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Theory of near-field magneto-optical imaging Julian N. Walford, Juan-Antonio Porto, Re´mi Carminati, and Jean-Jacques Greffet Laboratoire d’Energe´tique Mole´culaire et Macroscopique, Combustion; Ecole Centrale Paris, Centre Nationale de la Recherche Scientifique, 92295 Chaˆtenay-Malabry Cedex, France Received March 14, 2001; accepted July 16, 2001 Scanning near-field optical microscopy has been recently applied to the imaging of magnetic samples. It was shown experimentally that an apertureless microscope suffers a substantial loss of resolution when used for magneto-optical imaging compared with that for conventional imaging. No such change is observed for aperture microscopes. We explain this observation by developing a model for the imaging process that incorporates the response of the probe. We calculate real observable properties such as the rotation of polarization at the detector or the circular dichroism signal and thus simulate magneto-optical images of a domain structure in cobalt for both aperture and apertureless microscopes. © 2002 Optical Society of America OCIS codes: 180.5810, 350.5730, 260.1960, 260.2110, 210.3820.



1. INTRODUCTION Scanning near-field optical microscopy (SNOM) is a technique that has enabled the diffraction resolution limit in optical microscopy to be beaten through the use of subwavelength-sized probes scanned in close proximity to a sample.1–3 The optical nature of the technique has led to applications in a wide range of areas, including fluorescence microscopy,4 local spectroscopy,5 plasmons,6,7 and magneto-optical imaging.8,9 SNOM seems to be an ideally suited tool for magnetooptical imaging for two reasons. Unlike magnetic force microscopy, magneto-optical SNOM (MO-SNOM) imaging allows passive measurement of the sample field without introduction of an external magnetic field. MO-SNOM should also be able to provide a resolution superior to that of far-field optical techniques. Nevertheless, the imaging process is not completely understood. Magneto-optical contrast is due to the rotation of polarization of the illuminating field caused by the magnetization in a sample. The magneto-optical signal can be distinguished from the conventional optical signal by measurement of the Faraday or Kerr rotation through polarization analysis at source and detector8–15 or by measurement of circular dichroism induced by the sample magnetization.16–19 In the latter, the illumination is modulated between left and right circular polarizations, and lock-in detection is used to measure a difference in absorption between the two polarization states. In the most commonly used geometry, the sample is locally illuminated by an aperture probe, and a signal is detected in the far field, through an analyzer oriented differently to the illumination polarization.8,10–12 Complete control of the polarization is difficult. No matter how well polarized is the light coupled into the fiber, the light emerging from the small aperture at its tip typically has an extinction ratio of the order of 1:20.10,11 This is a limiting factor in the accuracy to which the angle of rotation can be measured.12 Substantially better polarization control is achievable in an apertureless experi0740-3232/2002/030572-12$15.00



ment, in which the probe and the sample are illuminated by an external focused laser beam.19 While spatial resolutions as good as 10 nm have been obtained in conventional optical experiments with apertureless SNOM, apertureless MO-SNOM experiments have not demonstrated resolutions better than a few hundred nanometers.16,17,19 This gross disparity in the achievable resolution is even observed when the same apparatus is used for both conventional optical and magneto-optical imaging.17 On the other hand, aperture microscopes seem to obtain a similar resolution in optical and magneto-optical experiments, this being as good as 30–50 nm.8 Understanding the response of the probe is clearly important if this problem is to be explained, since different results are obtained in aperture and apertureless experiments. A number of theoretical studies of near-field magneto-optical imaging have been performed previously.20–24 Usually, the electric field distribution in the near field of a sample has been calculated, and a magneto-optical signal is determined based the angle of rotation of polarization or the absorption of different circular polarization states. However, none of these models studies the response of the probe, and therefore none of them can explain the observed loss of resolution. The objective of this paper is to develop a model for the magneto-optical imaging process that takes into account the probe response, making it possible to answer some of the open topics regarding MO-SNOM, particularly that of understanding the loss of resolution of MO-SNOM for apertureless probes. The formalism will be applied to both aperture and apertureless experiments, and a response function to the sample magnetization will be developed for both cases.



2. DEVELOPMENT OF A GENERAL EXPRESSION FOR THE SIGNAL In previous papers, Greffet and Carminati25 and Porto et al.26 have used the electromagnetic theorem of reci© 2002 Optical Society of America
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3. RESPONSE FUNCTIONS FOR A MAGNETIC SAMPLE The current density induced in a magnetic sample is I兴 • Eexp共 r,  兲 , J共 r,  兲 ⫽ ⫺i   0 关 J  共 r,  兲 ⫺ 1



(2)



where J  (r,  ) is the frequency-dependent dielectric tensor. It can be written as a sum of nonmagnetic and magnetically induced terms: J ⫽ J ⫹ JM ⫽ ⫺i   0 关共  1 ⫺ 1 兲 Eexp ⫹ ifMeˆ ⫻ Eexp兴 , (3) Fig. 1. (a) Scheme of a general SNOM setup and (b) fictitious reciprocal situation.



procity to develop an expression for the response of a near-field microscope. A key feature of this approach is that it yields an exact expression for the signal that accounts for the properties of the tip. The theorem of reciprocity relates the electric and magnetic fields created by two different current distributions in the presence of a scattering object with linear and symmetric constitutive tensors.25,27,28 In this paper, the magnetically induced currents in the sample are treated as an external source term, and the probe and the substrate are treated as the scattering object. The probe and the substrate, being nonmagnetic, have symmetric constitutive tensors, and thus the requirements of the reciprocity theorem are satisfied. Let us consider a general SNOM setup, as depicted in Fig. 1(a). An inhomogeneous sample is deposited on (or embedded in) a flat homogeneous substrate. It is illuminated either through the tip (illumination-mode SNOM) or with an external beam (collection-mode and apertureless SNOM). The signal is recorded by a point detector placed in the far field at a position rdet . We assume that an analyzer is placed in front of the detector, with a polarization direction defined by the unit vector p ˆ. Through application of the reciprocity theorem, the component A of the electric field at the detector along the direction of the analyzer has been shown to be25



where M ⫽ Meˆ is the magnetization in the sample, eˆ is a unit vector, and f is a constant of proportionality. The dependence on the magnetization is entirely within the second term, which is antisymmetric. If the magnetization is directed along the z axis, Eq. (3) corresponds to a dielectric tensor J  ⫽



冋



1



0



0



0



1



0



0



0



1



册冋 ⫹



册



0



⫺ifM



ifM



0



0 .



0



0



0



0



(4)



We will consider the magnetization to be in an arbitrary direction eˆ in the following. Isolating the component of the field at the detector that has a dependence on the magnetization, we obtain the following from Eqs. (1) and (3): A mag ⫽ ⫺if 0



冕



V



M 共 eˆ ⫻ Eexp兲 • Erec dr,



(5)



which can be rearranged to give A mag ⫽ ⫺if 0



冕



V



Meˆ • 共 Eexp ⫻ Erec兲 dr.



(6)



Note that both Erec and Eexp depend implicitly on the position of the tip, rtip . If we define a constant-height amplitude response for the magnetization in the sample plane z (probe at height z tip), H mag(x ⫺ x tip , y ⫺ y tip , z, z tip), by A mag共 rtip兲 ⫽



冕



H mag共 R ⫺ Rtip , z, z tip兲 M 共 r兲 dr,



(7)



V



A ⫽ Eexp共 rdet兲 • p ˆ ⫽



1 i



冕



V



with R ⫽ (x, y), then this response function is Erec • Jexp dr.



(1)



In this expression, Jexp and Eexp(rdet) are the current density in the sample and the electric field at the detector position, respectively, in the experimental situation corresponding to Fig. 1(a). Erec is the electric field that would be produced by a dipole source of amplitude p ˆ placed at the detector position rdet in the absence of the sample. This fictitious reciprocal situation is represented in Fig. 1(b). Note that the reciprocal situation contains the tip and all of the illumination–detection system (only the sample is removed). Therefore the reciprocal field Erec is the key quantity that contains all the information about the response of the setup to the excitation of a current Jexp in a given sample.



H mag ⬀ eˆ • 共 Eexp ⫻ Erec兲 ,



(8)



to within a constant factor. Similarly, a response function H  for the variation of  1 in a nonmagnetic sample, defined by A 共 M⫽0 兲 共 rtip兲 ⫽



冕



V



H  共 R ⫺ Rtip , z, z tip兲  1 共 r兲 dr,



(9)



can be shown to be proportional to H  ⬀ 共 Eexp • Erec兲 ,



(10)



from Eqs. (1) and (3). In the following sections, the response functions H mag and H  will be the key concepts. They will be evaluated for both apertureless and aperture microscopes, making it possible to discuss the magneto-optical imaging properties of these two experimental setups.



574



J. Opt. Soc. Am. A / Vol. 19, No. 3 / March 2002



Walford et al.



4. OBSERVABLE MAGNETO-OPTICAL SIGNALS: ROTATION OF POLARIZATION AND CIRCULAR DICHROISM The quantity A that we have associated with a signal up to here is the amplitude of the field at the position of the detector, projected along the axis of an analyzer. Of course, this is not what is actually measured in the course of a SNOM experiment. In conventional SNOM, it is the intensity of the field, either alone or with a coherent background. In a magneto-optical experiment, often the measurable quantity is the angle of rotation of polarization by the magnetic sample, or the dichroic signal as the incident polarization is modulated between left and right. In this section, we will show how this theory makes it possible to completely determine the complex vectorial electric field at the detector, from which all measurable quantities can be determined. We demonstrate the existence of a response for such measurements as field polarization direction and circular dichroism signals. An expression for the ellipticity is given in Appendix A. Equation (1) gives the component of the electric field at the detector directed along a unit vector p ˆ . We can thus determine the components of the field along two orthogonal axes (u ˆ and vˆ) in a transverse plane at the detector. These two field components are labeled E det,u and E det,v . The full electric field at the detector is given by Edet ⫽ E det,uu ˆ ⫹ E det,vvˆ.



(11)



Given the amplitudes of the two vector components and their relative phase ␦, one can calculate the direction of polarization of the field, an angle  relative to the u ˆ axis, by using29 tan 2  ⫽



2 兩 E det,u兩兩 E det,v兩 兩 E det,u兩 2 ⫺ 兩 E det,v兩 2



cos ␦ .



(12)



The circular dichroism signal can be approximated as the difference between the intensities measured when the experiment is illuminated with right and left circular po( R) 2 (L) 2 larizations, 兩 Edet 兩 and 兩 Edet 兩 . The dichroic signal can also be expressed in terms of the fields at the detector with s- and p-polarized illumination: R兲 2 L兲 2 s兲 p兲 *兴. I dichroic ⫽ 兩 E共det 兩 ⫺ 兩 E共det 兩 ⫽ 2 Re关 iE共det • E共det



(13)



A fuller development of these expressions is given in Appendix A.



5. APPLICATION TO APERTURELESS SCANNING NEAR-FIELD OPTICAL MICROSCOPY Magneto-optical apertureless SNOM experiments have been performed in both reflection and transmission modes.15,17 We will discuss the reflection-mode experiment in this paper, but the same arguments are applicable to a transmission-mode experiment. A simplified illustration of a reflection-mode experiment is given in Fig. 1(a). In apertureless SNOM, both the illumination and the detection are external, and the tip acts as a local scatterer (no coupling with guided modes in a fiber). We use the Born approximation for the experimental field,



which is justified by the weak levels of magnetically induced fields (2 orders of magnitude smaller than the conventional optical fields induced in cobalt, for example, with  1 ⫽ ⫺12.3 ⫹ i18.4 and if M ⫽ ⫺0.4 ⫺ i0.1 at 633 nm). In this approximation, the experimental field is simply the field scattered by the probe and the substrate when illuminated by the experimental source in the ab(sou) sence of the magnetic sample, labeled Eprobe . The reciprocal situation is depicted in Fig. 1(b). To determine the reciprocal field, we placed a dipole source at the detector position and removed the sample (i.e., M is put to zero). The reciprocal field Erec is the field diffracted by the probe and the substrate with illumination ( det) from the detector position, labeled Eprobe . Thus the field response function to magnetization for an apertureless experiment, from expression (8), with r and rtip dependencies suppressed for clarity, is det兲 (sou) ⫻ E共probe H mag ⬀ eˆ • 关 Eprobe 兴.



(14)



The field response function for the linear component of the dielectric tensor from expression (10) is det兲 (sou) H  ⬀ 关 Eprobe • E共probe 兴.



(15)



To explore the consequences of this result, we will use a specific model for the probe, that of a perfectly conducting cone.30,31 This has been experimentally validated32 and is a good model for apertureless SNOM performed by using metallic tips.33–35 One of the main features of this model is the existence of a singularity of the electric field at the cone tip. The field enhancement and confinement that this produces are responsible for the good signal and resolution normally obtained with this type of probe. The full field under the tip consists of a number of modes, of which only one contains the singularity. The other modes are much lower in amplitude, are less well confined near the probe tip, and do not provide a significant contribution to the imaging properties of the probe in conventional imaging. Before we continue, it is worth briefly reviewing the origin of the magneto-optical signal. The theorem of reciprocity shows that the components of the field at the detector are given by the expression [Eq. (1)] A⫽



1 i



冕



V



det兲 E共probe • Jexp dr.



(16)



The reciprocal field represents the response of the probe to sample currents. In the Born approximation, the induced current density in the sample, Jexp , is given by [Eq. (3)]



(17) The magnetically induced current density JM is always (sou) orthogonal to the field that induces it, Eprobe , because of the cross product. In the following sections, we shall demonstrate that the reciprocal and experimental fields ( det) (sou) [Eprobe and Eprobe ] associated with the singularity are always parallel to each other, no matter what direction and polarization of detection or illumination are used. The
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magnetically induced current density produced by the probe singularity (JM ) is thus orthogonal to the reciprocal ( det) field 关 Eprobe 兴 everywhere. As a result, the field at the detector due to current density JM [Eqs. (16) and (17)] is identically zero. The immediate conclusion that is to be drawn from this is that the probe singularity alone does not contribute to the magneto-optical signal. This is not to say that it is impossible to record a magneto-optical image by using a metallic apertureless probe. The experimental evidence15,17 clearly contradicts this false conclusion. The magneto-optical signal that is recorded is due to nonsingular components of the probe fields; these being less well confined, the attainable resolution is poorer. This result is true no matter what detection technique is used: a measurement either of the polarization of the outgoing beam or of the dichroism in the sample. The field at the detector due to the singularity alone (which normally provides the good resolution) is completely insensitive to variations in magnetization in the sample. To demonstrate this conclusion, we first discuss the mathematical origin of the singularity and look in some detail at the form of the electric field scattered from the probe. The consequences for imaging resolution are then illustrated in Subsection 5.C.
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Fig. 2. Cone and illumination geometry: definitions of variables for calculation of Debye potentials for a cone.
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The Debye potentials for a cone illuminated by a plane wave can be written as u 共 r,  ,  兲 ⫽
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⫻ 共 cos m  cos ␤ 兲 A. Cone Model for the Probe We give a brief outline of some of the relevant mathematical features of the electric field scattered by an infinite perfectly conducting cone,31 a model that has given results in quantitative agreement with experiment.32 In particular, the presence of a field singularity and the form of the field associated with it will be developed. We consider a cone illuminated by a plane-wave source, incident from an angle  0 to the positive vertical axis, forming an angle  0 with the x – z plane, and polarized at an angle ␤ with the normal to the plane of incidence (␤ ⫽  /2 corresponds to p polarization, ␤ ⫽ 0 corresponds to s polarization). This geometry is depicted in Fig. 2. For this situation, the total field is calculated from Debye potentials u and v, in polar coordinates, by using
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(19)



The field created by a transverse (no rˆ component) unit dipole source at distance r 0 (kr 0 Ⰷ 1) is the same but is multiplied by a factor k 2 exp(ikr0)/(40r0). Further details are given in Appendix B and in Ref. 31. The potentials, and consequently the fields, are a sum over a number of modes. Several of these are shown in Fig. 3 for increasing values of a mode index m. Two clear characteristics can be seen. First, the m index governs the azimuthal dependence of the field, with higher modes having higher orders of rotational symmetry. The field has a mixed cos m and sin m dependence on the azimuthal angle . Second, the higher the mode number, the less well confined the field. For small r (i.e., close to the probe tip), the field depends on r like (kr) p⫺1 , where p is a second index that is always greater than m. In fact, the first mode (m ⫽ 0) is divergent at the probe tip. For a cone of interior half-angle 30°, the first value of p is approximately 0.346, giving a leading-order field dependence of (kr) ⫺0.654. The two dominant components of the electric field (E r and E  ) consequently diverge at the probe tip. This is the case for any cone. It can be seen in Fig. 3(a) that while the m ⫽ 0 field is very large immediately beneath the probe tip, it falls to zero very rapidly. The presence of a singularity in the response function leads to strong signal levels and good resolution in the image. The dielectric response function H  , as defined above, is shown in Fig. 4(a). The component of this response due to the nondivergent modes is shown in Fig. 4(b). The dominance of the singular component can be clearly seen. This term has also been shown to be responsible for the
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Fig. 3. Azimuthal field behavior for different values of m: intensity of the field components shown in a horizontal plane 1 nm below the probe. The m index determines the azimuthal symmetry of the field, and for increasing m the field is less well confined.



Fig. 4. Dielectric response function: field response to variation in the permittivity of a nonmagnetic material, evaluated for a plane 1 nm below the probe. (a) Component due to the singularity alone and (b) nonsingular component.
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spectroscopic response of a metallic apertureless probe.32 In conventional optical imaging, all the physics comes from the singularity at the probe tip. B. Null Magnetic Response Due to the Field Singularity The magnetic response function, as we have seen [relation (14)], is proportional to det兲 (sou) H mag ⬀ eˆ • 关 Econe ⫻ E共cone 兴,



(20)
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where is the field below the cone when illuminated by the experimental source in the absence of sample and (det) Econe is the field below the cone when illuminated by the reciprocal source placed at the detector. The singular electric field terms from Eqs. (18) and (19) are Er ⫽
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probe from the illumination, with crossed polarization (s). Figure 6 shows the response function for this situation. The sharp peak due to the overlap of the singularity with the higher-order modes can be seen in the response function, but it is not significantly stronger than the broad field around it. The width of the function is of the order of a few hundred nanometers for the probe–sample separation. The second geometry uses the same illumination source, but with detection in a perpendicular direction, where the field component is polarized vertically, as illustrated in Fig. 5. Although not shown for the sake of brevity, the response function is of a similar width to that obtained in the first case. These response functions for two different geometries show the same qualitative features: a broad function with a width of several hundred nanometers and no strong central peak. To illustrate their use, we have simulated magneto-optical images of an artificial cobalt sample, with  1 ⫽ ⫺12.3 ⫹ i18.4 and ifM ⫽ ⫺0.4 ⫺ i0.1. For simplicity, we take a sample with no lower surface, i.e., a semi-infinite slab. The sample geometry is depicted in Fig. 7. It has been magnetically modified to contain three stripe domains with vertical magnetizations, of widths 180, 140, and 180 nm, respectively. Elsewhere, the magnetization is taken to be zero. The do-



(21)



with the angle  0 equal to the angle of incidence from the experimental source or detector and the polarization ␤ equal to the source polarization or direction of polarization at the detector for Eexp and Erec , respectively. A first-order expression for these fields is given in Appendix B. The spatial distribution of the field is determined entirely by the function f(r,  ,  1 , 0, p 1 ), which is independent of the illumination direction (  0 ,  0 ) and polarization (␤). Changing the illumination conditions changes (sou) (det) and Econe are idenonly the amplitude of the field. Econe tical except for an amplitude factor. The magneto-optical response in relation (20) due to the singularity alone is thus zero! This is contrary to the case of conventional optical imaging [relation (15)], where it is almost exclusively the field singularity that produces the image. Any detectable magneto-optical signal is due to the full spectrum of nondivergent field modes below the probe. The higher-order modes being less well confined, it will be seen that the best attainable resolution (determined by the width of the response function) is much poorer for the magnetic signal than for the conventional optical signal. Subsection 5.D shows calculations of this response function for a few experimental situations. C. Magnetic Response Functions We calculate the magnetic response functions for imaging of a magnetic sample with a magnetization aligned vertically, out of the sample plane. The response functions are evaluated for a horizontal plane 1 nm below the probe. The first two geometries considered here are shown in Fig. 5. Both are with p-polarized illumination from the right-hand side. The first response function is calculated for detection from the opposite side of the



Fig. 5. Illumination and detection geometries for which magneto-optical impulse response functions have been calculated.



Fig. 6. Response function H mag for detection and illumination on opposite sides of the probe, with crossed polarizations.
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Fig. 7.



Magnetic domain structure imaged in Figs. 8 and 9.



Fig. 8. Calculated image of the magnetic domain structure shown in Fig. 7, as measured through the rotation angle of the field at the detector relative to its direction in the absence of magnetization.
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the probe and the upper surface of the sample. The resulting image is shown in Fig. 8. This image has been calculated for p-polarized illumination from within the plane of the scan, at an angle of /4 to the vertical probe axis, and for detection from the symmetrically opposite position. The plot shows the angle of rotation of the electric field at the detector as a function of probe position during a constant-height scan across the domains. The rotation angle has been calculated from the complex field amplitude at the detector by using Eq. (12). Two comments can be made: First, that the shape of the structure seen in the rotation of the field bears little resemblance to the actual domain structure in the sample, and second, that the resolution in the image is very poor, of the order of a few hundred nanometers. The central domain, with a weaker magnetization, is not seen. An image has also been calculated for the same sample by using circular dichroism as the imaging mechanism. Here the intensity at the detector has been calculated for both left and right circularly polarized illumination, and the difference in intensities is given as the signal, as shown in Eq. (A14). The result is shown in Fig. 9. It is of interest to note that the form of the measured profile is qualitatively similar to that obtained by measuring the field rotation at the detector but that there are nonetheless clear differences between the two signals. This underlines the fact that it is important to take not only the probe, but also the mode of detection, into account when calculating a SNOM image. These results show that even if a sample does contain a nanometric domain wall or domain structure, it will be unresolvable with an apertureless near-field optical microscope and a metallic probe. The smallest resolvable structure in the image will be of the order of several hundred nanometers in width. This is a problem intrinsic to the response of the probe and will be the case for any magnetic sample. Let us now look at the signal that will be recorded in an aperture experiment.



6. APPLICATION TO APERTURE SCANNING NEAR-FIELD OPTICAL MICROSCOPY



Fig. 9. Calculated image of the magnetic domain structure shown in Fig. 7, as measured by using circular dichroism as the imaging mechanism. The difference between intensities at the detector when using right and left circularly polarized illumination is given. These intensities have been calculated in the absence of a background at the detector.



mains lie at the surface and extend to a depth of 10 nm. This is a simplified representation of a thin magnetic film. We calculate rotation of the electric field at the detector as a function of probe position for a distance of 5 nm between



In this section, the formalism of Section 2 will be applied to aperture SNOM magneto-optical experiments. The example of an illumination-mode experiment will be given, as this is probably the more commonly used geometry, but the results are easily generalized to collectionmode or illumination-collection-mode experiments. An illustration of the experiment is given in Fig. 10(a). A source (depicted as being within the probe fiber) produces a field that is emitted from the probe aperture. This field excites currents in the sample, which in their turn produce an electric field, and the whole radiates toward a detector in the far field. As in the apertureless case, we will use the first Born approximation to determine the field in the sample. This will be the field that would be present in the absence of the sample, the field from the source diffracted by the ap(sou) (sou) erture, Eprobe ; i.e., Eexp ⫽ Eprobe .
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The reciprocal situation is shown in Fig. 10(b). The sample is removed, and the sample and the probe are illuminated by a source placed at the actual position of the detector. The reciprocal field is the field produced by this dipole source; if the detector is in the far field (usually the case), then the reciprocal field can be approximated by a plane wave; i.e., Erec ⫽ 关 k 2 exp(ikr)/r兴pˆ. If we take the reciprocal field to be a y-polarized plane wave (this corresponds to an analyzer oriented in the y direction), then the magnetic response function is simply reduced to the x component of the probe field: (sou) (sou) H mag ⬀ zˆ • 关 Eprobe ⫻ Erec兴 ⫽ Eprobe • xˆ.



(22)



The nonmagnetic response function H  for this system is simply a function proportional to the y component of the probe field: H ⬀



(sou) Eprobe



• Erec ⫽



(sou) Eprobe



• yˆ.



(23)



No matter what model we use to represent the probe, the response to the magnetization M will be the same as the response to the permittivity  1 that would be obtained by detection through an analyzer aligned with the illumination polarization. The magneto-optical response of an aperture probe will be the same as its response in a nonmagnetic experiment. This is in sharp contrast to the apertureless case, where the probe properties were drastically different for conventional and magneto-optical SNOM imaging. The expression in Eq. (22) with Eq. (7) makes it possible to determine an image directly from the distribution of magnetization in the sample, with knowledge only of a component of the electric field distribution emitted by the probe.



Fig. 11. Calculated image of the magnetic domain structure shown in Fig. 7, recorded with an aperture SNOM of aperture diameter 100 nm.



A. Model for the Probe To give an example of the application, we will use the Bethe–Bouwkamp model to simulate the field emitted by the probe, although it is clear that Eqs. (22) and (23) are easily applicable to any probe, provided that it is possible to calculate the emitted field. The Bethe–Bouwkamp model gives the electric field distribution produced by a small circular hole in an infinite conducting screen in the z ⫽ 0 plane when illuminated by a polarized plane wave from above.36 In the case of x-polarized, normally incident illumination, the field within an aperture of radius a is Ex ⫽



2a 2 ⫺ x 2 ⫺ 2y 2 共a ⫺ x ⫺ y 兲 2



2



2 1/2



,



Ey ⫽



xy . 共 a ⫺ x 2 ⫺ y 2 兲 1/2 (24) 2



The z component of the field is zero in the aperture, and the x and y components are zero outside the aperture. B. Response Functions The response functions H mag and H  for x-polarized illumination and detection along the y axis have been calculated for an aperture radius of 50 nm and at a distance of 5 nm from the aperture plane. Although not shown here, both functions have approximately the same width as the probe: in this case, 100 nm. In this paper, we present for comparison a simulated image of the magnetic sample discussed in Subsection 5.C, using the response function calculated above. The rotation of the field at the detector as a function of probe position is shown in Fig. 11. Contrary to the image obtained with the apertureless microscope, all the domains are now clearly visible in the recorded image. The domain walls are also clearly localized and appear with much greater resolution in the image.



Fig. 10. (a) Experimental geometry of an illumination-mode MO-SNOM and (b) geometry of the reciprocal illumination-mode experiment.



C. Other Probe Models The Bethe–Bouwkamp model for aperture near-field probes is a simplified one, which makes it possible to obtain a number of relatively straightforward results analytically. However, in reality, the field emitted by nearfield aperture probes may vary from this model. For
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example, small defects in the coating of a probe or in the shape of its aperture may lead to significant changes in the distribution of the emitted field. Interactions between the probe and the substrate can also lead to depolarization of the emitted field,11,37 which is a serious problem for magneto-optical imaging. These problems have not been dealt with in this paper. We have restricted ourselves to the fundamental demonstration that the significant resolution loss seen in apertureless imaging is not predicted for aperture MO-SNOM. However, the procedure that has been presented is perfectly well suited to determining the imaging response in any of these more complicated situations. As the sample magnetization is handled as an external current source, the only requirement is to be able to calculate the field that would be present in the absence of magnetization. The problem of simulating the field emitted by an aperture probe in three dimensions, has been rarely tackled in the past; most work has concentrated on twodimensional simulations. Novotny et al. have calculated the field emitted by probes in both two and three dimensions by using the multiple multipole method.38–40 These calculations account for the presence of a substrate below the probe and show that the Bethe–Bouwkamp model is no longer a good approximation for this situation. The finite-difference time-domain method has been applied to the study of the emission of an aperture probe above a surface41–43 and is another technique for determining the field distribution below a probe in the presence of a substrate, even metallic. With use of the results from models such as these, it is straightforward to calculate the magneto-optical signal as given by Eq. (22). With little additional calculation, the response function for a number of experimental geometries can be easily determined.



7. CONCLUSION This paper has used the electromagnetic theorem of reciprocity to develop field response functions for both the dielectric constant and the magnetization in a sample. The magnetic sample is treated as an external current source rather than a scattering object, and thus the asymmetry of its permittivity tensor does not contradict the fundamental requirements of the theorem of reciprocity. This manner of treating the problem makes it possible to determine a linear response to the magnetization, even when dealing with metallic samples. The field response functions are related to a reciprocal field, the field that would be present in the absence of magnetization with illumination from the detector. The response of the probe is thus directly taken into account, as is the experimental geometry. In the example of an apertureless magneto-optical experiment, the properties of this field, determined by scattering from the probe, are such that magneto-optical images differ greatly from their conventional optical counterpart. Because of the existence of a response function for the complete electric field at the detector, it is possible to simulate images that would be obtained with a number of detection techniques. It is possible, for example, to calculate the rotation of the polarization of the field at the
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detector for an arbitrary geometry of illumination, sample, and probe. A response function for the field obtained with circularly polarized illumination has also been illustrated. Images of a magnetic sample have been shown by using rotation of polarization at the detector for aperture and apertureless probes and using circular dichroism for an apertureless microscope. The theory predicts that the best resolution attainable with an apertureless microscope with a metallic probe is 2 orders of magnitude worse in a magneto-optical experiment than in a conventional optical experiment. This is due both to the probe properties and to the asymmetric nature of the permittivity tensor. No such difference is predicted for aperture probe experiments. These predictions are in accordance with experimental observations. If this theory were combined with a numerical technique to evaluate the field below an aperture probe above a substrate, it would be possible to realistically simulate magneto-optical imaging, taking into account multiple scattering between probe and substrate and thus the depolarization effects that occur. Finally, let us stress that these results indicate that it is essential to consider the properties of the probe when calculating the signal in a SNOM experiment and that a simple calculation of the electric field above the sample is inadequate for determining the signal that will be measured. The framework developed in this paper is easily applicable to any experimental geometry and makes possible a real characterization of the imaging properties of the system.



APPENDIX A: EXPRESSIONS FOR THE FULL VECTORIAL FIELD AT THE DETECTOR AND OBSERVABLE SIGNALS Equations (1), (7), and (9) give the projection of the field at the detector along an arbitrary direction p ˆ . Let us consider this direction to be in a transverse plane at the detector; this corresponds to detection of a field polarized within this plane. We determine the polarization state of the field propagating toward the detector, Edet ⫽ Eexp(rdet), for a fixed incident polarization. For uniformity of notation, we define two mutually orthogonal axes that are also orthogonal to the direction of propagation to the detector: u ˆ and vˆ. These directions could correspond to (s) and ( p) polarizations with respect to the plane of detection, or the xˆ and yˆ directions. We can calculate the projection of the field at the detector along either of these directions by using Eqs. (1), (7), and (9). The complex field Edet , projected along each of these vector directions, is found by using the reciprocal fields u) v) E(rec and E(rec created by a unit dipole oriented, respectively, along u ˆ and vˆ:



E det,u ⫽



E det,v ⫽



1 i 1 i



冕 冕



u兲 E共rec • Jexp dV,



(A1)



v兲 E共rec • Jexp dV,



(A2)
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where E det,u ⫽ Edet • u ˆ and E det,v ⫽ Edet • vˆ. now specify the total electric field Edet . It is Edet ⫽ u ˆ E det,u ⫹ vˆE det,v ,



We can (A3)



or Edet ⫽



1 i



冕



u兲 v兲 ˆ E共rec ⫹ vˆE共rec 关u 兴 • Jexp dV.



(A4)



The field at the detector with circularly polarized illumination can be viewed as a superposition of the fields obtained with two orthogonal linearly polarized illumination states. ( s) ( p) and Jexp as the currents If we define the currents Jexp induced in the sample with s- and p-polarized illumination, respectively, then the electric field at the detector due to each of these is



The term in brackets is a tensor, not a scalar product. The entire expression could be written more concisely: Edet ⫽



1 i



冕



uv兲 I 共rec E • Jexp dV.



uv兲 u兲 v兲 I 共rec E ⫽ 共u ˆ E共rec ⫹ vˆE共rec 兲.



(A6)



With both field components, E det,u and E det,v , it is possible to completely characterize the state of polarization of the field at the detector. 1. Rotation of Polarization, Ellipticity The complex field at the detector, Edet ⫽ au ˆ ⫹ b exp共 i ␦ 兲 vˆ,



(A7)



with exp(⫺it) time dependence, traces out an ellipse during each cycle of the wave. By knowing the amplitude of each component, a ⫽ 兩 E det,u兩 and b ⫽ 兩 E det,v兩 , and their relative phase ␦, we can determine the orientation of the major axis of the ellipse (the direction of polarization).29 It is at an angle  with respect to the vˆ axis, where  is defined by tan 2  ⫽



2ab b ⫺ a2 2



cos ␦ .



s兲 E共det ⫽



(A5)



uv) I (rec The tensor E is the response function that relates the field Edet to the current density Jexp and is defined by



(A8)
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p兲 E共det ⫽



1 i 1 i



冕 冕



uv兲 s兲 I 共rec E • J共exp dV,



uv兲 p兲 I 共rec E • J共exp dV.



(A11)



For a geometry where the unit vectors (sˆ, p ˆ , kˆinc) form a right-handed coordinate system, the circularly polarized basis is given by



ˆ ⫽ R



1



冑2



ˆ 兲, 共 sˆ ⫺ ip



ˆ ⫽ L



1



冑2



ˆ 兲. 共 sˆ ⫹ ip



(A12)



The currents induced by right and left circularly polarized illumination are, respectively, R兲 J共exp ⫽



1



冑2



s兲 p兲 ⫺ iJ共exp 关 J共exp 兴,



L兲 J共exp ⫽



1



冑2



s兲 p兲 ⫹ iJ共exp 关 J共exp 兴.



(A13) ( R) (s) ( p) These currents produce fields Edet ⫽ 关Edet ⫺ iEdet 兴/冑2 (L) ( s) ( p) 冑 and Edet ⫽ 关Edet ⫹ iEdet兴/ 2 at the detector. In the absence of a background, the measured intensi(R) 2 (L ) 2 ties are 兩 Edet 兩 and 兩 Edet 兩 . The dichroic signal can be approximately represented as



The ellipticity, defined as the ratio of minor axis to major axis of the ellipse,



 ⫽ min兩 E兩 /max兩 E兩 ,



R兲 2 L兲 2 s兲 共 p兲 I dichroic ⫽ 兩 E共det 兩 ⫺ 兩 E共det 兩 ⫽ 2 Re关 iE共det Edet * 兴 .



(A9)



(A14)



is given by



⫽



a 2 ⫹ b 2 ⫺ 共 a 2 ⫺ b 2 兲关 1 ⫹ 共 4a 2 b 2 cos2 ␦ 兲 / 共 a 2 ⫺ b 2 兲 2 兴 1/2 a 2 ⫹ b 2 ⫹ 共 a 2 ⫺ b 2 兲关 1 ⫹ 共 4a 2 b 2 cos2 ␦ 兲 / 共 a 2 ⫺ b 2 兲 2 兴 1/2



(A10)



if a ⬎ b. The numerator and the denominator are interchanged for b ⬍ a.



APPENDIX B: FULL EXPRESSION OF THE FIELD AT THE CONE APEX



2. Circular Dichroism Signal When circular dichroism is used as a measurement technique, the incident polarization is modulated between left and right circular, while the variation in the signal is detected with a lock-in detector. The formalism presented here makes it possible to calculate the signal obtained with any state of incident polarization. We will write explicit statements for the signal with left and right circularly polarized illumination. As a first approximation, the difference between these signals gives the dichroic signal.



The expressions given here are to be found in Ref. 31. The cone and illumination geometry is illustrated in Fig. 2. The dependence on cone geometry (  1 ) and coordinates (r,  ) has been separated from the dependence on illumination conditions (  0 ,  0 , ␤ ) and azimuthal coordinate () in Eqs. (19). For notational simplicity, the  0 term is also suppressed in this equation; this amounts to defining the coordinate system so that the source of illumination is above the positive x axis. The functions f and g are given by
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‘f 共 r,  ,  1 , m, p 兲 ⫽



2i



m



冋冉 冊



k sin  1



⫻







1
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2p ⫹ 1 p共 p ⫹ 1 兲



冉



1 exp ⫺ ip  2 P pm 共 cos  1 兲



冉 冊 



p



冊 P pm 共 cos  1 兲



⫻ j p 共 kr 兲 P pm 共 cos  兲 , g 共 r,  ,  1 , m, p 兲 ⫽



冉 冊 0



⫺2i



冋



k sin  1  0



⫻



1/2



m



(B1)



2q ⫹ 1



q共 q ⫹ 1 兲 1 exp ⫺ iq  2



P qm 共 cos  1 兲



册



冉 冊 冉 冊 2



P qm 共 cos  1 兲



q1 ⫻ j q 共 kr 兲 P qm 共 cos  兲 .



册



(B2)



4. 5. 6. 7. 8. 9.



10. 11.



The singular electric field in Eqs. (21), to lowest order, is



E 共rsing兲 ⫽



冉



1 i exp ⫺ ip 1  2



冑 共 kr 兲 p 1 ⫺1



冉



sin  1



⫻



2 p 1 ⫺1 ⌫ p 1 ⫹



P p 1 共 cos  兲 P p1 1 共 cos  0 兲 sin ␤ P p1 1 共 cos  1 兲



E 共sing兲 ⫽



冊



12.



冉



1 i exp ⫺ ip 1  2 sin  1



共 1/p 1 兲



⫻



 



 p1



1 2



冊



13.
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14.
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15.
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2 p 1 ⫺1 ⌫ p 1 ⫹



1 2
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16.
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17.



.



(B4)
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