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Holographic approach to phase conjugation
of optical near fields
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Phase conjugation of optical dipole fields is considered in a static holographic scheme with totally internally
reflected reference and reconstruction waves. It is shown that as the distance between the dipole object and
the recording medium decreases from the far- to the near-field region, the intensity distribution of the recon-
structed dipole field changes from a diffraction-limited light spot to a subwavelength-sized light spot that is
brightest at the surface of the hologram. The influence of the thickness of the recording medium, the angle of
incidence of the reconstruction wave, and the polarization configuration on the reconstructed intensity distri-
bution are also discussed. © 1997 Optical Society of America [S0740-3232(97)02306-5]
1. INTRODUCTION
It has long been known that phase conjugation (PC) of an
optical field can be accomplished by using a static
hologram.1 This type of hologram is obtained in two dis-
tinct stages. First, a photosensitive film is exposed to an
interference pattern formed by light scattered by an ob-
ject (the object wave) and a uniform reference wave. Sec-
ond, the exposed film is appropriately processed, resulting
in the static hologram. If the hologram is illuminated by
the phase-conjugated reference wave, a phase-conjugated
replica of the object wave is obtained. More recently,
nonlinear optical techniques for PC have found wide-
spread applications.2 In such techniques the PC process
occurs in real time, and it allows for an amplification of
the phase-conjugated wave. Except for the scaling, the
phase-conjugated wave is, in most cases, assumed to be
an exact conjugate replica of the object wave with its
propagation direction reversed.
Traditionally, evanescent components of the spectrum

have been excluded from most theoretical studies of PC
(see, for example, Ref. 2), but, seemingly, these are gain-
ing more attention.3–8 Recently, the first experimental
evidences of PC of optical near fields (and consequently
evanescent waves) have been reported.9–11 One of the
most interesting aspects of PC of evanescent waves is the
possibility of focusing light beyond the classical Rayleigh–
Abbé diffraction limit of approximately half the
wavelength.6–10

The interest in PC of evanescent waves has, at least in
part, emerged from the rapid development in both theo-
retical modeling and experimental techniques within
near-field optics (some recent advances in this domain of
optics can be found in Refs. 12 and 13). The most essen-
tial part of any optical near-field apparatus is a
subwavelength-sized probe acting as an emitter and/or a
detector of an optical near field while placed in the vicin-
ity of the sample studied. In a particular configuration,
the photon scanning tunneling microscope (PSTM),14–16

the sample is placed in optical contact with the surface of,
for example, a prism and illuminated by a totally inter-
0740-3232/97/0701491-09$10.00 ©
nally reflected (TIR) wave. The light, which is scattered
by the surface features of the sample, is then detected by
a subwavelength-sized probe (typically an uncoated
sharpened optical fiber tip), which is raster scanned at
subwavelength distance (;5 nm) from the surface of the
sample in order to retrieve an image. In static hologra-
phy there exists a similar scheme with TIR reference and
reconstruction waves that was introduced experimentally
by Stetson in 1967.17,18 Closely related techniques have
been elaborated by Bryngdahl19,20 and Nassenstein,21

both of whom used evanescent reference and reconstruc-
tion waves (an overview of the subject can be found in Ref.
20). It is clear that if a small object is positioned suffi-
ciently close to the recording medium in the above-
mentioned scheme, the evanescent components of the ob-
ject wave (which contain information about subwave-
length-sized structures of the object) can be recorded.
Thus, when the phase-conjugated reference wave is used
for illuminating the resulting hologram, the recon-
structed object wave will contain evanescent components,
which may be detected by the near-field optical probe of
the PSTM.
In continuation of our previous numerical studies of PC

of optical near fields by means of a bulk phase-
conjugating mirror,6 we report, in the present paper, on a
theoretical model of static holographic PC by using TIR
reference and reconstruction waves. We suggest extend-
ing the holographic technique of Stetson for the recording
of objects located at subwavelength distance from a thin
photosensitive film. Preliminary results obtained with
the proposed model have been published recently
elsewhere.7 The object in the present calculations is a
point dipole that is driven coherently with the reference
wave and located in the vicinity of the film [Fig. 1(a)].
The dashed curve in the figure serves to indicate that al-
though a single point dipole has been chosen as the object,
it could be a more complicated structure such as, for ex-
ample, an uncoated fiber tip of a PSTM. When the dis-
tance between the dipole and the film is sufficiently small,
the dipole near field (which includes evanescent compo-
nents) can be recorded. The deformation of the dipole
1997 Optical Society of America
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field, as it penetrates the film, is incorporated into the de-
scription by applying the general Fresnel coefficients of
the interface.22 As a consequence, the interference be-
tween the dipole field inside the film and the TIR refer-
ence wave is considered. It is assumed that subsequent
processing of the exposed film results in a thin surface ho-
logram, with the topography modulation being linearly
related to the exposure. For a processed film, in which
the exposure results in a modulation of the refractive in-
dex, an equivalent surface profile can easily be deter-
mined if the modulation is small.23 In the absence of the
dipole object, the obtained hologram is subsequently illu-
minated by the phase-conjugated reference wave, whose
diffraction creates a phase-conjugated replica of the di-
pole field above the hologram [Fig. 1(b)]. Owing to the
close resemblance with the PSTM configuration, the near-
field intensity distribution above the hologram can be
evaluated with techniques widely used for PSTM
modeling.6,23–27 In the presence of an imaging probe, a
simple dipolar model of the tip (with the detected signal
being linearly proportional to the near-field intensity at
the center of the tip) can provide some initial insights.25

It should be stressed, however, that actual PSTM experi-
ments may provide images that deviate significantly from
near-field intensity distributions calculated in the ab-
sence of a probe. This is due to the nonnegligible size of
any real probe currently employed.6,27

This paper is organized as follows. In Section 2 appro-
priate relations describing the holographic recording
(Subsection 2.A) and the subsequent reconstruction (Sub-
section 2.B) of the dipole field are presented. Section 3
contains numerical results obtained with different system
configurations when varying such parameters as the

Fig. 1. Schematic representation of the holographic technique
with TIR reference and reconstruction waves: (a) recording the
field from a radiating dipole, (b) reconstruction and detection of
the phase-conjugated replica of the dipole field.
dipole–film separation, the thickness of the film, the
angle of incidence of the reconstruction wave, and the
field polarizations. In Section 4 we present our conclu-
sions.

2. THEORETICAL DESCRIPTION
In the following, a model describing PC of a dipole field in
a static holographic process is developed. First, the re-
cording scheme is considered (Subsection 2.A), and, sec-
ond (Subsection 2.B), the obtained hologram is illumi-
nated in such a way that the phase-conjugated dipole field
is formed.

A. Holographic Recording of the Dipole Field
The system under consideration consists of a point dipole
situated at r0 in vacuum above a thin photosensitive film
deposited onto a substrate of equal refractive index n
[Fig. 1(a)]. The dipole is driven by the monochromatic
field E0(r0) with wavelength l [the origin of this field,
which for simplicity is not shown in Fig. 1(a), is discussed
in Subsection 2.B]. A hologram is being recorded in the
film by means of interference between the induced dipole
field Ed2(r) and a reference wave Er(r), the latter being
the sum of a plane wave Ei(r) incident from below (at an
angle u i larger than the critical one) and the correspond-
ing TIR wave Ei8(r). The TIR configuration eliminates
the transmission of a homogeneous wave, which would af-
fect the dipole radiation, and it facilitates the subsequent
detection process of phase-conjugated light [Fig. 1(b)].
Electromagnetic coupling between the dipole and the
film–substrate system can be neglected for large dis-
tances h @ l. For smaller distances h ! l, the coupling
may not be negligible, resulting in an increase of the
power radiated by the dipole,28 and configurational reso-
nances may appear.29 Nevertheless, for both dielectric
substrate and dipole, the coupling is in general small.25

It should be kept in mind that the film surface is assumed
to be perfectly flat during the exposure, and only after de-
velopment (in the absence of light) of the exposed film is
the topography-modulated surface hologram obtained. If
the modulation had occurred during the exposure, it could
have resulted in an increased coupling and a strong modi-
fication of the emitted dipole field. This would have re-
quired a more refined self-consistent approach (for a
fuller discussion on the influence of coupling, see the re-
cent review by Girard and Dereux30 and the references
therein). For convenience we consider here the case of
negligible coupling, since it simplifies the following calcu-
lations considerably. Consequently, the dipole field
above the film, Ed1(r), can be written as29

Ed1~r! 5 2
a

4pe0
Sk12 RR 2 R2U

R3 1 ik1
3RR 2 R2U

R4

2
3RR 2 R2U

R5 D • E0~r0!exp~ik1R !, (1)

where R 5 r 2 r0 , R 5 uRu, and U is the unit tensor.
The wave numbers of light above and in the film are de-
noted by k1 5 2p/l and k2 5 2pn/l, respectively. In
Eq. (1) we have used the isotropic Rayleigh polarizability
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a 5 4pe0a
3(nd

2 2 1)/(nd
2 1 2), which is valid for

subwavelength-sized (dielectric) scatterers with radius a
! l and refractive index nd . The vacuum permittivity
is denoted by e0 . The first, second, and third terms in
Eq. (1) denote, respectively, the far, middle, and near
fields of the dipole radiation. The field Ed1 , however, is
not the one recorded, since, on penetrating the film, it is
modified in accordance with the Fresnel coefficients of the
interface. This can be taken into account by making a
plane-wave decomposition of Ed1 just above the film (z
5 02), resulting in the corresponding spectrum

ed1~u, v ! 5 EE
2`

`

Ed1~x, y, z 5 02!

3 exp@2i~ux 1 vy !#dxdy. (2)

Inside the film this spectrum is modified by the Fresnel
transmission matrix22 T1,2 as

ed2~u, v ! 5 T1,2~u, v ! • ed1~u, v !, (3)

where T1,2 can modify the spectrum considerably, as
shown in Fig. 2(a), in particular for the components that
are propagating within the film [i.e., for ukiu < k2 , where
ki 5 (u, v) is the projection of the wave vector onto the
film surface]. Furthermore, T1,2 leads to a mixing of the
various polarization components of the dipole field.
From the spectrum ed2 , the dipole field Ed2 just inside
the film (z 5 01) can be written as

Ed2~x, y, z 5 01! 5
1

4p2 EE
2`

`

ed2~u, v !

3 exp@i~ux 1 vy !#dudv.
(4)

Fig. 2. Modulus of the yy term of (a) the transmission matrix
from vacuum to film and (b) the diffraction matrix from film to
vacuum. In both calculations n 5 2.2 and l 5 633 nm have
been used.
If the subsequent processing of the thin film (with thick-
ness t ! l/n) is linear with respect to the exposure and
uEd2u ! uEru is satisfied, the topography modulation is
governed by the interference terms Er • Ed2* 1 Er*
• Ed2 . It should be mentioned that the constant inten-
sity term uEru2 is omitted, since it does not modulate the
surface profile but merely changes the overall thickness of
the processed film. It is clear that highly evanescent
components of the dipole spectrum inside the film do not
modify the topography significantly, on account of their
limited penetration depth. In the linear regime of film
processing, this can be taken into account by integrating
the field intensity, for each individual component, across
the thickness of the film. Such a procedure results in the
following weighting function g(u, v) of the dipole spec-
trum:

g~u, v ! 5 H 1 if ukiu < k2
1 2 exp~2uw2ut !

uw2ut
otherwise

, (5)

where w2(u, v) 5 (k2
2 2 ukiu2)0.5. The reference wave

for the recording is obtained by means of a plane wave
[Fig. 1(a)]: Ei 5 Ei

0 exp@i(uix 1 wiz)#, thus providing the
reference field at z 5 01 as

Er~x, y, z 5 01! 5 Er
0 exp~iur x !, (6)

with ur 5 ui 5 k2 sin ui and wi 5 2k2 cos ui . The spec-
trum of the incident wave, ei , and of the reference field,
er , are related through er 5 (U 1 T2,2) • ei , where the
matrix T2,2 consists of the reflection coefficients of the in-
terface, which accounts for the TIR field Ei8 . The topog-
raphy modulation f(x, y) of the resulting hologram (ob-
tained after the development of the exposed film) can be
expressed from Eqs. (4)–(6) in the following form:

f~x, y ! 5
gt

4p2 EE
2`

`

$Er
0
• ed2* ~2u, 2v !

3 exp@i~u 1 ur!x# 1 Er
0* • ed2~u, v !

3 exp@i~u 2 ur!x#%g~u, v !exp~ivy !dudv,

(7)

where the asterisk denotes the complex-conjugated quan-
tity and g is a scaling factor of the modulation. Conse-
quently, the corresponding spectrum F(u, v) of the sur-
face profile can be written as

F~u, v ! 5 g t@g~u 2 ur , v !Er
0
• ed2* (2~u 2 ur!, 2v)

1 g~u 1 ur , v !Er
0* • ed2~u 1 ur , v !#. (8)

It can be seen that the spectrum of the surface profile con-
tains two distinct terms: One is the phase-conjugated di-
pole spectrum (inside the film) centered at u 5 ur , and
the other is the unconjugated dipole spectrum (inside the
film) centered at u 5 2ur . It is informative to note from
Eqs. (7) and (8) that neither of these spectra is perfectly
encoded into the surface profile. Clearly, both of them
are scaled by their respective weighting function, but, fur-
thermore, the scalar products Er

0
• ed2* and Er

0* • ed2
show that only parts of these spectra are actually en-
coded. Only that part of the dipole field whose polariza-
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tion coincides with that of the reference wave contributes
to the topography modulation. Consequently, in the sub-
sequent reconstruction process, the dipole field can be
only partially reconstructed from the hologram. When
the dipole is located far from the film, it is to be antici-
pated that the best results can be achieved with an
s-polarized reference wave, where only the y component
of the dipole field is recorded. With a p-polarized refer-
ence wave, both x and z components of the dipole field
contribute to the topography modulation (with a weight-
ing dependent on n and u i), and as a result of the polar-
ization mixing, a poorer reconstruction than in the case of
s polarization should be anticipated.

B. Reconstruction of the Dipole Field
The obtained surface hologram is illuminated from below
[Fig. 1(b)] by the plane wave Ec 5 Ec

0 exp@i(uc x 1 wc z)#,
where uc 5 2k2 sin uc and wc 5 2k2 cos uc . To calcu-
late the spectrum of the transmitted field Et , we adopt
the perturbative technique extensively used and studied
in relation to near-field optics (see Refs. 23–27 and the
references therein). The perturbative technique has
been found accurate for shallow surfaces with the varia-
tion in height Dz < l/20 and with spatial frequencies
ukiu ! 1/Dz.23 Within this approximation the spectrum
of the transmitted field can be written as26

et~u, v ! 5 $et0 1 i~n2 2 1 !D~u, v !

• @F~u 2 uc , v !T2,1~uc , 0! • Ec
0#%exp~iw1z !,

(9)

where w1(u, v) 5 2(k1
2 2 ukiu2)0.5, et0 5 T2,1 • ec is the

spectrum of the undiffracted transmitted field Et0 corre-
sponding to an unmodulated interface [cf. Eq. (3)], ec is
the spectrum of the reconstruction wave, and T2,1 is the
Fresnel transmission matrix22 from film to vacuum. The
matrix D is a diffraction matrix derived by virtue of the
boundary conditions for the fields when taking the actual
surface profile into account. Consequently, the distribu-
tion of the transmitted field Et at a given height above the
hologram can be found as the inverse Fourier transform
of et as in Eq. (4). Notice from this and Eq. (9) that the
transmitted field can be considered as the sum of an un-
diffracted field Et0 (first term) and a diffracted field Etd
(second term).
Combining Eqs. (8) and (9) for a configuration with the

hologram illuminated by a wave having uc 5 2ur (the
conjugated reference wave) results in

et~u, v ! 5 $et0 1 i~n2 2 1 !g t@g~u, v !Er
0
• e d2* ~2u, 2v !

1 g~u 1 2ur , v !Er
0* • ed2~u 1 2ur , v !#

3 D~u, v ! • T2,1~2ur , 0! • Ec
0%exp~iw1z !.

(10)

For Ec
0 } Er

0* it can be seen from Eq. (10) that the phase-
conjugated dipole spectrum e d2* has been reconstructed.
Along with this, however, the unconjugated dipole spec-
trum ed2 has also been reconstructed, but the latter is
shifted by 22ur . The occurrence of two images (corre-
sponding to the 61st diffraction orders) in the reconstruc-
tion from a thin hologram has been known since the onset
of holography.31,32 In conventional (far-field) holography,
these two images can be spatially separated by recording
with angular separated reference and object waves.33 In
comparison with this, recording and reconstruction with
TIR waves have the further advantage that all the propa-
gating components belonging to the shifted spectrum
(here ed2) are converted to evanescent waves in the recon-
struction. In particular, for large angles of incidence
uc , the field that corresponds to the shifted part of the
spectrum will be strongly confined to the interface. This
can be seen from the exponential factor in Eq. (10), since
w1 becomes imaginary for the main part of the shifted
spectrum.
As discussed in Subsection 2.A, the loss of polarization

information during the recording reduces the quality of
the PC. Another factor with a deteriorating effect is the
double passage of the vacuum–film boundary and the re-
sulting deformations of the spectrum induced by T1,2 ,
T2,1 , and D (see Fig. 2). Furthermore, at h ! l interfer-
ence between the undiffracted field Et0 and the diffracted
field Etd can influence the intensity distribution of the
transmitted field, so that it deviates significantly from the
phase-conjugated contribution. Such interference has
been observed experimentally in PSTM experiments un-
der similar conditions to those depicted in Fig. 1(b) (see,
for instance, Ref. 34, in which the near-field optical im-
ages are related to scattering of light by subwave-
length-sized particles deposited onto an otherwise flat
substrate). Another factor in this context is the differ-
ence in phase between the reference field Er and the di-
pole field Ed2 that is encoded into the hologram. Clearly,
the intensity distribution of the transmitted field is sen-
sitive to changes in phase of either Er or Ed2 . For a di-
pole situated at h . l during the recording, the afore-
mentioned interference during the reconstruction
between the undiffracted and diffracted fields is negli-
gible (because of the evanescent decay of the reconstruc-
tion wave above the hologram). At smaller recording dis-
tances, the sensitivity to phase shifts can be circumvented
by letting the dipole be driven by the evanescent tail of
the reference wave above the film. Such an ‘‘in-phase’’
recording is also attractive in terms of coherence require-
ments for the reference wave on account of the smallness
of the distances involved. Finally, notice that when illu-
minating the hologram with uc 5 ur and Ec

0 } Er
0 (i.e.,

the same wave used both for reference and for reconstruc-
tion), one can write an equation similar to Eq. (10). In
such a case, it can be deduced that the unconjugated di-
pole field (the mirror image of the dipole) is reconstructed,
whereas the spectrum of the phase-conjugated dipole field
is shifted by 12ur and correspondingly attenuated in the
transmitted field above the hologram.

3. NUMERICAL RESULTS
On the basis of the model discussed in Section 2, we have
performed various numerical calculations for different
configurations of the system. In the results presented,
the following parameters have been used: l 5 633 nm,
u i 5 uc 5 60° (with the exception of Fig. 8 below), and n
5 2.2 (corresponding to the refractive index of the
LiNbO3 crystal used in our previous experimental
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work9–11). The thickness of the film has been chosen as
t 5 10 nm (with the exception of Fig. 7 below), and the
scaling factor g has been chosen separately in each case
so that the maximum topography modulation equals t.
As discussed in Subsection 2.B, the maximum modulation
thickness sets an upper limit on the spatial frequencies,
which, for the chosen parameters, become ukiu ! 1/t
' 10k1 , in order to yield reliable results with the pertur-
bative diffraction technique.23 This means, in turn, a
limitation of the smallest distance between the dipole and
the film that can be used in our model. Consequently,
ukiu 5 10k1 has been chosen as the upper frequency limit
in the calculations, so that the validity of the perturbation
condition can be estimated. The polarizability a of the
dipole situated at r0 5 (0,0,2h) has been kept constant
in the present calculations. The chosen value corre-
sponds to a dielectric particle with a 5 50 nm and nd
5 1.5, but it could equally well be any other particle with
the same polarizability (for instance, a gold particle with
a 5 30 nm would have approximately the same polariz-
ability at the chosen wavelength), since this is the only
particle parameter that enters in the scaling of the dipole
field [cf. Eq. (1)]. The influence of the imaginary part of
the polarizability has been discussed in a previous paper.7

First, a recording configuration with the dipole situated
at h 5 30 nm above the film and driven by the evanes-
cent tail of an s-polarized TIR reference wave has been
considered. In this case the y component of the dipole ra-
diation is dominant, and appropriate spectra for various
stages of the process are pictured in Fig. 3. The spec-
trum component ed1,y of the incident dipole field is par-
ticularly strong in the direction perpendicular to the di-
pole axis at uuu ' k1 , but at this small distance it
certainly also contains a large number of evanescent
waves [Fig. 3(a)]. In the spectrum component ed2,y of the
dipole field inside the film, however, the uuu ' k1 compo-
nents are suppressed (related to the fact that the reflec-
tivity is close to 1 at an oblique angle of incidence),
whereas components for which uuu ' k2 are somewhat en-
hanced [Fig. 3(b)]. This can also be seen by the behavior
of the (T1,2)yy term of the transmission matrix [Fig. 2(a)].
On reconstruction with the phase-conjugated reference

Fig. 3. Linear gray-scale representations (horizontally umax
5 10k1 and vertically vmax 5 10k1) of the modulus of the dipole
spectrum (y component) at various stages of the process: (a)
outside the film (z 5 02), (b) inside the film (z 5 01), (c) dif-
fracted (z 5 02), and (d) diffracted (z 5 2h). The dipole is
situated at h 5 30 nm in front of the film during the recording.
wave, the spectrum component etd, y of the diffracted field
just above the hologram (z 5 02) contains both the
phase-conjugated and unconjugated parts [Fig. 3(c)] as
discussed in Subsection 2.B. The unconjugated dipole
spectrum, however, is shifted by 2uc to the evanescent re-
gion and attenuated on account of the Dyy matrix compo-
nent [Fig. 2(b)]. Finally, the spectrum of the diffracted
field in the plane of the dipole (z 5 230 nm) consists
mainly of the phase-conjugated dipole spectrum [Fig.
3(d)]. This image clearly shows the effect of low-pass fil-
tering [cf. Eq. (10)], although at this small distance the
evanescent components with ukiu , k2 largely remain.
For the same configuration as that considered above,

but for various distances between the dipole and the film,
the topography modulation f(x,y) of the recorded holo-
gram and its corresponding spectrum F(u,v) have been
evaluated in Fig. 4 for three different situations: (a), (b)
h 5 600 nm; (c), (d) h 5 150 nm; and (e), (f) h 5 30 nm
(identical to the configuration used in Fig. 3). In the first
case, the dipole field that reaches the film is governed by
the far-field term in Eq. (1). Accordingly, the recorded
field is dominated by interference fringes [Fig. 4(a)] on ac-
count of the field retardation factor exp(ik1R). The fact
that mostly propagating components reach the film can be

Fig. 4. Linear gray-scale representations (x axis is horizontal,
and y axis is vertical) [(a), (c) 2 mm 3 2 mm; (e) 1 mm 3 1 mm and
(b), (d) umax 5 5k1 , vmax 5 5k1 ; (f) umax 5 10k1 , vmax 5 10k1] of
(a), (c), (e) the recorded holograms and (b), (d), (f) the modulus of
their corresponding Fourier spectra for three different configura-
tions [(a), (b) h 5 600 nm; (c), (d) h 5 150 nm; and (e), (f) h
5 30 nm], all obtained with an s-polarized reference wave and
dipole.
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seen from the surface spectrum [Fig. 4(b)], which is
largely confined within two separate circles of radius k1 .
The occurrence of two distinct spectra in the surface and
their interpretation have been discussed in Subsection
2.A [cf. Eq. (8)]. In the second case, the middle field in-
fluences the recording more, since at this distance the far-
and near-field terms partly cancel out. Furthermore, at
distances R ! l the retardation is of much less impor-
tance, and therefore the profile contains fewer interfer-
ence fringes [Fig. 4(c)]. The corresponding surface spec-
trum [Fig. 4(d)] shows that also components with k1
, ukiu , k2 (i.e., evanescent above but propagating in-
side the film) have partly been recorded. For the third
case, the near-field term in Eq. (1) is dominant, and the
recorded hologram is mostly restricted to the region just
below the dipole [Fig. 4(e)]. The corresponding surface
spectrum [Fig. 4(f)] shows that at this distance the com-
ponents that are evanescent inside the film also affect the
recording. Note that the chosen angle of incidence (u i
5 60°) is no longer sufficiently large to effectively sepa-
rate the unconjugated from the phase-conjugated dipole
spectrum.
In the reconstruction the field Et transmitted through

the hologram has been evaluated in the plane of the di-
pole (z 5 2h), and the intensity uEtu2 is shown in Fig. 5

Fig. 5. Linear gray-scale representations (1 mm 3 1 mm) of
the transmitted field intensity with (a) h 5 600 nm; (b) h
5 150 nm; (c), (d) h 5 60 nm; and (e), (f) h 5 30 nm; all ob-
tained with an s-polarized reference and reconstruction wave
and dipole. The undiffracted field Et0 has been omitted in (d)
and (f). The image contrast, i.e., the relative difference between
the maximum and minimum intensities, is (a) 100%, (b) 63%, (c)
19%, (d) 100%, (e) 10%, and (f) 100%.
for the following situations: (a) h 5 600 nm; (b) h
5 150 nm; (c), (d) h 5 60 nm; and (e), (f) h 5 30 nm. It
is found that, in the far-field region (h @ l/2p), the size
of the conjugated light spot is in good agreement with the
classical diffraction limit (;l/2), although the spot is
rather elongated [Fig. 5(a)]. This asymmetry of the light
spot is caused by the different radiative properties of a di-
pole along and perpendicular to its axis. At the interme-
diate distances, the light spot is somewhat smaller [Figs.
5(b)–5(d)], mainly because of the recorded evanescent
waves [cf. Fig. 4(d)]. Along the x axis, however, the
smaller size is also a result of destructive interference be-
tween the undiffracted (evanescent) Et0 part and the dif-
fracted Etd part of the transmitted field. This can be
seen by comparing Figs. 5(c) and 5(d), where Et0 has been
omitted in the latter. For instance, for uc 5 60° the pen-
etration depth of the undiffracted field is ;62 nm, at
which distance it is still comparable in magnitude with
the diffracted field. At even smaller distances (h
! l/2p), the size of the light spot decreases significantly
[Figs. 5(e) and 5(f)] on account of a strong influence of eva-
nescent waves during both the recording and the recon-
struction processes [cf. Fig. 4(f)]. At such small distances
from the surface, the diffracted field is very intense just
below the former position of the dipole, and the aforemen-
tioned interference with the undiffracted field is therefore
of less influence on the size of the light spot. This can be
seen by comparing Figs. 5(e) and 5(f), where Et0 has been
omitted in the latter. Notice the different orientation of
the slightly elongated near-field light spot [Fig. 5(f)] com-
pared with that of the far-field light spot [Fig. 5(a)], which
is related to the difference in the angular distribution of
the far and near fields of a dipole.
Cross sections (at x 5 0 and y 5 0) showing the dif-

fracted field during the reconstruction are presented in
Fig. 6 (the undiffracted field has been omitted for ease of
view) for the following configurations: (a), (b) h
5 600 nm; (c), (d) h 5 300 nm; and (e), (f) h 5 150 nm.
At the largest distance, the phase-conjugated field forms
a well-defined light spot separated from the hologram
[Figs. 6(a) and 6(b)]. At the intermediate distance, the
light spot is not completely separated from the hologram
[Figs. 6(c) and 6(d)], and interference just above the holo-
gram between the phase-conjugated and the unconju-
gated dipole field can be seen [cf. Eq. (10)]. At the even
smaller distance, the maximum of the phase-conjugated
light spot is no longer separated from the interface [Figs.
6(e) and 6(f)], because of the influence of evanescent
waves in the PC process. This is caused by the change of
the decay direction for evanescent waves that undergo
PC.3

The thickness of the film is an important parameter
and enters not only as a scaling factor of the diffracted
field in Eq. (10) but also in the weighting function
g(u,v) of the evanescent waves as shown in Eq. (5). To
examine the influence of g(u,v) on the reconstruction
process, we have calculated the light diffracted by the ho-
logram Etd at z 5 230 nm for the same configuration as
that considered in Fig. 5(f) when varying the thickness of
the film. Increasing the thickness results in a stronger
filtration of evanescent waves [cf. Eq. (5)] and conse-
quently in a larger light spot during the reconstruction as
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shown in Fig. 7, which is more reminiscent of the far-field
light spot shown in Fig. 5(a). Accordingly, it appears
that, for studying PC of optical near fields with static ho-
lography, thin films are most adequate.
We have, furthermore, examined the sensitivity of the

reconstructed field to angular misalignments of the recon-
struction wave in the same recording configuration as
that considered above. The results obtained are shown
in Fig. 8. By comparison with Fig. 5(e), it can be seen
that for closely spaced dipole and film the reconstructed
light spot is highly insensitive to such misalignments
(610°). On the other hand, if the reconstruction scheme
is inverted so that the same wave is used both as refer-
ence and for reconstruction (i.e., uc 5 2u i 5 260°), then
the unconjugated dipole field is reconstructed as dis-
cussed at the end of Subsection 2.B. Because of the in-
fluence of evanescent components, the diffracted field
forms a double subwavelength-sized light spot in the
near-field image as shown in Fig. 8(c), whereas at a fur-
ther distance the intensity distribution shown in Fig. 8(d)
becomes more similar to the far-field radiation pattern of
a dipole.
As discussed at the end of Subsection 2.A, recording the

dipole radiation with a p-polarized reference wave is ex-
pected to reduce the quality of the reconstructed light
spot. To pursue this issue further, we have considered a

Fig. 6. Linear gray-scale representations (2 mm 3 2 mm) of
the diffracted field intensity in the cross sections (a), (c), (e) x
5 0 and (b), (d), (f) y 5 0. The images correspond to (a), (b) h
5 600 nm; (c), (d) h 5 300 nm; and (e), (f) h 5 150 nm, all ob-
tained with an s-polarized reference and reconstruction wave
and dipole. The hologram coincides with the lower boundary of
the images.
configuration identical to that used in the calculation of
the images in Fig. 5, with the only exception being that
both the recording and reconstruction waves are p polar-
ized. The dipole is driven by an external source in such a
way that the dipole is polarized along the z axis (this ori-
entation of the dipole cannot alone be achieved by the
transmitted evanescent tail of the reference wave). The
resulting phase-conjugated light spots at various dis-
tances are shown in Fig. 9. Indeed, at larger distances
[Figs. 9(a)–9(d)] no simple image appears, in accordance
with the predictions, and the images are highly influ-
enced by interference between the undiffracted and dif-
fracted fields [compare Figs. 9(c) and 9(d)]. However, at
very small distances a single subwavelength-sized light
spot appears [Figs. 9(e) and 9(f)]. This is most apparent
if the undiffracted field is omitted [Fig. 9(f)], resulting in a
light spot much like the one obtained with s-polarized
light [cf. Fig. 5(f)]. The successful PC of the dipole near
field for both s and p polarizations is related to the fact
that at distances h ! l/2p the near-field part of the di-
pole field is very intense just beneath the dipole [i.e.,

Fig. 7. Linear gray-scale representations (1 mm 3 1 mm) of
the diffracted field intensity for z 5 2h 5 230 nm with (a) t
5 100 nm and (b) t 5 300 nm, all obtained with an s-polarized
reference and reconstruction wave and dipole.

Fig. 8. Linear gray-scale representations (1 mm 3 1 mm) of the
transmitted field intensity at z 5 2h 5 230 nm with (a) uc
5 50° and (b) uc 5 70° and of the diffracted field intensity for
uc 5 260° and h 5 30 nm at (c) z 5 230 nm and (d) z
5 2120 nm, all obtained with an s-polarized reference and re-
construction wave and dipole.
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where R is smallest; cf. Eq. (1)] and the near-field holo-
gram is, therefore, mainly confined to this region as
shown in Fig. 4(e). For a dipole oriented along the z axis,
this is the region where the z-polarized near-field compo-
nent prevails, and, accordingly, the mixing of polariza-
tions (as is present in the far-field case) is small.

4. CONCLUSIONS
In this paper we have investigated PC of optical fields in a
static holographic process with TIR reference and recon-
struction waves. In particular, PC of optical near fields,
which relates to our previous experimental studies,9–11

has been addressed. A single point dipole driven by a
monochromatic field has been chosen as the source of ra-
diation. The three distinct contributions to the dipole
field (far-, middle-, and near-field) [cf. Eq. (1)] have all
been included in the calculations, although special atten-
tion has been paid to the near-field part. Because of the
similarity between the holographic reconstruction process
with a TIR wave and the PSTM technique, the first-order
diffraction theory23–27 often used in the latter has been
used in the calculations.
Several important issues about the proposed holo-

graphic PC technique have been examined and clarified.
The importance of taking the refractive index of the film
into account has been demonstrated through calculations

Fig. 9. Linear gray-scale representations (1 mm 3 1 mm) of the
transmitted field intensity obtained with a p-polarized reference
and reconstruction wave and a z-polarized dipole. The image
contrast is (a) 100%, (b) 86%, (c) 15%, (d) 100%, (e) 5%, and (f)
100%. Other details are the same as those of Fig. 5.
that show the deformation of the dipole spectrum both
when the field penetrates into the film and in the subse-
quent PC process. It has been found that for large dis-
tances (h . l) between the dipole and the film during the
recording, the resulting hologram can provide a
diffraction-limited light spot of the phase-conjugated di-
pole field. At smaller distances (h ! l), the extent of
the phase-conjugated light spot becomes smaller because
of the influence of evanescent components. In this case
the phase-conjugated dipole field results in a
subwavelength-sized light spot that is brightest just in
front of the hologram (and not at the origin of the point
dipole) as a result of the symmetry properties of phase-
conjugated evanescent waves.3,6 During the recording it
has been found to be preferable to excite the dipole (in
phase) with the evanescent tail of an s-polarized refer-
ence wave and subsequently reconstruct the dipole field
with the phase-conjugated reference wave. In the case of
p-polarized reference and reconstruction waves, mixing of
the polarization components may result in ambiguous im-
ages. Owing to the TIR configuration, the simulta-
neously reconstructed unconjugated dipole field remains
closely confined to the surface of the hologram, thus inter-
fering only slightly with the phase-conjugated dipole field.
Additionally, the reconstruction has been found to be
highly insensitive to misalignments of the reconstructing
TIR wave. Naturally, the model described is not limited
to a single point dipole; the principle can be extended to
treat more complicated objects, for instance by dividing
them into a set of elementary scatterers.
To study PC of evanescent waves in optical near fields

by this holographic technique, the recording medium
should preferably be thin (,100 nm), so that homoge-
neous waves do not dominate the phase-conjugated field.
Furthermore, computer generation of the holograms
might prove advantageous, since, in this case, the trouble-
some recording with, for example, the optical probe of a
PSTM9–11 can be avoided. Nonlinear techniques may be
even more fruitful for PC of optical near fields in thin
films, partly because the interaction length (and conse-
quently the PC reflectivity) will then be largest for eva-
nescent waves, since these propagate along the interface.
In the context of data storage by near-field optical means,
holographic PC for obtaining subwavelength-sized light
spots might be superior to scattering of light by
subwavelength-sized obstacles.12,13,35 In particular, this
may be the case for nonlinear techniques, where an am-
plification of the phase-conjugated wave may allow for an
improved signal-to-noise ratio.
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