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ABSTRACT

A brief general review of the optical propcrﬁés of magnetic sur-
faces, interfaces, thin films, overlayers, and superlattices is presented. It
includes general background material, and some of the latest develop-
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1. INTRODUCTION

Magnetism is an electronically driven phenomenon, and therefore snsceptible to
study by optical means. It is however a weak phenomenon, as compared with electros-
~tatic and electric-dipole effects, and vrmich‘ more difficult to detect. It is also very subtle
in its manifestations. »It origins are purely quantum mechanical, with its founoaﬁons in
the Pauli Exclusion Principle and the existence of the electron spin. It leads nonethe-
less to short- and long-range forces, and to both classical and quantum-mechanical
effects. As a consequence there is a rich .variety of textures and properties found in
magnetic systems.

It is also possible to alter these systefns drastically by means of small changes in

temperature, by changes in the specific chemistry and morphology of the samples, and
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by relatively modest forces, such as those arising from magnetic fields, and uniform

\

and non-uniform stresses. Therefore magnetic systems lead to a large number of useful

engineering and technical applications.!™

- 2. MAGNETO-OPTICS

The first magneto-optic effect was reported by Faraday in the middle of the XIX
century. He discovered t_hat'(in general) elliptically polarized light passing through a
inagnefized, transparent substance (i) changes the ellipticity and (ii) rotates the major

axes of its polarization.

~

"About 30 years later, inb 1876, Kefr reportéd an analdgous phenomenon in
‘reflection. The Kerr effect is observable in the majority of ferromagnets, which are sel- .
dom transparent and therefore not suitable for the Faraday effect. In fact Kerr only
reported a rotation ih the plane of polarization, but did not notice thét there was also a
change in the ellipticity of the reflected light. Kerr’s explanation of the effect was that
the magnetizationAof the ferrdmagnet gives rise to a componenf of fhe electric-ﬁeld
" vector of the light whichi oscillates in a direction perpendicular to thé plane of vibra-
tion of the incident beam '(an'd in phase with it). If the incoming light is ‘p‘blarized in
the plane of incidence (p-polarizatiori), the fcﬁected light has its strong component in
the same plane because of; the laws of ordinary réﬂection. HoWevér there is another
component, in the reflected beam, polarized in the plane of the surface (s -polarization),
perpendicular to the first one. If, as Kerr assux;ned, the two components are in phase,
simple vector addition would give a polarization .»'vhich is also linear, but with a polari-
zation direction -rotated by an angle ® (the Kerr angle) from the p-direction. In fact
the two coinponents are not in phase, and the reflected light is thus elliptically polar-
ized. In a typical experiment the main axis of the ellipse is rotated by a few minutes of
arc from the original orientation (of the order of 10 minutes for the longitudinal Kerr
effect, and about 40 minutes for the polar Kerr _effect),Aand the ellipticity (raﬁo of the

minor to the major axis of the ellipse for light originally linearly p -polarized) is of the
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order of 0.001. These are all very small but easily detectable effects.
Given that there are many vectors involved in the problem, the possible geometri-
“cal arrangements of the experiment are many. In particular the following Vectors are

relevant:
Incident light:

Propagation vector k;

Instantaneous polarization vector € perpendicular to k.
 Reflected light:

Propagation vector k;

Instantaneous polarization vector € perpendicular to k’.
Reflecting magnetic surface:

Unit vector normal to the surface n;

Direction of the magnetization M. .

‘According to .the clEmentary laws of reflection, k, k” and n are all three in one 3
plane, the plane of incidence: |
because of the laws of reflection n is always parallel to &’ - k),

because of the laws of reflection n is always perpendiculér to (k’ + k).

The Polar Kerr Eﬁ‘éct corresponds to the case in which M_ is parallel to n, i.e.,
the magneﬁzation is normal to the surface and alsd in the plane of incidence:
POLAR KERR EFFECT: M lies parallel to n. |
In thé Longitudinal.K.err’Eﬁ.ect the magnletization M is perpendicular to n ( i.e., it
lies in thé surface blane) and is in the plane of incidence: | | o
LONGITUDINAL KERR EFFECT: M lies perpendicular ton ,
'LONGITUDINAL KERR EFFECT: M lies parallel to (k' + k).
In fhe Transverse Kerr Effect the magnetization is once again perpendicular ton

( ie., it also lies in the surface plane) and is also perpendicular to the plane of



incidence: »
'TRANSVERSE KERR EFFECT: M lies perpendicular ton ,
TRAN SVERSE KERR EFFECT: M lies pérpendicula.r to (kK + k).
All these arrangements are shown in Figure 1.

Siﬁc‘e the interaction bc;Ween electric and m’agnétic fields is largest when the two |
Vectors are_vperpendicular_ to.each other, the Kerr rotation is .-fnaximum whenever € and
M are perpendicﬁlar to one another ( e.g.,r the'pqlar arid lpngitudinalveffvec.:‘ts for s-'v
_ polarizatioh), sizeable when they form a nbt-very-ﬁmall anglé, and negligible when €
and M are paral_lel or-almost parallel. |

Even though both magngto-optic effects (Faraday and Kerr) "were ﬁst qiscovered
ahd studied in the secondvhaif of t-hé‘XIX éenthry; they are both now enjoying a -
fenaissance és tools in basic ﬁnd applied research. On the basic-research side it has
been recently demonstrated that the Kerr effect can be used to detect monolayer and
~ even submonolayer m'agne':t:is.m.6 In the applications area the effects can be useful in .
ébnnection with thé commeréial potential of matéx_ials for high-deﬁéiw 'mag’neto-opﬁcalf |
-data storagé.7 In addition, recent developments in Kerr microscopy to image magrietic :
domains'ahd to observe magnetic-switéhing phenomena has also hélped revitalize the
classic field of micfomagne;ﬁcs.s'9 |

The Sui'face Magneto—O'ptic'Kefr Effect (SMOKE)  provides a valﬁable in situ
.characterization probe of ‘the magnetic and magneto-optic properties of magnetic films
during the growth process.l? Since the magneto-optic coupling is causéd by the spin-
orbii interaction it is indeed a very small effect. The technique requiresv the application
of an» external magnetic field to reverse the magnétization direction of the sample in
the growth chambers. All other parts, including the optical comﬁonerits, are outside the
vacuum system. Typically the system consists of a laser source, a polarizing analyzer,
and a photodiode detector (see Figure 2). Magnetic hysteresis curves are obtained by

'monitoring the light intensity at the detector as the field is swept. To address key
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issues associated with the surface magnetic anisotropy, the field can be in the film
plane (longitudinal and transverse Kerr effects) or perpendicular to it (polaxf Kerr
effect). The ternperatufe dependence of the hysteresis loops can be used to monitor the
magnetization and coercivity. The Kerr effeét  was also used to obtain the magnetiza-
.tion exponent B in the critical regime for the system Fede (100), and a good égrce-
" ment was found with thatAexpec‘ted theoretically (B = 0.125) for a two-dimensional.
Ising system!l. The Kerr effect can be used as well tovmonitor.the Curie temperature
as a function of thickness, which provides a fundamental characterization parameter of

the films of interest.

It should be possible in the very near future to use tunable photon sources (syn-
chrotron: sources) in the optical-frequency region to monitor the Kerr rotation of mag-
neﬁc monolayers and ultr;-thin, metastable phases. This form of the Kerr Spectroscopy
will provide elcctrdnic -structﬁral information in the form of a joint density of _states"
weighted by the magneto-optic matrix elements.}? The spectral information ‘st;ould
complement that obtained from k-dependent probes Qf the band structure, such as

angle-resolved, spin-polarized photoemission. | |
It should be emphasized that the Kerr effect is not an inherently surface-sensitive
| pr\,obe.' The optical penetration depth in metéls is between 100 and 200 X, and therefore
the probe goes many atomic layers into the bulk. ’I'hc~ surface sensitivity, neccssary to
study surface and interfacé' magneti.sm, is derived from the sample fabrication tech-
niques that create extremely thin épitaxial magnetic films. It is of interest to use com-
plementary techniques wit_h different probing depths to understand coupled magnetic
layers, for instance. It should be possii)le tovde.v010p the Kerr effect into such a probe
by using non-linear optical processes; surface sensitivity will be obtained by monitor-
‘ihg the Kerr rotation in the -Second-Harmonic Generation (SHG) mode..13'14 The SHG

technique has recently gained prominence as an advanced surface-analysis techniquo:-:.15
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3. LIGHT-SCATTERING TECHNIQUES
Brillouin light scattering (inelastic light scattering by low-frequency excitatibri '
modes with well deﬁnfzd energy and wavevector) has. also proven valuable to obtain
information about the magneﬁééﬁon; and the exchange and anisotroby constants. The
scattering modes (bosonic excitations created and destroyed) in this caSe .are the spin -

6

waves (magnons). These studies can be performed in situ on overlayers,1 or as a

- post-growth characterization tool on superlattice and sandwich structures!”18 in air or
in controlled high- or low-temperature environments. The information obtained is -
quantitative and grdss-correlates well with other techniques, such as ferromagnetic

resonance data.!?

4. ANGLE-RESOLVED PHOTOEMISSION SPECTROSCOPY

Even without resolution of the spin p_olariiation of thc emitted electron, angle-
resolved photoelectron spectroscopy (ARPES) | is a very ppwerful tool to study the
magnetic properties of valence electrons in solids. Peaks in ARPES are produced by
direct (vertical) transition, in ‘which the k-vectors in the initial (béfdre photon absérp-
tion) and_ﬁnal (after photon absorption) electron states are conserved (within a vector
of the reciprocal lattice in the crystal). From the measmed energy and angle of the
emitted electron, and giveri that the freiluency of the radiation is known, one can deter-
~ mine uniquely the energy of the initial state, and the -éompoﬂent of its k-vector in the
plane of the emitter’s surface. Since- spin-up and spin-down electrons have different
band structures in polarized materials, the detection ‘of ‘speciﬁc features in the pho-
~ toemission spectrum - with Well determined ehergy and surface componenfs of the k-
vector -- permit comparison with the_oreticai .calculations based on .various magnetic
 structures, the elimination of many non-compatible models, and the determination (in

some cases).of the correct structure.

A successful example of the application of this technique is the study of the (100)

surface of antiferromagnetic Cr. It was known from theoretical studies?> %2 that the
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free surface of antiférrOmagnetic Cr should order itself in the form of alternating fer-
romagnetic planes. ‘The surface outer plane has é magnetic moment conéiderably .
én_hanced fror"n' its bulk value [bctween (+2.4) and (+3.0) Bohr magnefons, compared‘
with a bulk value of 0.59 Bbhr magnetons]. The second layer, Which is ferromagnetjc
but é.ligned ahtiparaliel to the 6uter one, has a magnetic moment of about (-1.5) Bohr.
magnetons; the third layer a moment of (+1.0) Bohr mégﬁetons. Such a strong mag-

netic stmctute (v_vhich is, on the whble, érgtiferroniagnetic in nature but -- becaﬁse of
v'only partlal compensation between successive layers -- has a net surface magnetiza-
tion) yields well defined features in thé band structure, in particular surfaée electronic

states that are concentrated on either the surface or on the second atomic layer.

Analysis of the ARPES data® .cor"tﬁrm's the existence of two sharp features.,
Feature 1, at an éner'gy 0.08 eV bélow the Fermi .lew‘/el, has a k-vector whose surface-
parallel compéncnt lies ait the céntcr of the two- dimensional (surface) Brillouin zone#
polarization and phoion-energy analysis indicates that it originates from states with the
so-called A, symmetfy in the bulk..Feature 2, at an energy 0.63 eV below the Fermi
level, lies also at the center of the two dimensional surface Brillouin zone, but or-
ginates from bulk states with A_5 syrﬁmetry. These featurg:s Can be put in a one-to-one
correspondence to ihose predicted by tvheory.z"‘22 It is highly unlikely that any other |
magnetic strﬁcturé could give rise .to features which would also .agrée that well with

the experimental data.

Only recently, howe_ver," has the ferromagnetic character of the ( 100) surface of
antiferromagnetic chrbnﬁum been observed directly. The difficulty with the direct
‘observation is the existence, in all real surfaces, 6f surface steps. With each step, one
monolayer in height, a different terréce is exhibited. Since alternating terraces have
opposite magnetizétions (a consequence of the antiferromagnetic arrangemént'of bulk

Cr), there is in fact no net magnetization at the stepped surface. The effect was.
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,nonetheiess observed by fneans_ of a double Scanning Tunneling Microscopy (STM)
experiment.* When a (100) chrorniurh surface was observed with an STM with a
tungsten tip, many identical steps (all of 14 R height) were recorded. The height
corresponds exactly to one half of the 2.8 A of the cubic parameter in body-centered |
chromium. A second _experiment,, in which the tip was made of chromium dioxide (a
* magnetic semimetal 1n Wthh only one spin orientation can tunnel either in or out),
produced alternating steps of 1.2 A and ‘1.6 A helght provmg that for electrons of a
given spin (those that can tunnel in or out of the chromium dioxide tip) consecutive
terraces present differept tunneling probabilities, ri..e., terraces with alternating fer-

romagnetic arrangements.

5. SPIN-POLARIZED PHOTOEMISSION SPECTROSCOPY

Direct information on the ferromagnetic electronic structure at surfaces can be
obtained by means of 'spinapolarizéd photoemission studies. Early studies? measure the
polarizatibn of the phbtb-yield as a function of photbn'energy, without énergy analysis.
Such measurements have the advantage thgt they can be performed as a function of
applied magnetic field perpendicular to the Surface up to the magnetic saturation of the

!

sample.

Synchrotron radiation, with its. high intensity, permits energy analysis of the elec-
trons photoemitted from a material magnetized in the plane of the surface.?® A mov-
able spin and ehcrgy analyzer allows investigation along different diréctions of k-
space. One can thus obtain a complete mapping of the spin-dependent electronic band

_ structure over the entire Brillouin zone.?’

With high-intensity vacuum ultra-violet and soft x-réy §ources other investigations
become possible. Studies of surface shifts in shallow core levels, subh as ihe 4f levels
in. rare earths, allow one to distinguish varying fnagnetizatibn as the surface is |
~ approached.?® With x-ray photoemission spectroscopy the polarization of electrons

emitted from multiplet split core levels, such as the 3s or-3p level in Fe, gives
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element-specific magnetic information,?® similar to that obtained from polarized Auger
spectroscopy but easier to interpret. From these studies it is also possible to extract

quantitative values Of atomic magnetic moments at surfaces.>

6. POLARIZED AUGER SPECTROSCOPY

‘Auger electron spectroscopy is a powerful tool for surface analv51s because of its
surface sensitivity and its chemlcal-elernent specificity. In the case Of ferromagnets the
Auger electrons may also be spin polanzed Such pOlanzanon arises from the different
occupation of the spm-spht valence- conducuon band. When the electrons at the top of
the Fermi distribt_ltion in a ferromagnet are directly involved in .thev Auger emission .
’process, the emitted electrons are néturally polarized. For core electrons, on the other
hand, there also may be polarized emission because' of the exchange intOractiOh :
~ between the valence-electron spin density and the filled core ‘lcvells.

‘Through spin-polarized Auger spectroscopy one obtains an element- specific
probe of the local magnetization at a given site. It can provide information not only
" on the magnetic properties of a surface but, in films of a few atomic layers, on the

magnetic properties of substrates and interfaces.

A clés\sic study of this kind®! has determined univocally th_e magnetization -of a
monolayer 0; Gd evaporated on an Fe(100) crystal surface. .T‘he spin polarization of |
the Auger electrons corresponding to the Fe [M(23)M (45)M (45)] line has opposite
pola.rizatiOn to that cOm:sponding to the Gd ‘['N 450 (23W (67)] and -Gd
| [N(45)N(6T)N (67)] lines, indicating that the magnetic moments in the Gd ngrlayer‘
are' coupled so as to lie in a direction antiparallel to those in the Fe substrate. In the
- same study it was _possible to measure indepcndémly the temperature de_pendencé of

the magnetization of the Gd layer and the Fe interface layers taldng advaritage of the

elemental specificity of the Auger process.
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7. MAGNETIC SUPERLATTICES

. Metallic magnetic superlattices! are made by depositing, in an orderly fashion and
With clean interfaces, altemaﬁng metallic thin films of two or more chemical composi-
tions, at least one of which is maghetic. These systems exhibit a wide range of very
interesting new physical phenomena, in particular magneto-optics, mag_nétoresistan\cc,
magnetostriction, ma'gnetostatics, magnetic exchange coupling, unusual rniérowave pro;
perties, and anisotropic magnetic behavior.

A variety of proécdures have been used to gro_w these superlattices. The preferred
methods have been sputtering, eyaporation, molecular beam epitaxy,‘ ‘and chémical
~ vapor deposition. A typical superlattice consists of a sometimes complex subsﬁ'ate (
e.g., gallium arsenide, magnesium oxide, strontium titanate, éopper', molybdénum), fol- .
lowed by a repetition (a given n,umber of times, between one and several hundred) of a
thickness x of a ferromagnetic metal ( e.g., iron, cobalt, permalloy) and a thickness y
of a non-magnetic metal ( e.g., copper, chromiuin, molybdenum). The noh-magnetic
metal is usixally called thc spacér. Two closely related effects appéar in these systems:-
1.- ‘Succcs§ive ferromagnetic layers arfange_ themselves with their magnetization
~ either parailcl or anﬁpafallcl to each othe}' (see Figure 3). The (parallel or

antiparall;l) magnetic arrangement is a function of the thickness; and natu:e of thé
intefvening non-ferromagnetic metal and the quality and structure of the inter-
faces. For a given system, prepared in a systematic way, the coupling is an oscil-

latory function of the thickness of the spacer’>=> (sée Figures below).

2.- The second effect takes place in samples in W.hich the magnetic' alignment is
anﬁparallel. The application of a strong enough ma.gnetic field changes the
arrangement of the magnetization. The antiferromagnetic coupling is overcome,
and the magnetic moments of all ferromagnetic layers are forced.to lie in the
sarﬁc direction. A macroscopic magnetic moment develops. Simultaneously the

electrical resistance of the superlattice, in all directions, decreases.
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“The change in the magnetic structure as a function of the structure of the sample
and the applied magnetic field has been monitored by optical (SMOKE, Brillouin

scattering) and non-optical (neutron and electron scattering techniques, ferromagnetic

resonance) means.

SMOKE experiments provide in situ characterization of the sarnples. By monitor-
ing the the Kerr angle as a function of the applied magnetic field, one determines the
hysteresis loops of the various samples (through a derivative property). Samrales with
paralle] arrangement exhibit a Simple, single loop, sirnilar to those found in ordinary, |
bulk ferromagnets Samples with antiparallel arrangements in the absence of an. applied
ﬁeld exhrbrt a double loop, corresponding to the three possrble configuration:

{ T, T, T, T, ..} (for strong magnetic fields up);
(o) T:, 1, T, 4, ..} (for weak fields); |
d {...I,' 4,4, 4,4, ...} (for strong magnetic fields down).
(See Figures 4, 5, and 6.)
" A prominent technical success of the last three years is the growth of a ;pacer :
wedge whose thickness varies continuously across the sample.3* Typically, its thick-
ness varies between 0 and 20 A over a distance of 0.5 mm. Such a shallow wedge per-

mits the conversion of rather poor horizontal resolution into vertical resolutions in the

atomic scale or even better. Wedge samples have been prepared with a variety of ele- o

ments under a large variety of growth condiﬁons. It should be noted that on the scale

of the wedge, it is in fact a succession of "broad" terraces, each one atomic layer

- higher than the next (Figure D.
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FIGURE CAPTIONS

Figuré 1

The arran‘ge’ment of the various véctdrs in the magnetb-bptic ekperixﬁents The various
letters indicate: E: the 1nc1dent beam; R: the reflected beam; T: the transmltted beam,
M: the sample magnetization. (a) The Polar Kerr effect, (b) The Longitudinal Kerr
effect; (c) The Transversc Kerr effect; (d) The Faraday effect.
| Figure 2 |
Schematic 'experimcntal arrangement for the Surface Magneto-Optic Kerr Effect. ’
(SMOKE) on a trilayer sanaple of Fc/Mo/Fé. (Figure courtesy. of S. D. Bader.)

Figure 3

Schematic representation of a magnetic superlattice. In (a) successivc‘magnctic.:' layers
are arrangéd with their magnetizations‘ antiparallel to each other; the electrical resis-
tance is high. In (b) there is a parallel magnetization ar'rangement; the resistance is.
low. If the application of a magnetic field changes (a) into (b) one obtains a negative
magnetoresistaﬁce. |

Figure 4



“D. T. Pierce. See reference 34)
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Ferromagnetic and antiferromagnetic hysteresis loops in trilayer samples of Fe/Mo/Fe,
with varymg th1ckness of the Mo spacer. The data were taken with the SMOKE tech-
nique. See Flgure 2 for the experimental arrangement. (Flgure courtesy of S. D.
Bader.) | |

Figure §

Hysteresis loops measured by SMOKE technique in trilayer samples of Fe/Mo/Fe, as a

fuooﬁon of the thickness of the Mo spacer. The data were taken with the SMOKE

technique. The parallel (single loop) and antiparallel (double loop) arrangements are an

oscillatory function of the thickness. (Figure courtesy of S. D. Bader.)

Figure 6 |

O‘scillations in ‘the switching field, as defined in Figure 4, as a function of the Mo
spacer thickness in Fe/Mo/Fe trilayers. Finite switching ﬁolds indicate anﬁpa;allel
arrangement of the two Fe layers. Zero switching fields are an indication of parallel

~

arrangement of the Fe layers. (Figure courtesy of S.D. Bader.)
Figure 7

Exploded schematic view of a wedge sample of an Fe/Cr/Fc trilayer. The arrows in the

Fe indicate the direction of magneuzauon in each domain. There are two domams in

- the Fe whisker substrate, and many domains in the overlaying (top) Fe film. The cou-

pling between the Fe whisker and the Fe film -- parallel or antiparallel -- is a function
of the thickness of the Cr spacer. It is also a function of the roughness of the Fe/Cr'

interfaces. Note that the vertical and horizontal scales are very different. The actual

angle of the whisker was in fact 0.001 degrees. (Figurelcourtcsy of R. J. Celotta and



- -16-

(a)

~(b)

(c)

N
£ . :
"-c '

()

Figure ~




-17-

Superconducting
- Magnet

1/4 A plate
Polarizer

Figure 2 R



-18-




Kerr Ellipticity (0.1mrad/unit)

-19-

i

L

-600

2400 -200

0
H (Oe)

Figure 4

- 200

400

600



-20-

o /j S 7.6

i - 96

E | /j,——]   11.2 
I Y

~ Kerr Ellipticity (0. Imrad/unit)

: [—:,—/ 13.8
i L s
S

] ] 1

! [ ] ]

-600 -400 -200 0 200 400
H (Oe)

Figure 5



600

400

-21-

T T T 1 Vv T T T T T T T 1 T T 1

Y I RN NN SR U WIUNENS UL IS SUUHES SN SN SHN N SRR SR SR SHN N |

5 10 15
Mo Thickness (ML) E

Figure 6



-22~

T =5-20 nm
F

&
.dﬂﬁi
Al

Fe Whisker

~ L =300-500 pm

Figure 7



LAWRENCE BERKELEY LABORATORY
UNIVERSITY OF CALIFORNIA
TECHNICAL INFORMATION DEPARTMENT
BERKELEY, CALIFORNIA 94720





