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The surface magneto-optic Kerr effd@MOKE) has significantly impacted research on magnetic
thin films. This is due to its sensitivity, local probing nature, and experimental simplicity. The polar
and longitudinal Kerr effects are characterized by a complex rotation of the plane of polarization of
linearly polarized incident light upon reflection from the surface of a ferromagnetic material. The
rotation is directly related to the magnetization of the material within the probing region of the light.
Light penetrates into metats20 nm deep, but the SMOKE technique derives its surface sensitivity
from the limited thickness of the deposited magnetic film, which can be as thin as one atomic layer.
Basic principles, experimental arrangements, and applications of SMOKE are reviewed in order to
acquaint the nonspecialist with the technique and place it into perspectiv00® American
Institute of Physicg.S0034-67480)00103-9

I. INTRODUCTION quiring a more powerful electromagnet on Sept. 18, he con-
tinued the experiment with such zeal that he filled twelve
pages of his lab notebook in one day and concluded with the
Today magneto-optic effects are widely applied in mag-statement: “An excellent day’s work.” He verified that the
netic research. However, in the last century magneto-dpticseffect of the magnet was to rotate the polarization plane of
was discovered somewhat unexpectedly while physicistghe transmitted light by an angle that depended on the
were searching for relationships between light and variougtrength of the magnet.
other forces. Early searches were first conducted to find the  The magneto-optic Kerr effe¢MOKE)® was discovered
interaction of light with electrical fields. It was believed that py the Rev. John Kerr in 1877 while he was examining the
the effect of electrical fields should be stronger than that ofolarization of lightreflectedfrom a polished electromagnet
magnetic fields. But in 1825 null results were reported whemole. Kerr ultimately received the Royal Medal in 1898 for
Sir John Herschel examined the propagation of a beam qiesearch that ranked among the most important subsequent to
polarized light along the axis of a helix carrying an electric Faraday’s. When he was presented with the Royal Medal, his
current” Even Michael Faraday’s original search was fo- presenter said it was a wonder that Kerr learned so much
cused on the relation between light and electricity. Faradawith the “comparatively simple and ineffectual apparatus at
kept a detailed lab diary, and on August 30, 1845 he rehjs disposal.” Kerr responded, “Simple it may be, but not
corded his failure to find a change in the polarization of lightineffectual; rude, but not crude®This statement might rep-
passing through a liquid that was undergoing electroj/#fis. resent the nature of this technique as used in the present day
was only when he substituted magnetic for electric forces omdaptations that are the subject of this article, especially
Sept. 13 of that year, using an electromagnet with an irovhen compared to many of the elegant techniques of modern
core, that he discovered the magneto-optic effect. He resurface science ambnlinearoptics. But simplicity is a ma-
corded in his lab notebook: “A piece of heavy glass, whichjor reason that this technique has in the last decade been so
was 2 in. by 1.8 in. and 0.5 of an inch thick, being a silico-widely embraced to study magnetic thin films.
borate of lead, was experimented with... when contrary mag-  The application of the magneto-optic Kerr effect to sur-
netic poles were on the same side theres an effect pro- face magnetism, better known by its acronym the surface
duced on the polarized raand thus magnetic force and light magneto-optic Kerr effec€SMOKE), began in 1985. The
were proved to have relations to each other. This fact willfirst experimental system studied was ultrathin Fe films
most likely prove exceedingly fertile, and of great value ingrown epitaxially onto a single crystalline substrate of
the investigation of conditions of nature forcé.’After ac-  Au(100).’ Hysteresis loops for the Fe film with atomic layer
sensitivity were successfully obtained as a function of film
dAuthor to whom correspondence should be addressed; electronic mai'F.hiCkneSS and temperature. Since then SMOKE has been ap-
bader@anl.gov plied to address various issues in low-dimensional magne-

A. Discovery of the magneto-optic effect
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tism. Additional interest in SMOKE derives from the recent give different dielectric constants correspondingly. Thus, it is
commercialization of high-density magneto-optic informa-the Lorentz force of the external magnetic field that gener-
tion storage medi&,and especially by studies of candidate ates the Faraday effect.
materials for next-generation media based on Co/Pt Quantum descriptions of the magneto-optic effect have
superlattice$. The present work provides a general back-focused on the explanation of the unusual large magneto-
ground to the basic principles and experimental setup of thgptic effect in ferromagnetic materials. Early attempts to ex-
SMOKE technique, and also highlights contemporary topicjain the much stronger magneto-optic effect in ferromag-
in order to provide an appreciation for its value in applica-netic materials assumed that there exists an effective field,
tions related to basic research on magnetic thin films. rather than the applied field, that determines the Faraday ro-
tation in ferromagnetic materials. In fact, Voigt found that
the effective field is of the order of £610’ Oe to produce
the observed Faraday rotation. This magnitude is of the order
Magneto-optics is presently described in the context ofy the Weiss field that was postulated to account for the
either ?Sacroscopic dielectric theory or microscopic quantumyyistence of ferromagnetism. The nature of the Weiss field
theory:™ Macroscopically, magneto-optic effects arise from o nained unexplained until Heisenberg developed the theory

the antisymmetric, off-diagonal elements in the dielectricy, i aqcribed the origin of magnetism to the exchange inter-

tgnsor. M|crqscoplcally, the coupling petwgep the eleCtr'(_:aL':\ction among electrons. Although Heisenberg's exchange in-
field of the light and the electron spin within a magnetic

. . o . teraction correctly reveals the origin of magnetism as an ef-
medium occurs through the spin-orbit interaction. In the fol- y g g

: . . . . : .~ fective magnetic field to align the individual spins, this field
lowing, we give a brief review of the microscopic descrip-

tion of the magneto-optic effect, and leave the detailed macglone carlltn.ot bet usedl tg textp;:amlth(: Farad?y effﬁ?t'h-gh'ts 'S
roscopic description to the next section. ecause 1L 1S hot coupled to the electron motion which deter-

As it is well known, the optical properties of a medium mines the d'ielectric properties of a material. This.dlifficulty
are determined by a dielectric tensor that is determined byas solved in 1932 by Hulm&who pointed out that it is the
the motion of the electrons in the medium. Thus, a micro-SPin-orbit interaction that couples the electron spin to its mo-
scopic description of the magneto-optic effect concerns th&0n to give rise to the large Faraday rotation in a ferromag-
different response of the electrons to left- and right-circularlynetic. Spin-orbit coupling~(VVXp)-s, results from the
polarized electromagnetic waves. In the proceedings of th#teraction of the electron spin with the magnetic field the
Royal Society, Sir Wiliam Thomson, in 1856, offered a €lectron “sees” as it moves through the electric fietld/V
“microscopic” explanation of the Faraday effect by arguing with momentunp inside a medium. This interaction couples
that the particles in the medium under an external magnetithe magnetic moment of the electron with its motion, thus,
field follow different circular paths, depending on their di- connecting the magnetic and optical properties of a ferro-
rection relative to the magnetic field. From a modern view-magnet. Indeed, to a certain extent, the spin-orbit interaction
point, this explanation is conceptually correct if we identify can be thought of as an effective magnetic field vector po-
Thomson’s “particles” as being electrong@lthough the tential ~sx VV acting on the motion of the electron. For
electron had not yet been discovered at that time nonmagnetic materials, this effect is not strong, although the

It is worthwhile to first discuss the classical motion of spin-orbit interaction is present, because the equal number of
electrons to point out the physical origin of the magneto-gpin-up and spin-down electrons cancels the net effect. For
optic effect. As a beam of light propagates through a meferromagnetic materials, however, the effect manifests itself
dium, the eIecFrlcaI field o_f the Ilg_ht generates the motions beecause of the unbalanced population of electron spins.
t_he el_e_ctrons_ in the medlum_. Without an _external rr_lag_nenc Hulme calculated the two refraction indic€® and L
flgld, |_t is obvious that a Ieft-cwcu_larly polarlged electric _f|eld polarized using the Heisenberg model of a ferromagnet, and
will drive the electrons into left circular motion, and a right- . o Kramers—Heisenberg dispersion formula. This approach
circularly polarized electric field will drive the electrons into o . .

. . . . : . represents the refraction index in terms of the eigen energy
left circular motion, and a right-circularly polarized electric . . .
field will drive the electrons into right circular motion. The and matrix elgments of.the dipole moment operator with re-
radius of the electron orbit for left and right circular motion spect to 'the eigenfunctions of the .sys'Fem.. Hulme accounted
for the difference of the two refraction indices by the energy

will be the same. Since the electric dipole moment is propor--" ™ . o )
tional to the radius of the circular orbit, there will be no SPIitting due to the spin-orbit interaction. He neglected, how-

difference between the dielectric constants for the left- an@Ver: the change of the wave function due to the spin-orbit
right-circularly polarized electromagnetic waves. Thus, therdntéraction. This theory is unsatisfying because the quench-
will be no Faraday rotation. After an external magnetic fielding of the orbital angular momentum in ferromagnets gives
is applied in the propagation direction of the electromagnetid© energy splitting. Kittel showédithat it is the change of
wave, there will be an additional Lorentz force acting onthe wave functions due to the spin-orbit interaction that gives
each electron. This force points toward or away from thefise to the correct order of magnitude of the difference of the
circle’s center for left or right circular motion. Thus, the two refraction indices. Argyrés later gave a full derivation
radius for left circular motion will be reduced and the radiusof the magneto-optic effect in a ferromagnet using perturba-
for right circular motion will expand. The difference in the tion theory. Subsequent works were performed thereafter to
radii of the left- and right-circularly polarized modes will calculate the magneto-optic effect in different regirfes®

B. Origin of the magneto-optic effect
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II. MACROSCOPIC FORMALISM FOR MAGNETIC breaks time reversal symmetry could, in principle, generate
MULTILAYERS antisymmetric elements of the dielectric tensor, and, thus, a

M ic d i f1h ; ic effect Faraday rotation.
acroscopic descriptions of the magneto-opuic eflect are ;e 56t magnetic materials of interest are metals that

Ibasedlon an .?r?alyyf] Of.th? d}gletc_tnc prsperﬂefs IOf ?\Amed'ulr%trongly absorb light, it is convenient to experimentally mea-
n analogy with mechanical vibrations ot a particie, Maxwell ¢\, o e reflected light in order to probe the magneto-optic
expressed linearly polarized light as being a superposition g ffect. Therefore, the general macroscopic formalism is for

two circularly pplarized components, and realize_d that th.ethe magneto-optiKerr effect although the formalism can be
Faraday effect is a result of the different propagating veIOC|—readily extended to include the Faraday effect. Eakl 192

ties of the two circular modeS. This explanation remains developed a general expression for the Kerr signal based on

the phenomenological explanation of the Faraday effec{his method. We will outline the theoretical structure and

given in introductory physics textbooks. Looked at in greater .o its here.

detail, there are actually two processes taking place for light For a given magnetic multilayer the refraction tensor for

Ior?pag?tmg ljn a glagnepzzifmedlunr:. Flrstr,].]:[the dtwot C'trr?u.'each layer can be expressed by>a3® matrix. The goal is to
arly polarized modes gain difierent phase shifts due to el . 510 the final reflectivity along different polarization di-
different propagating velocities, resulting in a rotation of the

o . . . rections. The general method is to apply Maxwell's equa-
polarization plane. This process is the conventional Farada.é(OnS to the multilayer structure, and to satisfy the boundary

gqtatl?n. tﬁectond, .thel dllfferelnt.abjorptéon rz?;test OIhthe”meéonditions at each interface. The essential part of the theory
ium for the two circularly polarized modes aftects tn€ €lip-;q 1, qarive two matrices which relate the electric fields at

ticity. In general, both effects exist in a magnetized med'um'each interface. The first matrigd) is the 4x4 medium

_1'I2'h3e 3><3bd|eoliectr|c tens((j)r_ Otf a mEd'”miiJ_ W'tht"J 4 gooundary matrix It relates the tangential components of the
— 4,9, Can be decomposed Into a symmetric part and afyq i ang magnetic fields with tteeandp components of

antits_ymm?tric pgrtféi_: (e T.éi‘()j/ff (&~ &i)/2. 'I;he styrtn e electric field. The second matii®) is the 4x 4 medium
MELnc part can be diagonalized by an appropriate rotation o ropagation matrix It relates thes andp components of the

the coordinate system, thus it does not give rise to the Far Slectric field at the two surfaces of a film of thickness

?hayFe ffe((:jt. S|nf<f:e ihe synjlzneltnc part f is utrrl]lrrtlpto.rta}nttto . With the A and D matricegsee Appendix for detailsone
€ Faraday efiect, we will always assume that [L1S ISOUopIG 5y c51cylate the magneto-optic effect under any conditions.
with dielectric constang,. To see the effect of the antisym-

i t of the dielectric t let ider the fol Consider a multilayer structure that consistsNofndi-
MEtNC part ot the CIEIECtrc tensor, 1et us consider e 10l-y;q | layers, and a beam of light impinging on the top of the
lowing dielectric tensor:

structure from initial medium. After multiple reflections,
1 iQ, —iQy there will be a reflected beam backscattered into medijum
and a transmitted beam that emerges from the bottom layer

el T 1 Q. (1) into the final mediunt (Fig. 1). The electric fields in medium
iQy —iQx 1 i andf can be expressed
The two normal modes are left-circularly polarized light with EiS EiS
refraction indexn, =n(1—3 Q~R), and right-circularly po- Eip Eip
larized .Ilght with refraction mdemR n(l+3s Q-k), whe.re [ EL rssEIS+rSpElp
n= e is the average refraction indeQ=(Q,,Q,,Q,) is Er FoELtr o E!
called the Voigt® vector, andk is the unit vector along the P peS e
direction of the light propagation. Thus, the complex Fara-and
day rotation of the polarization plane after the light has trav- : : i
eled a distancé through the medium is E_s tsﬁsﬂspEp
E, toE s+ tooE,
7L mLn . Pi= Op = pSESO L I ©)
f=——(n.—ng)=—-——0Q-k. 2

f
The real part of Eg(2) gives the rotation, and the imaginar . L -
P a2 g 9 y wherer andt are reflection and transmission coefficients of

part gives the ellipticity. It is interesting to ask why an ex- . o
ternal magnetic field has a stronger effect on the polarizatio@he corresponding components, and superscriptsdr de-

plane of light than an external electrical field. Phenomeno "€ the incident and reflected waves at each boundary be-

logically, this can be answered by a simple argument based/c&" two layers. IPp, is the field component at the bottom

on time reversal symmetry. Under the time reversal Operag,urface in themth layer, then the relation betweéh andPy

tion, the displacemer® and electric fieldE vectors remain can be expressed as

unchanged, but the magnetic fiell changes sign. Thus, AP=A.D,P;=A;D;A; AP,

Onsager’s relation gives;(E,H) = ¢;;(E, —H). By expand-

ing €;; up to terms linear irfE andH it becomes obvious that =A;D1A; 'AD,P,

the antisymmetric part o§;; is generated by the magnetic N

field. The magnetic field is only one special case of time- - = H (A;D A HAP,. (4)
reversal symmetry breaking. In general, any quantity that m=1 m
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(@) N¢ COS6; — Nn; COSbs
M o= ,
PP n; cos;+n; cosé;

4 n; COS;
M= — —
ps N (n; cos@;+n; cosd;)(ns cosé;+ n; coshy)
o
° x| cosb; >, dnn2QL™ —n¢n;sing; >, deg,m)),
[ ] m m

®

4 n; cosé,
r [
sp N (n; cosh;+n; cosé;) (N cosh; + n; cosb;)

x| cosé; >, dpnZQY™ +nyn; sin6; >, de§m))-
m m

5 |
O -

(b) Heren;, 6;, andn;, 6; are the refractive indices and the
incident angles of the initial and final mediais the surface
- normal direction, ang is in the plane of incidence and in the
s film plane. Equatiori8) provides a basis for an additivity law
0 for multilayers in the ultrathin limit. This law states that the
total Kerr signal is simply a summation of the Kerr signals
Y from each magnetic layer, and is independent of the nonmag-
netic spacer layers in the multilayer structure. This additivity
el law is true only in the limit where the total optical thickness
er | el of the layered structure is much less than the wavelength of
the incident beam. For thick films, it is obvious that the
additivity law must break down because the light attenuates
y ° and will not penetrate to the deeper layers of the structure.
The additivity law provides a focus for examining data in the
FIG. 1. (@ Schematic of a multilayer structurey) definitions of thesand  yltrathin limit. Altered optical constants in the ultrathin limit
p directions for the incidence and reflection waves at the boundary betweeand interfacial roughness, of course, can also give rise to new

Y

ey
=20

two media. . . L
o meda behavior that cannot be described within the context of the
additivity law.
If this expression is put in the form d&?,=TP;, where
N
G H
T=A[] (ALDALDA= Lol (5)  lll. EXPERIMENTAL SETUP
m=1

) _ An experimental SMOKE setup has the advantage of
then the <2 matricesG and | can be used to obtain the gimplicity, especially for ultrahigh vacuur@UHV) in situ
Fresnel reflection and transmission coefficients measurement. There are several ways to build a SMOKE
tod o, setup. Here we introduce one of the simplest, which we use
tsstsp rs P (6)  frequently. Before discussing the instrumental setup, it is
ps'PP p pp necessary to first discuss the working principle of the experi-
The Kerr rotationg’ and ellipticity ¢’ for s-andp-polarized ~ mental method. Consider linegrpolarized light reflected
light are then given by from a sample surface. If the sample is nonmagnetic, the

reflected light is purelyp polarized. If the sample is ferro-
Co, Tos L. Tep magnetic then the reflection beam should consist ofsan
bs= ¢s+'¢s=r_ss and bp=dptidp=—". () component Eg) in addition to the dominanp component
PP (Ep), with Eg/E, being the Kerr rotation. Therefore, mea-
In the ultrathin limit the magneto-optic expressions sim-suring thiss component will be the goal of the experimental
plify further. For ultrathin films the total optical thickness of setup. Experimentally, the measurement of sfteomponent
the film is much less than the wavelength of the light,could be realized by placing a linear polarizer in front of the
2inid;<\. If the initial and final media are nonmagnetic, photodetector to eliminate the component. However, this
then the 2<2 matrices ofG and| in Eq. (5) yield the fol-  measurement geometry has the following disadvantage.
lowing reflection coefficients: First, since the photodetector measures the light intensity
(~|E4?), the measured quantity is proportional to the
= , square of the magnetization. Second, it is difficult to quantify
N; COsO; + N¢ COSOy the absolute value of the Kerr rotation. This disadvantage

G '=

and IG‘1=(

n; Cosﬁi —N; COS@f
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FIG. 2. Schematic drawing of a SMOKE setup.
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L
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can be circumvented by setting the polarizer at a small angle 1.0 _0'_5 010 015 1.0
(6) from thep axis. In this way, the intensity measured by H (kOe)

the photodetector after the polarizer is
FIG. 3. A SMOKE loop taken frm a 6 ML Fe film grown on a A@L00

| =|Epsind+Egcosd|?~|E,5+E4%. (9)  substrate.

Recall that the expressidis/E,= ¢’ +i¢" gives the Kerr

rotation ' and ellipticity . Then Eq.(9) becomes length, and 4 cm width in the gap. With300 turns in the

coil, the magnetic field in the gap can reactl.5 kOe at a
=] Ep|2| 5+ ¢ +ig"|? current of 20 A. Wire of 12 or 13 gauge for the coil can carry
, 10—-20 A of current without a heating problem. FRarsitu

1+ %) (100 Measurements, the magnet is located inside the vacuum

) chamber. During the measurement, data are taken as a func-
with tion of magnetic field to generate an hysteresis loop. Because

of possible drift of the laser intensity, it is recommended that
lo=|Ep|?6 (11)  the average of many loops be taken.

representing the intensity at zero Kerr rotation. Since both ~ FOr in situ measurements, the UHV W!ndF)Wf, used as
&' and¢” are linearly proportional to the magnetization, the ViewPorts usually produce a birefringenag,, +i¢,,, that
measured intensity as a function Hf yields the magnetic prgvepts the realization of the opt|cal_ extinction condition. In
hysteresis loop. The saturation Kerr rotatigf, can be de- this situation, a quarter-wave plate is usually placed before
termined by the relative change of the Kerr intensity ob- the analyzing polarizer tol cancgl the window birefringence.
tained upon reversing a field value that is equal to or greatef"€n the measured Kerr intensity becomes

~|Epl3(6°+289") =10

than its saturation value ) o 2 ¢">
|=|E,|“(6°+26¢")=1o| 1+ —], 13
qu_4 ' lo~ i.e., the relative Kerr intensity determines the Kerr ellipticity

éather than the rotation in this case. The effect of the quarter-

In the SMOKE experiment, a laser is usually used as th ) .
light source. Typically a low-poweifew mW) laser suffices. wave plate is to produce /2 phase difference between the
s and p components so that the analyzing polarizer will see

It is highly desirable to use an intensity-stabilized laser, es: : . . 4 o
any ty (' +igp")=—¢"+i¢’, i.e., the rotation and ellipticity are

pecially for monolayer studies. Otherwise, the fluctuations of terch d. Then t the rotati half lat
the laser intensity may overwhelm the Kerr signal. The effecfiercnanged. then to measure the rotation, a hait-wave pate

of the light intensity drifting during a hysteresis loop mea- could be used to replace the quarter-wave plate. Then the

surementsay, of 1—10 s duratiorcauses a distortion of the reflected intensity as a function of the external magnetic field

hysteresis loop. This effect cannot be eliminated by lock-inca" be used to generate a magnetic hysteresis loop. Figure 3

techniques. While it is recommended that the SMOKE ex—ShOWS an example of an hysteresis loop measured by

periment be performed in a reduced vibration environmen?'vIOKE fora 6 N.”‘ Fe/Ag100 film, where ML denotes.
an optical table is not necessary, so it is easy to adadpor_\olayer. It quite ap_pgr'ent that SMOKE can readily
SMOKE to an UHV system. Crystal prism polarizers areachleve monolayer sensitivity.

useful both for defining the polarization and as an analyzer i
front of the photodiode detector. Sheet polarizers can b
used, but have a lower extinction ratio when crossed than While the present work is narrowly focused on the
prism polarizers, and so are not optimal for monolayer studSMOKE approach and applications, this section introduces a
ies. Finally, the magnet shown in Fig. 2 consists of two split-broader MOKE “family” in order to provide a useful per-
coil solenoid pairs. Energizing either pair would generatespective and serve as a pointer to the literature. While a
either a field in the film plane or perpendicular to it for lon- number of recent reviews have covered SMOKE* his-
gitudinal or polar measurements, respectively. The dimentorically the primary MOKE spectroscopy involves the de-
sions of such a magnet are about 13 cm in height, 15 cm itermination of wavelength dependent properfe€ommer-

. THE MOKE FAMILY
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cial as well as lab-built spectrometers have been used fdrom the signals associated with the diffracted beams. This
such purposes. The main instrumental addition is a whiteshould continue to provide a wealth of information in the
light source and monochrometer. Representative work froncharacterization of such nanostructures, as well as challenges
the laboratory of Schoenes and co-workers includes basin the modeling of the relevant optical and magnetic pro-
descriptions of the spectrometéfsA recent example in- cesses.
volves the giant magneto-optic Kerr rotation observed in A traditional application of MOKE is in magneto-optic
single crystals of cerium compounds at low temperatfifes. imaging of magnetic domain structures. An example is in the
In this work a Faraday modulator is used in conjunction withcharacterization of Fe/Cr magnetic multilay&tsThe tech-
lock-in detection for noise suppression. Faraday modulatoresique of differential polarization microscopy was recently
have been utilized in other novel configuratidfsncluding  introduced that utilizes a Wollaston prism to provide im-
the quest for anions in high-temperature superconduélors. proved image contrast. Wollaston prisms split the signal
Lock-in detection techniques have not been discussedccording to polarization content and can be used quite ef-
with respect to SMOKE because modern computerfectively in all types of MOKE measurements. Transparent
controlled experiments can provide the signal averagingnagneto-optic indicator films are also used quite effectively
needed to improve the signal-to-noise level. In an earlyto image magnetic domain structurésin this approach a
SMOKE publicatiori® it was even demonstrated that the hys-transparent Faraday film is placed on top of the sample of
teresis loop collected by means of lock-in detection of theinterest. The fringe fields emanating from the sample cause
photodiode output and use of an incident beam whose polathe Faraday-rotation contrast of the indicator film in order to
ization is modulated by a commercial photoelastic modulatoyield the image. This method is sensitive to the perpendicu-
was no better than that obtained by the dc method outlined ifar magnetic response of the sample. However, samples with
this review. The place where lock-in techniques and polarin-plane magnetization have been imaged in this manner,
ization modulation are especially valuable is in the simulta-with the clever addition of drilling holes in the sample, from
neous magneto-optic characterization of the rotation and elwhich perpendicular stray fields emerge. In addition to these
lipticity as a function of wavelength. A recent example of types of magneto-optic microscopy, there are ideas under
this approach is described in the work of Osg@vcl3 but  discussion for the extension of such techniques into the near-
such work follows the basic outlines provided by pioneers irfield region using plasma-resonant Ag particles as probes.
the field®2=3 Polarization modulation and related optical Synchrotron techniques are also popular and of great
techniques are described in a general referéh@e influ-  value in magneto-optic characterizations. A description of
ence of imperfections in the polarizer and analyzer were resynchrotron methods to study magnetic systems has recently
cently analyzed’ Polarization modulation has also been become available; the overview stresses the opportunities
used to characterize the Curie temperature of Gd filmérvia provided by third-generation synchrotron sour¢gmse for
situ MOKE studies® which undulator insertion devices are used to intensify and
To fill out the range of parameter space and the confocus the bean®> An advantage is that there is elemental
comitant phenomena that become physically accessible, sensitivity since the photon energy can be tuned to exploit
number of variants are now mentioned. New magneto-optithe response associated with a specific atomic core level.
transitions were identified in monolayer-range Fe films usingSynchrotron-based magnetic circular dichroighiCD) of-
wavelength dependent measurements in the visible région.fers selection rules such that the spin and orbital magnetic
The measurements were perfornmeedsituand the films were  moments can be separately determined. X-ray MOKE
sandwiched between Au layers to protect them from oxida{XMOKE) is rapidly becoming another standard synchrotron
tion. Oscillatory effects have been observed in SMOKE sigtechnique to characterize magnetic films.
nals of wedged structures and attributed to spin-polarized The magneto-optic imaging of antiferromagnetic domain
quantum size effecf®~*? Dynamic scaling of the magnetic structure has always been a challenging f8s® A recent
hysteresis was studied in the monolayer range fotour de forceexperiment that combines the use of a third-
Fe/Au001),*® Co/Cu001),** and Fe/W110* by sweeping generation synchrotron source with x-ray magnbtiear di-
the applied magnetic field at rates up to 1 kHz and monitorchroism spectroscopy and the spatial resolution of a photo-
ing the loop area. Magnetic field modulation has been usedlectron emission microscope permitted the imaging of the
to obtain ac susceptibilities using am situ MOKE  antiferromagnetic structure at thsurface of NiO(100).%°
apparatué® Time-resolved MOKE has been extended to theMagnetic linear dichroism of antiferromagnets depends on a
picosecond range. A 30 ps pulsed dye laser was used insecond-order effect in the magnetizati@s does the trans-
pump-probe experiment in order to study magnetization reverse Kerr effect in ferromagnetsSecond-order magneto-
versal dynamics in magneto-optic storage matefiaBif- optic effects in anisotropic thin ferromagnetic films and the
fraction MOKE is another recent addition due to interest inanalysis of asymmetric hysteresis loops was the subject of a
magnetic nanostructures that consist of arrays of Adles  recent article that is largely based on the Ph.D. thesis re-
lines (grating3.*>°° The patterned arrays are of a size andsearch of Osgooff
spacing that are comparable to the wavelength of visible Techniques based on nonlinear magneto-optics and sec-
light and, thus, they serve as diffraction gratings. The transend harmonic generatiofS8HG and that utilize pump-probe
verse MOKE signals from diffracted beams can be comparedpectroscopies are rapidly becoming valuable tools in the
to that from the specular beam. Enhanced magneto-optic eéxploration of magnetic surfaces and interfaces. The identi-
fects and unique magnetic hysteresis loops are extractdgling acronym is SHMOKE. Fortunately an excellent book
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was recently published that encompasses both gxpenmental Co/Cu Thickness (A)

and theoretical aspects of the fi@ldAlthough the signal is

weak, so that applications in magnetic recording are not feaF!G. 5. The Kerr ellipticity measured for different samples. The solid lines
sible, the enhanced sensitivity to interfaces, and the impred'® theoretical calculations.

sive experimental succes$8anake this an exciting field to
monitor in the future. oscillation represents the growth of an atomic layer. The per-

Analytical and computational techniques have also unsistence of the oscillations indicates a stable, well defined
dergone a resurgence of activity that has broadened thgrowth mode.
breadth and scope of MOKE studies. First, there are analyses The Kerr ellipticities of the films were measuredsitu
that are specifically used to motivate new experimentaksing a He—Ne laser. The angle of incidence was 17°. Re-
methods for collecting and analyzing d&fa® Then there sults are plotted in Fig. 5. The ellipticity for Co on polycrys-
are macroscopic expressions that are useful fotal Cu was also measured and shown for comparison. We
simulations®®~"° and approximations for multilayers based first concentrate on the magneto-optic behavior of a single
on single-layer equivalencEs and effective-medium Co overlayer on a Cu substrate. The ellipticity data for the
approache® And finally there are microscopic methods overlayers increase linearly in the ultrathin regime, reach a

based on first principles to calculate Kerr spectra includingnaximum at~120 A of Co, and approach a constant value
surface effectd® and for transiton metals and for >400 A of Co. The initial rise is expected since the Kerr

multilayers’*~"®rare earth€ and actinide system. effect is sensitive to the increasing amount of Co. In the

thick regime,>400 A of Co, the signal saturates since the
absorption of light limits the depth sensitivity. In the inter-
mediate regime, the maximum in the ellipticity-ai20 A of
Co is attributed to an optical effect: the reflectivity changes
A specific example is now considered for the verificationfrom being dominated by Cu to Co. Since Cu has a higher
of the macroscopic formulas presented in Sec. Il. This workeflectivity than Co, it acts as a mirror to enhance the signal.
was accomplished by investigating Co overlayers and Co/C&imilar behavior was also observed in the Fe/Au systéhn.
superlatticed? The films were grown epitaxially onto is also worth noting that the ellipticity is found to be inde-
Cu(100 and Cy111]) single-crystal substrates in UHWase pendent of crystalline orientation in the thickness range stud-
pressure of X10 °Torr). The UHV chamber is equipped ied.
with reflection high-energy electron diffractiofRHEED), To analyze the data quantitatively, the formalism de-
low-energy electron diffractioflLEED), and Auger electron scribed in Sec. Il was applied to simulate the results. The
spectroscopy. The Cu substrate single-crystal disks wdre refractive indices used were obtained from tabulations in the
cm in diameter, and were mechanically polished down to diterature®* n,=0.249+3.41 and ng,=2.25+4.0%. The
~0.25 um paste finish, and then ultrasonically cleaned invalues ofQ; andQ,, whereQ=Q;+iQ,, for Co were left
methanol before being put into the UHV chamber. Cycles ofas free parameters to best fit the experimental curves; the
3 keV Ar" sputtering and annealing at 650 °C were used tovaluesQ,=0.043 andQ,=0.007 were obtained. The calcu-
clean the Cu substrate surfadassitu. After this treatment, lated curves, depicted as the solid lines in Fig. 5, are in good
well ordered Cu surfaces were formed as indicated byverall agreement with the experimental data. In particular,
RHEED and LEED. Auger spectroscopy confirmed thethe peaked behavior of the overlayer data are faithfully re-
cleanliness of the films. The RHEED intensity also wasproduced. The ellipticities of three epitaxial Co/Cu superlat-
monitored during the growth of the film on the @00 sub- tices were also measurausitu after each Co/Cu bilayer was
strate in order to follow the process and to calibrate thegrown. The superlattices used wéi@o(16 A)/Cu(28 A},
thickness monitor. Figure 4 shows the RHEED oscillationsgrown on C@100, and [Co(11A)/Cu(31A), and
during the growth of the Co/G&00) superlattice. Over 200 [Co(18 A)/Cu(35A),, both grown on C(111). The ellip-
RHEED oscillations were observed during the growth. Eachiicities of the superlattices appear in Fig. 5 plotted as a func-

FIG. 4. RHEED oscillations taken during the growth of a
[Co(9.5 ML)/Cu(16 ML)],, superlattice grown on a €00 substrate.

Ff» O e O ® >

V. VERIFICATION OF THE MACROSCOPIC
FORMULAS
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0.4 " T T : : the existence of magnetic long-range ordeRO) in 2D.
Mermin and Wagner proved that quantum fluctuations in a
ogt % 2D isotropic Heisenberg lattice destroys the LRO at finite
on” A temperature. Experimentally, however, the Curie tempera-
0371 . - o . )
N . ture (TC_) in most 2D magnepc fllm§ is finite. Th|§ seeming
E . LI contradiction suggests that, in addition to the Heisenberg ex-
= . change interaction, there must exist other energy terms in
S 02t A s o &© O 1 magnetic thin films. Such energy terms are referred to as the
) O . A a a4 A a magnetic anisotropies; these terms favor electron spin orien-
“é - ok, 4 ] tations in particular directions. In a lattice with cubic sym-
9 S . gzz: 238(1)(1); metry (fcc and bec, for exampleit can be shown that the
0.1 7 y o Coon polycrystalline Cu lowest-order term in the anisotropy energy is quartic in the
e (Col6A/Cu28A)n on Cu(100) magnetizationM. However, when translational symmetry
0 (Col8A/Cu3SA)on Cu(l11) | along one direction is broken, a larger, square-term anisot-
0 , _ *  (CollA/Cu31A)non Cu(lll) ropy can be generated along the surface normal direction.
0 50 100 150 This term is often referred to as the magnetic surface anisot-
Co Thickness (&) ropy. A discussion of the origin of the magnetic anisotropy is
FIG. 6. The additivity law shows that the Kerr signal in the ultrathin regime prpv@ed in the next section. Ngvertheless_, a reql magnetlc
depends only on the thickness of the magnetic layers. thin film should be better described by an isotropic Heisen-

berg exchange, a magnetic surface anisotrdgy)( and a

tion of the total superlattice thickness. Again the eIIipticitiesShape anlsotropy{_erM ) \./vh|ch.or|g|naf[es from th.e sh.ort-
initially increase linearly in the ultrathin region, and then range part Qf the dlpole—_dlp_ole _|nteract|on. The d|rect|9n of
saturate in thick regime, although there is no maximum afhe €asy axis of magngtlzanon IS determ|ned2by the sign of
intermediate thickness as for the overlayer cases. The lack 6lFe effe_ctlves_urface an'SOtrOpKe“:K_S/ d—2aM", Where_d
a maximum in the intermediate thickness regime is becausg the film thl_ckness. For ;ystems wiks>0, a m,aQ”e“Z""'
the reflectivity is not evolving from that of Cu to that of Co, tOn Perpendicular to the film plane can be stabilized at low
as in the overlayer cases. Instead, the reflectivity maintain€mpPerature and below certain thicknesses. Changing tem-
itself at an average value between the two limits, since botlperature or thickness can causgy to vanish at some point
Co and Cu remain within the penetration depth of the Iight,_bmOW TC_’ ar_1d for the_ﬂlm to_ approac_h more closely the
no matter how thick the superlattice becomes. Using@he ideal real|zat|'0n of _‘"‘” |sgtr0p|c ZP Heisenberg system. At
value obtained from the Co overlayers, the Kerr ellipticities e =0 the spin-reorientation transition should occur wherein
for the superlattices were calculated and plotted in Fig. 5M changes its direction from perpendicular to in plane. The
The agreement with the experimental data is obvious. question of_mterest regards th_e presence or absence 01_‘ LRO
To test the additivity law, the experimental data from @t the transition. Early theoretical stq(ﬂ%_suggested that in
Fig. 5 were replotted in Fig. 6 as a function of the thicknes€ Vicinity of the SRT, there is a region in temperatirgg
of only the magnetic Co layers, as opposed to the total sunerein the magnetic LRO is lost. , ,
perlattice thickness. All the data in the ultrathin regime then ~ S€veral groups have carried out experiments on this sub-
fall onto a single straight line. This result confirms the addi-/€Ct- The first experiments were reported by Pappasiie,
tivity law that the total Kerr signal in the ultrathin regime is @"d Hopsté¥ using spin-polarized electron spectroscopy to
a summation of the Kerr signal from each individumag- ~ characterize the systems Fe(000) and Fe/A¢100. They

netic layer and is independent of the thickness of the nonfound that at low temperature the easy axis was normal to the
magnetic spacer layers. surface plane, at high temperature it was in plane, and in the

SRT region there was a temperature ga20 K wide within
which the magnetic remanence vanished. Then the Fe/
Ag(100) system was studied via SMOKE as a function of
both temperature and film thickness. It was found that the
In addition to the simplicity of the SMOKE setup as an magnetization is not identically zero in the transition region,
in situ magnetic measurement technique, the two great adsut is markedly reduced and exhibits structure in a “pseudo
vantages of the SMOKE are its high sensitivity and localgap” that resembles an asymmetric ramping toward zero
probe nature. These two characteristics make SMOKE aith increasing temperature or film thickné8sThus, the
popular choice to address issues in thin film magnetism. Tw@ap, if it exists, must be at least an order of magnitude
examples are included below to highlight the application ofsmaller than the-20 K reported by Pappas and co-workers.
SMOKE. To illustrate the advantage of the local probe nature of
the SMOKE technique, we limit the discussion to address the
thickness dependent data only. To explore the detailed fea-
The investigation of the two-dimension&D) spin-  tures within the SRT region, many samples with different
reorientation transitiofSRT) was originally motivated as a film thicknesses are needed. This is because sample-to-
test of the Mermin—Wagner theoréfh This theorem ad- sample variations are known to occur throughout surface sci-
dresses the most fundamental issue in thin film magnetism—ence and thin-film growth that cannot be adequately con-

VI. APPLICATIONS OF SMOKE IN TWO-DIMENSIONAL
MAGNETIC THIN FILMS

A. Spin-reorientation transition
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L sented by Allenspach and Bischof who applied the SEMPA
technique to study the SRT in the Fe(T00 systenf®
(SEMPA is a highly surface-sensitive magnetic imaging
technique that stands for “scanning electron microscopy
with polarization analysis.)’ They observed that the single
domain structure of the film breaks into stripe domdind

©m size in the gap region. Results of dynamic properties of
the SRT are also consistent with a stripe domain strucfure.

(mun -qre) "W

M | (arb. unit)

B. Magnetic anisotropy and lattice symmetry
breaking

4 5 6 7 8 9

Fe Thickness (ML) The Heisenberg exchange interaction is invariant under

) _ _ B _ _ _ spatial rotation. In a real lattice, however, the electrons that

FIG. 7. Spin reorientation transition as a function of film thickness. contribute to the magnetization usua”y obey the lattice sym-

metry in their wave functions due to the crystal fields. Thus,

trolled. This difficulty can be overcome by the use of wedge-the spin-orbit interaction can transfer the lattice symmetry
shaped samples. Wedged samples provide an essentiaffipm the electron wave functions to the electron spins to
continuous change of film thickness within a single specimerPreak the spin isotropy. Thus, energy terms exist that favor
so that, as a local probe scans across the sample, the maggeecial directions for the electron spins. This energy is called
tization can be measured for different thicknesses in a syghe magnetocrystalline anisotropy. Given that it originates
tematic manner. SMOKE measures the magnetization withiffom the spin-orbit interactiof¥; the magnetic anisotropy
the confines of the laser spot. When applied to the SRT, it§wust obey the symmetry of the lattice. Understanding how
thickness resolution can achieve the 0.04 ML level for alattice symmetry breaking induces magnetic anisotropy is of
typical wedge with, say, a 2 ML mm slope. Figure 5 illus- fundamental importance.
trates the perpendicular magnetic remanenkk ) deter- To isolate the lattice symmetry effect from the electronic
mined from the polar signal, and the parallel remanencé&ffect, a few groups have performed experiments on mag-
(M,) determined from the longitudinal signal, at room tem-Netic thin films grown on steppe@01) substrate$?~** The
perature for different Fe film thicknesses. The existence ofdea is that the atomic steps on tt@01) surface break the
the SRT is evident as a function of the film thickness. At lowfourfold rotational symmetry to induce a uniaxial magnetic
thicknessesM , maintains its saturation value, and at large@nisotropy in the film plane. Experimentally, stepped sur-
thicknessesM), retains its saturation value. However, in the faces consist of low Miller-index terraces uniformly sepa-
SRT region(Ad in Fig. 7), M is greatly suppressed from its rated by atomic steps, and are created by polishing a sample
saturation value. This region is similar to that observed bysurface that is misaligned by a few degrees from the terrace
Pappas, Kaper, and Hopster in Fe/Cl00® and Fe/ normaldirection. Such surfaces are also referred tocsal
Ag(100) via polarized electron scatterifi§But the SMOKE  surfaces, because crystallographically they are oriented in the
measurements definitively show thist is not zeroin this  Vicinity of fundamental, low Miller-index faces. To experi-
region_ Thus, this region imot associated with a loss of mentally explore the relationship between induced magnetic
LRO, but instead with @seudo gapthat suggests the pres- anisotropy and lattice symmetry breaking, many substrates
ence of Comp|ex magnetic structure. with different vicinal angles would be needed. In practice, it
The formation of magnetic domains within the pseudo-is difficult to prepare multiple surfaces under identical con-
gap region provides a possible explanation for the suppreglitions. To overcome this difficulty, “curved” substrates
sion of M but without a loss of magnetic LRO. Yafet and have been introduced to provide a continuous gradation in
Gyorgy were first to recognize that a stripe domain structurdhe step density. Substrates(601) orientation and 1 cm in
has a lower energy than a single domain structure in a 2mliameter are used in the examples we cite below. Half of the
system with perpendicular, uniaxial anisotrdylt was  surface is polished to retain i{601] orientation and serve as
found that the domain size increases almost exponentially a& reference, while the other half is polished with a curvature
the effective surface anisotropy departs from zero. Thereforguch that the vicinal angle varies continuously from 0° to
the stripe domains are observable only in the vicinity of thel0°. SMOKE has a distinct advantage for this study because
SRT where the effective surface anisotropy is nearly zeréhe reflection angle of the SMOKE laser beam simulta-
and the domain size is less than the sample size. This exeously determines the local vicinal angle so that the relation
plains why there is a gapped region in the SRT within whichbetween the step-induced magnetic anisotropy and the step
the magnetic remanence is greatly suppressed. Stripe d@ensity can be systematically explored from a sirgleved
mains form a one-dimensionélD) ordered state which it- sample.
self is unstable against thermal fluctuations. Indeed, Kashuba Results for three representative systems are discussed:
and Pokrovsi§f found that the stripe domain structure is F&/W001), Co/Cu001), and Fe/P0Y). In Fe/W and Fe/
equivalent to a 2D liquid crystal system in that it possesse&d, the steps are parallel to tfi00] direction of the Fe. For
orientational order but no spatial order. An experimental obthe Co/Cu system, the steps are parallel to[th#0] direc-
servation of the stripe domains in the SRT region was pretion of the Co. The magnetization is in the film plane for all
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FIG. 8. Hysteresis loops foa 2 ML Fe film grown on a stepped W01) o (degrees)
surface miscut by 4.7°. The square loop is fbiperpendicular to the step 400
edges, and the split loop is fét parallel to the step edges. ' ' T i T
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three systems, thus only longitudinal hysteresis loops are re-
ported. Figure 8 shows hysteresis loops &2 ML Fe film g
grown on stepped V001 with a 4.7° vicinal angle. The = 200 g2 .
stepped Fe film shows a square loop with00% remanence = H -~ o
. B . . A O
for the applied magnetic field orientgmerpendicularto the 100 [ 4
step edges, and two split subloops with zero remanence for
the field orientedparallel to the step edges. This behavior
indicates that the atomic steps indeed induce an in-plane, O%H 5 . p g

uniaxial magnetic anisotropy with the easy magnetization
axis perpendicular to the step edges. The easy axis of the
step-induced anisotropy depends on the physical system. 1000 T ;
While the Fe/W001)*® and Fe/PD01)°® systems have their ’
easy axigperpendicularto the step edges, the Co/©01)°’
and Fe/Ag001)°® systems have their easy axiarallel to the
step edges. Nevertheless, the splitting fidld as defined in
Fig. 8 for the hard-axis loop, is proportional to the strength
of the step-induced anisotropy. Figure 9 shows the relation
betweerH and the vicinal anglex (which is proportional to
the step densibyfor the three systems. Fitting~ a" (the
solid lines in Fig. 9 yields an exponemu=2 for the Fe/W
system, bun=1 for the Co/Cu and Fe/Pd systems.

To understand why there is different dependencél of o (degrees)
on « for different systems, one has to examine how the sym- _ o
metry of the lattice at the step edges is broken for bcc and fCE'ani;,Hgngr(iTFE'/% a{%o\ﬁ ‘#E':Z'Oﬁgglliizsfoé{réa)re';%g%?1;1' :)?))Wif_/law

strgctures. _In the N pair-bonding qu@? the magnetic fiting yielding a quadratic relation betweeh, and a for the Fe/W system,
anisotropy is generated by nearest-neighbor bonds. For beat a linear relation for the Co/Cu and Fe/Pd systems.

and fcc lattices, there is no uniaxial anisotropy because con-
tributions from all nearest-neighbor bonds cancel out the—uysina+uzc05a into to the filmxyzframe with thex and

square-term anisotropy. At the step edges, however, thgayes in the film plane parallel and perpendicular to the step
missing atoms break this cancellation so that uniaxial anlsotédgesy respectively. The anisotrofigr small @) transforms
ropy will be manifest. . to Ey= —K(auyu,— a?u’+a?u?) for a bee lattice, and,

For a bcc lattice with steps parallel to th&00] direc-  _ _ 2 2 .
) ! P =—K(2auy+3au;+2v2auyu,) for a fec lattice. There-
tion, the anisotropy due to the missing atoms should have thg,;o the in-plane, step-induced anisotropy,£0) is E,
form E,=—(K/L)u,u,, whereL is the terrace lengthy is ~ _ Ka?u? for the bee case, anBl,= —2Kau; for fcc. This
the unit vector of the magnetizatio, and¢, », andf are  ,r6yides an explanation for why Fe/W and Co/Cu exhibit
the[100], [010], and[001] axes, respectively. For fcc lattice g adratic and linear dependences, respectively, for their
with steps parallel to thg110] direction, the aEiSOtZFOPY dzue step-induced anisotropies. The most interesting result is the
to the missing atoms has the forfa,=—t(2u’+3u; linear dependence in the Fe/Pd system. Fe has a bcc structure
+2v2u,u,), where ¢£=[110], »=[110], and {=[001]. but Pd has fcc structure. It was shown that the Pd at the
Note that the normal directiofz axis) of the stepped surface interface of Fe/Pd is ferromagnetic due to the Fe spin
makes a small vicinal angle to the[001] axis (so thate  polarization'°*1%! Since Pd has a much stronger spin-orbit
~1/L). The crystalén{ frame of reference has to be trans- interaction than Fe, the Pd is expected to dominate the mag-
formed from u,=u,, u,=uycosa+u,sine, and u,= netic anisotropy in the Fe/Pd system. We believe that is why

o (degrees)

10
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the Fe/stepped RA01) system exhibits arm-linear depen- It is easy to see thdd, B (or H) andk are perpendicular to
dence of the step-induced anisotropy as for a fcc lattice. each other. Th& vector, however, has a component parallel

to the wave vectok. Using the familiars- and p- polariza-
VII. DISCUSSION tion modes, the electric field can be written as

The basic principles, experimental setup, and two appli-
cations of the SMOKE technique were outlined. Although
SMOKE is a powerful technique, it has certain drawbacks. )

For example, it cannot distinguish surface or interface magt'€€ & €. ande are unit vectors along ths p, andk
netism from that arising from the interior layers. This is andiréctions.Es and E, are thes and p components of the
area where nonlinear(second harmonjc MOKE (or electric field, and their equations of motion are
SHMOKE) has major advantages. SMOKE also cannot, in
general, distinguish an antiferromagnetic phase from a non-
magnetic phase. These weaknesses leave many experimental
challenges for the future. Also, concerning theoretical chal- iw2eQ- 8 02e
lenges, a microscopic understanding of magneto-optics in the - 2 s ( 2 kz) E,=0
monolayer regime is needed since macroscopic continuum
theory must ultimately break down. Experimentally, it is also_l_0 first order inQ, it is easy to show that the two normal

important to enhance both spatial and time resolution so that . ; .

) ) Hwodes are rightR)- and left(L)-circularly polarized modes
small scale processes, such as domain wall dynamics, can D h

investigated. Possible ways to realize this goal involve com-
bining SMOKE with other techniques, such as near-field op-
tical spectroscopy, scanning tunneling microscopy, and/or

pump-and-probe methods. In the present article a sense of " )
history as well as of future opportunities was invoked to 1€T€K= e a,ndn:‘/,g are the wave vector and refraction
stimuiate interest both in the SMOKE technique and in its"'d€X: réspectively, without the magnetization. After obtain-
impact on modern thin-film and surface magnetism. ing the two nor.mal modes, any mode o.f.the electromagnetic
wave can be viewed as their superposition.
Now, we consider an electromagnetic wave propagating
inside a magnetic multilayer structure. At each boundary be-
The authors thank the many colleagues that we haveveen two layers, the boundary conditions involg, E,,
worked with on the projects cited in the reference list. With-H_ and Hy, wherex andy axis are in the film plane and
out them this work would not be possible. This work wasperpendicular and parallel to the incident plane, respectively.
financially supported by the Office of Basic Energy |t is more convenient to express these four quantities with
Sciences-Materials Sciences of the United States Departmefie s and p components of the electric field. Thecompo-
of Energy under Contract Nos. W-31-109-ENG-@8& Ar-  nents are easy to write because they are parallel tosthe
gonng and DE-AC03-76SF0009&t Berkeley and by Na-  direction
tional Science Foundation Contract No. DMR-9805222

Berkeley. E,=EL+EL, (AB)

E=Es&+Epg+i(—Q-g,Es+Q-&Ep)6. (A3)

w’e i02eQ- g
= kZ) E+ —CZ_EpZO

(A4)

ke =k(1+3Q-8) or ng =n(1=3Q-&). (A5)
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APPENDIX where the superscriptsand r denote the incident and re-

To derive the matrices A and D, it is important to first flected waves, respectively. For theomponents, one has to
describe the normal modes of the electromagnetic waves inkgep in mind that the electric field has a componiént Q
magnetic medium. To obtain them, consider a wave €Es+Q-&Ep)e parallel to thek direction, and that the
~ el x=let propagating in a medium whose dielectric tensorand R modes have different refraction indices and incident
is described by Eq(1). Since the magnetic response of the angles. Therk, can be expressed as
medium is attributed to the Voigt vect® in the dielectric ‘ . o o
tensor, we can assume that the magnetic permeability is 1. Ey=E'p’Lcose,_+ E',)'RcosaR+i(—Q~e'pE's+Q-e'SE'p)

Then the relationship betwedh andE, andB andH is

R rL rR
Xsing—E," cosf —E,;" cosbr

D=sE+icEXQ and B=H. (A1) r r
+i(—Q-eE.+Q-eE,)sing. A7
Then Maxwell’'s equations give (-Q&E+Q &) (A7)
(k-E+ik-(EXQ)=0 Using the relations
w
kXE=H Ep=+iEg
CH=0 (A2) Ep=—iES : (A8)
B NgSinf@zr=n_sind, =nsiné
we )
{ kXH=— " (BHIEXQ) E, can be expressed as
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Eyzlz[—QytanH(l+co§ 6) +Q, sir? 9]EL

i
+(cosf+iQ,sin)E,+ 51Qy tané(1+cos 6)

+Q, sir” A]ES+ (—cosf+iQ,sin)Ey,. (A9)

Z. Q. Qiu and S. D. Bader
i in i
Hy=n cosfE + E(Qy tang+ QZ)Ep

in
— N COSHE,— 7(Qy tand—Q,)E,. (A10)

Therefore, we obtain the relation between thandy com-
ponents oft andH with s andp components of the electric

H, andH, can be derived in a similar way from the expres-fie|d. This relation can be expressed as a matrix product

sionkXE=w/cH:

in ) )
HX:?(Qy sin+Q,cosf)Es—nE,

in )
+ ?(Qy sin@—Q, cosf)E¢— nE[),

1 0

i . i

E[—Qytan49(1+cos.2 6)+Q,sir? #] cosf+iQ,sind 5
in )
E(stm0+QZcose) -n

in
ncoso > (Qytand+Q,)

E, E,
E E
y p
=A ALl
Hy El (ALD)
H, EL

with the 4X4 matrix A known as themedium boundary
matrix

1 0

[Qytand(1+cos 6)+Q,sin? §] —cosf+iQ,sing

in
g(stin 0—Q,cosh) -n

The next step is to derive the propagation matrix which
relatesE andH at the two surfaces of a film of thickneds

—ncos# —g(QytanH—Qz)
(A12)
|
U=exp —ikd cos#)
kd
5i=7(Qytan 0+ QZ)_ (A16)

Since each incident and reflected beam is composdd of
and R-circularly polarized modes, we use 1 and 2 to denote
theL andR modes of the incident beam at both surfaces, and
3 and 4 to denote thie andR modes of the reflected beam at

both surfaces. Then we have the following relations:
Ex’=Eg2exp(ik12d cosd, ,) L3
Ex*=E3*exp(—ik3%d cosbs »)’ (A13)

The relation betweek andE, at boundaries A and B can
then be expressed by a matrix product

EL EL

E! E!

p _ p

£’ =D er | (A14)
r r

EP A EP B

whereD is 4X4 matrix known as thenedium propagation
matrix.

Ucossd, Using, 0 0
—Using; U cosé; 0 0
D= 0 0 U lcoss, —U lsing,
0 0 U lsing, U lcosé,
(A15)
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