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Abstract. A review is given of surface magnetism. In particular the interplay
of magnetization and anisotropy at a surface is discussed, after a survey of experi-
mental and theoretical results for magnetic moment and anisotropy at surfaces or
interfaces of semi-infinite magnets and thin films. Finally, the importance for surface
(or interface) analysis of the random single-ion anisotropy model is stressed.

1. Introduction

Magnetic behaviour near a surface (or an inferface) in a magneticaliy ordered solid
may differ in many respects from that inside. This is due to the fact that the reduced
symmetry, lower coordination number, and the availability and role of highly localized
surface and interface states offer the possibility of inducing new magnetic structures
with new and interesting magnetic phenomena. These phenomena may occur locally
at, or only a few atomic layers below, the surface (or interface). The study of these
phenomena belongs to the field of surface magnetism in its strictest meaning. The
existence of a surface can also affect the magnetic properties in the interior of the ma-
terial, such as magnetic domain structure and spin arrangements. Such disturbances
extend from the surface into the interior to depths ranging from a few tens to several
thousands of dngstroms or more.

The surface magnetic properties of semi-infinite magnetic systems (or the surface
magnetism) have been extensively studied for many years by the use of a variety
of experimental and theoretical techniques. In particular, they have been examined
theoretically on the basis of a localized spin model, namely the semi-infinite spin-%
Ising model with various free surfaces.

The effects of surfaces on phase transitions have received much attention. In the
early stages of these investigations Mills [1] assumed a model in which the spins in
the free surface interact with one another with an exchange parameter J, which is
different from the bulk exchange J. The system is chosen as the semi-infinite simple
cubic spin—% Ising ferromagnet with the (100) free surface. For this simple model with
modified exchange only at the surface, it was pointed out that, on the basis of the
traditional mean-field approximation (MFA), for J, greater than a critical value J,. the
system would order on the surface before it ordered in the bulk. Since then, a number
of authors have investigated the possibility of this surface magnetic phase. This MFA
prediction is now confirmed to be qualitatively correct. This model, in addition to its
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variations, is called a prototype of surface magnetism. Experimentally, the interesting
phenomenon of surface enhanced magnetic order, i.e. the coexistence of an ordered
surface with a disordered bulk, has been observed in two of the 4f rare-earth metals:
gadolinium and terbium. For various studies of the prototype, see the review articles
[2-4]. Most of these works, however, do not take into account the effects of spin-wave
excitations at the surfaces of semi-infinite magnets, about which one should consult
the review works [5-8]. For research on surface magnetism based on an itinerant
clectron model of transition-metal surfaces and interfaces, see the reviews reported in
[9-10].

On the other hand, recent experiments show that there exists a very strong
anisotropy field acting on spins in the surface or at the interface. ‘This surface
anisotropy is due to various causes associated with the material and its structure
as well as the presence of the surface itself. In particular, recent experiments on mag-
netic films, epitaxially grown on non-magnetic substrates from a monolayer to several
thousand layers, clearly exhibit the existence of surface anisotropy. The role of sur-
face anisotropy has been proved to be of paramount importance in determining the
magnetic properties of surfaces and thin films.

It is the aim of this article to review the present state of surface magnetism, espe-
cially paying attention to the influences of surface anisotropy on magnetic properties.
The contents of this work are as follows.

Section 2 Some aspects of surface magnetism: 2.1, magnetic moment at the sur-
face; 2.2, surface anisotropy; 2.3, surface-induced magnetic structure.

Section 3 Prototype of surface magnetism: 3.1, phase diagram; 3.2, surface mag-
netization curve.

Section 4 The effects of surface single-ion anisotropy: 4.1, surface tricritical be-
haviours; 4.2, relation to experimental results (I}; 4.3, relation to experimental results
(11); 4.4, critical phenomena; 4.5, related works.

Section § Random anisotropy at the surface or interface.

2. Some aspects of surface magnetism

2.1. Magnelic moment at the surface

First of all, the local magnetic moment of a surface atom at T = 0 K must be made
clear. In the case of a transition-metal surface, it depends on the local environ-
ment. Theoretically, the magnetic moment at the surface can be determined by tak-
ing account of many factors; the surface shifts of the electronic states, intra-atomic
s~d charge transfer, change in the s-d hybridization and the band-narrowing due to
the reduction of the coordination number. Experimentally, it depends sensitively on
the quality of sample preparation and the measuring method. Table 1 summarizes
the calculated magnetic moments for the surface atoms, solving the local spin density
functional equations self-consistently with the use of the full-potential lincarized aug-
mented plane wave method [11, 12]. In the table, the bulk counterparts are also given
for comparison. In each case, the magnetic moment at the surface is larger than that
of the bulk. In the simplest view, for instance, surface iron atoms interpolate between
the properties of bulk atoms and free atoms.

On the other hand, the surface magnetic moments of semi-infinite rare-earth sys-
tems are not yet clarified. For example, Gd is a nearly isotropic ferromagnetic metal
with a saturation magnetization of 7.55 ug per atom where 7 pp are attributed to the
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Table 1. Calculated magnetic moments (in pp) for 3d transition metals [12).

v Cr Fe Ni pcc-Co

Surface (100) 0 249 2.98 068 1.95
(110) 263 063 1.84
Bulk 0 058 225 056 1.76

seven localized electrons in the half-filled 4f shell and 0.55 py are due to the polariza-
tion of the 5d—6s conduction elecérons. But the magnetic moment of the ferromagnetic
Gd(001) monolayer has very recently been shown to be 7.89 pp, primarily due to the
increase of the 5d electron magnetic moment [13]. This enhancement agrees with that
found for the transition-metal surfaces. The same situation may be expected for the
surfaces of semi-infinite rare-earth systems.

In pariicular, recent experimental and theoretical work on a magnetic monolayer
on a non-magnetic or paramagnetic substrate reveals the existence of a live magnetic
(or 2 finite magnetic moment) surface plane (for example, see [13, 14]). Thus, these
results clearly show that the concept of a dead surface layer (or no magnetic moment
at a surface) [15] is not generally believed, although the term, dead layer, is often
used.

2.2, Surface anisoiropy

In addition to the existence of a finite magnetic moment at a surface atom, the direc-
tion of the moment is of interest. Each spin at the topmost layer of a semi-infinite
magnet has a lower symmetry than that in the bulk. The lower symmetry at the
surface produces an additional lower symmetry surface anisotropy term, which in
many cases can be larger than the bulk. This fact was first treated by Néel [16] based
on 2 phenomenological approach, and the magnetocrystalline anisotropy arises from
an interplay between the spin—orbit coupling and the local crystalline electric field.
For a high symmetry surface, that is (001), the surface anisotropy is given by a surface
energy density,

E, = K_cos’8 (1)

where K_ is the surface anisotropy constant and # is the angle between the spontaneous
magnetization M, and the normal to the surface [17]. When K is negative, the enefgy
is minimized for & = 0 corresponding to perpendicular magnetization and when K, > 0
the energy is minimized for # = 1 or in-plane magnetization.

Besides the anisotropy energy, there exists a shape anisotropy at a surface due to
various contributions; the demagnetizing field of the ordinary magnetic dipole-dipole
interaction and the surface features, such as surface irregularities. The value of the
shape anisotropy depends on the surface treatment as well as the shape of the sample.

In a ferromagnetic thin film, there generally exists a perpendicular uniaxial
anisotropy (K, < 0} resulting from the reduced symmetry at the surface. But the mag-
netization is usually oriented parallel to the surface plane due to the shape anisotropy.
If the perpendicular anisotropy is large enough, it can overcome the shape anisotropy
and force the magnetization to be perpendicular to the plane of the film. In extremely
thin films, the magnetization may be oriented normal to the film plane, since the shape
anisotropy decreases with a decrease in thickness. In fact, recent experiments [18-20]
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show that there is an easy axis normal to the surface for spins in the surface of single
crystal Fe or ultrathin Fe films. The effective surface anisotropy field can be inferred
to be in the range of 50-100 kG in such samples. Other measurements [21-25] also
suggest the possibility of large surface anisotropies.

Theoretically, the source of magnetocrystalline anisotropy in a ferromagnet has
been considered to be due to the spin-orbit interaction. However, the anisotropy is a
sensitive function of details of the electronic structure and hence the accurate surface
electronic structure is required for the evaluation of surface anisotropy. A recent
calculation [26] for a single layer of Fe(100) indicates a surface anisotropy X, that is
negative and approximately 100 times that of the bulk. On the other hand, other
works [27, 28] predict different easy axes for an Fe(100) monolayer in contrast with
the work [26], although much larger anisotropy energies than those of bulk energies
are predicted for free-standing monolayers of iransition-metal elements, In order to
compare these values with experiment, the interaction of the monolayer with the
substrate must be taken into consideration [29].

For Gd(0001) films on a W(110) substrate, the surface magnetic anisotropy is
measured by changing the film thickness in the ferromagnetic phase from 1300 A down
to 0.8 monolayer [30]. For instance, the magnetic anisotropy energies of the 130 and
1300 A films at a low temperature (T/T, = 0.38) are enhanced by a factor of ten and
two respectively, compared with bulk Gd. The first- and second-order contributions
K, and K to the uniaxial anisotropy are also determined. In figure 1, the temperature
dependences of the effective uniaxial anisotropy constant K q(T) K. 4(T) = Ko(T) +
K,4(T)] for three different Gd(0001) films are plotted as a function of temperature.
However, the easy direction of the magnetization of Gd films is found to lie in the
surface plane for all temperatures measured. The reason is due to the demagnetization
energy which dominates the intrinsic magnetocrystalline effects. But, the temperature
dependence of the 130 A film indicates that at very low temperatures (= 20 K) the
uniaxial anisotropy may overcome the demagnetizing energy and the easy direction
may switch to the normal direction.
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Figure 1. The thermal variations of the effective uniaxial anisotropy energy Keg (T}
for three differens GA(0001) films on W({110) of thickness (70, 130 and 1300 A). The
full curve denotes the bulk K.¢(T). The pDc-field is applied in the film plane for
these measurements [30].
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2.8. Surface-induced magnelic siructure

The M&ssbauer experiment with Fe(110) films on a W(110) substrate [31] indicates
that the surface magnetization M, lies in the film plane and is along [110], in contrast
to the bulk easy axis [001]. In general, the spins on a layer do not suddenly change
their direction on the next layer: The Mossbauer result means that the rotation of the
direction of spins on each layer parallel to the surface occurs in a certain region near
the surface. In other words, surface-induced domain walls exist in the region [4].

Recent experiments [32, 33] clearly show that at the surface a bulk Bloch wall
may change into a Néel wall in order to reduce the magnetic stray field energy of the
ferromagnetic system. It is found on Fe(110) that, in spite of the dramatic change
in the wall structure, the wall width at the surface is about the same as that inside
the sample [32]; a width of (210 £ 40) nm is obtained for the 180° Bloch walls. The
experiment [33] on magnetization orientations in domain walls at the surfaces of some
magnetic materials, namely an Fe crystal, a ferromagnetic glass and a permalloy film,
shows surface Néel wall profiles which are at least twice as wide as interior Bloch walls
in bulk. See also [34].

3. Prototype for surface magnetism

As noted in section 2, recent experiments show that there exists a very strong
anisotropy field acting on the spins in the surface or at the interface. This surface
anisotropy is due to various causes associated with the material and its structure, as
well as the presence of the surface itself. The role of surface anisotropy is proving
to be of paramount important in determining the magnetic properties of surface and
shin films. Before discussing the effects of surface anisotropy on magnetic properties,
let us first review some essential points of phase diagrams and layered magnetizations
for the prototype.

The magnetic behaviour of a semi-infinite simple cubic spin-% Ising model with
a (100) free surface (or the prototype of surface magnetism) has been extensively
investigated for many years. In particular, the surface effects on phase transition
have received much attention and have been studied using a variety of approximations
and mathernatical techniques. Figure 2 shows schematically a two-dimensional cross
section through a semi-infinite simple cubic lattice with the (100) free surface. The
Hamiltonian of the prototype is given by

H==) 7,88 2
(i)
where S7 takes the values £1 and the summation is carried out only over nearest-

neighbour pairs of spins. J;; is the exchange interaction with J;; = J; if both i and j

sites belong to the (100) surface and J;; = J otherwise.
For the spin--;- Ising model, one can easily prove that the expectation value of the
spin variable S? at a site 7 is represented by an exact identity [34]:

(SF) = {tanh(8E,)) (3)
with

I
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Figure 2. Part of a two-dimensional cross section through the semi-infinite simple
cubic lsing lattice with a free surface, Full circles denote lattice points which are
occupied by spins SF = +1.

where # = 1/kgT. Here, the traditional MFA can be obtained from (3) by approxi-
mating the thermal average of the hyperbolic tangent with the hyperbolic tangent of
the thermal average, that is

{tanh(BE,)) = tanh{B(E;}) (8)
P
*;:1.0 51:3 SF o B
\ +
M~ i
BF
i - 70 ;lT 0:5 65#7 o o

Figure 3. Phase diagram in the {T, A,) space for the simple cubic Ising model with
a free surface and enhanced surface coupling (6).

3.1. Phase diagram

The presence of the surface may modify the interaction in the surface layer, which is
normally given by

Jo = J(1+4) (6)

that is, the surface exchange interaction J; is often scaled with that of bulk in the
prototype of the surface magnetism. Figure 3 shows a phase diagram generally ex-
pected for the prototype; if the parameter A, is greater than a critical value A_, the
system may order on the surface before it orders in the bulk. The system exhibits two
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successive transitions, namely the surface and bulk transitions, as the temperature is
lowered; A, is the critical value of surface ordering at which the system orders on the
surface before it orders in the bulk. If A_ is less than A, the system becomes ordered
at the bulk transition temperature 72, In the figure, we denote the paramagnetic,
bulk-ferromagnetic, and surface-ferromagnetic phases by P, BF and SF, respectively,
and SB denotes the multicritical point of the surface-bulk transition. The values of
A,, TP and the surface-ordering temperature 77 depend on the approximate tech-
nique we use. Within the framewaork of the MFA, the values are respectively given by
A, =025, kg TP/J = 6 and

T3 1 5 1

T_} = §:1-&-:(16&5 +16A,+1)  forA, > L. (7)
In particular, the critical value A_ obtained by using a variety of techniques are
collected in table 2.

Table 2. The critical value of A; (or Ac).

Various effective- Benormalization  Series Monte
MFA  field theories group expansion  Carlo
A, 025  0.3068 [36], 0.3297 [37]  0.2307 [40] 0.6 [42] 0.5 [43]
0.4232 [38], 0.47 [39} 0.357 [40]
0.569 [41}

3.2, Surface magnetizaiion curve

As shown in figure 3, we usually take the layered simple cubic ferromagnetic system
with a (100) free surface, in which the magnetization per site on each layer is assumed
to be the same. Within the framework of the MFA, the layered magnetizations of the
surface, the first layer and the nth layer are given by

0, = (Sica) = tanh(dta, + toy)
o1 = (Sfe1} = tanh(dtey + to, + toy) (8)
a, = (Sic,) = tanh(dte, +to,_, +to, ) for n > 2
with
t, = fAJ, and t=4J

where ¢,,_; and ¢,,,, are the magnetizations in the (» — 1)th and (n + 1)th layers, re-
spectively. On the other hand, as n — oo, o,, should approach the bulk magnetization
determined by

op = tanh(6tog). (9)

Even within the simple framework of the MFA, we are unable to solve these coupled
equations analytically. Therefore, in order to solve the coupled equations for the
layered magnetizations, the following two approximations are usually used.
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(1) Continuous approximation
Defining M(R) = (5}) and Jgp, = J;;» from (5} the magnetization is given by

> JapM(R') = kT tanh™ (M (R)). (10)
RJ

At this point, we treat R as a continuous variable and suppose that M(R) is small in
magnitude. This treatment leads (10) to the Ginzburg-Landau type equation;

AM(R)+ BM3(R)— CV*M(R) = 0. (11)

However, the existence of surface introduces an additional boundary condition

dM
— 3 &M 12
M, =2 s (12)
with
a
,\_m“ I e e (13)

where a is the Jatiice constant and # = 0 is the surface plane of the semi-infinite
system, restricted to z > 0. Taking into account that for 2 — oo M should approach
the bulk magnetization Mg, equation (11) with the boundary condition (12) can be
solved analytically [44, 45]. In particular, for A > 0 (lL.e. A, < A_), its solution gives

M, o (TP —T) (14)
in contrast with
Mg o (TP - T)Y/2, (15)

Thus, the continuous approximation and its variants have been applied to the proto-
type, in order to study the influences of surface on the critical phenomena [2, 3].
However, the temperature dependence of M, in the whole region below T2 or T2 could
not be obtained from this approach, although it is a powerful method for investigating
the critical surface properties.

(ii) Layered approximation

In order to obtain the thermal variations of surface and each layered magnetization
over the whole temperature range, it is necessary to solve the coupled equations for the
magnetizations, like (8} of the MFA. Although feasible, this needs a computation which
requires the help of a computer. Furthermore, even if we use a numerical method,
they must be terminated at a certain layer.

Figure 4(a) shows cur result based on the effective-field theory with correlations
(EFT) which is superior to the MFA [35, 46, 47]. For the case of A, = —0.5(A, < A.),
it is obtained by solving the coupled equations of the layered magnetizations (like (8)
of the MFA) numerically unti] the tenth layer (or n = 10). The EFT can be derived
by expanding the right-hand side of the exact identity (3) and by introducing the
decoupling approximation

(SISp---S) = ASINSD) () forjEk# o £L (16)
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Figure 4. {a} Magnetization curves of the surface, first layer and bulk obtained by
solving the coupled equations in the EFT until n = 10 numerically without introduc-
ing the layered zpproximation. (3) Magnetization curves of the surface, first layer
and bulk obtained by the three-layer approximation for the same system as () [46].

into the resultant multispin correlation functions. Then the introduction of the
decoupling approximation into the exact identity just corresponds to the result of
Zernike approximation [48]. The bulk transition temperature T for the simple cubic
lattice is given by

kgTP/J = 5.073. (17)

Here, notice that the first approximation of [49] and the finite cluster expansion
method [50] are also equivalent to the EFT,

Now, to solve the coupled equations for a large number of n (for instance, n = 10)
needs great labour and also time for the computation. The simplest method for
solving them is to assume that the layered magnetizations remain unaltered after a
certain layer, such as ¢, = 64 = -+« = ¢, = og, which may be termed the three-
layer approximation. The EFT result for the three-layer approximation with the same
situation as figure 4(a) is shown in figure 4(#). Comparing (&) and (b), the result
of the three-layer approximation deviates a little from the linear behaviour (broken
line) very near the bulk transition temperature, although as a whole the temperature
dependences of o, are very similar to each other. The magnetization curve o, in
figure 4(a) changes linearly with T, which is also consistent with the result of (14).
Experimentally, such a linear temperature dependence of o, has been observed in
many semi-infinite crystalline magnets [4].

Thus, the layered approximation gives a reasonable result for the thermal be-
haviour of o, except for the temperature region very near 7' = T2 (or T' = T%).
We can use the approximate method, in order to obtain the temperature dependence
of surface magnetization as a whole. At this point, one should notice that a slight
deviation from the linear behaviour (broken line} is obtained in figure 4(b) for the
three-layer approximation. However, the region of the deviation very near T = TP
becomes narrower when we take a better layer approximation. In other words, for
the system with A, < A_, the surface, near T = T,f’, is magnetized only by the
spontaneous magnetization of the bulk, which is to be taken as far apart as the bulk
correlation length from the surface [51].
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An important fact should be mentioned here; the authors in [52] raised a question
that the first derivative 8¢,/8T must be discontinuous at T' = T2, when A, > A,
although the question was originally raised in [53]. Their arguments are based on the
renormalization group method with the two-layer approximation. At the present, the
argument does not seem to be definite. The first derivative of magnetization at the
surface depends strongly on the boundary conditions imposed in the calculation [54~
56]. In fact, the three-layer approximation for the EFT exhibits such a discontinuity,
whereas for the four-layer approximation it becomes smaller. For reference, the be-
haviour of ¢, near T = T in the MFA is depicted in figure 5, by taking the system
with A, = 0.5 (&, > A.) and solving the coupled equations (8) in each layer approx-
imation pumerically. In the figure, n expresses the nth layer approximation, namely

Cp_1 = O, = 0,41 = - = og. On the other hand, the continuous approximation of
the MFA [45) gives, for A < 0 (A, < A) and [T? - T| £ 1,
M(T) = M1y + s oy gz -2 18
5( ) - s( c ) 4- EE?E;( e = ) 4‘ ( e ) ( )

where b = 0 for T > TP, It shows that M, together with its first derivative is a
continuous function of temperature at T = T, but that there is a discontinuity at
T = T in the second derivative of M,.

+259

Q54
(58

053
o.57

9
652

4B

o047
Q54

046

46

599 o ] Y

*ally

Figure 5. Temperature dependences of surface magnetization oy for the n-layer
approximation of the prototype obtained in the MFA. The value of A, is fixed at
Ay = 0.5,

Experimentally, the surface magnetization and its first temperature derivative are
found to be continuous functions of temperature at 7 = T? by the electron-capture
spectroscopy measurement of polycrystalline Gd [53] where TF lies at least 15 K above
the bulk Curie temperature T2 = (292.5:£0.3) K. Here, it is important to note that the
surface magnetization of polycrystalline Gd (53, 57] is different from that of Gd(0001)
on a W(110) substrate obtained by the use of spin-polarized LEED [58]. Figure 6 shows
the difference between the experimental results. A characteristic feature of Gd4{0001)
on a W(110) substrate is the minimum at a temperature T, ~ 289 K, namely a
kind of compensation point. The possible explanation for the behaviour is surface
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Figure 6. Surface magnetization of polycrystalline Gd film derived from the nuclear
polarization of deuteron electron capture [37]. The inset is the surface magnetization
{or the scattering asymmetry Aex) of Gd{0001) film on W(110) obtained from spin-
polarized LEED in the critical region [58).

magnetic reconstruction where the surface layer couples in an antiferromagnetic way
to the rest of the system.

4. The effects of surface single-ion anisotropy

In contrast to the prototype, the research on the influence of surface single-ion
anisotropy on magnetic properties at or near the surface seems to be far from a satis-
factory situation, although recent experiments noted in section 2 show that there exists
a very strong anisotropy field acting in the surface or at an interface. Among various
models, the simplest but most useful model system including the term for single-ion
anisotropy at the surface is a semi-infinite simple cubic Ising ferromagnet with a spin-1
{100) overlayer. The Hamiltonian is given by

H==J,) Si8i=J ) pn =Dy D Sitin =D, D (S7) (19)
(i5) (mn) (i,m) i

where the spin variables S} take the values 1 and 0, pZ, can be #1, and the summa-
tions are carried out only over nearest-neighbour pairs of spins. D, is the single-ion
anisotropy parameter at the surface. Figure 7 shows a two-dimensional cross section
of this system. In particular, if the surface single-ion anisotropy parameter takes an
infinite positive value, this model reduces to the prototype of surface magnetism [59].
Therefore, one can compare the results obtained with the present model with those
known for the prototype.

4.1. Surface iricriticgl behaviours

Now it is necessary to evaluate the mean values m, = (57} and o, = {ti} ¢, ), where
v means the vth layer parallel to the (100) surface. These equations can be easily
obtained by using the exact identities of the spin-1 and spin-% Ising models, like the
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Figure 7. Part of a two-dimensional cross section through a semi-infinite Ising
lattice. Full circles denote lattice points occupied by spin pZ, = 1. On the surface,
Iattice points are occupied by §F = +1 and 0.

prototype [47, 59-62]. In particular, if one puts J; = 0 into the present model, the
surface is uncoupled to the bulk and hence it reduces to the bulk two-dimensional
spin-1 Ising system of the Blume-Capel model. In this model, there exists a tricritical
point at which the system changes from a second-order to a first-order phase transition,
when the value of D, becomes large and negative. In the vicinity of the second-order
phase transition line, the bulk magnetization my(m, = {Sf}) can be written as

1—
b

o

2
my, =

(20)

where the bulk expressions for the parameters @ and b in the EFT are given in [63].
Then, the second-order transition line is given by

l=4a and b < 0. (21)

The right-hand side of (20) must be positive. If this is not the case, the transition is
of the first order and the tricritical point can be determined from the condition

1=4 and b=0. (22)

When J; # 0, in the vicinity of the second-order phase transition line, the surface
magnetization m, of the present model (19) can be also written in the form {20), from
which the surface phase diagram can be determined. A phase diagram is presented
in figure 8 as a function of |D,[(D, < 0) [69]. Open circles in the figure denote the
surface tricritical point. T2 is then given by (17) for the EFT or k5T?/J = 6 for the
MFA.,

At this point, possible phase diagrams for a semi-infinite Blume-Capel model with
a free surface are also examined within the framework of the MFA and the two-layer
approximation (m, and m,); the system may exhibit a variety of phase transitions
and multicritical points [64]. Furthermore, the phase diagrams of a semi-infinite spin-
1 Blume-Emery-Griffiths model are investigated in the MFA, in order to study the
surface superfluidity in mixtures of He and *He adsorbed on graphite [65). However,
it is well known that the quadrupclar moment of each layer parallel to the surface
(g, = {(S7)?) for i € the vth layer) does not appear in these works of the MFA. If
one uses a more sophisticated method than the MFA, the parameters may usually
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Figure 8. Surface transition temperatures of the system (19) with J; = J, plotted
as a function of D; for selected values of J;. The curves (a)-(d) are obtained from the
MFA. The curves (a'), (¢')} and (d’) are the results of the EFT for the same values of J;
as the corresponding curves (), (¢) and (d). Open circles denote surface tricritical
points. The broken curve denotes the first-order transition [59].

appear and also constitute a set of complicated coupled equations with each layer
magnetization. In particular, the behaviour of g, is in general different from those of
9, and ¢g(¢p = ¢,_o), and it may play an essential role in evaluating the surface
magnetization m, (or the surface phase diagram).

As noted in section 3, it is also impossible to evaluate the coupled equations for
the magnetization layer in the present model (19), even if we use a numerical methed.
A simple but effective method for solving them is to assume that the layered magne-
tizations remain unaltered after the third layer, namely the four-layer approximation
(03 =04 =-+-= 0, = og). Here op is also given by the same equation as that of the
prototype. That is to say, in contrast to the models of [64, 65], it is not necessary to
take account of the effects of ¢,(¥ > 1) on the layered magnetizations in the present
model, even if we use the sophisticated technique (or the EFT) superior to the MFA.
This fact greatly simplifies the treatment of the present model, like the prototype.

Let us next discuss another characteristic result for the surface tricritical behaviour
which is not expected only from the phase diagram, such as figure 8. Figure 9 shows
the surface magnetization curves of the present system in the EFT, when the value
of D /4], is taken to be —0.49 and the four-layer approximation is applied. In the
bulk two-dimensional Blume-Capel model, the tricritical point exists at D,/4J; =
—0.47 [66), so that if we put J, = 0, the surface magnetization should exhibit a first-
order phase transition in the temperature range 0 < 7° < TP?. In fact, the surface
magnetization shows a first-order transition at kg T = 3.75J for J, = 0. By increasing
the value of J,, the gap width at the point where the surface magnetization changes
discontinuously becomes smaller and finally reduces to zero when the ratio J;/J is
given by J,/J = 0.42. That is to say, we find a new type of tricritical behaviour for
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Figure 0. Temperature dependences of m; for the system (19) with D, = —-9.8J
and J; = 5.0J, when the valuee of Jy is changed. The broken curve is the locus of the
gap. The open circle is the tricritical point found for J, = 0.42.J [60).

the surface magnetization, depending on the strength of the perpendicular exchange
interaction J,. The dotted line in the figure is the locus of the gap showing the first-
otder transition of m, and the open circle on the line is the tricritical point at which the
first-order transition of m, changes to the continuous transition where the gap width
is reduced to zero [60]. In other words, the new type of surface tricritical behaviour
depending on the strength of J, is also expected in the semi-infinite Blume~Capel
and Blume~Emery-Griffiths models with a free surface [64, 65], although it cannot be
obtained by only studying the phase diagrams.

4.2. Relation 1o the experimental results [I]

Experimentally, the present system (19) can be fabricated by growing a few atomic
layers epitaxially on a magnetic substrate [67, 68]. The temperature dependences
of the Auger polarizations from the rare earths Gd and Tbh on the transition-metal
surface Fe(100) and Ni(110) have been obtained recently [69]; Gd couples antiferro-
magnetically to both Fe and Ni, and Tb also exhibits antiferromagnetic coupling to
Fe if deposited in the submonolayer range. In these systems, the magnitude of the
spins on the surface is clearly different from that in the bulk,

On the other hand, the magnetic properties in the vicinity of the surface of a
semi-infinite magnet can be measured by the use of the spin-polarized LEED or the
Mossbauer spectroscopy. For example, depending on the energy of input polarized
electrons, the spin-polarized LEED often measures the magnetic behaviour of a few
layers near the surface. Therefore, it is worth investigating the total magnetization of
the overlayer m, and the first three layers of the bulk defined by

M=m,+0,+0,+0p (23)

where the condition o3 = oz means the four-layer approximation. In the following
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Figure 10. The temperature dependence of |ms|, ms, &5 and g for the system (19)
with Dy = 0.0 and J; = J. The inset is the experimental results of Gd on Ni(110)
[61].
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figures, the coupled equations of m,, ¢,, &y, 75 and op are therefore solved numerically
in the four-layer approximation of the EFT.

Figure 10 shows the numerical results, when the values of D, and J, are fixed
at 0.0 and J respectively. In the figure, the temperature dependences of |my| and
m, are depicted by selecting the two cases, namely J, = —J (the surface layer is
coupled antiferromagnetically to the bulk) and J, = J {coupled ferromaguetically
to the bulk). For each case, surface magnetization (|m,| or m,) takes the same form,
which exhibits a weak downward curvature. In the inset, the temperature dependences
of the Auger-election spin-polarization of the resonant N zNgr Ny, emission of two Gd
films on Ni{110) are also shown, which express the weak downward curvature for the
thermal variation. These results are sharply in contrast with those of the prototype.
For comparison, in figure 10 the temperature dependence of the surface magnetization
o, (chain curve) for the prototype is plotted; it can be obtained by selecting D, = oo
and J, = J in the present system, which expresses the linear temperature dependence
in the temperature region near T°. The thermal variation of o (broken line) is also
plotted in the figure.

Notice that the m, curves in figure 10 are obtained for D, = 0.0. When the value
of D, increases to oo, the |m,| curve gradually approaches the ¢, curve of the proto-
type. When the value of D, becomes negative, the downward curvature of [m, | is more
enhanced than that of |m,| for D, = 0.0. As is shown in figure 2($) of [61], the thermal
variation of M for D, = 0.0 shows a characteristic behaviour (a broad maximum is
observed in 0 < T < T?), when the surface is coupled antiferromagnetically to the
bulk. But, such a behaviour is not obtained for the surface coupled ferromagnetically
to the bulk. Thus, by observing the temperature dependence of M experimentally,
one may obtain a more clear distinction between the surface layer coupled antiferro-
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magnetically to the bulk and the surface layer coupled ferromagnetically to the bulk
(see [62] for more detail).
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Figure 11. Temperature dependences of [my|, M and ¢p for the system (19) with
D, = 0.0, J; = 2.5J and J; = ~J. The inset is the temperature dependences of M
and op in the vicinity of T = T [61].

On the other hand, figure 11 shows the temperature dependences of [my|, M and
og (broken curve), when the values of D,, J, and J; are selected to be 0.0, 2.5J
and —J respectively. Since J, = 2.5J is larger than the critical value for surface
ordering, the surface can order at the surface ordering temperature Ty and hence a
finite surface magnetization can be obtained in the temperature region T < 7" < T3,
In order to clarify the behaviour of M in the vicinity of T = T2, the inset expresses
the thermal variations of M and o by taking 2 larger scale, which clearly shows that
the compensation point (T = T,p,,) is obtained at 2 temperature a little smaller
than the bulk T, At this place, it may be worth noting that a similar phenomenon
(Teomp < T¥) is found in recent experiments for Gd and Tb films on W [58, 70] (see
also figure 6), for which the surface magnetization is also coupled antiferromagnetically
to the bulk.

4.3. Relation to the experimental resulis (II}

Depending on the surface treatments of a semi-infinite magnet, it is expected that
its magnetic properties at and near the surface may exhibit large differences. In the
work [71] on Gd films on W, such an example is obtained. For comparison with the
inset in figure 6, the experimental results are shown in figure 12. They are similar to
the experimental result [58], but some important differences can be seen; depending
on the surface treatments (or a pulsed switching magnetic field of £4 kA m~!) dur-
ing cooling across the surface critical temperature T?, different thermal variations of
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exchange asymmetry A, (or M) are obtained by the spin-polarized LEED. In particu-
lar, figure 12(4) shows an extremely sharp structure at T, , = 290 K, a pronounced
maximum at ch = 293 K, and falls off abruptly to zero within 2-3 K above T§. T:
is then 296 K, which is only 3 K, but significantly, higher than T?. It is proposed
that the abrupt decrease in A,, near 77 might come from the presence of a first-order
magnetic surface phase transition. In figure 12(a), on the other hand, an increase in

T of 17 K (from 285 to 312 K) is found by application of the field.
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Figure 12. {z) Exchange asymmetry 4.y as a function of increasing temperature
of a 50 nm thick clean Gd(0001) film measured after first cooling to 215 K (from
epitaxy grown conditions) in the absence of an external magnetic field. Full circles
represent the Aex against T curve measured after subsequent cooling in a pulsed
switching magnetic field of £4 kA m™1. () As in (c). The sample was first cooled
in the presence of a pulsed, switching magnetic field of 4 kA m™! to 235 K. Surface
magnetic order is clearly observed up to T? = 28¢ K, The abrupt transition within
2-3 K at T} is a direct indication of the presence of a first-order surface phase
transition [71].

Now, it was proposed in [71] that these experimental results may confirm the
prediction of a surface first-order transition in the theoretical works [72, 73] on the
critical behaviour of a {111) free surface in a spin-{ FCC Ising ferromagnet. In the
works based on the tetrahedron approximation of the cluster variation method, the
surface transition becomes first order for a finite range of J, > J,. (J,. = L.778J or
A, = 0.778). The critical points exist even for finite values of the static magnetic field
and the surface transition temperature 77 increases in the presence of an external field.
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However, these results heavily depend on the geometry of the surface (or may depend
on the approximate method because the MFa does not predict the transition}, since
such a first-order transition is normally impossible for a spin-% Ising system without
a multispin interaction, such as the prototype of section 3. On the other hand, as
shown in section 2.2, the easy direction of the magnetization of Gd films on W lies
in the surface plane. In other words, it means that within the present system (19)
the value of D, is negative and it seems more reasonable to assume that the surface
treatments of figure 12 changes the value of D,. Furthermore, as will be discussed in
the following, the surface treatments are done by a switching magnetic field, so that
random magnetic fields may be induced in the surface of Gd films on W.

As was discussed in {47], these experimental results may be explained as the result
of the surface tricritical behaviour in figure 8; within the present model (19), the
spin-] surface with an anisotropy constant D is then coupled antiferromagnetically
to the bulk spin-. In the bulk, Gd is assumed to be uf = =3 with zero single-ion
anisotropy. At the (100) surface, Gd (S = %1 and 0) is assumed to take a large
negative surface anisotrapy. Figure 13 shows a typical result for the present system
with J, = 5.5J and J, = —J, when D, is taken to be —~10.0J or —10.6J and the four-
layer approximation is used for the numerical evaluation of the coupled equaticns in
the EFT. In particular, the behaviour of M (or |M]) in the vicinity of T? (TP = 5.073J)
is depicted. Then, the ratio D,/4J, for D, = —10.6J is —0.482 and for D, = —10.0J
it is —0.455. Therefore, the surface magnetization m, can show a first-order phase
transition at T'= T2 for D, = —10.6J, but for D, = —=10.0J it Is secend order. These
facts can also be understood from figure 8.
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Figure 13. The thermal variations of M for the system (19) with J; = 5.5J and
Ji = =J in the region near T = T®, when the value of I, is taken to be —10.0J and
—10.67 (see also figure 8). Compensation points can be seen in the inset,

Comparing figure 13 with figure 12, the qualitative features in figure 13 are very
similar to the experimental results in the following points:
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(i) when the first-order phase transition appears, T for D,/J = —10.6J becomes
less than T for DfJ = —10.0 (or the second-order transition);

(ii) the magnitude of |M| for D,/J = ~10.6 becomes less than that for D,/J =
—10.0 in the region of T2 < T < T§;

(iii) Teomp for Dy/J = —10.6 is larger than that for Dy/J = ~10.0.

In this way, these results imply that the experimental results shown in figure 12
Just lie in the critical region of D, exhibiting the surface tricritical behaviour. However,
it is not clear at present whether Gd atoms on the (0001) surface have such a large
negative single-ion anisotropy constant, but it may be possible for such an anisotropy
to be induced by the surface treatment.

On the other hand, in order to explain the experimental data in figure 12, another
interpretation may be possible. In [74], we have discussed the effects of random
surface field on the surface phase diagram in a semi-infinite simple cubic spin-% Ising
ferromagnet with a {100) surface. The Hamiltonian is given by

H==Y 0,55 - HS (24)
(4) i

where 57 = =1 and J;; takes the value J; if both occupied spins lie on the surface
and the bulk value J otherwise. H; is the random fleld acting only con a site ¢ of the
surface. The probability distribution function P(H,) is given by

P(H,) = 3{6(H, + Ho) + 6(H; — H,)]- (25}

The phase diagram obtained is then very similar to that of figure 8, when T is plotted
as a function of H,. We can find that the surface tricritical point exists even on the
surface, when the enhanced surface interaction (6) becornes larger than A, = 2.84. In
this way, the experimental data may be explained by the surface tricritical behaviour
induced by the random surface field, just as discussed previously.

4.4. Critical phenomena

As noted before, the present model (19) reduces to the prototype, when the value of
D, is a positive infinite one (D, = oc). For the prototype, it is well known that the
surface magnetization o, in the critical region is given by

T A
o, X (1 - ?5) for A, < A, (26a)
<
or
7V
o, (1 - "ﬁ) for A, > A, (265)
[

where f, is a critical exponent. Within the framework of the MFA or the EFT, &, is
given by 3, = 1 (for A, < A.) or B, = % (for A, > A.). The critical exponent g,
for the prototype with A, < A, has been studied by using various techniques and
approximations [2, 3]. The theoretical results are in the range of 0.776 < 8, < 0.80.
Experimentally, for instance, the mean critical exponent 3, for both Ni(110) and
Ni(001) is given by 8; = 0.8 & 0.2 {75]. Another experimental result is the critical
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behaviour of a semi-infinite isotropic Heisenberg ferromagnet; EuS(111) on Si(111)
[76]. The surface magnetization decreases in the critical region as

1
m, & (1 - -g—b) (27a)
c
with
8, =0.72£0.03 (275)

which is clearly different from the theoretical value {0.81 < 8, < 0.88) for the semi-
infinite isotropic Heisenberg ferromagnet [75]. The result indicates the existence of
a strong surface-induced anisotropy at the surface. Thus, it may be interesting to
investigate the surface critical behaviour of the present model (19) as a function of D,.

On the other hand, the critical behaviour of a semi-infinite n-vector model with
an anisotropic pair interaction on the surface is examined with the use of renormali-
zation group methods [77]. It is found that in the vicinity of 77 the value of 8,
corresponding to an easy magnetization axis is significantly smaller (about 38%) than
that corresponding to a hard magnetization axis; for the easy direction 8, = 0.35 is
obtained. Notice that from the measurements of uncoated epitaxial films of Th(0001)
on W(110) in the neighbourhood of T2, 8, = 0.348 £ 0.01 is obtained for the surface
magnetization along the easy axis {78).

4.5, Related works

From section 4.1 to 4.4, we have mainly reviewed the effects of surface single-ion
anisotropy on magnetic behaviours in a semi-infinite spin-1 Ising model with a spin-
1 overlayer. On the other hand, the roles of surface anisotropy in a semi-infinite
Heisenberg model with a free surface have been discussed very recently by the use of
various methods,

Experimentally and theoretically, it is now well known that the thermal depen-
dence of M, at low temperatures is given by, because of the spin excitations at the
surface,

Ms(T) —_1 _ 3/2 —_

__HMS(G) =1-BT B, = A By (28)
where B, is the proportionality factor at the surface and B, its bulk counterpart. In
the classical law [79], A, is given by A, = 2, although various measurements of real
systems [7, 80) show A, > 2. For the thickness dependence of ), for example, see the
recent work [81] for epitaxial Fe(110) films on W(110) of thickness between 7 and 40 A.
In particular, the effects of surface anisotropy on the T73/2 law and A, were examined
in recent work 382, 83].

In {84], the possibility of spin canting near the surface of a semi-infinite Heisenberg
ferromagnet with a spatially varying demagnetizing field and the surface anisotropy
field H, is examined in the continuous approximation. It is shown that the spin canting
occurs only when the value of H exceeds a critical value which is large compared with
surface anisotropy fields inferred from experiments [20]. At this point, if the surface
spins are oriented out of the surface, this generates magnetic stray fields and, in order
to minimize the magnetic stray field energy, the spin configuration near the surface
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is expected to relax to some new configuration at and near the surface. In this work,
however, such an effect of stray field is not taken into account for the estimation of
the critical field.

On the other hand, the influences of D,(D, > 0} on the Curie temperature and
spontaneous magnetization of each atomic plane in the thin film thickness ! ranging
from { = 1 to I = 17 are examined on the basis of the simple cubic Heisenberg model
with (100) planes [85). For a strong surface anisotropy (D, = J) the Curie temperature
rises as ! is decreased, and conversely for a weak anisotropy (D, = 0.01J) it decreases
from the value at the middle plane and reaches a minimum at the surface plane. There
seems to be a critical value D! (D! > 0) where T,71d7./d! tends to be positive when
D, < D} and negative when D, > D;. Unfortunately, the critical value I}, the
possibility of surface tricritical behaviour (or for D, < 0} and the effects of D, and !
on the T3/2 J]aw and A, are not investigated. In [86], the AC magnetic susceptibility of
a Gd(0001) film with film thickness about 42 atomic layers on a W(110) substrate is
measured and it shows a rapid drop within 4 K from the Hopkinson maximum. This
result may also characterize the first-order character of the surface phase transition.
However, this measurement probes the whole volume of the Gd(0001) thin film, so that
it provides information about the average properties of the sample. At the present,
it is not clear whether it results from the surface tricritical behaviour or from the
perpendicular interaction J,, discussed in this section.

5. Random anisotropy at surface or interface

In amorphous rare earth~transition metal and rare earth alloys, it is well known that
the crystal-field Hamiltonian H,_ can be written as

H,=-D)(8,) (29)

where the local easy axis z; at each site is randomly distributed in direction and the
value of D is positive. This random anisotropy model (RAM) has probably been a
good description of the microscopic magnetism in the bulk for these materials [87)].
On the other hand, the surfaces of crystalline ferromagnets are sometimes sub-
jected to inhomogeneities not found in the bulk. This is so because crystals are grown
on substrates, and at the interface there can be lattice mismatches, interdiffusions
of atomic species, etc. In order to understand the experiments on single-crystal Fe
films grown on GaAs, a model has recently been proposed [88], in which the axes
of single-ion anisotropy are randomly distributed over a surface region of the crys-
talline ferromagnet. In other words, a thin layer of amorphous magnetic material on
a single crystal of Fe (or a kind of surface amorphization of a semi-infinite crystalline
ferromagnet [89]) is considered. The layer is taken to be described by ferromagnetic
exchange and a random uniaxial anisotropy, with a thickness z, (see figure 14(e)).
Upon including the exchange interaction term the Hamiltonian density is given by

= LA(V®)? — D(2) cos® (D ~ n(r)) z2>0 (30)

where D(z) = D for z < z; and D(z) = 0 for z > 2,. @ is the angle that the
magnetization vector makes with respect to an arbitrarily chosen axis in the zy plane.
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7 is a random function of the position vector. The averaged magnetization in the
z > z, region is then given by

M(Z) = M, (1 - ﬁe"“‘) (31)

with

QzD?

= 112 I rrr—
a=(K/A) and A TIYE

iTToLmmnatDot L T (32)
where K is the bulk crystalline anisotropy density and  the volume over which the
random axes are correlated. From this argument, the authors in [88] found that the
random anisotropy in the interface layer induces weakly pinned fluctuations of the
magnetization which penetrate approximately to 100 A, in accordance with magneti-
zation measurements of Fe on GaAs [90].
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Figure 14. Schematic pictures on which the models of section § are based.

At this point, there exist other experiments which may indicate the validity of
the large RAM near the surface [91a-b]. The surface magnetization of amorphous
Fe,3B;3Sig alloy (Metglas 260552) is probed using neutron reflectometry. The mag-
netic moment as a function of depth z into the ribbon is found to be consistent with
an exponential variation of the form

64(2) = 6p, exp(—z/e) (33)

where 84(2) is the difference between the moment value at a depth z and that in the
bulk, Sy, is the difference between the moment value in the bulk and at the surface,
and ¢ is a magnetic coherence length. The values obtained experimentally are then
bpt, = 10.3pp and € = 81 A. The coherent length is clearly different from that of the
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prototype in section 3, where it is typically of atomic distances, £ ~ 2 A [92]. The
data are explained by invoking a spread in moment directions (~ £50°) at the sample
surface, penetrating some 40 nm into the bulk and the moment canting at the surface
is interpreted in terms of the efiect of fine scale surface roughness. In other words,
the surface roughness may induce the large random anisotropy at each Fe site of the
surface. For more information about the surface anisotropy of the amorphous ribbons
see [93]; it is proposed that there exists another {unknown) anisotropy constant K,
other than the surface shape and stress-induced anisotropies. It may be the random
anisotropy at the surface.
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Figure 15. The temperature dependence of magnetization for an asperomagnetic
system. Tp is a characteristic temperature at which the system dissolves completely
into microdomains.

Now, the present author has considered [94, 47] that the temperature dependence
of magnetization at low temperatures in an asperomagnet {due to the RAM with
D < J, J = mean interaction randomly averaged) may be expected to be similar to
that in figure 15. In the figure, T, corresponds to the temperature at which the system
dissolves completely into microdomains and below which the 7%/ law becomes ill
defined; there exist finite ferromagnetically ordered magnetic regions (microdomains)
with small effective uniaxial anisotropies. However, the easy axes of different regions
are ordered at random and the effective spins of microdomains are distributed at
random in a cone with half angle ¢. Experimentally, such a marked deviation from
the T%/2 Jaw at low temperatures has recently been observed for magnetic excitations
of amorphous Sm-Ni thin films in an applied field (H ~ 10 kOe) [95]. There is a
temperature T, below which the Sm ion random anisotrcpy D is very strong and ¢ is
relatively large, and therefore the magnetic excitations are suppressed. Here, notice
that a finite magnetic field is applied in the measurement.

In the RAM with D < J, three different magnetic structures are theoretically
predicted, according to the strength of the external magnetic field {96, 97]. In a low-
field regime the system is in a correlated speromagnetic phase, where spin excitations
may not be observed [87]. But, in a second, high-field regime, a new phase with
a wandering axis is produced. This phase may exhibit a slightly non-collinear spin
structure in which the tipping of the magnetization with respect to the external field
varies over the sample. In other words, it is a field-induced asperomagnetic phase. As
discussed previously, spin excitations can be observed here. In the third, high-field
regime, the non-collinear spin structure closes even further toward the field.
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In relation to this discussion, the following observations should be noted; very
recently the spin-wave excitations of compositionally modulated thin films of Y /Fe [98)
have been measured in the applied field H = 50 kOe and a marked deviation from the
T3/2 law is observed below 30 K, like the spin-wave excitations of amorphous Sm-Ni
thin film. Comparing the case of Fe films on GaAs with this experiment, the origin of
random anisotropy is very similar. The situation is also depicted in figure 14(4). Some
diffusion of Y into Fe occurs and this creates amorphous Fe-Y layers at the interface,
like the amorphous bulk Fe-Y alloy [99] where an asperomagnetic spin structure is
observed for a high Fe concentration. Then, the source of the random anisotropy in
the region may be the polarization of the Fe layers by the diffused Y atoms and the
surface roughness. In other words, if the random anisotropy model is valid for the
interface region of Fe films on GaAs, a marked deviation from the T%/2 Jaw would be
found at low temperatures by making a multilayered Fe-GaAs sample similar to the
multilayered Fe—Y samples, although such an observation has not yet been reported.

In summary we have developed only a few aspects of surface magnetism, paying
attention to the various effects of anisotropy at the surface to the magnetic properties.
Much progress is awaited in the next few years where new experimental techniques as
well as theoretical work may provide important information.
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