [11,17].

The overall shift of a beam with incident polarization E
isk'E; - A, - E;, form = x, y, with E; = R - E is propor-
tional to the expectation value of A, and so extremal for the
eigenpolarizations, which are s, p polarizations for A, (GH
shift) and more complicated for A, (IF shift). The shift is
spatial or angular depending on whether the eigenvalues of
A,, are real or imaginary (usually corresponding to total or
partial reflection). On the other hand, weak values (not
measured here) correspond to postselection with analyzer
polarization F, giving shifts F* - A,, - E;, which are typi-
cally complex valued, reflecting the fact that polarized
components of reflected light beams are both spatially and
angularly shifted [11].

The eigenvectors of A, are clearly always given by
linear s, p polarizations; when reflection is total and the
reflection coefficients are unimodular complex numbers,
the spectrum of A, is real (corresponding to the spatial GH
shift), whereas otherwise, when reflection is partial, A, is
non-Hermitian with imaginary spectrum (corresponding to
the angular GH shift) [19].

In contrast, A, is never diagonal in the s, p basis,
reflecting the spin-orbit origin of this term. When
reflection is total, the matrix is nevertheless Hermitian
with circularly polarized eigenvectors, and eigenvalues
+2 cot O cos(arg[r,/r,]). In the regime of partial reflection,
r, # ry always, so the transverse Artmann matrix A, is
never Hermitian (nor is A ,). Most of the simple properties
of matrices, such as the guarantee of real eigenvalues, the
existence of eigenvectors, and their orthogonality, do not
necessarily hold for non-Hermitian matrices. For this
reason the transverse shift in the partial regime is usually
treated as ugly—shifts are typically angular with a defor-
mation of the underlying beam profile in both Fourier and
real space.

However, A, in fact always has eigenvalues, correspond-
ing to the IF shifts

Above the Brewster angle (6 > 0p), the ratio r,/r, is
positive and, hence, d.. is real, implying a purely spatial
shift. Approaching the Brewster angle (from above) the

233901-2



PRL 112, 233901 (2014)

PHYSICAL REVIEW LETTERS

week ending
13 JUNE 2014

shift diverges as d, — +oo. This suggests that, within the
approximation (2), arbitrarily large spatial shifts occur in
the transverse direction arbitrarily close to the Brewster
angle, in perfect analogy with the GH effect at the critical
angle [15]. Unlike for weak values, the first order approxi-
mation in (2) retains its validity arbitrarily close to the
Brewster angle, as long as the angular spread is sufficiently
small, ensuring that most of the spectrum is incident at
angles larger than the Brewster angle. It is well established
that large angular shifts occur at the Brewster angle [20],
but not to our knowledge that large spatial shifts occur
beyond the Brewster angle. A regularization of the beams
shift formulas by higher orders, as for weak values [21-23],
would depend on the beam profile and lead to a small
correction in the eigenvectors.

As A is non-Hermitian, we have to distinguish between
left and right eigenvectors in the regime of partial reflec-
tion. Both eigenvectors correspond to elliptical polarization
and change with the angle of incidence. To observe the
large IF shifts we need to act on A, with its right
eigenvectors, associated with the initial polarization,
whereas the left eigenvectors describe final polarizations,
accessible with an analyzer. The right eigenpolarizations,
corresponding to the eigenvalues (6), are

1 .
€. Zﬁ(\/@v j:’\/m)» (7)

which are not orthogonal as A, is not Hermitian. Instead,
each is orthogonal to the other left eigenvector,

fi= (L) ®

|r+

so f% - e, = 0. For future convenience, the left eigenpola-
rizations f. are given here as normalized to themselves
rather than orthonormal to the right eigenvectors.
Clearly, when 8 > 605, the right and left eigenpolariza-
tions are elliptical, with axes aligned in the s and p
directions, and the handedness of the ellipse is given by
the sign of +i in Eqgs. (7) and (8). Thus, each pair of
eigenvectors corresponds to two identical, but oppositely
oriented ellipses. The opposite pair for the left eigenvectors
are the same ellipses rotated by 90° (axes interchanged). As
the incidence angle approaches 05 (from above), the right
eigenpolarizations approach pure linear s polarization.
However, the right eigenpolarizations of A are not quite
the incident polarizations prepared by the polarizer and the
wave plates in Fig. 1. From the form of (2), we see that the
mean reflection matrix R acts on an initial polarization E
before A does (which is why we take expectation values
with respect to E; and not E). In the regime 0 > 0y the
illuminating polarizations, which yield the large spatial
shifts we want to observe, are consequently given by the

left  eigenpolarizations  fr = /]r,|[r,JR™" e, as

normalized vectors of the incident polarization R™! - e
prepared by the sequence of polarizer, /2 and 1/4 wave
plates in Fig. 1. From the properties of the left and right
eigenpolarizations it is clear that the major axis of the
illuminating polarizations f . is rotated by 90° and therefore
along the p direction. The distinction between the true
eigenpolarization and the illuminating polarization is nec-
essary as beam shifts can be seen as corrections to
geometrical optics: In Eq. (1), the first term R acts on
the polarization of an incident plane wave, while the higher
terms are the corrections for a paraxial light beam that arise
operationally after the plane wave reflection.

As the incidence angle approaches 0y (from above), the
illuminating polarization approaches pure linear p polari-
zation, so most of the incident light is transmitted and not
reflected. This can cause problems if the experimental
polarization purity is insufficient, as the unwanted part,
orthogonal to the desired eigenpolarization, is reflected
much more strongly. If we denote the intensity extinction
ratio with y, the light after the polarization preparation stage
is in a state fr + /7e., where e, is the orthogonal
complement of the illuminating polarization and commonly
y < 1. As R is not unitary in partial reflection, after
reflection the wanted and unwanted polarizations are no
longer orthogonal to each other and the polarization is in
the state \/|r,[[r,le. + /7R - .. For angles close to the
Brewster angle, where r, — 0, the ratio of intensities
between the unwanted and desired polarizations is approx-
imately y|r,|/|r,|. For our choice of wavelength and
reflection from the BK7 interface we experience a ratio
of |ry|/|r,| = 1800 (at @ = 56.51°), accounting for why we
cannot use commercial liquid-crystal based tunable wave
plates for the polarization control. Instead, we use the
combination of polarizer (extinction ratio 1:10000) and
conventional wave plates, for which we measure a com-
bined extinction ratio of 1:7000, and which is sufficient for
our purposes.

In the absence of a stable reference position we perform a
differential measurement between d_, and d_. As the beam
position is measured for the two polarizations f ;. (or e, ) at
different times consecutively, we need to correct for
unavoidable mechanical drifts; this is done via multiple
measurements with alternating polarization states. Figure 2
shows the measured differential shift d, — d_ as a function
of the incidence angle 6. We have also performed numerical
calculations to verify our analytical expressions for the
individual shifts d.. The angle dependent eigenpolariza-
tions e, as well as the illuminating polarizations f, are
plotted in Fig. 2 as blue and red ellipses with arrows
indicating the handedness.

The existence of real eigenvalues (such as the large
observed shifts d.) for non-Hermitian operators is often
associated with P7 symmetry [24]. In the absence of a
Schrodinger-type equation invariant under combined time
and parity inversion, we note that the operator A, is a
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FIG. 2 (color online). Measured and calculated shifts: The
graph shows the differential spatial IF shifts d, — d_ (black) and
the individual shifts d, (blue, red) as functions of the incidence
angle @ above the Brewster angle 3 = 56.49° for n = 1.5103.
Black dots indicate experimentally measured values (d, —d_),
diamonds numerically obtained values (d,.). Solid lines corre-
spond to theoretical curves from (6). The plot also shows
polarization ellipses for the eigenvectors e, (bold) and the
illuminating polarizations f (thin) corresponding to d., which
tend to linear on approaching €. The small arrows indicate the
handedness of the elliptical polarization.

purely imaginary superposition of the Pauli matrices 6, and
o, and falls into the category of general P7 -symmetric
matrices as defined by [25]. Physically, such systems are
often prone to sudden changes connected to the onset or
breakdown of P7 symmetry; the Brewster angle marks
such an onset owing to the fact the determinant of R passes
through zero and the associated flip of sign for the
reflected, p-polarized polarization component.

The measurements of the transverse shift reported here
are large, but the magnitude is fundamentally not due to any
weak enhancement by means of a weak value measure-
ment, which entails postselection with an analyzer [21,26].
It is, however, possible to interpret the form of the operator
A, at the Brewster angle as an inherent postselection close
to the Brewster angle as the difference in the two anti-
diagonal entries of A, diverges [27]. The similarity with a
weak value becomes formally apparent if we chose to factor
out R to the left in Eq. (1). In this case the definition of A
changes (though the eigenvalues remain the same), and the
IF shift is no longer given by the expectation value of A, for
the state E;, but rather by (E; - A, -E)/(E; - E), which
resembles a weak value of A for a initial polarization E
postselected by E, = R” - R - E [28].

Regardless of the incidence angle, postselection can lead
to deformations of the reflected beam from its typically

initial Gaussian profile [23]. This effect is distinct from
deformations which arise because a significant part of the
angular spectrum straddles the Brewster angle [29,30],
although both effects may also be combined [31]. In our
case, without postselection, we expect the profile of the
reflected beam to remain Gaussian arbitrarily close to the
Brewster angle as long as € — 65 is larger than the angular
spread of the beam. We therefore test the reflected beams
with the giant IF shifts for possible beam deformations by
measuring and calculating the reflected intensity profile for
an incident angle of 8 = 56.53° = 0 + 0.04°. As we can
see from Fig. 3 there are no recognizable beam deforma-
tions, which confirms that the giant IF effect reported here
is not based upon postselection in contrast to previous
works [21,26,31].

We have found and confirmed experimentally the exist-
ence of a transverse spatial beam shift at Brewster incidence
that is very similar in form and magnitude to the well-
known longitudinal Goos-Hénchen shift at critical inci-
dence. The reason for this similarity is an analogous change
in the symmetry properties of the operators responsible for
the respective beam shifts; this demonstrates that there is a
closer relation between longitudinal and transverse shifts
than previously anticipated.

The eigenpolarization concept we develop here applies
to all beam shift phenomena, not only to reflection close to
the Brewster angle. In fact, as indicated originally by
Fedorov [12], the IF shift in the total reflection regime is
maximized by an appropriate choice of eigenpolarization
(7), which is some incidence angle dependent, equal
weighting of s and p polarizations, but is not circular as
usually considered [16]. As previously emphasized, this
does not require postselection (as with enhancements from
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FIG. 3 (color online). Measured and calculated beam profiles
for @ = 56.53°: Split screen comparison of the beam profiles after
reflection corresponding to the eigenpolarizations e, (left panel)
and e_ (right panel). (a) Experimental beam profiles recorded
with a beam profiler. We also give the Stokes parameter of e, and
the polarization ellipses for both e, and the illuminating
eigenpolarizations f. (b) Numerically calculated beam profiles
at a magnification of 500 to highlight the displacement of the
center of the beam. This illustrates that the transverse spatial shift
does not lead to any beam deformations.
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weak measurement), simply it maximizes within the
spectral range of the original Artmann operator.
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