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Abstract. In the last decade enormous effort has been made in research and investment to study
magnetic properties of thin films because of their obvious practical applications. Coincidentally, it
happens that theory has made enormous progAdsmitio calculations and microscopic theories
allow us for the first time in the history of magnetism to study and manipulate the magnetism on
an atomic scale. In contrast to bulk magnetic materials, ultrathin films allow us to manipulate
magnetism via the thickness and, by use of artificial structure growth, to produce structures which
do not appear in nature. Here we discuss the fundamental magnetic observables, i.e. magnetization,
Curie temperature, magnetic moment per atom, susceptibility and magnetic anisotropy, foridealized
prototype thin films like Fe, Co, Ni on metal substrates such as Cu, W, Re. Finally, we present
studies on trilayers, i.e. magnetic thin films separated by a spacer, like Cu. These trilayers present
prototypes of interlayer coupling relevant for practical use of multilayer structures.

1. Introduction

A real avalanche in the research of thin film magnetism is currently developing. This was
stimulated mainly by the major technological impact of the discovery of magnetic multilayers
with (i) the easy-magnetization axis in the direction perpendicular to the film plane [1] and (ii)
giant magnetoresistance (GMR) [2]. Ideally, before realizing magnetic multilayers one has to
study properly their basic constituents, that are thin films in the range of a few monolayers
(ML). However, this was not always possible because of the earlier lack of experimental
sensitivity in the ML limit nor conclusive because of the different methods of film preparation
resulting in different structures for nominally identical layers. It is only the last few years that
the rapid advances of molecular beam epitaxy or other ultrahigh-vacuum- (UHV-) compatible
growth techniques gave rise to films with ideal-like structure [3]. Moreover, recently, many
experimental techniqgues have been improved in sensitivity giving information about the
fundamental magnetic observables in the ML limit [4]. It is a coincidence that in parallel
ab initio calculations have become much more powerful, e.g. [5-9]. While even before
4-5 years ago such calculations had been performed for ideal cubic lattices, recently, the
real distorted structures were also taken into consideration [10,11]. Due to pseudomorphic
growth ferromagnetic ultrathin films have slightly distorted structures (1-10%) and this results
in an increase of the magnetic anisotropy energy (MAE) by orders of magnitude. In terms
of magnetic engineering, this means to transform soft magnets to hard magnets with large
coercivities. However, MAE is still only a few tens p&V/atom out of several eV/atom of the
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total energy. Thus, reliable results for distorted lattices demand precise input for the structural
parameters down to 18 A and, consequently, accurate studies of the structure of metallic
overlayers carried out with techniques likéE)-LEED became indispensable [12].

In this contribution we discuss the magnetic properties of single-crystalline films starting
from the ultrathin film limit where the film thickness is smaller than the exchange length.
In this limit the film behaves as an entity, as a giant magnetic molecule [13], and thus it is
realistic to stay in a single-domain picture. Domain effects will appear in the present overview
only in few exceptional cases. For the description of magnetization reversal mechanisms and
domain-wall-related effects we refer e.g. to [14] and [15]. A complete set of experimental data
will become available for better theoretical understanding only if the magnetic observables,
i.e. magnetization, magnetic moment, susceptibility and MAE, are studied as a function of
temperature and thickness and with full angular dependence. In section 6 we expand our
review to magnetic trilayers, which are prototype systems to study multilayer magnetism. A
new observable will enter our discussion, i.e. the interlayer exchange coupling[16].

We will engageJ;,;., and single-layer magnetism to show how the first one affects the other
fundamental observables in magnetic trilayers.

In section 2 we report on experimental techniques for studyisduthin film magnetism.
Section 3 deals with the description of the MAE and its origin. By MAE we denote only the
so-called intrinsic anisotropy and not the dipole—dipole interactions depending on the shape
of the specimen. In section 4 we discuss the Curie temper@tuend critical phenomena.

In the ultrathin film limit finite-size effects reduc®- of bulk ferromagnets in a temperature
range convenient for measurements. Perpendicularly magnetized filmgavitlot much

higher than the room temperature are candidates for magneto-optic recording, e.g. [17]. The
knowledge ofT¢ is then a must for optimization of properties with technological importance,
since the relevant thermodynamic parameter in the analysis of MAE and magnetizations is
the reduced temperatuf® T- and not the absolute temperatudfe Section 5 shows ways to
obtain structural information ‘backward’ from magnetic measurements.

2. Experimental techniques

A rather large variety of techniques are currently available to measure the magnetic properties
of thin films under UHV or in the laboratory air and many of them are sensitive in the ML
limit. Extended or short reviews may be found e.g. in [4,18-22]. Here we mainly focus
on two techniques, ferromagnetic resonance (FMR) and ac susceptibility measured by means
of a mutual inductance (MI) bridge. They were less popular in UHV but they contributed
significantly to the understanding of magnetism. We will also briefly deal with the magneto-
optic Kerr effect (MOKE) and x-ray magnetic circular dichroism (XMCD).

2.1. FMR

This measures ground state magnetic properties. Its excitation energly/i® K. FMR
analysis has been well established since the days of Kittel in 1949. Details for thin films may
be found elsewhere [4,20,23]. Moreover, recently, by means of a quartz finger technique
in a UHV chamber [24]n situ measurements with the use of large magnetic fields became
available. For the present overview it is sufficient to know that a smaller external magnetic
resonance field/, means that the internal field of the ferromagnet acts parall&]. ti fulfil
Zeemann's condition, i.e. a small, indicates the easy-axis directions. FMR is the most
suitable technique fodetermining all magnetic anisotropy constanta angular-dependent
measurements [4,20,23]. In figure 1 we show angular-dependent measurements of the
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resonance fieldd, for an (Fa/V4)4o superlattice (SL) on MgO(001). The indices 4 are
MLs of Fe or V in one period, while 40 is the number of SL periods. From the positions
of the H,-minima atdy = +90°, figure 1(a), we conclude that the magnetization lies in the
film plane. Full polar- and azimuthal-angular-dependent FMR measurements easily detect all
the necessary parameters as will be discussed below. In figure 1(b) we see a small in-plane
anisotropy with minima in the [100] and [010] directions. In addition a smaller asymmetry
between the two ideally identical [100] and [010] directions indicates the presence of a small
step-induced anisotropy [23, 25]. FMR probes the components qf teasor and through

this the orbital magnetism [26]. The FMR linewidths may serve for the characterization of the
magnetic homogeneity and the structural quality of the samples [27]. The FMR intensity is
a direct measure of the magnetization [28]. It was recently shown that magnetic moments of
ultrathin films may be precisely determined by means of FMR [29].
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Figure 1. Angular dependences @f, on the external magnetic field direction: (a) out-of-plane
angledy (from the out-of-plane[001] to the in-plane[110] axisYat 10 K and (b) in-plane angle
on (measured from the [100] axis) &= 300 K. The solid lines are the result of a fit procedure
that allows the determination of all anisotropy constants, see [23].

2.2. Ac susceptibility

The same type of quartz finger UHV chamber [24] can be used for ac-susceptibility measure-
ments if the microwave cavity is replaced by a coil set-up operating in the frequency range
10-1000 Hz [30]. Ther-dependent susceptibility (w) = x'(w) + ix”(w) is one of the
fundamental observables in magnetism. It is one of the few experimental techniques investi-
gating thin film magnetism which measures magnetic properties dfowdote that confusion
appears in thin film literature because the most of the UHV compatible techniques, e.g. spin po-
larized photoemission spectroscopy, are sensitive only to the expectation vefyewhereas
susceptibility measures the expectation valugS3§ and its fluctuations. It diverges @t.

From the complex susceptibility the absorptive and dissipative part may be determined. The
height of thex’ signal, namely,, .. (in thin films itis some hundreds or thousands of Sl units
[31, 32]), may give geometrical information, as will be shown in section 5. Thus, itis an ideal
technique for studying th&., critical phenomena as well as domain-related effects [33, 34].

2.3. MOKE

This is a quite common technique used in the last few years for recording hysteresis loops
and temperature-dependent magnetization curves with spatial resolution [35]. A recent
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development of this technique, unfortunately very little used, is the so-called ac-MOKE [36, 37]
which allows us to probg of ultrathin films.

2.4. XMCD

This is a novel powerful technique which is based on the difference in the absorption coefficient
for right and left circularly polarized x-rays in a magnetic medium (the Kerr—Faraday effect
for x-rays). Both orbital and spin magnetic moments may be determined by applying the sum
rules [38]. Since the technique is element specific, it is ideal for probing different magnetic
elements in the same film [39]. By applying a small oscillating magnetic field it is possible to
measure element-specific susceptibilities; this is ac-XMCD [40].

3. Magnetic anisotropy energy

3.1. Origin of MAE

The energy in ferromagnetic crystals which directs the magnetization along certain
crystallographic axes, the easy axes of magnetization, is traditionally considered to be the
magnetic anisotropy energy [41]. An easy way to demonstrate MAE is to measure the
magnetization along a hard and an easy axis, as shown in figure 2. To saturate the magnetization
along the hard axis a certain external field, the saturation field, has to be exceeded. The MAE
is numerically equal to the area enclosed between the two magnetization curves. A simple
calculation of this area in figure 2 gives for fcc Ni:

MAE ~ (1/2)AM AB ~ (1/2)200x 200 G = 2 x 10* erg cn 3 ~ 0.2 yueV/atom

This energy is an extremely small fraction of the total energy per atom in seliti3€¢V/atom)

but all important. This fact madab initio calculations of the MAE and microscopic theories

for a long time impossible. This limitation, however, has left open space for treatment within
the perturbation theory. Treating the spin—orbit interaction of the itinerant 3d ferromagnetic
elements in a second-order perturbation theory Bruno has shown that MAE is proportional to
the anisotropy of the orbital momentu; [42,43], as it is known in the picture of localized
magnetism, see e.g. [44]:

MAE = aiAuL (1)
oy

whereé¢ is the spin—orbit coupling parameter [42]. In the prefactoenter the bandwidth
W and the Coulomb integral/. Since the band structure changes as a function of the
thickness,W, U and« may not be constant for ultrathin films with variable thicknéss
In bulk cubic crystals the high symmetry leads to near quenching of the orbital moments,
Apg ~ 107 pg/atom (0.1 G) and consequently MAE is very small, see e.g. [45].
This difference in the orbital moment implies that the values of the saturation magnetization
will be different along the easy and the hard axis, as demonstrated in the inset of figure 2.
Strictly speaking, the saturation magnetization in bulk ferromagnets like Fe, Co, Ni is not a
simple scalar magnitude but depends on the orientation of the crystallographic axes, i.e. the
total moment/atom (including orbital and spin as well as sp contributions) depends on the
crystallographic orientation.

In ultrathin films and multilayers the situation is quite different. Two main reasons
give rise to symmetry deviations that lift partially the quenching of the orbital moment
and increase MAE by orders of magnitude: (i) the reduced symmetry at the surfaces,
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Figure 2. Magnetization curves for the easy [111] and hard [100] axes of bulk Ni [41]. The area
enclosed between the two curves is a direct measure of MAE. The values of the magnetization
along the easy and hard axes are slightly different due to equation (1) (inset).

interfaces or atomic step edges resulting in a surface energy contrigttidirst recognized

by Néel [46], see also [21,47]; (ii) the distortion of the lattice due to strain between the
magnetic layers and the substrate or the non-magnetic layers, in the case of multilayers,
resulting in a volume energy contributioki”, see e.g. [45,48]. Unfortunately, in thin

film literature mostly the first (Bel's) argument has been discussed to describe MAE in
thin films. Even in very recent literature it was assumed that the middle part of thin films
behaves like the bulk material, i.&" has the bulk values. It is one of the focal points

of this review that pseudomorphic growth of a ferromagnet on certain substrate materials
changes the crystal structure by a few hundredths of an A and, consequently, this increases
MAE by orders of magnitude! This second effect can be manipulated by growth conditions
(temperature, substrate) whereas the surface contribution is almost independent of the substrate
material. E.g.KS values of Ni grown on W(110) and Cu(001) are almost equal whereas
KV is very small for W(110) and two orders of magnitude larger for Cu(001) [49]. Only
the surface contributiolk ® /d is thickness dependent, as the following equation suggests
[21]:

K =KV +2K5/d. 2)

A thin film has usually two different surfaces: an interface with the substrate and a real
surface facing vacuum. These twoS contributions are definitely different. Moreover,
in some sense a real surface may extend to the second layer. For simplicity we adopt
the commonly used notation of the prefactor ‘2’ in equation (2), but caution has to be
taken if one starts to interpret the numerical valuekf. In many casesk is not a
linear function of (1/d). A change of the slope occurs at a certain thickness where
relaxation of the strain starts. This is shown in figure 3 for Ni/Cu(001). Note that
the data of figure 3 are presented at two constant reduced temperatures in order to give
reliable information. It was demonstrated recently that Co/Cu(111) films if analysed not
at a constant reduced temperature may give erroneous results concerning the Eign of
[50].

Besides MAE, another source of anisotropy becomes important to thin films. This
originates from long-range dipolar interactions between the moments and thus it is strongly
dependent on the shape of the specimens (shape anisotr@ds)2In many thin films shape
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Figure 3. K as a function of 1d for two reduced temperature$45, 66]. The marked area is the
perpendicularly magnetized phase where the intrinsic anisotropy exceeds the shape anisotropy.
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Figure 4. Ab initio calculations of (a) the volume anisotropy and (b) the orbital moment as a
function of the axial rati@/a for fct Ni/Cu(001) [10]. Results are presented with only spin—orbit
(SO) or SO plus orbital polarization (OP) (see text). Both anisotropy and orbital moment increase
significantly due to the tetragonal distortion. The orbital moment is larger along the easy axis.

anisotropy dominates and it favours a different easy axis than the intrinsic MAE. For Ni/Cu(001)
in figure 3 we see that the total intrinsic MAE is smaller than 2 M2 belowd ~ 7 ML and

thus it favours the easy-axis to be in plane. For thicker films the large positive intercept with
the y-axis (K" ~ 30 ueV/atom) overcomes2M? favouring an out-of-plane easy axis [51].
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Figure 5. Calculations for the change of volume anisotropy and orbital moment with thecyatio
[10]. The straight line corresponds to predictions of equation (1). Obviously there is not strict
proportionality between MAE and i1 .

However, equation (1) and experiments by XMCD [52, 53] or FMR [26] support the argument
that the larger orbital moment lies always along the intrinsic easy axis, i.e. the one determined
exclusively by MAE.

The successive evolution ab initio methods have increased the accuracy of calculations
of MAE. Itis a challenge that for the first time the last few years’ calculations yield reasonable
values for MAE, that is comparable to the experimental ones [8-10]. In figure 4 we may see
calculations for (aX" and (b) orbital moment for face-centred tetragonal (fct) Ni versus the
axial ¢/a-ratio atT = 0 K [10]. The calculations were carried out within the framework of
the linearized muffin-tin orbital method [54] with or without the orbital polarization correction
suggested by Erikssat al[55]. A huge increase of botki¥ andy; is obtained for deviations
from the cubic fcc and bcc symmetry. A small tetragonal distortion of the order of 0.02 A
results inkKV ~ 100 peV/atom!, in excellent agreement with the experiment [51]. From
figure 4 one is able to plot directly the anisotropy energy as a function of the anisotropy of the
orbital moment with implicit parameter thea-ratio, shown in figure 5. We see immediately
thatK is notalinear function oA ;. It may be approximated by a linear function as shown by
the two dashed lines witta = 1 ora = 0.05. Obviously, there is not a strict proportionality
between MAE andAp. This conclusion is verified by other receat initio calculations
[56,57] and suggests that the prefactor in equation (1) is rather a functioiupfthan a
simple numeric constant. As a result, MAE cannot be determined by meaguiipg

3.2. Higher order anisotropies, temperature dependence and spin reorientations

As said before in the history of bulk magnetism MAE was treated as a phenomenological
quantity of the free energy density [45,58]. CommonlyE is expanded in powers of
trigonometric functions or Legendre polynoms. This expansion in second, fourth and sixth
order is of some interest because it describes very nicely the local symmetry as can be seen
in figure 1(b), where the fourfold in-plane anisotropy is superimposed by a twofold symmetry
originating from steps in thin films. Keeping up to fourth order term&pfand including

shape anisotropy thg of an fct film is written:

E =2nM?cos 6 — K,co$ 0 — 3Ky, cod' 6 — 3K 3(3 +cos4p)sin6. (3)

K; are the anisotropy constants and have surface (thickness-dependent) and volume (thickness-
independent) contributions according to equation ) describes the fourfold symmetry but
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no cubic symmetryer se in most thin filmsKa, # Ka. This is shown clearly in figure 6
whereK, andK 4 of (a) 7-8 ML Ni/Cu(001) and (b) a (k#Vs)eo SL are plotted as a function
of temperature. In both cas&%; < K4, ; furthermore we show that, is not always a small
higher order correction in the MAE; in contrakt; andK, (herekK,,) are of the same order
of magnitude.
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Figure 6. K> and K4 determined by FMR for (a) ultrathin 7-8 ML Ni/Cu(001) films [49] and (b)
Fex/Vs superlattices [26]. Note thafs is comparable t&> and K4 # Ka,, as a result of the
tetragonally distorted structures.

In our convention positivek, favours out-of-plane anisotropies. Positig or K,
compete with shape anisotropy and they may result in a thickness-dependent switch of the
easy magnetization axis (spin-reorientation phase transition—SRT) [45, 59]. In most Fe and
Co-based systems$ > 0 driving the magnetization out of the film plane for small film
thicknesses [60]. However, in Ni-based films the situation is revergefi:< 0 and the
only source of perpendicular magnetizatiorki§ > 0. This gives rise to a SRT from in to
out of plane at 7-8 ML Ni/Cu(001) [51] and a unique Pt-thickness-dependent SRT in Ni/Pt
multilayers [61]. Fourth order anisotropies are extremely important near SRT: they are the
dominant terms determining the order of the reorientation [49, 62, 63]. Atthe SRT higher order
anisotropies may stabilize tilted magnetization configurations [49, 62—65]. The equilibrium
angle of the magnetization may be calculated as a functidgtypk, andM, e.g. [49, 63].

Magnetic anisotropies are temperature-dependent quantities [58], as experimentally
illustrated in figure 6. Magnetic anisotropies of itinerant ferromagnets vanigf ,asee
figure 6(b), also [66]. However, there are well known examples, like Gd, where finite
anisotropies (single-ion MAE) may be present at higher temperatures th@p;ttheoretical
models of single ion anisotropies describe successfully this effect [67,68]. The different
temperature dependence of surface, volume and shape anisotropies may give rise to SRTs as a
function of temperature. Such reorientations have been observed in many Fe-based films. The
films are out-of-plane magnetized at low temperatures, then they usually enter a multidomain
configuration and finally, at higher temperatures, the magnetization turns in plane [69-72].
While these SRTs are consistent with entropy-based argumentations [73], a striking anomalous
SRT from in (low temperatures) to out of plane (high temperatures) has been recently observed
in Ni/Cu(001) [74]. This is demonstrated in figures 7(a)—(d). For low temperatures a small
H, is measured withH# in plane (easy axis); for high temperatures a sn#llappears
for H normal to the film plane. Most important are stable minimaHnfor intermediate
temperatures: these indicate a continuous rotation of the easy axis [75]. Experimentally this
SRT is now well understood via the different temperature dependences of surface, volume
and shape anisotropies [74]. Calculations based on mean-field and perturbation theory [76]
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Figure 7. Angular-dependent/, values as a function of the anglg between the applied field

and the film normal [001] with increasing temperature (from (a) to (d)) provide a direct evidence
of the anomalous and continuous SRT in ultrathin Ni/Cu(001) films [#g).is the angle of the
magnetization at equilibrium with respect to [001].

or the Hubbard model [77] have managed to describe successfully this SRT. The systematic
FMR study of the magnetic anisotropies as a function of thickness and temperature has led
to the production of the magnetic phase diagram of Ni/Cu(001), figure 8. The solid line
is the finite-size scaling and we will deal with it in the next section. In the area between
in-plane and out-of-plane ferromagnetism solid triangles up (down) correspond to complete
L () orientation and the open circles and squares to the tilted configurations. Figure 8 renders
Ni/Cu(001) as one of the most complete systems in the study of ferromagnetism in the ultrathin
film limit.

4. T¢ and critical phenomena

4.1. Finite-size effects

Bulk ferromagnetic materials or thick films have well defigdvalues depending exclusively

on their composition [41]. However, as the film thickness approaches the ultrathin limit and
since the correlation lengthdiverges aff¢, the correlated fluctuating magnetic moments in a
volumeé&3 (Kadanoff block) are influenced by the finite size of the specimen. Tthis then
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Figure 8. Magnetic phase diagram for Ni/Cu(001) for thicknesses up to 12 ML [62]. The lines
separate ferro- from paramagnetic and in- from out-of-plane magnetized states. SRTs may be
observed as a function of increasing thickness or increasing temperature, both in the-semste in

of plane.
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Figure 9. Calibrated in-phase susceptibility by Ml versus temperature for several thicknesses of
(a) Ni(111)/Re(0001) [79] and (b) Ni/Cu(001) [32]. Note that the susceptibility is three orders
of magnitude larger than that of a perfect diamagnet. Such large susceptibilities have never been
observed in bulk ferromagnets.

reduced as observed for the first time for Ni(111)/Re(0001) [78]. This effect is illustrated for
Ni(111)/Re(0001) [79] and Ni/Cu(001) [32] in figures 9(a) and (b), respectively. One may
clearly see that thg,, . shifts towards lower temperatures wheémlecreases and it is very
large: x,,.. ~ 800-1500 SI units. Monitorindn situ noise-freey of ultrathin Ni films in

the ML limit is a great challenge, taking into account thatx ©? and the Ni moment is
about 12 times smaller than that of Gd where previous susceptibility measurements have been
performed [30]. In case of Ni/Cu(001) only in-plane magnetized films (up to about 8 ML)
could be measured. Thicker films are perpendicularly magnetized and they do not present
measurable susceptibility peaksat[33, 34]. On the other hand, the lower limit of 3 ML was
determined only by the lowest accessible temperature in the UHV chamber. Note that even
1.6 ML Ni/Cu(001) was found by XMCD to be ferromagnetic with = 46 K [80].
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4.2. Effect of capping and substrate &n

The majority of experiments on ultrathin films are performed not in UHV but on samples
protected by a non-ferromagnetic capping layer. Thus, caution is needed if one discusses their
properties and compares to theoretical calculations carried out for uncapped films. Table 1
shows theT values of Ni and Co in-plane magnetized ultrathin films on Cu(001) before and
after capping with Cu7, values were determined by susceptibility measurements or XMCD
remanent magnetization curves. In all cases a reductid@p is observed after capping, see

also [81-83]. The effect is practically saturated even before the completion of evaporation of
1 ML of the capping layer; compare, for example, the reduction offthefter only 0.5 ML
Cu-capping layer (fifth row) to the other ones. Note the stronger effects of cappindlia die

Co films, which is reduced by about 100 K. This is possibly related to the smaller thickness of
Cocomparedto Ni. Indeed, theoretical calculations suggest that the additional interface results
in a reduction of the magnetic moments through hybridization effects [84] and, consequently,
Tc is reduced. Our susceptibility data support this argumentation since we observe that the
T¢ reduction after capping is accompanied by a reductiog,9f. Thus, theT of 2 ML Co

which has only magnetic layers in proximity to Cu should be much more affected than that of
4—-6 ML of Ni. The effects of the first (to the substrate) or the second (to the capping layer)
interface could make redl- values very different from the calculated ones for free standing
magnetic monolayers [85].

Table 1. T¢ of various ultrathin Ni and Co on Cu(001) films before capping with Cu. The capping
layer thickness and the decreasg. after capping are noted\ 7¢ is more pronounced in the case
of d = 2 ML Co films.

d_fermnmgnet (ML) TC (K) dCu (ML) ATC (K)

Ni 3.6 168 2.0 =31
4.0 217 2.5 -37
4.0 210 35 -50
5.0 275 2.0 -25
5.1 278 0.5 —23
5.1 263 7.0 —28

Co1l.9 290 6.8 —120
1.8 300 4.8 —75

4.3. Critical behaviour

At the phase transition from ferro- to paramagnetism the order parameter, the spontaneous
magnetization, vanishes following a power law of the form:

M(T) = M(0)(1 — T/Tc)” (4)

whereg is a critical exponent ranging between 1/8 and 1/2 depending on the dimensionality
in spin and real space, the model of calculation and the anisotropy. Determination of critical
exponents may be done only provided thats accurately determined. However, it was shown
[86] that small uncertainties ific may result in erroneous conclusions. The best way is not
to fit the M (T') curve with bothT: and the exponerg as parameters, but to determifiein

a separate experiment and then to evalgafeom the fit of M(T). Moreover, the decision
about the order parameter might not be trivial. Usually the remanent magnetization, instead of
the spontaneous one, is the measurable order paramet&r @donsidered to coincide with

the temperature wher¥, vanishes [87]. However, for perpendicularly magnetized samples
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this was shown not to be appropriate because of domain effects [33, 34]. A better choice for
the order parameter in this case seems to be the magnetization under a small applied field
[33,88]. Whens is properly determined, one of the most striking experiments is to search for
dimensionality crossovers by reducidg In Figure 10 the linewidtA H of FMR is plotted

as a function of temperature and film thickness for Ni(111)/W(110) [89]. The relatively low
Tc and the immiscibility between Ni and W make these films ideal candidates for studying
critical phenomena. Spin fluctuations ndargive rise to a considerable increase/ofl. In

the inset of figure 108 is shown as a function af. The change of-values at 6+ 1 ML
indicates unambiguously a dimensional crossover between 2D and 3D.

Nzi(r\}l_ll)/\sN(llO) 4 6 A 1.5
75 ML uxq1.
1.0' p‘f% .\ gf %
‘) 00080 aK 10ML
0811 055 @orieenvers_ _,

0.325 (3D-Ising
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~— 0_6-,3
g

T

<

300 400 500 600 T (K)

Figure 10. FMR linewidthsA H with temperature for Ni(111)/W(110) films 2—20 ML thick. Note

the pronounced increase at about 6 ML resulting from a change of the dimensionality. In the inset,
the critical exponeng switches at this thickness from values consistent with 2D to 3D models
describing ferromagnets [89].

5. Correlation between magnetism and structure

Structural characterization techniques likg&)-LEED [12, 90] or scanning tunnelling (STM)
[91] and electron microscopies [92] have been significantly evolved in the last few years,
facilitating in many cases the interpretation of magnetic properties of thin films. Here, however,
we will present interesting cases which allow the opposite, i.e. the determination of structure
from magnetic observables. For example, in figure 3, as lorg(@gd) remains linear there
is no structural change of the films with This conclusion has been verified by recéak)-
LEED experiments [12].K (1/d) departs from linearity (ad ~ 15 ML) when the structure
starts to relax from the fct to the fcc with smaller anisotropy [51].

Xmax May give structural information. While the internal susceptibility equgls =
dM /9 H,,, the measured signal,, is limited by the demagnetizing factor:

;o 1
Xexp - 1/XI/OC+N.

Taking into accountthat;, . diverges af ¢, equation (5) determines the measured susceptibility
tobey,,, < 1/N. Itis notsufficient to apply the continuum model in which the demagnetizing
factor parallel and perpendicular to the film plan#&/js= 0 andN, = 1, respectively. For thin
plates with finite diameteD one obtainsV, ~ nd/4D. By measuring,, , we can deduce,

via equation (5), a lower limit for the lateral size of magnetically homogeneous regimes.

(5)
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In figure 8, for example, wherg,, , ~ 10°, one may deduce that Ni samples of thickness
d < 1 nm have a homogeneous magnetic response over a lateral size of gbmiit This
principle was applied in the case of 11 ML Gd/W(110) films and resulted irr 0.5 um
[93, 94]. A successive UHV-STM study has proven that indeed this was the correct island size
of such Gd/W(110) films [95].

4 ML Fe/Cu(001) experience a reversible structural transformation between fct and fcc
as a function of temperature [96]. At the transition temperaftiteicc and fct phases coexist
and it was believed that the fct structure was located only on the surface layer. However, a
careful FMR analysis has shown that this model has to be reconsidered [97]. In figure 11(a)
one may see that the FMR intensity of 4 ML Fe/Cu(001) vanishes at 320 K, like the MOKE
signalin [96], which corresponds #*. The transformation seems to be completely reversible.
However, one cannot safely conclude tiiatis the ordering temperature. The anisotropy field
measured by FMR [97] does not vanish7at. One may see in figure 11(b) th&t has a
gradual variation in the neighbourhood®f. The smooth variation ok, at 7* indicates that
the structure changes from fct to fcc through volumina that shrink with temperature (inset of
figure 11(b)). Moreover, no dramatic increase of the FMR linewidths was observed [97] as
one would expect (see e.qg. figure (10Yif corresponds td-. A rough estimation via the
coherence of spin waves determined a minimum size of magnetic homogeneous regimes in
the range 50-80 nm [97]. The model of fct domains of figure 11 was also supported by the
analysis of the coercivities of such ultrathin Fe/Cu(001) films [98].

4 MLF 1 180 T . : ——
. ' [ r | eJ’ICU(O? ) ' : i ...3‘4 ML x g b)
2. b g0000pg 2) 1 1600, ® "25ML 2 -
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: M T 10O, B aMtes, te e 82
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8 0.5- A\ start Y100l | kel m ante LA,
\QEJ r ] AAA \ O ] ‘_’i | I -G&cp*\\ ! :.
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Figure 11. Temperature dependence of (a) the FMR intensity (proportional to the magnetization)
for 4 ML Fe/Cu(001) and (bX> for 2—4 ML Fe/Cu(001). No significant change&# is observed

at the transition temperatuf®* for the 4 ML Fe/Cu(001) film. The inset of (b) illustrates the
structural model compatible with our magnetic observatior’s*gd07].

Another example of deducing structural information from magnetism is the case of the
Tc jump at the coalescence of Co islands on Cu(001). Figure 12 shows thfeCo/Cu(001),
determined with various techniques, in the thickness range 1-2. Fpxhibits a pronounced
discontinuity at/ ~ 1.8 ML. This is attributed to the coalescence of double layered Co islands
and it is in excellent agreement with UHV-STM images [99]. At 1.8 NIt is strongly
metastable and it varies strongly with time and heat treatment. Interestingly, below 1.8 ML
the system presents ferromagnetic behaviour as demonstrated via MOKE hysteresis loops
and non-zero XMCD signals at remanence. Superparamagnetic behaviour was moreover
excluded by simple calculations showing that the blocking temperature that corresponds to the
STM-determined island size of Cezb nm) is only a few K, while hysteresis is exhibited at
temperatures of the order of 100-200 K [100].
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Figure 12. T¢ of Co/Cu(001) as a function of the film thickness. A steep increa%e ¢I¢-jump)
occurs at the coalescence of Co islands at 1.8 ML. Different symbols correspond to different
techniques of ¢ determination: XMCD (squares), MOKE (circles), Ml ac-susceptibility (crosses),
while triangles are values from other experimental groups. Details may be found in [100].

6. Magnetic trilayers: a prototype for interlayer coupling ( Jinter)

Magnetic layers interact through non-magnetic spacers via the so-called interlayer exchange
coupling. Theoretical approaches based on the Ruderman—Kittel-Kasuya—Yosida (RKKY)
model, quantum well states etc are now available for its description [16, 101]. Thetechnological
impacts, mainly of the magnetotransport properties (GMR effect), are also discussed in detail
elsewhere [102, 103]. However, little work was done on the relation betwigenand other
fundamental magnetic observables on a temperature-dependent basis, see e.g. [104]. Itis the
aim of this part to address and elucidate the following questions: do coupled magnetic layers
present separate or a single (comm&na? How does/;,,., affect the temperature-dependent
sublayer magnetizations and susceptibilities? For this purpose we use prototype-like trilayers
with Co (1.5-3 ML) and Ni (3-5 ML) sublayers with ideal-like single crystalline structure.
These layer thicknesses were selected in order to gngto a convenient temperature range

for measurements without interdiffusion problems.

6.1. Do coupled films present tWes?

In the following we present mainly data recorded by the XMCD technique. The beauty
of this technique is its element specificity. Thus, we can probe separately the Ni and Co
magnetizations in a trilayer. In figure 13(a) we see the XMCD spectra atthedges of
Ni and Co in a Co/Cu/Ni/Cu(001) trilayer at 290 and 336 K. Co and Ni XMCD spectra at
290 K reveal ferromagnetism in both layers (dotted lines). However, at 336 K Co still has non-
zero XMCD signals, while, within our experimental resolution, Ni shows no ferromagnetic
response (solid lines). That is, Ni has entered the paramagnetic phase. In figure 13(b) the
temperature dependence of the remanent magnetizations of both Ni and Co are presented
near the temperatures of interest. It is clearly shown that Ni shows no ferromagnetism above
T; N = 308 K. TheT¢ of Co was found to be about 340 K. These measurements show that,
despite the very thin Cu spacers allowing a strong interlayer coupling between Co and Ni, the
two layers enter the paramagnetic phase at different temperatures.

If the temperaturd’ s’ corresponds to a secofi@ of the trilayer, one would expect to
see two susceptibility maxima in these trilayers. We did study several trilayers with various Cu
spacers recording a singtg, . at the temperature where the Co magnetization vanishes [105].
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Figure 13. (a) XMCD spectra at the 13 edges of Xi and Co at 290 (dotted) and 336 K (solid
lines). (b) Temperature dependent remanent magnetizations for the Ni and Co layers in the same
trilayer. No ferromagnetic response for Ni could be recorded above 308 K.

This corresponds to thE- of the trilayer. Our observation is in agreement with theory: in a
strict thermodynamic sense the coupled system should exhibit only one true phase transition
at the temperature where the high&r element (here it is Co) is placed [106]. Only for
thicker Cu spacersig, ~ 25 ML), whereJ,,,., is very small, is a secong,, . observed at

TN, as shown in figure 14 [105]. This secopf],, at7;:"" does not correspond to a phase
transition. It may rather be characterized as a susceptibility resonance [105]. That is, there
is a resonant fluctuation of Ni spins at a temperature of about 250 K where the Co spins are
still ferromagnetically aligned. Ac-susceptibility is strongly suppressed by minute values of
Jinter (R10-100 neV/atom!); thus it may serve as a sensitive probe of the interlayer coupling
[107].

6.2. Effects off;,,;., on T2V

The XMCD technique may also probe the sign of the interlayer coupling. Note in figure 15
the difference of the sign of Ni spectra in trilayers with Cu spacers of different thickness.
From these spectré,,., is determined to have the opposite sign in the two trilayers [108].
The observation of antiferromagnetic (AFM) coupling in trilayers with such thin Cu spacers
guarantees that the physics is dominated by the interlayer coupling and not pinhole problems
[109]. Besides the coupling sign, the XMCD spectra have allowed the determination of the
Ni and Co spin and orbital magnetic moments in trilayers. More details for this interesting
subject may be found in [110].

Figure 16 depicts element-specific remanent magnetization curves for Ni and Co in bi-
and trilayers. The Ni magnetization in the bilayer (open circles) vanishes at a temperature of
about 270 K which corresponds to the temperafiffé, since Ni is in-plane magnetized [87].

After the deposition of Co on the top of the Cu/Ni bilayer the temperdfjifé where the Ni
magnetization (closed circles) vanishes is increaseily; ~ +40 K. The Co magnetization
(closed diamonds), onthe other hand, vanishes at much highertemperatures. The increaseinthe
temperature where the Ni magnetization vanishes could be understood, in a first approximation
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Figure 14. Susceptibility signals by Ml for (a) 5 ML Ni capped with Cu and (b) Co/Cu/Ni trilayer
[105]. Note the presence of two susceptibility maxima in one trilayer. The signal at the lower
temperature is suppressed due to the interlayer coupling.
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Figure 15. XMCD spectra for Co/Cu/Ni/Cu(001) trilayers. The change of the sign of the Ni
spectra above 840 eV fdg, = 3.4 ML indicates the presence of AFM coupling observed for the
first time for such thin Cu(001) spacers [114].

[111], by a simple mean field theory: the extra energy introduced in the Ni layer by the
interlayer coupling increases its ordering temperature proportionally,t9. Then, taking

into consideration the oscillatory nature &f,,., with the spacer thickness$, one would
expect a similar oscillation of the increagely; with d¢,. Such a behaviour is shown in
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Figure 16. The remanent magnetization of Ni vanishes at about 40 K higher temperature after
Co evaporation [114]. Within the experimental sensitivity no magnetic response is observed for
temperatures higher than about 310 K.
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Figure 17. Oscillatory variation of interlayer coupling results in a periodic change of the ordering
temperatureA T; in Co/Cu/Ni trilayers [114].ATy; was measured anfl,;., was calculated via
a molecular field formula which may yield too large values fgf., .

figure 17. The sign of/;,,., (right Y-axis) was unambiguously determined by XMCD. The
sign of ATy; (left Y-axis), however, is always positive, implying that the ordering temperature

of Ni is always increasing, independently of the FM or AFM coupling. The solid curve in
figure 17 is calculated with the theoretical parameters describing the two periods of oscillation
of Jinrer in @an RKKY-like model [112] and their experimental amplitude [113]. Note the
excellent agreement between the experimental data points and the theoretical curve without
any adjustable parameter [114].

7. Summary

Progress in experimental techniquaB,initio calculations and microscopic theories give new
insight into thin film magnetism. For the first time experiments on magnetic thin films can
provide a complete set of parameters, thatis the values of fundamental observables with the film
thickness and the temperature to be compared with calculations. MAE is the most important
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observable of thin film magnetism, despite the fact that it is a minute fraction of the total energy.
MAE is introduced from the point of view of its microscopic origin, that is the anisotropy of
the orbital moment. It is demonstrated that by distorting the lattice symmetry we may lift
the quenching of the orbital moment in cubic lattices and end up with a huge increase of
MAE in the direction perpendicular to the film plane, which is a demand for technology. The
Tc of the films can be manipulated by their composition, their thickness (finite-size effect),
their structure and the amplitude of interlayer coupling in multilayers. The use of reduced
temperature§’/ T¢ in the study of fundamental observables is stressed. Understanding thin
film magnetism is the key to engineer MAE aifid and it is already giving benefits in terms

of technological applications.
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