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Ozymandias 

I met a traveller from an antique land 
Who said: Two vast and trunkless legs of stone 
Stand in the desert ... Near them, on the sand, 
Half sunk, a shattered visage lies, whose frown, 
And wrinkled lip, and sneer of cold command, 
Teil that its sculptor well those passions read 
Which yet survive, stamped on these lifeless things, 
The hand that mocked them, and the heart that fed: 
And on the pedestal these words appear: 
'My name is Ozymandias, king of kings: 
Look on my works, ye Mighty, and despair !' 
Nothing beside remains. Round the decay 
Of that colossal wreek, boundless and bare 
The lone and level sands stretch far away. 

- Percy Bysshe Shelley, 1792- 1822. 
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Abstract 

A compact polar Kerr effect apparatus bas been constructed for integrated 
characterisation of metallic multilayers in a molecular beam epitaxy system 
with ancillary ultra-high vacuum analysis equipment {LEED, RHEED, XPS, 
AES, SEM, MR). In addition, an existing (isolated) general Kerr effect ap
paratus bas been modified so as to permit positional scanning measurements 
on wedge-shaped metallic sandwiches. Extensive investigations performed on 
a variety of samples using this latter apparatus have yielded some exciting re
sults. These include the observation of two-monolayer oscillations in the an
tiferromagnetic exchange coupling through Cr, Mn and Cu in, respectively, 
Fe{ OOI )/Cr/Fe, Fe(OOl)/Mn/Fe and Fe{ OOI )/Cu/Fe (evaporated) wedge-shaped 
samples, and a systematic study of the magnetic and magneto-optical properties 
of a Pd(111)/Co/Pd sandwich as a function of Co-thickness. 



Preface 

The primary objective of the graduation-project on which this report is based 
was the construction of an integrated polar Kerr effect apparatus within exacting 
specifications. Although this task, which was successfully completed, required 
a large investment of time and effort, it receives no attention here, as the fo
rum is inappropriate. The experience gained from making over sixty technica! 
drawings and the day-to-day details of weeks worthof design, assembly, testing, 
troublesbooting and instaBation remain recorded in files and loghooks within 
the confines of Philips Research. 

This is, however, a suitable forum for elucidation of the measurement princi
ples on which the apparatus is based, and description of some of the anomalies 
which were discovered (and sometimes explained) during daily use of this Kerr 
apparatus, and others. This material, together with presentation of some of the 
many results reaped by the author in numerous Kerr measurements, testifies to 
the work done. 
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Chapter 1 

Introduetion 

The magneto-optical Kerr effect (MOKE) has attracted considerable attention 
in recent years as a mechanism for high-density random-access recording. Com
mercial rewritable storage systems basedon alloyed rare-earth / transition-metal 
media [I) are already on the market, and extensive research is being conducted 
into the applicability of mediabasedon Co/Pt and Co/Pd multilayers [2). The 
perpendicular magnetic anisotropy of these multilayers (at low Co thicknesses) 
allows higher storage-densities than would in-plane magnetisation, and currently 
attainable values for magneto-optical materials are typically of the order of 108 

bits cm-2 • Pending the development of compact short-wavelength lasers and 
improvements in disc and drive technology, this value may he increased tenfold 
within the next decade [3). 

In addition to this important application, the Kerr effect is also an extremely 
accurate and versatile research tooi. Use of sharply focused light-beams allows 
highly localised monitoring of the magnetic properties of a sample, as opposed to 
bulk measurement techniques such as Vibrating Sample Magnetometry (VSM) 
and Ferromagnetic Resonance (FMR). Since MOKE directly mimics the be
haviour of a sample's local magnetisation, it can he used to determine quantities 
as varied as anisotropy constants, coercivity, exchange-coupling strengths and 
Curie temperatures. What is more, performing a positional scan on a single 
wedge-shaped sample at once yields all these quantities as a function of sample
thickness. 

The aim of this report is to give a broad insight into the nature, measure
ment and extensive applications of MOKE. lt is intended both as a handhook on 
Kerr apparatus and as a presentation-medium for some of the important results 
already achieved in MOKE measurements on wedge-shaped metallic sandwich 
structures. lts lay-out will reflect this dual aim, beginning in chapter 2 with a 
definition and discussion of the nature and origin of Kerr rotation and ellipticity, 
as well as a treatise on some of the varied research applications of Kerr measure
ments. After a thorough elucidation of the measurement techniques and actual 
apparatus in chapter 3, the remaining text will serve as a forum for discussion 
of two specific studies. 

Chapter 4 will concentrate on antiferromagnetic exchange-coupling in sam-
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pies consisting of ultrathin non-magnetic metallayers sandwiched between ferro
magnetic 3d transition-metal films. Extensive studies on various sandwiches of 
this type have confirmed the theoretically-predicted existence of two-monolayer 
oscillations in the coupling-strength, and have provided some insight into the 
nature of epitaxial growth of Mn and Cu on bcc Fe. 

Chapter 5 will devote itself to the results of a study of the magnetic and 
magneto-optic properties of a Co/Pd (wedge-shaped) sandwich. This study bas 
given broad insight into the dependenee of the Kerr ellipticity and rotation, 
coercivity, nucleation field and remanence of such a system on the thickness of 
the Co layer. In addition, the Kerr effects have been utilised in a novel and 
elegant manner in an investigation of the perpendicular magnetic anisotropy of 
the same sample, permitting the determination of the anisotropy constants at 
Co thicknesses in the 3 - 9 monolayer range. 

Finally, apart from detailed elucidation of a selection of theoretica} topics, the 
appendices are devoted toa discussion of some of the apparatus-related anoma
lies encountered during the studies cited above. Many of these problems were 
solved in a purely empirica} fashion, and time bas not allowed a more in-depth 
analysis of their exact origin and mechanism. Nevertheless, it is hoped that 
the material covered will he of some assistance to others employing photoelastic 
modulators in MOKE research. 
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Chapter 2 

The magneto-optical Kerr effect 

2.1 Definition 

In 1877, the Scottish scientist John Kerr (1824 - 1907) discovered that the 
polarisation-state of light could he changed by reileetion at the surface of mag
netic materials [4]. This magneto-optical Kerr effect can he classified into two 
distinct phenomena, Kerr rotation and Kerr ellipticity, characterised, respec
tively, by changes in the phase and the amplitude of the light undergoing re
ilection. Defined more directly, the former is the alteration of the direction of 
polarisation of linearly polarised light, while the latter is a measure of the extent 
to which circularly polarised light becomes elliptical. 

The origin of the effects can he clarified by regarding linearly polarised light 
as the superposition of two circularly polarised components, of equal amplitude 
and opposite sense. A relative change in the phase of the two components will 
leave their superposition linear, but their resultant will have undergone rotation 
with respect to its original direction. On the other hand, a relative change in the 
amplitude of the components will result in an elliptical superposition. Figure 2.1 
illustrates these effects. 

Writing the complex Fresnel reileetion coefficients for right circularly po
larised light (RCPL) and left circularly polarised light (LCPL), respectively, as: 

(2.1) 

we can formulate exact definitions of the Kerr rotation (OK) and Kerr ellipticity 
{fK) as: 

(2.2) 

2.2 Kerr geometry 

It is useful at this point to define the three different observation geometries 
commonly used in discussing MOKE. These polar, longitudinal and transverse 
Kerr geometries 1 are depicted in figure 2.2. The geometry chosen for analysis 

1The term equatorial is sametimes used instead of transverse. 
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timet 

-- .... .... .. 
' ' ' ' ' ' • • 

(a) 

(b) 

(c) 

timet+ ~t 

• • 
' 

---.. .... .. 
' ' ' ' ' ' • • 

Figure 2.1: (a) Linearly polarised light may beregardedas the superposition of 
two circularly polarised components of equal magnitude and opposite sen se. (b) 
A relative phase-shift, .,P, between these two components causes their resultant 
to be rotated through ~ relative to its initia} orientation. The superposition 
remains linear, since the line of the resultant is fixed in time. (c) Changing 
the relative amplitude of the components causes the superposition to become 
elliptical, since the magnitude of the sum varies and the line of the resultant 
rotates in time. 
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PO LAR LONGITUDINAL TRANSVERSE 

Figure 2.2: Definition of the polar, longitudinal and transverse Kerr effects 
in terms of the relative orientation of the observation-plane and the sample's 
magnetisation-vector. (Alter W. B. Zeper {2}) 

of a given sample depends on its magnetic anisotropy: in-plane magnetisation is 
monitored by the longitudinal Kerr effect, in which case the angle of incidence, Oi, 
is preferably equal to the Brewster angle for the material in question; on the other 
hand, the polar Kerr effect, with minimal Oi, is employed in studies on samples 
with perpendicular magnetisation. In practice, the transverse orientation is 
seldom employed, except as a check on the interpretation of in-plane effects 
observed with the longitudinal geometry, as in the case of the measurements in 
chapter 4. The question of the relative magnitudes of the Kerr effects forthese 
three different geometries is discussed in detail in [5]. 

2.3 Dependenee on optica! properties 

For polar Kerr geometry (perpendicular incidence and emergence ), the complex 
Fresnel refl.ection coefficient can he written as: 

_ n -1 
r=---

n+1 
(2.3) 

where 
n =n-ik (2.4) 

is the complex index of refraction for light of a given polarisation. Here, n is the 
'common' refractive index (i.e. the index in the absence of absorption) and kis 
the so-called extinction coeflicient ([6], pp 1-11). We have assumed the sample 
to he in vacuum (iio = 1). 
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Since r = réP = r(cos <P +i sin <P), we may write: 

(2.5) 

(2.6) 

Here, ~( r) and ~( r) are, respectively, the imaginary and real parts of r, and r * 
is the complex conjugate of r. 
Using these expressions, we can derive the following two results: 

1. 20K ::::::: tan 20K, since ()K is always very small ( < 1 °). Thus, from (2.2) it 
follows that: 

2() ("' "' ) tan tP+ - tan <P-K ::::::: tan 'f'+ - 'f'- = _ _..;....;._ _ __;_ 
1 + tan tP+ tan <P-

(2.7) 

Using (2.5), we may then write: 

() ,_ k_(n~ + k~- 1)- k+(n: + k:- 1) (2.8) 
K"' (n~ + k~- 1)(n: + k:- 1) + 4k+k-

where the '+' subscript refers to RCPL, and the '-' subscript to LCPL. 

This further reduces to: 

(2.9) 

Here, we have m?-de use of the fact that: 

(2.10) 

and have ignored second-order terms by introducing the approximations: 

(2.11) 

2. Assuming r + - r _ <t::: r + + r _, we may use (2.2) to write: 

r + - r _ r~ - r: 1 r~ - r: 
fK = = ( ) :::::::- 2 2 r++r- r++r- 2 2r++r_ 

(2.12) 

From (2.6), it then follows that: 

(n+- n_)(n2
- 1) + (k~n-- k:n+) 

fK::::;:..;.___;~~~--..;._~~~---~ 

(n2 + k2 )2- 2(n2 - k2 ) + 1 
(2.13) 

Here, we have omitted the intermediate substitution-step corresponding 
to equation (2.8) and have again made use of equations (2.10) and (2.11). 
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Equations (2.9) and (2.13) merit comparison with the corresponding expressions 
for the Faraday effects in a transmissive substance [7): 

7rd 
8 F = ~o ( n+ - n_) (2.14) 

1rd 
fF = tanh ~o (k+- k_) (2.15) 

Here, f)F and fF are the Faraday rotation and ellipticity, respectively. The def
inition refers to a sample with a thickness d along the propagation-line of light 
whose wavelength in vacuum is ~0 • 

The relatively simple mathematica! structure of the Faraday expressions (linear
ity in the differences of the indices and non-mixture of n and k) reveals a direct 
proportionality of OF and fF to the optica! anisotropy; the larger ( n+ - n_ ), for 
example, the largeris f)F· Maximisation of f)K (in conneetion with recording ap
plications, for instanee) is, unfortunately, not so straightforward, since indices 
are mixed, second and third-order terms occur and there is a dependenee on 
the absolute magnitudes of n and k. As a result, the wavelength-dependence 
of the Kerr angles is considerably more complicated than that of the Faraday 
quantities, and the ratio of f)K to fK can he a relatively sensitive function of the 
colour of the prohing light beam. In the interest of optimising the signal-to-noise 
ratio during measurement, it is therefore important to employ an experimental 
metbod which can measure the larger of the Kerr angles at any given wave
length. This is possible in the case of the polarisation-modulation technique 
applied in this work, and thus it is that the results of chapter 4 are based on 
measurements of Kerr rotation, whereas those of chapter 5 are principally based 
on Kerr ellipticity measurements. 

2.4 Dependenee on magnetisation 

From equations (2.2), it is clear that a sample will only show a Kerr effect if it 
possesses optica! anisotropy ( n+ =1- n_ ); the permittivity of such an anisotropic 
material is then described by a tensor, {, instead of a scalar. For solids with 
cubic symmetry in which the magnetisation, M, lies along the symmetry-axis 
(z-axis), { has a relatively simple Cartesian 2 expansion [8]: 

The optica! anisotropy manifests itself through the presence of the off-diagonal 
terms ±l.ry· Each of the components lpq is complex, and defines the relationship 

2The Cartesian basis is (ï,j, k) = (x, y, i). 
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between an applied electric field in the q-direction and the resulting current
component in the p-direction. From symmetry arguments, it follows that lu = 
fyy• 
The off-diagonal term is an odd linear function of the magnetisation, M, of 
the sample [9); the diagonal terms are all even in M. Transforming now to 
coordinates (r, ~ k) for circularly polarised light, where: 

... 1 (... . ... ) 
r = .J2 t + t) 1... 1 (... . ... ) 

= ..j2 t-IJ 

we can rewrite (in circular coordinates as: 

_ ( ( fx:r + ilx11 ) 

l= 0 
0 

It immediately follows ([6], p 5) that: 

-2 - ·-n_ = fx:r - lf:ry 

(2.16) 

(2.17) 

Combining these equations with (2.1) and (2.3), and assuming that llx11 l<:ll:r:r I 
(which is generally true in most materials), we canthen write: 

() . fxy 
K- tf.K =- - -

~ (fu- 1) 
(2.18) 

where we have used definition (2.2). Once again, we see that if lx11 = 0 (no 
optica} anisotropy) then () K = 0 = fK. Since fxy is an odd linear function of M, 
it is clear from (2.18) that ()K and fK will each have this same characteristic. 

2.5 Research applications of MOKE 

The antisymmetry of ()K and fK in Mis the key to the wide-ranging applicabil
ity of MOKE: in any situation in which the magnetisation of the sample varies, 
()K and fK imitate the resulting changes in magnitude and direction of M along 
a particular line of sight. Moreover, since the magnetisation is only monitored 
in that region of a sample which is illuminated by a (sharply focused) prohing 
light beam, a highly localised analysis of magnetic behaviour is made possi
ble. This allows, for example, a positional scan along a magnetic sandwich of 
varying thickness or composition, permitting a whole series of independent mea
surements to he performed on one sample (as in the wedge technique exploited 
in chapters 4 and 5). 

Absorption of light by the sample is also of importance, since it further limits 
the extent to which the magnetisation is examined. The absorption coefficient 
(K) of a substance at wavelength À (in vacuum) is defined via the equation ([6), 
p 4): 

l(z) = l(O)e-Kz 

8 
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where k is the extinction coefficient referred to in equation (2.4 ), and /( z) is the 
intensity of light (of wavelength .X) at distance z along the propagation-path. 
lntensity therefore falls by a factor e-1 over a distance: 

.x d = J(-l =-
p 41rk (2.20) 

and we will define this to he the penetration depth of the light. lts value for 
metals and visible radiation lies in the range 250 - 500 Á, so that optica! analysis 
techniques such as MOKE certainly cannot he used to fully investigate bulk mag
netic properties. However, this fact makes MOKE an ideal tooi for examining 
the magnetic behaviour of ultrathin films deposited on bulk magnetic substrates. 
In such an application, attention will he concentrated on the interaction between 
the substrate and the deposited films rather than on the net magnetisation of 
the sample as a whole (in which case the substrate-contribution would utterly 
overwhelm that of the films). This contrasts strongly with bulk measurement 
techniques such as FMR and VSM. 

The following examples serveto illustrate some of the specific MOKE applica
tions which make use of these properties: 

2.5.1 Measuring magnetic hysteresis 

The sample is subjected to a cycle of increasing and decreasing positive and 
negative magnetic fields between the poles of an electromagnet. OK or fK is 
measured as a function of field ( H) and a plot is made to obtain a Kerr hys
teresis loop. The coercivity (He), nucleation field (Hn) and remanence are then 
easily calculated as shown in figure 2.3. This technique is applied extensively in 
chapter 5. 

N ote A hysteresis loop such as that described above consists, in fact, of a 
finite number of measurement points rather than an unbroken curve. The exact 
number of points is determined by the programmed step-size in a procedure 
administrating the automatic measurement. For clarity, the same procedure 
joins neighbouring data-points with straight line-segments, and the individual 
points themselves are not explicitly represented. This tends to give the loops a 
rough appearance, and can give rise to the illusion of 'steps' in areas where the 
measured angle changes rapidly with applied field. Caution should therefore he 
exercised when interpreting the hysteresis data presented here. 

2.5.2 Antiferromagnetic exchange-coupling studies 

A longitudinal Kerr hysteresis loop is plotted fora sample consisting of a single, 
thin, non-magnetic metal film (Cr, Mn or Cu) sandwiched between thin magnetic 
layers (Fe or Co). These magnetic layers are antiferromagnetically coupled at 
zero field. However, as the applied external field increases, the magnetisation of 
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Figure 2.3: Polar Kerr hysteresis loop lor a Co/Pt multilayer (23 x {4A Co + 
9A Pt) on glass). (a) The coercivity, He, is the field-value corresponding to zero 
Kerr effect. (b) The nucleation field, Hn, is the value of H at which saturation 
starts to break down. (c) The remanence is the ratio of the Kerr effect at zero 
field to that at saturation. 

the overlayer is forced to turn (in-plane) with respect to that of the substrate 
until, at high field-values, the two magnetisations are parallel. The combined 
longitudinal Kerr signal from the magnetic layers changes accordingly: a fast 
magnetisation-flip results in a step in the hysteresis loop; a more gradual change 
manifestsitself as a ramp. The fields H1 and H 2 corresponding tothestart and 
finish of the overlayer's magnetisation-switch are noted; these are then used to 
calculate the (weak) coupling parameter, J, according to the expression [10]: 

(2.21) 

Here, M11 is the magnetisation (per unit volume) of the overlayer-material and 
d the overlayer's thickness. 

The idea is further illustrated in figure 2.4 and discussed in detail in § 4.2.3 and 
appendix C. 

2.5.3 Kerr anisotropy studies 

A 100 % remanent, polar sample is placed at right angles to the lines of a uni
form magnetic field and is brought to saturation. The field is then switched off 
and the sample turned through a known angle 4> relative to its initia} orientation. 
The magnetic field is again applied (now at an angle 4> relative to the sample's 
normal), starting with zero field and increasing gradually. OK or f.K is measured 
as a function of applied field, H, using the pol ar Kerr effect ( along the sample's 
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Figure 2.4: Longitudinal Kerr hysteresis Joop for an Fe(OOl )/Cr/Fe sample. The 
substrate's temperature during Cr layer-deposition was 200 oe. The interpreta
tion of the steps in the loop is depicted in terms of the relative orientations of 
the magnetisation of overlayer and substrate. The delimiting fields, H1 and H2, 

appearing in equation (2.21) are also defined for the case in question. 

normal). As H increases, the sample's magnetisation, M, is pulled away from 
the normal and towards the direction of the field lines. As a result, OK and 
f.K decrease with increasing H. Fitting the resulting function OK(H) or f.K(H) 
against a theoretica! expression incorporating parameters K 1 and K2 (the first 
and second-order anisotropy constants) allows these parameters to he calculated. 

The metbod is discussed in more detail in chapter 5. 

2.5.4 Determining the Curie temperature, Tc 

A sample is placed in a constant magnetic field and heated slowly. As the tem
perature (T) rises, the sample's magnetisation hecomes increasingly chaotic (as 
thermal motion competes with magnetic ordering forces ). Both Kerr quantities 
will therefore he monotonically decreasing functions of T. A graph of OK or f.K 
against T is plotted and extrapolated towards the temperature-axis, which will 
he intersectedat the point Tc. See (2], pp 36- 37, for an example of such a plot. 
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Chapter 3 

Measuring the magneto-optical 
Kerr effect 

3.1 Measurement principle 

In principle, (}K and fK can he measured with a minimum of apparatus, as 
illustrated in figure 3.1. In this schematic, monochromatic light is directed 
through a polariser (P) at a mirror, where it undergoes reflection and proceeds 
toa detector via an analyser (A). Keeping P fixed, A is rotated until the signal 
at the detector is reduced to a minimum, whence the rotational position of A is 
noted. 

light souree magnet \] 

I pole 
"-\ I/ 1 polariser -0-- -[;?1- __ -·.\sample 

/1 I\' I / D 
detector /~ 

/ analyser 
intensity meter 

~ 
Figure 3.1: The bare minimum of apparatus with which MOKE can, in principle, 
be measured. The actual experimentalset-up used in practical measurements is 
depicted in ligure 3.4. 

If now the mirror is replaced hy a magneto-optical (MO) sample, it will he 
found that the detector-signa} is no longer minimaL The angle through which 
A must he turned in order to restore minimality is the Kerr rotation, (}K. On 
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the other hand, if a suitable retarding plate is interposed between A and the 
detector, the incoming elliptically polarised light can he converted into light 
which is linearly polarised at an angle with respect to the polarisation-direction 
before reflection. This angle is then a measure for the ellipticity, and can he 
quantified in the manner described above for ()K· 

Although the outlined method is theoretically sound, it is exceptionally dif
ficult to apply in practice. In reality, ()K and fK are extremely small ( < 1 °), 
making it difficult to accurately determine the analyser-position corresponding 
to restored minimality of the detector-signa!. In addition, a different retarding 
plate must he used for each applied wavelength, leading to difficult automation 
problems if wavelength scans are required. 

3.2 U se of lock-in amplifiers 

The tiny changes in light-intensity which have to he foliowed by the detector 
lend themselves to accurate measurement hy lock-in amplifiers. The issue which 
then arises is the manner in which the reflected light is to he modulated: 

• Direct intensity-modulation by a chopper wheel does not address the prob
lem of accurate rotation of the analyser through characteristically small 
angles. 

• The analyser can he allowed to spin with a constant angular velocity, w. 
Replacement of the mirror hy the MO sample then causes a phase-shift 
in the lock-in signa! which is equal to the corresponding magneto-optical 
rotation. However, accurate measurement of this phase-shift (with, for 
example, an oscilloscope or lock-in amplifier) remains a relatively difficult 
task. 

• A variant of the spinning analyser method is the technique whereby the 
analyser is kept stationary and a modulatory Faraday cell is interposed 
between it and the sample. In this case, an amplitude-offset is produced 
hy the MO behaviour of the sample 1 • Knowing the amplitude of the 
oscillations in the Faraday cell, this amplitude-offset, which is relatively 
easily measured, can he translated into the corresponding magneto-optical 
rotation. A drawback of this method, however, is the sensitivity of the 
Faraday cell tostray magnetic fields, which can distort the measurements 
by introducing an error into the assumed value of the cell-amplitude. 

• All of the ahove methods use relatively low-frequency modulation ("' 100 
Hz), and background noise is usually stronger at lower frequencies than in 
the higher ranges ("' 10 kHz). 

1The offset is caused by adding a constant Kerr rotation to an oscillatory Faraday one; the 
time-averaged electric field vector of the light beyond the Faraday modulator then subtends a 
new angle with respect to the axis of the analyser, so that the background light-level passed 
by the analyser changes. 
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• None of the above techniques addresses the need to use several retarding 
plates during a possible wavelength-scan. 

3.3 Polarisation-modulation technique 

3.3.1 Operation-principle ofthe photoelastic modulator 

The difficulties outlined so far can he circumvented by incorporating a pho
toelastic modulator 2 (PEM) into the apparatus, as shown in figure 3.4. This 
modulator consists of a birefringent crystal mounted on a piezo vibrator with a 
characteristic frequency f (see figure 3.2). Vibrational stretching of the birefrin
gent element causes the optica! axis along the direction of vibration (i.e. along 
the y-axis) to oscillate between relatively fast and relatively slow states with 
respect to the optica} axis perpendicular to the vibrational direction (i.e. along 
the x-axis). As a result, electromagnetic radiation traversing the crystal in the 
z-direction experiences a periodic advancement and retardation of its y-phase 
relative to its x-phase. If the amplitude of the modulation corresponds to ~
retardation for the wavelength employed, and if the incoming light is linearly 
polarised at 45° with respect to the vibration-direction (y-axis) of the PEM, 
then the emergent light will alternate between LCPL and RCPL states with 
frequency J, as illustrated in figure 3.3(b). See [11], pp 222-223 and 249-250 
for a thorough discussion of elliptical polarisation and optica! retardance. 

Birefringent Element 
e.g. CaF2 

• 

• 
Vibration Mode 

Figure 3.2: Structure of the photoelastic modulator. The vibration of the piezo
electric crystal along the y-axis produces a periodic deformation of the bire
fringent element in the same direction. This causes the optica] axis along the 
y-direction to oscillate between [ast and slow states relative to that along the 
x-direction. (After W. B. Zeper {2}) 

3.3.2 Applying the photoelastic modulator 

Figure 3.3 illustrates how the principle of the PEM may he exploited to measure 
both ()K and tK, without having to use an additional retarding plate: 

2 Also called a piezo-birefringent modulator 
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Figure 3.3: Principle of the polarisation-modulation technique. (a) Retardation 
h as a lunetion of time. (b) Corresponding polarisation-states of the light passed 
by the P EM, and the magnitude of the electric field vector along the x-axis. 
(c) As for (b), but the observation-point is now bebind an analyser whose axis 
is oriented along the x-axis. The sample demonstrates a Kerr rotation, (}K· 

(d) As for (c), but now alter introduetion of a Kerr ellipticity, fK, insteadof a 
Kerr rotation. (Alter](. Sato {12}) 
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• If the reflective sample shows no Kerr effect, then the x-phase of the light 
reaching the detector will remain constant, i.e. the intensity bebind an 
analyser w hose axis lies along the x-axis will not vary. 

• Kerr rotation in the sample will introduce a 2/-oscillation in the intensity 
bebind such an analyser. 

• Kerr ellipticity will cause an f-modulation in the transmitted light-level. 

Because f is intrinsically high (50 kHz), there are fewer problems with noise 
than in the case of lower-frequency modulation ("' 100 Hz). 

3.3.3 Measurement technique 

The apparatus used is depicted in figure 3.4. Using separate lock-in amplifiers, 
the intensities of the f- and 2/-components of the detected light can be quan
tified [respectively I(!) and 1(2!)). By employing a chopper-wheel to further 
modulate the light-level (at a freqeuncy of"' 100 Hz), a third lock-in amplifier 
can be used to measure the DC light intensity, 1(0), on which these components 
sit. 

(}K and lK in terms of measured intensities 

Assume the light leaving the souree (laser or monochromator) to have an 
electric field vector of amplitude E. Taking the unit veetors i and j to lie, 
respectively, along the x- and y-axes of the PEM, and remembering that the 
polariser subtends an angle of 45° with both of these directions, we obtain the 
express1on: 

E~ E (~ ~) 
1= -/2 z+J (3.1) 

for the electric field vector after traversal of the analyser. 

The PEM modulates the y-component of this field with frequency f. Expressing 
the retardation of the y-phase as: 

(3.2) 

we can write: 
~ E ·s 

E2 = -/2 (i+ e' i) (3.3) 

for the electric field vector 3 beyond the PEM. 

3This is a complex expression; the physical value of the electric field vector is actually 
obtained by taking the real component of (3.3). This is also true of the field veetors referred 
to in equations (3.4), (3.5) and (3.6). 
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Figure 3.4: Apparatus for measurement of MOKE by the polarisation modula
tion technique. The lens between the PEM and the sample is optional, and is 
discussed further in § 3.4.1. 
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We now transform this expression into more convenient coordinates for circularly 
polarised light. Making use of the unit veetors rand Ï (for RCPL and LCPL, 
respectively) defined in equation (2.16), we can write (3.3) as: 

{3.4) 

The complex Presnel reflection coefficients for the MO sample are r + and r _, for 
RCPL and LCPL respectively. The electric field after reflection is therefore: 

{3.5) 

Returning to Cartesian coordinates i and j, this becomes: 

E... E [{(- - ) . i6(- - )}... {(- - ) · i6(- - )} .... ] (3 6) 
3 = m r + + r _ - ze r + - r _ z + r + - r _ - ze r + + r _ ZJ • 

2v2 

If the analyser-axis subtends an angle 4> with the x-axis, then the amplitude of 
the electric field vector which reaches the detector is: 

E4 = E~ cos 4> + E~ sin 4> (3.7) 

where E~ and E~ are the i and J components of Ë3 , respectively. Thus, from 
{3.6) we can derive: 

E4 = 2~ [r+(1- iei6 )e+i~P + r_(l + iei6 )e-i~P] (3.8) 

The intensity (I) recorded by the detector is proportion al to I E4 12, i.e: 

(3.9) 

where a is a proportionality constant. Substituting from equation (3.8), this 
becomes: 

(3.10) 

where use has been made of equations (2.2). 

Assuming r + - r _ « r + + r _, we can write: 

(3.11) 

(3.12) 
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where we have again used the definition of f.K given by equation (2.2). The 
expression for I then becomes: 

I~ o:~E
2 

[1 + 2fK sin h' +cos h' sin 2( </>+OK)] (3.13) 

where: 
1 

R = 2 (r~ + r:) (3.14) 

Recalling that h' = 60 sin 211" ft, we can expand sin h' and cos h' into Bessel fundions 
of order n, Jn(h'0 ) ([13), p 232): 

sinh' - 2J1(h'o)sin27rft+2J3 (h'0 )sin67r/t+ ... 

cos h' - Jo(h'o) + 2J2(h'o) cos411"ft + ... (3.15) 

Neglecting terrns higher than second order, we may thus rewrite equation (3.13) 
as: 

where: 

I~ I(O) +I(!) sin 21rft + I(2!) cos 211"2ft 

Io -
o:RE2 

2 

- Io [1 + Jo( h'o) sin 2( </>+OK)] I(O) 

I(!) - Io [4fKJt(h'o)] 

I(2!) - Io[2J2(h'o)sin2(</>+0K)] 

1f </> is small, then, because OK is also small, we have: 

sin2(</>+0K) ~ 2(</>+0K) ~ 1 

I(O) ~ Io 

Thence, from (3.19) and (3.20): 

I(!) 

(3.16) 

(3.17) 

(3.18) 

(3.19) 

(3.20) 

(3.21) 

1f </>~OK, then </>+OK ~OK and we have the Kerr rotation directly. In practice, 
ho wever, this cannot be accurately checked, and a more general measurement
method is adopted, whereby </>±OK is measured for the two polarities of the 
sample's rnagnetisation (±) and these values are then subtracted to yield 20K. 
Notice that f.K is indeed determined by the /-component of the signaland that 
OK is proportional to the 2/-component, as stated earlier (see figure 3.3). 

In order to maximise the signal-to-noise ratio (SNR), both I(!) and I(2!) must 
be maximised (separately). This is accomplished by maximising the Bessel func
tion terms J 1 (h'0 ) and J2(h'o): 
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J1(h0 ) is maximal for h0 ~ 1.89 (= 105.4°) 

J2(h0 ) is maximal for h0 ~ 3.05 (= 174.7°) 

Optimal retardation-amplitudes are therefore different for f.K and ()K· Both Kerr 
quantities can nevertheless he measured together, either by abandoning attempts 
at optimisation or by changing the retardation-amplitude between readout of the 
f and 2/ lock-in outputs. 

Note that <Pis absent from equation (3.19). This means that the analyser can 
actually he omitted if one is only interested in measuring f.K· Doing this results 
in a doublin_$ of the intensity reaching the detector, since the full ï and j contri
butions of E3 are registered instead of just a component of each. Equation (3.21) 
remains valid for fK in this instance, as proved in appendix A. 

3.4 Apparatus modifications required by work 
on wedged samples 

Measurements of the type discussed in chapters 4 and 5 require accurate po
sitional scans on small wedge-shaped samples. Since the properties explored 
are sensitive functions of the sandwich-thickness, and since this thickness varies 
( typically) at the ra te of "' 1 monolayer per translated mm along the scan
direction, it is essential to focus the light-spot from the laser or lamp onto an 
area which is sufficiently limited to ensure relatively small thickness-variations 
over its extent. The idea is illustrated in figure 3.5. 

3.4.1 Focusing technique 

The required focusing is achieved using a bi-convex lens, the focallength (f) of 
which is decided by a campromise between three competing effects: 

1. The smaller f, the smaller the focused spot on the sample. 

2. Since the lens is arranged so that the sample lies in its focal plane, f 
also determines the proximity of the lens to the magnet poles (with their 
associated stray field) and, thus, the size of the ensuing unwanted Faraday 
rotation (BF) in the lens ([14], pp 15- 16). The larger the value of J, the 
smaller the value of ()F· 

3. The larger the applied fields required during experimentation ( dictated by 
the magnitude of the suspected coupling-strengths, etc., in the samples 
being studied), the larger will he the associated Faraday effect in the fo
cusing element. f must therefore he tailored to the planned field-range for 
the measurement in question. 

U nwanted Faraday effects can he avoided by measuring the Kerr ellipticity ( f.K) 

instead of the Kerr rotation (fh: ). For ( transparent) glass, the extinction coeffi
cients (k±) are much smaller than the real refractive indices (n±)i it thus follows 
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from equations (2.14) and (2.15) that, in a given lens: 

(3.22) 

Any Faraday ellipticity ( f.p) which occurs in the lens will therefore he relatively 
unimportant, and can he ignored. However, ellipticity measurements will not 
always he desirahle, since f.K may he considerahly smaller than OK at the wave
length in question, therehy reducing the signal-to-noise ratio. Nevertheless, in 
instances where rotation must he measured, use can he made of the fact that 
Op is linear in the applied field, H. At fields which are high enough to saturate 
M in the sample, any slope in a graph of rotation versus H may he assumed to 
arise from pure Faraday rotation, and from the value of the slope the speei/ie 
Faraday rotation 8KJt> can he derived. This value canthen he used to extrapo
late hackwards and correct the measured hysteresis loop, removing the Faraday 
component. 

B 
d = 6.5 ± 1.5 ML 

A 

---11 

Figure 3.5: Uncertainty in wedge-thickness is determined by the width of the 
light-beamusedas a probe. The smaller the beam-width, the smaller is the dis
tribution of probed thicknesses around the 'central' thickness in any one mea
surement. In the case of beam A, the error margin in the depth (d) of the 
intermediate layer is± 0.5 ML; for beam Bit is± 1.5 ML. 

In the experiments detailed in chapters 4 and 5, f lay in the range 160- 200 
mm, giving a laser-spot of hreadth "" 70 pm in the focal plane. This hreadth was 
measured by translating a photodiode through the focal plane on a micrometer 
sled, and plotting a graph of recorded intensity against position. 70 pm was then 
the displacement corresponding to the rise from 10 % of full signal to 90 % of 
full signal. 
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3.4.2 Translation technique 

Positional scans of the sample are performed in one of two ways: 

1. By translating the focusing lens on a micrometer sled. The scale on the 
sled is read at each measurement-point, giving the values of the lens
translations between measurements. These values are subsequently con
verted into actuallaser-spot translations along the sample via a calibration 
procedure with a travelling microscope. 

2. By mounting the sample on a pod which is itself fixed to a micrometer 
sled. This metbod does not require calibration. 

Before a given sample is removed from ultra-high vacuum, the starting-point 
of its wedge relative to a reference mark ( edge of sample, groove, clip-mark, 
discolouration, etc.) is carefully measured with the aid of a scanning electron 
microscope. The reference-mark can he found again laterusinga travelling mi
croscope, whence the wedge starting-position can he calculated. In this manner, 
knowing the slope of the wedge, laser-spot positions can he converted into the 
corresponding wedge-thicknesses. 

3.5 Overview of the actual apparatus 

As mentioned in the abstract, the project on which this dissertation is based 
involved the construction of two sets of MOKE apparatus - a compact inte
grated set-up for on-site analysis of metallic multilayers in the growth phase and 
an isolated apparatus for performing ex vacuo positional scans on wedge-shaped 
samples. These two set-ups are depicted in the following series of photographs. 
The model numbers and specifications of individual components are listed in 
appendix E. 
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Figure 3.6: View of the MOKE apparatus for ex vacuo analysis of wedge-shaped 
samples. The entire set-up is located on an optica] table measuring 2 m x 1.5 
m. The elevated apparatus in the foreground comprises the laser (1 ), chopper 
(2), a reileetion prism (3), the polariser (4), PEM (5), focusing lens (6), analyser 
(8) and detector (9); the water-cooled magnet (7) is seen in the rear. Samples 
are mounted between the magnet-poles on a holder with four precision degrees 
of freedom. As depicted here, the Kerr geometry is polar-note the axial shaft 
which has been sunk into the foremost pole-piece of the magnet to allow optica] 
access to the sample. 
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Figure 3. 7: View of the MOKE apparatus for on-site analysis of metallic mul
tilayers in the growth phase. The protective case in which the apparatus is 
enclosed is 70 cm wide and 60 cm high. Light from the laser (1) or monochro
mator (2) leaves and returns to the case via an aperture in its upper surface. 
Note also the positions of the positioning prism (3), polariser (4), chopper (5), 
PEM (6), analyser (7), detector (8) and pre-amplifier (9). The black box at the 
top right of the photograph houses a 12 V 60 W halogen lamp which is cooled 
by a small electric fan builtinto the upper surface of the protective case. 
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Figure 3.8: View of the same MOI<E apparatus (1) in its installed state. The 
protective case is now seen from the side (18 cm wide and 60 cm high). Light 
reaches the sample via a quartz window in the underside of an ultra-high vacuum 
chamber (2 ); the sample itself sits in a holder in the core of a 5 T superconducting 
magnet (3). The electronic apparatus (4,5) required to drive both the MOI<E 
apparatus (4) and magnet (5) is visible in the foreground. The case is attached 
to the frame of the vacuum chamber in such a way that the apparatus can be 
translated from front to rear and tilted in a vertical plane. Since the sample is 
fixed, this is the only means of optica] alignment apart from using the positioning 
prism inside the case itself. 
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Chapter 4 

Oscillatory antiferromagnetic 
coupling in Fe{OOl)/X/Fe 
sandwiches (X = Cr, Mn, Cu) 

4.1 Introduetion 

4.1.1 Background 

The existence of antiferromagnetic (AFM) exchange-coupling between ultrathin 
ferromagnetic 3d transition-metal films separated by an ultrathin non-magnetic 
layer was discovered in 1986 by Grünberg et al. [15] in an Fe/Cr/Fe sandwich. 
Subsequent work revealed that the AFM coupling-strength in this system de
pended on the Cr thickness in an oscillatory manner, showing a period of 15 
- 20 Á Cr [16], and also that regions of ferromagnetic (FM) coupling occured 
at regular intervals [17]. However, although ensuing Ruderman-Kittel-Kasuya
Yosida (RKKY) calculations [18] agreed well with these experimental results, 
an anomaly between theory and measurement quickly became apparent. This 
concerned the theoretica! prediction of further ( superimposed) oscillations in 
the AFM coupling-strength, with the considerably shorter period of 2 monolay
ers 1 (ML) of the non-magnetic intermediate layer (1 ML Cr= 1.44 Á). These 
oscillations had not been observed in any preceding experimental work. 

The explanation invoked to account for the anomaly was simple. Because of 
the extremely short period of the two-monolayer oscillations, interface roughness 
(caused by island-formation and lattice defects, for example) introduced uncer
tainties in the Cr film-thickness which were comparable to the sought wavelength 
itself. The measuring techniques used up tothen (Brillouin Light-Scattering and 
VSM) averaged over this poorly-defined thickness, smearing out the oscillations 
by mixing signals from small neighbouring areasof (different) well-defined depth. 
It thus appeared that the problem would only he circumvented by growing and 
examining sandwiches with exceptionally uniform interfaces. 

1 A monolayer is equivalent to one half of the lattice constant of a crystal. 
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4.1.2 Experimental aim 

In the hope of finally confirming the fine detail of the RKKY calculations, a 
group at Philips Research in Eindhoven (19,20,21] set out in early 1991 to pro
duce sandwiches with interfaces of the required exacting uniformity. To this 
end, Fe(lOO] single crystal 'whiskers' were chosen as substrates, not only be
cause of their extremely smooth surfaces, as demonstrated in well-catalogued 
studies with Reflection High-Energy Electron Diffraction (RHEED) 2 [22], but 
also because of the very smalllattice mismatch between the bcc Fe lattice and 
that of bcc Cr (0.6 %), which would allow excellent epitaxial growth. Because of 
the great care required in sample-preparation and the subsequent deposition of 
the sandwich layers, it was considered infeasible to produce individual samples 
of uniform Cr thickness, as many tens of sandwiches of different thickness would 
he required to allow satisfactory demonstration of the sought two-monolayer 
oscillations. lnstead, a single Cr wedge (of thickness 0 - 15 ML) would he 
deposited on the {001) face of an Fe[1 00] substrate, and this would then he 
covered with a uniform Fe overlayer. Because MOKE lends itself to extremely 
localised magnetisation-analysis, such a wedge-shaped sample could he scanned 
by a sharply focused laser, examining the AFM coupling between the Fe layers 
as a continuous function of Cr thickness. 

The method proved successful, and the predicted two-monolayer oscilla
tory behaviour was definitively observed in Fe{001)/Cr/Fe [19]. Subsequent 
work by the same group revealed similar oscillations in Fe(001)/Mn/Fe [20] and 
Fe(001 )/Cu/Fe [21]. Without resorting to the full detail of RKKY calculations, 
the results for Cr and Mn can he understood with the aid of the relatively simple 
model discussed in appendix B, where use is made of the fact that both metals 
have a natural tendency towards antiferromagnetism. However, this analysis 
cannot he applied to Cu (which is truly non-magnetic) and the results for this 
metal can only he understood with the aid of full-fledged RKKY analysis. 

4.2 Results for Fe(OOl)/Cr/Fe 

4.2.1 Preparation and growth 

The Fe[100] whisker ("' 10 x 0.5 x 0.5 mm3
) was cyclically sputtered and an

nealed at 750 oe, after which integrated Auger Electron Spectroscopy (AES) 
showed the presence of only minute quantities of common impurities (C < 2 %, 
0 < 1 %) . The Cr wedge was evaporated 3 onto the ( 001) face of the crystal at "' 
1 Á min. -t, the wedge shape being obtained by steadily withdrawing an eclips
ing shutter located between sample and source. The substrate-temperature was 

2RHEED is discussed in detail in [23]. 
3 In a VG Semicon VSOM Molecular Beam Epitaxy (MBE) device with integrated analysis 

centra. 
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150 oe during the Cr deposition. An 80 A Fe overlayer 4 was then applied to 
the wedge (at room temperature), foliowed by a 20 A Au film (to hinder oxida
tion). RHEED studies performed during deposition showed the growth to occur 
monolayer-by-monolayer, which was necessary if the two-monolayer oscillations 
were to he subsequently observable. From the period of the RHEED oscillations 
and the known shutter-speed and deposition-rate, the wedge thickness in ML 
could he accurately calculated as a function of displaced lateral distance along 
the whisker. The position of the starting-point of the wedge was determined 
(to within "' 0.1 ML) using integrated AES and Scanning Electron Microscopy 
(SEM). 

4.2.2 Kerr analysis 

The finished sample was mounted on a translator pod between the poles of a 
small (0.5 T) electromagnet; the MOKE contiguration was longitudinal, with the 
long axis of the whisker parallel to the applied field. A lens (f = 200 mm) was 
used to focus the incoming laser beam (HeNe, À = 633 nm) onto the whisker, 
the angle of incidence of the light being 50° and the focused spot being about 
70 p.m wide; with a wedge-slope of "' 2 ML per translated mm, the spot was 
thus small enough to guarantee a Cr thickness-uncertainty of far less 5 than ± 
1 ML {see § 3.4.1 ). 

The spot was now translated along the whisker in steps of 0.1 mm, the 
translator-position being noted and a Kerr hysteresis loop being measured at 
each point. Figure 4.1 depiets such a loop, together with the delimiting :fields H1 

and H2 discussed in§ 2.5.2 and below. When the entire measurement series had 
been completed, the translator-positions were converted into Cr film-thicknesses 
by the metbod outlined in § 3.4.2. In this way, the values of H1 and H2 for 
each loop could he plotted against the corresponding Cr thicknesses in ML. The 
results are rendered in tigure 4.3. 

Figures 4.2 and 4.4 depiet the corresponding results for a second sample, 
which differed from the :first only in respect of the thickness of its Fe overlayer (70 
A insteadof 80 A). Both this sample and the first showed ferromagnetic coupling 
below 4 ML Cr, so that no Kerr analysis could he done in that region. Above 
"' 12 ML Cr, the values of H 1 and H2 were too small to measure accurately. 

4A figure of 50 Á is quoted in [19]. However, subsequent analysis has revealed that the 
quartz crystal monitor which was used to determine the thickness of evaporated Fe layers 
was seriously miscalibrated. This is not the first time that such a miscalibration has been 
discovered, nor is it unusual that the resulting error can be as high as 50 %. The figure 
of 80 Á given here corresponds perfectly to the magnitude of the observed Kerr signa! from 
the overlayer, and is also in excellent agreement with fitting-data from theoretically predicted 
hysteresis loops [10]. 

50.07 mm x 2 ML mm- 1 = 0.14 ML 
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Figure 4.1: Kerr hysteresis loop for the first Fe(OOl)/Cr/Fe sandwich to be 
examined. The Fe overlayer thickness is 80 A, and the Cr thickness at the point 
in question is 6 ML. The delimiting fields H1 and H2 are discussed in the text. 
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Figure 4.2: Kerr hysteresis loop lor a second Fe(OOl)/Cr/Fe sandwich. The Cr 
thickness at the point in question is 6 ML. The Fe overlayer thickness (70 A) 
is smaller than that of the first sample, resulting in stronger coupling. As a 
consequence, the transition-region between H1 and H2 is more continuous than 
in ligure 4.1, as predicted in {10). Only H2 is shown, H 1 being obscured by the 
hysteresis of the whisker itself. 
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4.2.3 Loop interpretation 

Since the total thickness of the applied layers for the samples considered here is 
"' 100 Á, it is clear from equation (2.20) and the attendant discussion that the 
employed laser beam penetrated well into the Fe substrate. The resulting Kerr 
signa} was therefore determined by the magnetisation-states of both overlayer 
and substrate crystal. In this respect, the interpretation of the form offigures 4.1 
and 4.2 is relatively straightforward: 

1. The system's easy axis lies in the [100] direction (i.e. along the long axis 
of the whisker). This is the direction in which the external field is applied, 
and it also defines the plane of incidence and emergence of the prohing 
laser beam (longitudinal geometry). 

At low applied fields, the sample is 'antiferromagnetic' in the sense that 
the magnetisations of substrate and overlayer are antiparalleL As a result, 
the net magnetisation of the layers monitored by the laser will be relatively 
small (because of cancellation) and the corresponding Kerr signa} will be 
minimaL The fact that this signa! is not zero (perfect cancellation) indi
cates that the prohing laser beam intercepts more of the substrate than 
of the overlayer, so that the rotation in the former is always greater than 
that in the latter. 

2. As the external field is increased, the overlayer's magnetisation gradually 
rotates (in-plane) toward the field-direction ( = direction of the substrate's 
magnetisation), resulting in an increasing Kerr effect as the cancellation 
cited above diminishes. 6 The relaxation begins at a certain definite field 
H1 , and then continues in steps and ramps until it is finally completed at 
a definite field H2• The precise form of the loop between H1 and H2 is 
determined by the coupling-strength between the Fe overlayers, being less 
discontinuous for stronger coupling [10). Compare figures 4.1 and 4.2 in 
this respect. 

It is interesting to compare the values of the Kerr rotation at applied fields 
just below H 1 and above H2. Since the difference (ÄOK) between the two 
rotations (respectively OKt and OK2 ) can only be attributed to the reversal 
of the overlayer's magnetisation, its value is an immediate indication of the 
magnitude of the latter. This, in turn, is determined by the overlayer's 
thickness, d. Some simple calculations using figures 4.1 and 4.2 confirm 
this, as demonstrated in table 4.1. 

3. At fields above H2 , the magnetisations are maintained in parallelism; they 
now reinforce each other, giving a maximum (saturation) Kerr signal for 
the system. 

6The magnetisation-switch is not instantaneous, thanks to the influence of a partial domaio 
wall in the Fe(OOl) substrate. The full details of the calculated loop-farms are to he found in 
[10], but a summary of the essentials is presented in appendix C. 
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I sample I OKt (deg.) I OK2 (deg.) I ~OK (deg.) I d (Á) I d/~OK (À deg.- 1
) l 

1 0.03 0.075 0.045 80 1778 
2 0.01 0.05 0.04 70 1750 

Table 4.1: The Kerr rotation occurring in the Fe overlayer of each of the samples 
considered in the text is found to be directly proportional to the respective 
sample's overlayer-thickness (d). 

4. Flipping the field-direction will reverse both magnetisations, and thus 
change the sign of the measured Kerr effect. The loop is therefore an
tisymmetric with respect to the origin. The small loop at the centre of 
figures 4.1 and 4.2 is due to the hysteresis of the respective whisker sub
strate. 
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Figure 4.3: The delimiting fields H1 and H2 defined in ligure 4.1 (first sample) 
are seen to oscillate as a lunetion of Cr thickness. The period is two ML Cr, 
and maxima occur at even-monolayer depths. From equation (2.21 ), it therefore 
follows that the AFM coupling-strength ( J) also shows this behaviour. 

4.2.4 Coupling calculation 

lt can he demonstrated [10] that, for relatively weak coupling and good paral
lelism of the external field to the overlayer's magnetisation, the strength (J) of 
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Figure 4.4: Delimiting-lield oscillations as lor ligure 4.3, but now with the data 
pertaining to the second sample (see ligure 4.2). 

the coupling between the Fe layers is given by equation (2.21 ): 

with M, the saturation magnetisation (per unit volume) of the overlayer ma
terial and d the overlayer's thickness. Using the values of H1 and H2 at each 
measurement-point, a graph of J versus Cr thickness can thus he plotted. Such 
a curve will reveal the same behaviour for J as for H1 and H2 individually, 
i.e. oscillatory behaviour with the sought two-monolayer period. See figures 4.3 
and 4.4. 

Using the value of M, for Fe (2.1 T), the maximum value of J for the first 
sample is found to he -0.9 mJ m- 2 (at 8 ML Cr). The coupling in the second 
sample is actually too strong to he properly described by the considerations in 
[10); however, an estimate of its size can he obtained by taking H 1 = 0 and 
using the value of H2 at 6 ML Cr (maximum value). A figure of -1.2 mJ m-2 

results. 

4.3 Results for Fe(OOl)/Mn/Fe 

4.3.1 Epitaxial growth of Mn on bcc Fe 

Mn is an interesting candidate intermediate layer for an Fe sandwich structure 
because, like Cr, it has a natural tendency towards antiferromagnetism. How
ever, in contrast to Cr, the room-temperature bulk phases of Mn do not have a 
simple epitaxi al match to the bcc lat tice of Fe( 001). Th is tends to raise do u hts 
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about the quality of the resulting Fe/Mn interface, in view of the strict unifor
mity required to reveal two-monolayer oscillations (see § 4.1.1 ). 

In practice, however, RHEED and Low-Energy Electron Diffraction (LEED) 
studies performed during Mn deposition on an Fe( OOI) substrate revealed that, 
below a growth-dependent thickness of 15 - 25 ML Mn, the in-plane Mn lattice 
was the same as that of the bcc Fe. At right angles to the whisker surface, 
however, LEED analysis showed that the Mn lattice constant was expanded 
relative to that of the Fe (3.27 A compared to 2.87 A), resulting in base-rentered 
tetragonal (bet) structure. Augmented Spherical Wave (ASW) band-structure 
calculations [20) using this measured bet lattice-spacing predicted strong two
monolayer 7 oscillations in the AFM coupling between the Fe layers, and these 
were subsequently observed in two different samples. 

The exact details of the growth, strueture-studies and ASW calculations are 
comprehensively discussed in [20). The wedge technique was once again applied, 
the required form being created and calibrated in the same manner as in § 4.2.1. 
The measurement-method and data-analysis techniques were also as described 
for the Cr samples. 

4.3.2 Results of the coupling studies 

Figures 4.5 - 4.8 depiet the results for two samples, which differed only in the 
thicknesses of their respective Fe overlayers; these were "" 35 A for the first 
sample and "" 60 A for the second. Mn deposition occured in both cases at a 
substrate-temperature of 50 oe, the Fe overlayer being applied when the Mn 
wedge was at room temperature. A finishing 20 A Au toplayer was incorporated 
for anti-oorrosion purposes. 

Note that the thinner overlayer of the first sample resulted in stronger coupling, 
in accordance with [10). Both samples demonstrated ferromagnetic interaction 
below 7 ML Mn, so that no Kerr analysis was possible in that region. Above 
17 ML Mn, the values of H1 and H2 were too small to he measured accurately. 
From equation (2.21), the maximum value of J is found to he -0.37 mJ m-2 

for the first sample and -0.16 mJ m-2 for the second, both values occurring at 
8 ML Mn. The former value was obtained by taking H1 = 0 in (2.21 ). 

4.4 Results for Fe(OOl)/Cu/Fe 

4.4.1 Epitaxial growth of Cu on bcc Fe 

The results of this section are presented for completeness, and for qualitative 
comparison with the preceding data. Once again, the growth and measurement
techniques were the same as for the Cr sample, and will not he discussed here. 
As in the case of Mn, the room-temperature bulk lattice of fee Cu does not easily 

7For bet Mn, 1 ML E 0.5 x 3.27 Á = 1.635 Á. 
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Figure 4.5: Kerr hysteresis loop for the first Fe(OOl)/Mn/Fe sample. The thick
ness of the Fe overlayer is "' 35 A, and the Mn thickness at the point in question 
is 7.6 ML. Coupling is relatively strong, resulting in a gradual climb to H2; H1 

is obscured by the whisker-hysteresis. 
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Figure 4.6: Kerr hysteresis loop for the second Fe(OOl )/Mn/Fe sample. The Fe 
overlayer has a thickness of"' 60 A, and the Mn thickness at the point in question 
is 8.6 ML. Weak coupling results in a loop-form similar to that of ligure 4.1. 
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Figure 4.7: The delimiting field H2 defined in ligure 4.5 oscillates as a lunetion 
of Mn layer-thickness with a period of two ML Mn and with maxima at even
monolayer depths. 

t 16 1- ,••\ • H2 
- • ~ E 0 Hl 
~ 

I 

12 r-
I \ .... ~ - I • I • "0 I 

\ . \ . Q) 

ó ü: ~.,~~~· 
8 - q I ••. ~ 

I \ \ 

~ ~ ~ ri>eG. •, •• -.. 

4 f- fft ~!leP 'ç) ~ '-~·----
\ ~ 

o~ ~e-r 
0 I I i 

6 8 10 12 14 16 18 

Mn thickness [ML] .. 
Figure 4.8: Delimiting-field oscillations as for ligure 4. 7, but now with the data 
pertaining to the second sample (see ligure 4.6). 

35 



match that of bcc Fe (12.5 % incompatibility). However, for layer-thicknesses 
below a certain critica! value, the in-plane lattice of an evaporated Cu film is 
found to he the same as that of the Fe(001) substrate. This critica! value is 
growth-dependent: Heinrich et al. quote a figure of 10 - 11 ML (24], whereas 
Purcell has found values of "' 20 ML (21]. LEED studies have revealed that 
the perpendicular lattice spacing of the Cu (within the criticallayer) is also bcc 
(lattice constant = 2.866 A, compared to 2.88 A for Fe). 

4.4.2 Results of the coupling studies 

At the time of writing, measurements had only been performed on one sample. 
This had a 50 A Fe overlayer (deposited at room temperature) and a 0- 25 ML 
Cu wedge ( deposited on the Fe substrate at 50 °C). The protective Au toplayer 
had a thickness of 20 A. As discussed in the introduction, the data are rather 
exciting since, unlike Cr and Mn, Cu does not have a natural tendency towards 
antiferromagnetism; the considerations in appendix B cannot, therefore, he ap
plied in this case, and the results can only he understood by resorting to detailed 
RKKY calculations. 

The values of H 1 and H2 above 19 ML Cu were too small to he measured 
accurately. Below 10 ML Cu, the coupling was found to he ferromagnetic; the 
possibility of Kerr analysis in that range was thus excluded. The maximum 
value of J is found to he -0.09 mJ m- 2 (at 12 ML Cu). 
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Figure 4.9: Kerr hysteresis loop for an Fe(OOl)/Cu/Fe sandwich at 12 ML Cu. 
The form of the loop is charaderistic of weak coupling (step-like transitions). 
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Chapter 5 

Magnetic and magneto-optical 
properties of a Pd{lll)/Co/Pd 
wedge-shaped sandwich 

5.1 Introduction: magneto-optical recording 

As already mentioned in chapter 1, Co/Pd multilayers are promising candidate 
MO recording materials. This can he attributed not only totheir perpendicular 
magnetic anisotropy 1 and relatively large intrinsic Kerr rotation ( ,.._, 0.2° at À = 
633 nm), but also to other important magnetic properties, such as a relatively 
large nucleation field and coercivity. The significanee of these properties for 
noise-free information-storage is discussed in detail in [25] and [26]; however, a 
short treatise will also he given here, so as to highlight the importance of the 
results presented in the following discussion. 

The MO recording and reading process is schematically illustrated in fig
ure 5.1, and can he described as follows: 

• The starting medium is a thin disc with perpendicular magnetic anisotropy. 
This disc has been pre-treated so as to he homogeneously magnetised i.e. 
magnetisation veetors throughout the disc point in the same direction. 
Take this direction to he upward. 

• A downward domaio can he written in the disc using a small field-coil 
and laser beam. The coil applies a downward magnetic field through 
a limited area of the disc, the field-strength being less than the room
temperature coercivity of the medium [H < Hc(RT)]. At the same time, 
the sharply focused laser beam heats a small area ( ,.._, 1JLm2 ) within the 
field toa temperature exceeding the Curie point (T > Tc)· As a result, the 
magnetisation within this heated spot flips around and points downward. 

1The total anisotropy can be split into a volume term and an interface term which is 
inversely proportional to the Co thickness (see equation (5.8), § 5.4.3). For sufficiently thin 
Co films, the interface term can therefore dominate the (negative) volume term, resulting in 
a positive sum and, by definition, a perpendicular easy axis of magnetisation. 
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Figure 5.1: Schematic representation of thermomagnetic writing and magneto
optical reading processes. (a)-(d) Inverting the magnetisation in a small 'do
main' within a homogeneously magnetised MO disc. (e)-(f) Distinguishing be
tween inverted and non-inverted domains using the Kerr effect. 
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Because H < Hc(RT), domains within the ooii-field which are adjacent to 
the heated spot are not re-written. 

• The upward and downward domains are now read via the polar Kerr effect, 
illumination being provided by the same laser used in the writing process 
(working at reduced power so that T <Tc)· Because (}K is antisymmetrie 
in the disc magnetisation (M) (see § 2.4), its sign will indicate the direction 
of M in each read domain. In this way, digital information can he stored 
and retrieved. 

From this discussion, the following conclusions can he drawn: 

1. He must he high enough to prevent disturbance of written information by 
exposure of the disc to everyday stray magnetic fields. 

2. Tc must he large enough to avoid distartion of disc information at storage 
temperatures up to 50 °C; at the same time, it must he low enough to 
allow use of a relatively low-power laser (lasers in current use require Tc < 
300 °C). 

3. The nucleation field (Hn) of the disc material must he negative and have 
an absolute value greater than that of the writing field (Hw)· This ensures 
that individual domains are saturated at all field values between H = Hw 
and H = 0 (i.e. that the hysteresis loop is 'square'). If this is not the 
case, partial domain-reversal will occur between the writing and reading 
processes, thus producing noise in the recorded information [26]. 

Methods of determining the precise dependenee of the coercivity, nucleation 
field, remanence, Curie temperature and Kerr rotation on the exact composition 
of Co/Pd and Co/Pt multilayers are therefore important if optimum recording 
media are to he developed. This chapter provides such data for Co/Pd (with 
the exception of Curie point information), concentrating on the effect of Co 
thickness on the said quantities. In addition, the Co thickness-dependence of 
the perpendicular magnetic anisotropy has been determined for the same system. 
The information was gleaned in a particularly elegant manner, making use of 
a sample in which a Co wedge was deposited on a Pd substrate. This allowed 
measurements at many Co thicknesses to he performed in one sweep of a single 
sandwich. As a result, all data-points correspond to exactly the same growth
conditions, which is of particular importance in the anisotropy studies. 2 

2In the case of anisotropy measurements on a series of individual sandwiches of uniform 
Co thickness, direct compilation and comparison of results from the various samples can 
be hampered by the fact that growth-dependent strain-effects may manifest themselves to 
different extents in the data from each specimen. 
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5.2 Preparation and growth 

Because it was the aim of this work to perform highly accurate measurements 
of thickness-dependent quantities, especially at thicknesses of the order of 1 ML 
Co, any interface roughness caused by island-formation and lattice faults had to 
he kept to a minimum, since uncertainties in film-deptbs might otherwise he as 
large as the average film-deptbs themselves. For this reason, a Pd( 111) single 
crystal was chosen as substrate, since such crystals were known from RHEED 
studies to have exceptionally smooth surfaces (see § 4.1.2 in this respect). The 
crystal was cylindrical, with a uniform thickness of about 1 mm and a diameter 
of 10 mm. 

After sputtering and annealing the substrate, the Co wedge was deposited in 
the same manner as described in § 4.2.1. LEED studies [27] carried out during 
the deposition revealed that the Co (which shows a 9% lattice mismatch relative 
to Pd) had already relaxed to its own lattice spacing within the first monolayer. 
3 The wedge slope was 0. 77 mm ML -l and the maximum Co thickness was about 
10 ML; for such thicknesses, the sample was expected to show a perpendicualr 
easy axis of magnetisation. 

The Co wedge was finally covered with a 20 A Pd film, both to proteet the 
sample against possible atmospheric oorrosion and to symmetrise the interfaces 
(2 x Co/Pd). In retrospect, this was found to he inadequate, since the Co was 
seen to he oxidised after a period of about a month and was discovered to have 
different magnetic properties as a result. 

5.3 Magnetic and magneto-optical properties 

5.3.1 Measurement technique 

The measurement technique was the same as that described in chapter 4 except 
for the Kerr geometry employed, which was polar. In such a set-up, laser light 
approaches and leaves the target through an axial shaft sunk into one of the poles 
of the magnet. The sample can he translated at right angles to the field-direction 
and, knowing the wedge-slope and starting-point, the translatar-reading in any 
position can he converted into the corresponding Co film-thickness. 

An important difference between these measurements and those of chapter 4 
is that data-acquisition was based on measuring the Kerr ellipticity rather than 
the rotation. This was for two reasons: 

1. As figure 5.3 shows, the ellipticity was intrinsically larger than the rotation 
(at À= 633 nm) for all Co thicknesses. Since both quantities are extremely 
small {0.04 ° max.), signal-to-noise optimisation heavily favoured fK mea
surement, especially below 6 ML Co (see appendix A). 

3 For (lll) oriented films, 1 ML Co= 2.04 Á. 
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2. Measurements of OK helow "' 8 ML Co were plagued hy the lock-in am
plifier phase-anomalies discussed in § D.2. Despite the fact that phases in 
many OK loops were known to he faulty, rotation measurements were nev
ertheless deliherately run so as to allow the comparison made in figure 5.3; 
the relatively large scatter in the data-points for ()K is assumed to he the 
result of these phase problems. 

For the reasons cited above, the values of He, Hn and the remanence were 
determined for each chosen Co thickness using the corresponding ellipticity loops 
(see § 2.5.1); only in cases where the rotation loops were relatively noise-free 
were similar calculations performed therewith, as a check on the ellipticity data. 
Where a comparison can he made, the two sets of points are found to he in 
umson. 

5.3.2 Results 

The results are presented in figures 5.2 - 5. 7 which, hecause they are relatively 
self-explanatory, will receive only brief elucidation here: 

1. For tco > 2 ML, OK and fK both show a linear increase as a function of 
Co thickness. Below this value, fK approaches zero non-linearly but still 
monotonically, whereas ()K may actually change sign before reaching the 
origin. 4 The slopes of the linear parts of both curves ( above 2 ML) are 
approximately the same; the non-zero offsets in each case result from the 
polarisation of Pd close to the interface with the Co. 

2. The coercivity (He) and nucleation field (Hn) 5 attain maxima at "' 2.5 
ML Co, falling quickly to zero for low Co thicknesses (tc0 ). The decay for 
thicknesses above 2.5 ML is more gradual; in the case of He, the observed 
trend is: 

Hecx:tco-5
/
2 (5.1) 

in agreement with the predictions of Chappert et al. ([28], equation (5} 
p 323). The data as shownagree well with existing VSM measurements on 
conventional trilayers of various Co thicknesses [29]. Repeat measurements 
performed after a Iapse of one month demonstrated that oxidation of the 
Co resulted in an increase in the values of He and Hn without affecting 
the form of their dependenee on tco· 

3. Remanence rises sharply from zero and reaches 100 % at "' 1.5 ML. This 
value is maintained for Co thicknesses up to a bout 7.5 ML, whence a more 
gradual decline is observed. Above"' 9 ML the value falls rapidly towards 
zero. 

4 No definitive data is available for OK at Co thicknesses less than 2 ML; however, some 
(extremely noisy) Kerr rotation loops measured in this range tentatively suggest a sign-change 
relative to the values above 2 ML. 

5The high intrinsic scatter in the values of Hn is attributed to the difficulty in formulating 
a workable definition of the quantity; that chosen here is obviously not very consistent with 
the nucleation mechanism itself. 
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Figure 5.2: Kerr ellipticity loops measured at various points along the Co wedge 
(À = 633 nm). The loop-development from small Co thicknesses to large ele
gantly reveals the corresponding behaviour of He, Hn, fx and the remanence. 
Exact trends are more explicitly depicted in the ensuing figures. 
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Figure 5.5: Logarithmic plot of He against Co thickness (tco > 2.5 ML). The 
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Figure 5.6: The dependenee of the nucleation field (Hn) on the Co thickness. 
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Figure 5.7: The dependenee of remanence on the Co thickness. 

5.4 Polar Kerr anisotropy studies 

5.4.1 Introduetion 

The magneto-optical Kerr effect is particularly suited to anisotropy measure
ments because of its superb sensitivity, which lends itself to analysis of ex
tremely small quantities of magnetic materiaL As figure 5.3 shows, Kerr ellip
ticities remain measurable right down to sub-monolayer thicknesses; since the 
experimental method employed here relies on the relative change in fK under 
external magnetic stress, one therefore expects that the anisotropy can also he 
determined at such Co depths (provided a sufficiently strong magnetic field is 
available). This contrasts strongly with FMR and conventional torque meters, 
where Co thicknesses below about 5 ML yield too small a moment to allow re
liable measurement [29]. 

In practice, the relatively weak magnetic fields applied in the work described 
here prevented reliable MOKE anisotropy measurements below about 3 ML Co; 
improvement of the attainable field to 1 T or more should allow a significant 
reduction of this lower thickness-limit. 

5.4.2 Experimental method 

The apparatus used is depicted schematically in tigure 5.8, which shows a plan 
of the sample sitting between the poles of an electromagnet. Not only could 
the sample he translated at right angles to the prohing laser beam (À = 633 
nm), but the magnet could also he rotated relative to the sample about an axis 
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normal to the plane of the figure. This allowed an arbitrary Co thickness to he 
chosen and, also, an arbitrary angle 4> between the direction of the applied field 
and the sample's normaL In contrast, existing studies of this type were based 
on determinations using a fixed 90° field-angle [30]. 

Figure 5.8: Schematic representation of the experimental set-up lor MOKE
based anisotropy determinations. The magnet can be rotated around an axis 
normal to the plane of the figure, and the sample itself can be translated in this 
same plane. The laser beam is directed along the normal, n. 

The experimental procedure has already been summarised in § 2.5.3. In 
normal measurements, the angle 4> is kept constant while polar Kerr loops are 
measured for a range of Co thicknesses (tco) accross the wedge. However, it is 
also possible to keep tco constant and to plot hysteresis loops for a selection of 
values of 4>. Such a measurement series then allows a check of the consistency of 
the metbod as a whole, since the same values of the sought anisotropy constants 
ought to he obtained for each value of the field angle (see the next subsection). 

Figure 5.9 shows a polar Kerr ellipticity loop measured for tco = 8 ML and 4> 
= 60°. At this Co thickness, the sample is not 100% remanent (see figure 5.7). 
As the magnetic field (under an angle 4>) increases from zero, the magnetisa
tion vector (M) of the sample is gradually pulled away from the normal (n) 
and towards the field-direction. This results in a decreasing component of M 
along the normal and, thus, a diminishing polar Kerr effect. Beyond a certain 
critica! field, the magnetisation lies parallel to the field-lines and saturation is 
maintained (constant value of the ellipticity). As the field is reduced again, the 
curve retraces itself (with very little hysteresis). 

Note that the saturation-value of the ellipticity ( fKs) is approximately 0.02°, 
whereas the value at zero field ( fKO) is about 0.03°. From figure 5.8, we expect: 

fKS - = cos 4> = cos 60° = 0.5 
fKO 
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Figure 5.9: Polar Kerr ellipticity loop at 8 ML Co and for 4> = 600. The 
fall-off 'tail' of the loop between points A and B can be form-fitted against 
a theoretically predicted curve using K1 and K2 (the first and second-order 
anisotropy constants) as parameters. In this way, K 1 and K 2 can be determined. 

The discrepency between this value and the actual value of 0.67 is caused by 
the fact that the sample is not 100 % remanent, so that the value of fKO in 
figure 5.9 is artificially lowered. 

The form of the hysteresis loop determines the first and second-order anisotropy 
constants, as will now be explained. 

5.4.3 Theory 

The energy per unit volume of the system at applied external field H is given 
by the expression [31]: 

where M, is the saturation magnetisation of Co, flo is the permeability of vac
uum, K 1 and K 2 are the first and second-order anisotropy constants (respec
tively) and () and c/> are defined in figure 5.8. Defining the effective first-order 
anisotropy, Keff, via the expression: 

1 2 
Kef! = K1 - 2 /loM, (5.3) 

equation (5.2) may be written more compactly as: 

· E =- floMsH cos( cl>- 0) +Kef! sin2 
() + K2 sin4 

() (5.4) 
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The equilibrium magnetisation angle, 8e9 , minimises E( 8) and can thus be de
termined {in termsof H, I<eff and I<2) from equation {5.4) by setting: 

(5.5) 

The normal component of the magnetisation, Mn, is then given by: 

(5.6) 

and it is this component which is monitored by the polar Kerr effect. A Kerr 
loop such as that in figure 5.9 therefore yields the form of the function: 

f(H) = Mn(H) 
Mn(O) 

(5.7) 

The free parameters I<eff and K 2 contained in the expression for Oeq in equa
tion (5.6) can now be adjusted (with the aid of a least squares fitting procedure) 
so that the theoretica} form 6 of equation (5.6) agrees with the measured form 
of equation (5.7), thus determining Kefland K 2• 

This consideration only applies to single-domain samples, since equation (5.4) 
takes no account of domain-wall movement in the presence of reverse domains. 
lt is in this respect that variability of <P is important, and for this reason that 
<P = 90° was not chosen (in contrast to [30]). Figure 5.10 ciarifles the matter, as 
follows: 

• For <P = 90° (H applied in-plane), the sample remains single-domain for 
relatively small applied fields (b ). However, as H increases, reverse do
mains can arise (c) because of the symmetry of H with respect to the 
interfaces. This complicates the energy-minimisation process, so that Oeq 
is no longer given by minimising (5.4). Hysteresis occurs. 

• For <P < 90° (Hout of plane), the symmetry of the configuration is removed 
(d). There is now only one orientation of the magnetisation (and thus a 
definite value of 8e9 ) corresponding to minimum energy and, hence, reverse 
domains cannot nucleate. 

Loops which are not 100 % remanent can also be used in the outlined proce
dure, provided only the non-hysteretic part of the 'tail' of such a loop is fitted 
to equation (5.6). 

Since the anisotropy can have an interface contribution as well as a bulk term, 
both K 1 and ](2 can, in principle, be written in the form: 

Ki = Kiv + 2 Kiatco -l 

6 When normalised to Mn(O). 
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Figure 5.10: The effect of field-angle (</>)on reverse domain formation. (a)-(c) 
4> = 90°; reverse domain nucleation can occur for moderately large values of the 
applied field ( H ), whence Oeq is no Jonger obtained by minimising equation (5.4 ). 
( d) For 4> < 90°, the Jack of symmetry of H with respect to the interfaces results 
in a unique magnetisation angle, Oe9 , in equilibrium; reverse domains cannot 
form. 

where tea is the Co thickness and the subscripts 'v' and 's' refer to volume and 
surface, respectively; the factor 2 in the surface term is attributed to the fact 
that the system has 2 Co/Pd interfaces. In practice, I<2 is difficult todetermine 
accurately, and a splitting into volume and surface terros is only practicabie for 
/{1 [32]. 

5.4.4 Results 

Figure 5.11 shows the fitted raw data for tea = 8.5 ML and 4> = 60°. The 
sample is not 100 % remanent at this Co thickness ( see figure 5. 7) hut scat ter of 
the data-points is quite small, indicating that hysteresis is negligible and, thus, 
confirming the applicability of the theoretica! analysis outlined above. Two 
different fits are shown, the dasbed line corresponding to the stipulation ]{2 = 0 
and the continuous line representing a fit for which both I<eff and I<2 were 
allowed to vary. It is obvious that I< 2 cannot always he neglected, as further 
illustrated in table 5.1. 

tea fixed, 4> variabie 

Figure 5.12 depiets the 'tails' of several polar Kerr ellipticity loopsfora fixed 
Co thickness of 7.4 ML and variabie 4>, the solid curves representing the least 
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Figure 5.11: Fitted data lor tco = 8.5 ML and fjJ = 60°. The dasbed line 
corresponds to the stipulation /(2 = 0, i.e. only I<ef! allowed to vary; the solid 
line represents a (least squares) fit lor which both I<eff and /(2 were free to vary. 

Figure 5.12: Polar Kerr hysteresis loop 'tails' lor a Co thickness of 7.4 ML and 
a range of values of the field angle f/J. The solid curves are the least squares fits 
to the data. 
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squares fits to the data. As already mentioned in § 5.4.2, Kef! and /(2 should 
he independent of cf> and, thus, all the shown fits should yield the same value for 
the two constants. In practice, however, the relatively large scatter in the data 
( especially at smaller angles) undermines the accuracy of the method, resulting 
in large uncertainty margins in the calculated anisotropies. The final values 
were: 

Ke!J = 0.185 ± 0.035 MJ m-3 

K2 = 0.035 ± 0.015 MJ m-3 

The large spread in these values may also he due to an inadequacy of the theory 
outlined ahove. As discussed in [33], interface roughness in these ultrathin layers 
causes a large magnetic inhomogeneity which complicates the simple rotation 
mechanism assumed in § 5.4.3 and may introduce a cf>-dependence. 

Notice that the scatter for cf> = 85° is much smaller than for 60° (hecause of 
the larger variation in fK over the same given field range). In retrospect, per
forming the measurements of the next paragraph for a considerahly larger value 
of cf> may thus have yielded far more exact values for the constants in tahle 5.1. 

cl> fixed, tea variabie 

Figure 5.13 shows the 'tails' of various polar fK loops for cl> = 60° and a 
selection of Co thicknesses. Once again, there is little hysteresis evident. The 
values [34] of the anisotropy constants found from the shown fits are listed in 
tahle 5.1. 
These data allow us to draw a graph of Ke!J tco against Co thickness, and such 
a plot is depicted in tigure 5.14 (where data points from old FMR measurements 
on single layers also appear). The data fall approximately on the shown straight 
line. Using equations (5.3) and (5.8) and the value of M11 for hcp Co (1.83 T), 
we can now calculate values fortheseparate volume and surface-termsof /(1 : 

/(Iv = -0.27 MJ m-3 

/(111 = 0.92 mJ m-2 

The value of /(1v is not as low as that for hcp Co ( -0.41 MJ m-3
), indicating 

that the Co layers in the wedge were actually a mixture of hcp and fee struetures. 
The /(11 value is, on the other hand, larger than others reported in the literature. 
Since Co layers grown on Pd relax to their own lattiee spacing within the first 
monolayer (see § 5.2 and [29,33]), this amplified value cannot he the result of 
strain preeipitated hy the large Co-Pd lattiee mismatch. 
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Figure 5.13: Polar Kerr hysteresis loop 'tails' lor 4> = 60° and a selection of Co 
thicknesses. The solid curves are the least squares fits to the data. The values 
of the anisotropy constants calculated from the fits are listed in table 5.1. 

3.0 +2.1 ± 0.2 -1.2 ± 0.5 + 2.06 
4.0 +1.22 ± 0.04 -0.12 ± 0.04 + 1.20 
4.5 +0.94 ± 0.01 -0.28 ± 0.02 + 0.86 
5.0 +0.99 ± 0.02 -0.08 ± 0.02 + 0.97 
5.5 +0.66 ± 0.01 -0.03 ± 0.01 + 0.64 
6.0 +0.48 ± 0.05 +0.26 ± 0.09 + 0.62 
6.5 +0.31 ± 0.01 +0.13 ± 0.02 + 0.41 
7.0 +0.25 ± 0.01 +0.10 ± 0.01 + 0.34 
7.5 +0.21 ± 0.01 +0.06 ± 0.06 + 0.28 
8.0 +0.12 ± 0.01 +0.06 ± 0.02 + 0.21 
8.5 +0.03 ± 0.01 +0.10 ± 0.04 + 0.22 
9.0 -0.06 ± 0.01 +0.066 ± 0.002 + 0.60 

Table 5.1: Anisotropy constants lor 4> = 60° and the shown Co thicknesses. 
1<;1 1 is the value of the effective first-order anisotropy constant calculated under 
the constraint /( 2 = 0, and is only included lor the purpose of assessing the 
importance of 1<2 in the fitting-procedure (via comparison with I<eJJ ). 
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Figure 5.14: Graph of Kef! tco versus Co thickness lor both MOKE and FMR 
data points. The FMR measurements were performed on single layers {29} and 
agree reasonably well with the new I<err data. From the slope and vertical inter
cept ofthe (least squares) line, the values ofthe volume and surface-contributions 
to /(1 can be determined. 
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Appendix A 

Detector-signa! in the absence 
of an analyser 

If the analyser is omitted from the apparatus, then the detector registers the 
full extent of Ë3 (see equations (3.6) and (3.7)). In this case, the intensity of 
the light reaching the detector is given by: 

lnew - o (E~ E~· + E~ Er) 

_ E~o [(r! + r:) + (r!- r:)sin6 + 2r+r- cos6sin20K] 

+ E~ 0 
[ ( r! + r:) + ( r! - r:) sin 6 - 2r + r _ cos 6 sin 20 K] 

E2o 
- -

2
- [ (r! + r:) + (r!- r:) sin 6] 

From (2.2) and (3.14), it then follows that: 

lnew :::::::: 2/o [ 1 + 2fK sin 6] 

:::::::: 2/(0) + 2/(f) sin 21rft 

where use has been made of (3.17) to (3.20). 

Compare this expression with equation (3.16). Note that: 

• The intensities are twice as high as with the analyser 

• fK is once again given by equation (3.21 ). 

• The value of OK is irrelevant, since it is absent from (A .I). 
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Appendix B 

Oscillatory AFM coupling 
through antiferromagnetic 
metals 

This appendix concentrates on the occurrence of two-monolayer oscillations in 
the AFM coupling between magnetic layers separated by a film of antiferromag
netic materiaL Without resorting to detailed RKKY calculations, a relatively 
simple consideration will he used to justify the two-monolayer period. The es
sentials of the argument are illustrated in tigure B.l. 

(a) (b) 

4 

3 3 

2 2 

Figure B.l: Schematic representation of an antiferromagnetic metallic film sand
wiched between a ferromagnetic substrate (A) and overlayer (B). The closed 
arrows indicate the direction of the magnetisation in layers A and B (which are 
antiferromagnetically coupled); the intermediate material is divided into mono
layers whose magnetisations are represented by the open arrows. 
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The following should be evident from the figure: 

1. Even number of intermediate monolayers. 

Because the intermediate metallic film is antiferromagnetic, the magneti
sation of monolayer # 1 attempts to orient itself in the opposite direction 
to that of the neighbouring layer A. Since the number of intermediate 
monolayers is even, the magnetisation of monolayer # 4 will be oppositely 
directed to that of monolayer # 1. Ho wever, owing to the antiferromag
netic coupling of layers A and B, this means that the magnetisation of 
monolayer # 4 will then be oppositely directed to that of layer B, which 
reconciles nicely with the antiferromagnetic tendency of the intermediate 
layers. There is thus no 'mismatch' between layer B and the uppermost 
monolayer of the spacer-film. 

2. Odd number of intermediate monolayers. 

The analysis in this case is precisely the same as for an even number of 
intermediate monolayers, except that the magnetisation of the uppermost 
monolayer of the spaeer-film (# 5) is now oriented parallel to that of 
layer A. This situation is at varianee with the antiferromagnetic character 
of the intermediate layers whereby the magnetisation in monolayer # 5 
would 'prefer' to be antiparallel to that of the overlayer. There is thus a 
'mismatch' between layer B and the uppermost monolayer of the spacer
film, and the restoring couple exerted by the latter on the former weakens 
the AFM coulping between the substrate and overlayer. 

We see therefore that the AFM coupling between overlayer and substrate is 
weaker for odd numbers of intermediate monolayers than for even. The coupling 
thus oscillates with a period of 2 ML. 
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Appendix C 

Magnetisation curves in 
Fe(OOl)/X/Fe (X non-magnetic) 

There follows a short summary of the considerations in [10] which are of imme
diate importance in justifying the form of the Kerr hysteresis loops of chapter 4. 
It will he shown that the gradual magnetisation-flip of the overlayer which de
fines the delimiting fields H1 and H2 can only he understood by invoking the 
existence of a partial domaio wall in the Fe(OOl) substrate. This is clone by 
consiclering the energy per unit area in a trilayer sample consisting of a non
magnetic metal film sandwiched between an Fe overlayer of thickness d1 and 
an Fe substrate of thickness d2. The sample is placed in a variabie magnetic 
field of strength H (assumed to he directed along an easy axis) whereby the 
magnetisations of the overlayer and substrate subtend respective angles </>1 and 
</>2 with the field-direction. 

The total energy per unit area (E) of such a system is given by the sum of 
field, coupling and anisotropy-contributions, as follows: 

E - E field + Ecoup + EanÎII 
- - H Ms( d1 cos </>1 + d2 cos </>2)- J cos( </>2- </>t) 

+ ~ I<1(d1 sin22</>l + d2sin22</>2) (C.l) 

where M8 is the saturation magnetisation of Fe, J is the strength of the AFM 
coupling between the Fe layers and 1<1 is the first order anisotropy constant for 
Fe; we have neglected second-order anisotropy terms. 

The value of H at which the overlayer's magnetisation is forced into the same 
direction as that of the substrate's is derived by consiclering the conditions under 
which E is minimaL Setting: 

(C.2) 

we obtain two simultaneous equations which define the transition between the 
different magnetic states and can he used to draw magnetic phase diagrams and 
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theoretica} hysteresis loops. Defining two new parameters: 

(C.3) 

we will now consider the results for three different cases: 

1. a= 1/2 
In this case, the Fe layers are of equal thickness. In the limit p ~ 1 
(strong coupling), it is found that the magnetisation-flip does not occur 
in a single step but, rather, in the form of a continuous rotation. The 
corresponding hysteresis loop will therefore consist of a featureless ramp 
joining two saturation plateaux, as in figure C.l. 

2. a< 1/2 
The substrate is now thicker than the overlayer. For sufficiently large 
values of p, the magnetisation-change is again seen to he gradual but is 
no longer continuous. In contrast to the case cited above, the system is 
now found to have a stabie phase whereby the overlayer's magnetisation is 
at right angles (in-plane) to that of the substrate. As a result, transition
ramps in the corresponding hysteresis loop will he interrupted by relatively 
flat terraces. The width of these terraces diminishes with decreasing a, 
being zero (step-like transition) fora= 0. See figure C.2. 

3. a:=:::: 0 
This is the case which describes the samples used in chapter 4, since the 
Fe substrate in that instanee was "' 0.5 mm thick whereas the Fe overlayer 
had a typical depthof 50 A. As already stated above, the magnetisation of 
the overlayer is now expected to flip around in one step, so that no ramps 
or terraces are observed in the corresponding hysteresis loop. This predic
tion, however, is at varianee with experimentally observed behaviour (see 
figure 4.1). It is clear in this case that equation (C.1) requires modification. 

Theory and experiment can again he brought into unison by taking into 
account the possibility of a non-homogeneaus magnetisation of the sub
strate. This manifests itself as a small twist of the substrate's M -vector 
as aresult of the AFM coulping with the overlayer. At the interface of the 
substrate and non-magnetic spacer-layer, this twist, which is actually a 
partial domain wall, has its maximum value, d oi as one progresses into the 
substrate, its value reduces to zero. 1 Denoting the energy of the partial 
domain wallas 1(.00 ), the total energy per unit area of the system (after 
re-definition of the zero-point) can he written as: 

1 In the bulk of the substrate, the magnetisation will he parallel to the applied field, so that 
tP2 = 0. 
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The exact expression for d0 is given in [10]; for small d0 , however, we can 
write: 

(C.5) 

where Jr is the coefficient of direct ferromagnetic exchange ( = 2 x 10-n 
N for Fe). 

Relaxation-analysis based on the minimisation of equation (C.4) reveals 
that the magnetisation-transition is once again gradual, and that there 
is once more a stabie phase whereby the overlayer's magnetisation is at 
right angles to that of the substrate. Detailed calculations produce the
oretically predicted hysteresis loops which show an excellent likeness to 
those actually measured. For small iJ 0 (i.e. p not too large), the middle of 
the charaderistic terrace corresponding to the intermediate stabie phase 
is expected at a field: 

(C.6) 

This yields: 

(C.7) 

where H1 and H2 are the fields which define the starting and finishing 
points of the overlayer's magnetisation-flip. In this way, equation (2.21) is 
obtained. 

p =JO 

H .... 

Figure C.1: Calculated hysteresis loop lor the case d1 = d2 (o: = 1/2). At zero 
applied field, the system is coupled antiferromagnetically and, since the magnetic 
layers are of equal thickness, the net magnetisation ( M) is zero. For increas
ing applied field, H, the overlayer's magnetisation is gradually loreed a.round 
towards the direction of the substrate's, and the net magnetisation increases 
smoothly. (Alter W. Folkerts and S. T. Purcell {10}) 
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Figure C.2: Calculated hysteresis loops for the case d1 < d2 (a = 1/3). At 
zero field, there is still a non-zero net magnetisation due to the substrate. For 
increasing fields, this net magnetisation increases as the contribution from the 
overlayer in the field-direction becomes more significant. However, the process is 
interrupted by the occurrence of a stable intermediate phase whereby the over
layer's magnetisation points at right angles to the direction of the applied field. 
This results in a terrace in the hysteresis loop whose width and form depend on 
the strength of the coupling between the Fe layers. Note that J increases for 
increasing p, as evidenced by a more gradual magnetisation-transition. (Alter 
W. Folkerts and S. T. Purcell {10]) 
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Appendix D 

A pparat us-related pro blems 

D.l Thermal sensitivity of the PEM 

Under normal operating conditions, the noise-level in the measured MOKE sig
nals amounts to a bout 0.001°. However, failure to observe certain precautions 
regarding the thermal sensitivity of the PEM can lead to values up to 20 times 
higher than this optimum level. The matter is analysed thoroughly in what 
follows. 

lnvestigative observations 

A number of important empirica} discoveries provide hints as to the cause of the 
n01se: 

• The thermal nature of the excess noise was accidentally discovered during 
calibration measurements, but was definitively demonstrated by gently 
heating the PEM with a hot hair-drier. This caused wild variations in 
the output of the high-frequency lock-in amplifier, whereas the DC lock
in signa} remained unchanged. No such disturbances were observed when 
other components of the MOKE set-up were heated in this manner. 

• The effect is only associated with coherent light. No anomalies occurred 
when the above hair-drier tests were repeated using the incoherent light of 
a halogen lamp (with colour filter) insteadof a laser. This would indicate 
that the phenomenon has its origins in interference effects. 

• Pursuant to these discoveries, it was suggested that the effect might be 
attributed to interference of secondary rays which arose as a result of 
multiple reflections in the PEM crystal. In this scenario, slight thermal 
expansion and contraction of the crystal {resulting from fluctuations in 
room temperature) might produce significant changes in the path-length 
difference between intedering rays and, thus, affect the interference pattem 
at the detector. Shifts in the pattem would cause fluctuations in the 
registered intensity, thus explaining the excessive noise. 
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• To test this idea, it was decided to investigate whether variation of the 
path-length difference (D./) between neighbouring secondary rays might 
influence the situation. Such a variation could he effected by increasing the 
angle of incidence of the light at the front face of the PEM, and this could 
in turn he achieved simply by turning the PEM so that the normalto its 
crystal surface was at an angle (a) with respect to the line of propagation 
of the incoming light. This was attempted for a ~ 10°, whence a repeat of 
the hair-drier tests showed the excess noise phenomena to he completely 
absent. 

Although this unexpected solution of the problem was welcome, it is nevertheless 
annoying that the exact mechanism of the effect is still not understood. It was 
initially thought that the increase in D.l corresponding to a = 10° might have 
made the path-length difference between secondary rays comparable to the co
herence length (6c) 1 of the employed HeNe laser; in so doing, interference would 
have been prevented from occuring. However, si nee Öc is typically of the order of 
104 m for HeNe lasers, this seems impossible. Moreover, this would not explain 
why the wild fluctuations observed during the hair-drier tests were confined to 
the high-frequency lock-in signal. Perhaps the approximate equivalence of the 
modulation period of the PEM (20 J.lS) and the coherence time of the laser(-
1 00 J.lS) is of significanee here. 

D.2 Field-related phase-anomalies in the high
frequency lock-in signal 

Expected phase behaviour 

Because both ()K and fK are proportional to the magnetisation (M) of a sample, 
reversing the polarity of Min a saturated sample simply reverses the signs of the 
two Kerr angles, without changing their amplitudes. Thus, if the phase of the 
high-frequency lock-in amplifier (LIA) has been adjusted so that the displayed 
output corresponds to (say) a maximum of the amplifier's 'internal sine wave', 
then reversing the polarity of M should cause the output to correspond to a 
minimum of the same sine wave. In other words, reversing M should shift the 
LIA's internal sine wave by 180°. 

1Coherence time (re) and interference are discussed in detail in [35), pp 153- 154. The 
coherence length of a light souree is related to Tc via the equation: 

where c is the speed of light in vacuum. 
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Actual scenario 

In practice, however, this is not always the case. When measuring (}K (necessitat
ing the use of the analyser), reversing the field-polarity can produce phase-shifts 
in the range 140°- 220°. This means that measurements at saturation for two 
opposite field-polarities cannot he averaged to yield (}K, since a phase-shift of 
anything other than 180° will 'move the output' to some point between two 
extrema of the LIA sine wave; this results in a change of output-magnitude 
and a false value of the Kerr rotation. The effect has never been observed in 
measurements of fK without the analyser. 
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Figure D.1: Graph of the output of the high-frequency lock-in amplifier versus 
the corresponding phase (high stability filter-setting). The data were gleaned 
from measurements on a sample which was beset with phase problems. It is 
difficult in such an instanee to assign any meaning to the lock-in phase. 

The immediate cause of the phase anomaly is clearly visible in figure D.I. 
This shows a graph of high-frequency LIA output versus corresponding phase 
for a sample which was plagued by the irregularities described above. The plot 
is highly non-sinusoidal, with four extrema and two step-like discontinuities in 
the range [-11", +1r]. In such a case, it is difficult to assign a meaning toa given 
LIA phase. 

Four empirica} observations should assist in explaining the phenomenon: 

• The effect is often associated with an obvious stray reflection from the 
magnet poles or other piece of iron or glass; in this case, Kerr signals from 
two ·different materials will he superimposed. Readjustment of the ioci
denee and emergence geometry so as to remove such stray light frequently 
effects a cure. 
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• The problem is also quite clearly attributable to the presence of the anal
yser and the small focusing lens between it and the detector. Not only is 
this demonstrated by the absence of the phenomenon in ellipticity mea
surements without the analyser, but also by the fact that removal of the 
focusing lens or tilting of the analyser with respect to the incoming light 
beam often solves the phase problems. 

• The anomaly would seem, tosome extent, to he dependent upon the sam
ple. Whereas it is totally absent in measurement-series on some samples, 
it is permanently present for others. For example, whereas the effect was 
not noticed in scans of the Fe(OOl )/Mn/Fe whiskers described in chapter 4, 
it could not he eliminated from (}K -measurements on the Pd(lll)/Co/Pd 
sandwich discussed in chapter 5. 

• The selected input sensitivity of the LIA itself also appears to play a role 
in the phenomenon. In most cases, the anomaly could he made negligible 
simply by reducing the input sensitivity from 300 J.t V to 1 m V full scale. 
It was suggested that this behaviour might indicate that the LIA was 
confused by the fact that the offered high-frequency signal (of relatively 
small amplitude) was superimposed on a much larger low-frequency block 
wave, and that the problem might he solved by filtering out the low
frequency component. However, experiments with a double-pass CR filter 
showed no improvement in the situation. 

To date, the effect has only been investigated using the coherent light of a laser; 
it is not known if it would also he present if radiation from an ordinary incoherent 
souree were used. Further scrutiny of the anomaly is continuing, in the hope of 
determining its mechanism and discovering a cure. 
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Appendix E 

Apparatus listings 

I Component I Isolated apparatus I lntegrated apparatus 

PEM Hinds International Inc. PEM - 80 
LASER Spectra Physics HeNe Rughes Corp. HeNe 

model 133 (1.5 mW) model 3222H- PC (5 mW) 
Chopper Oriel Corp. 75157 open chopper; 

Oriel Corp. 75163 5-aperture chopper-wheel; 
Oriel Corp. 75095 controller 

Lock-in amplifiers: 
High frequency EG & G Princeton Applied Research model 5209 

(0.5 Hz- 120kHz) 
DG Ithaco Dynatrac 391 A Ithaco Dynatrac 3 

(100 Hz- 10 kHz) (10 Hz- 10 kHz) 
Detector non-proprietary Oriel Corp. model 77344 

Si photodiode photomultiplier tube 
Magnet non-proprietary Oxford 5T 

superconducting magnet 
Gauss meter RFL model 904 not applicable 
Polariser Polaroid sheet Glan-Taylor prism 
Analyser Polaroid sheet Glan-Taylor prism 
Polariser holder Spindier and Hoyer model 06 5058 
Analyser holder Spindier and Hoyer model TR 46 
Oscilloscope Philips PM 3211 Philips PM 3212 

(0- 15 MHz) (0- 25 MHz) 
Monochromator not applicable Jobin-Yvon H20 

(holographic single pass) 
Halogen lamphouse not applicable Spindier and Hoyer 06 5005 

(12 V, 60 W) 
General components Spindierand Hoyer Mikrobank system OM 25 
Elbow prisms Spindierand Hoyer model 339913 
Prism tables Spindier and Hoyer model PO 46 
Diaphragms Spindier and Hoyer model C 18 
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Stopping by Woods on a Snowy Evening 

Whose woods these are I think I know, 
His house is in the village though; 
He will not see me stopping here 
To watch his woods fill up with snow. 

My little horse must think it queer 
To stop without a farmhouse near 
Between the woods and frozen lake 
The darkest evening of the year. 

He gives his harness bells a shake 
To ask if there is some mistake. 
The only other sound's the sweep 
Of easy wind and downy flake. 

The woods are lovely, dark and deep, 
But I have promises to keep, 
And miles to go before I sleep, 
And miles to go before I sleep. 

-Robert Lee Frost, 1874 - 1963. 


