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These lectures aim to provide an overview sf collective magnetism in

non-crystalline solids. They are preduninantly experimental and descriptive in

outloock, and they will try to relate amorphous magnetism to well-established
ldeag of magnetism in cryg:alline solids, strei?ng the points where something
new emerges bhecause of the lack of a crystal lattice. For example, there are
many amorphous ferromagnets yet no amorphous antiferromagnets are known to
exist. Why not? 1In the ares of o .rphous and disordered solids, magnetism
coatinues to play its traditional rolae of introducing concepts and posing
‘problems which cam be formalised in terms of simplified yet not completely
unrealistic models, whose applicability extenda far beyond explaining magnetic
properties of solids. Past examples of this sort have been in the areas of
phase transitions, elementary.excltationa, two~level systems, physics in one
and two diﬁenuions and others. Another importaut facet is the practical
usefulness of amarphous magnets, which provides a ready justification for
working in the field. The scope for applications of amorphous magnets will be
discussed, and some specific examples presented to lend perapective in this
direction. However, the bulk of the lectures will be devoted to a discusaion
of magnetic order in amorphous solide, and the influence of a non-periodie
latrice on 1its {ngredients. Besides the magnetic ground states themselves,
points of Interest are defects, excitations and the eventual disappearance of

magnetic order at a phase transition.

MAGNETISM IN A NON-CRYSTALLINE LATTICE

a) Tybel of Disorder

Conceptually, it is possible to distinguish three types of disorder in a
8011d. These dfstinctions are illustrated in figure 1 for two dimensional

networks. By distorting a perfect crystal (figure 1la) in guch a fashion as to
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introduce bonds of different lengths making different angles with each other it
is possible to deatroy the periodic structure (figure lb). This bond disorder
is perhaps the simplest variety, as the bond-disordered network remains
topologically equivalent to the crystal. Note that some bond disorder is
present even in a real crystal at finite temperatures due to thermal
displacements of the atoms from their equilibrium lattice sites. These thermal
displacements do not destroy the underlying periodieity because there remains
in the het crystal a large probabllity of finding the atoms close to their
lattice aites.

A mch etronger type of disorder is the topological disorder shown in
figure lc). The network there includes four, five, seven and eight membered
rings distributed at random among the six-membered ones. Topological digorder
also results when the number of bonds at each atom deviates from three. It
necessarily includes bond disorder, but a topologically disordered netowrk
cannot be distorted back into a crystal. Some degree of topological disorder
nay be essential for forming any amorhpous solid.

Figure 1d) ehows the structure of an ordered binary AB alloy. It may be
disordered while retaining its crystallinity, figure lg) and this chemical
disorder is of fundamental impotance in metallurgy, In a perfectly random
solid solution Ax Bl-x' the probabillity of an A atom being surrounded by Z B

atoms on the N nearest-neighbour sitecis

- N! N-Z.Z (i.1)
By(2) = groway (NI

If the disorder is fncomplete, the average nmumber of B neighbours will be
different from (1-x) N, and a short-range order parameter can be defined. A
special case, when x+0, 1s the dilute crystalline alloy. The positions of A

atoms there are like those of atoms in a gas and,in a sense, they are more
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diéordered than either 1b} or 1lc), where each atom in the solld or liquid has a
ceétain number of nearest-neighbours within a narvew range of interatomic
dlstanceﬁ. Bond disorder may be imposed on chemically ordered or disordered
latrices (fig. le) or h)). 1In e) each A atom 1is surrounded by three B nearest
neighboura, but the chemical order is absent in B) h) and 1). Finally, when
" topological disorder is imposed on a binary network, chemical order may be
retained (f) or destroyed (i). Metallle magretic glasses are almost invariably
aulticomponent allsys, of type h) or i). They inveolve bond disorder, some
chemical disorder, and probably topological disorder as well. Amor phous
transition metals are of type c). 13(?inary compounds, the number of bonds
formed by each compouent maalbe constant, yet topological disorder @'reault
from a distribution of even4mgmbered rings (f£). ‘The magnetic lattice, however,
1; of type (c)} when only one component carries g moment.

Bond and chemical disorder in a magnetic material introduce a distribution
in the magnetic moments and exchange coupling between interacting pairs of
atoms. In the case when the B atom in an Axsl-x alloy is non-magnetic,
chemical disorder leads us to the idea of percolation. At a certainm critical
concentration Xps there appear infinite continuocus paths joining atoms, and
many of the A atoms belong to the bulk cluster. The rest helong to small,
isolated clusters. Any sort of magnetic long-range order is only possible for
x)xP, because all the atoms belong to isolated clusters when x<xP. x5 depends
criticaliy on the range of the interaction, but for nearest-neighbour coupling
it {s of order 2/N. Percolation has been extensively studied on crystalline
lattices of type g), and the fraction of A atoms in the bulk cluster falls to
Zero at xp in & manner perfectly analogous to the order parameter at Tc for
second-order phase transitiom P_ ~ (x-xp)a. Provided the bond interaction in a

magnetic model is always ferromagnetic, regardless of bond length, bond

disorder will not influence the percolation coucentration. xp depends on the
degree of chemical and topological disorder. The disordered A-B alloy with
magnetié A atoms 18 an example of the site percolation problem. Alternatively,
one might imagine breaking bonds at randem, and the percolation threshold will
occur for a fraction Y of broken bonds. Quite generally, yp>xp. In magnetic
systems it may be useful to think of bond percolation when the interaction
strength depends critically on bond length.

b) Effects of Disorder .

W

The basic requirements for magnetic order in a solid are/ the existence of
.

magnetic moments associated with unpaired electrons on the atoms, an%?aﬁ
interaction to couple them together. The electrostatic fielda acting at the
atomic sites also have a profound effect, influencing the orientation of the
atomic moments through spin-orbit coupling, thereby creating magnetice
anisotropy. The varicus types of disorder wodify each of these three key
factors, which will now be cousidered in turn.

i) Magnetic moments: A magnetic moment exists on a free atom whenever the
atom has unpaired electrons. Any atom with an odd mumber of electrons must
carry one. However, these electrons in solids are usually employed in the
formation of covalent bonds or enter broad bands where their strong
paramagnetism is destroyed. Exceptions are the atoms of the transition series
where the unpaired electrons reside in an inner shell, and therefore cannot
participate fully in the bonding.

A satisfactory theory exiats for the magnetic moments of tranaicion ions
(including the rare earths) when an integral number of alectrons are localized
on the fon core. This theory is epplicable to many insulating and

semiconducting compounds of the 3d series and practically all 4f materials

LG6AAA



except a few metals invelving elements such as Ce which can have two different
charge states iu their compounds.
The theory of localized magnetise of non-interacting tramsition ions
treats the Hamiltonian
H = HC + B8O + mef (1.2)
where HC represents the Coulowdb interactions among d or f electrons which are
responsible for atrong electron-electron correlation resulting in ;ogpl#ng of
gpin and orbital angular momenta of the i{ndividual electrons according to
Bund’'s rules to give resultants S and L. HBO and Hef represent the much wesker
gpin-orbit and electrostatic fileld interactions, whose relative magnitudes are
{nverted for the 3d and 4f seriea. The electrostatic field is generally
referred to as the 'crystal field', but this terminolegy is evidently
inappropriate in non-crystalline solids. For the rare-earths, the spin-orbit
coupling obtalned from
#¥0 = A L.S (1.3)
is of order 10“ K, and L and § couple according to Hund's rules to give a
resultant J which is a good quantum mumber for the &4f series. A perturbation
of order 100 K is caused by the interaction of the electrostatic field due to
the atom's enviromment with the asymmetric charge distribution in the unfilled
f shell. Its main effect is to introduce local magnetic anisotropy but the
atomic magnetic moment at low témperstures may also be reduced from its
free-ion value. The electrostatic field interaction is of order 10YR in the 3d
transition series because, unlike the 4f shell, the 3d shell is not an inner
shell, well shielded by outer valemce electrons from the electrostatic fleld
created by neighbouring jons. Its effect is to quench partially or completely,
the orbital angular momentum. Spin-orbit coupling, of order 102-103% K, :heﬁ

serves to mix the electrostatic energy levels slightly and give a Lande g
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factor a little different from the spin—only value of 2. It also beings about
local magnetic anisotropy. In crystals, where the local anisotropy 1s the same
for each atom, the contributions add to give magnetocrystalline anisotropy, but
in an smorphous solid they add in a random way.

in reality the wave functions of transition metal orbitais containing the
unpaired electrons in compounds will be partially mixed with those of the
ligands to form molecular orbitals. This covalency reduces the unpaired 3d or
4f occupancy helow the purely ionic value, to an extent which depends on the
metal-ligand overlap integrals and the energies of the atomic orbitals. The
effect of non-crystallinity in an lonic solid will be to replace the fixed
crystal field and overlap integrals of the crystal with a distribution of
electrostatic field which will be of such low symmetry as to remove all orbital
degeneracy, except Kramers degeneracy, and a distribution of overlap integrals
which results in slightly different population of the magnetic orbitals from
one site to the next. These effects modify the orbital and epin moments of the
ion respectively. The latter effect may be examined in 5 state ilons such as
Mn2t, Fedt, Eu?t or Gd¥*. It will be unimportant for rare earth ions because
the 4f ghell is so small and well shielded by cuter electrons that the overlap
integrals are negligible.

Figure 2 shows the distributions of hyperfine flelds for different types
of magnetic glasses. The hyperfine field is roughly proportional to the
magnetic moment, sc the curves reflect the moment distributicas. Data were
taken at T ~ O so thermal effects are absent. The hyperfine field distributica
is extremely narrow for the rare earth Dy, with a relative width of only 1X.

It is moderately broad, ~10%, for the insulating ferric compound due to

varlations in the Fe-0 bond length.
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Inevitably, direct overlap of 3d or 4f wavefunctions will lead to
- forbation of narrow bands in any solid. In a one-electrom picture the bands
will conduct electricity if pertially filled, but in fact electron-electron
interactions may be 50 strong as to open up a correlation gap in the effective
density of states. Many transition-metal compounds, which should be
narrow—band metals according to classical band theory, are really Mott
insulators because of correlation. As the overlap increases, the
"Mott=Hubbard' sub-bands broaden and the moment is reduced. Ultimately the
bands cross at the metal-insulator transition where the greatly reduced
localised moment becomes itinérant. As the bands broaden further, the moments
are entirely destroyed and the metal ultimately becomes a Pauli paramagnet when
they are broad enocugh for correlationﬁ to be neglected entirely. The simplest
posgible Hamiltonian for a metal which will show magnetic effects is that of
Hubbard
H = HE + W (1.4)
*c

where HI = § :ijcia 18 1s the term allowing electron transfer from one site
ija

to the next which gives the one-electron bond structure. tij is related to A
the one~electron bandwidth in the tight-binding approximation by & = Ztij' ue
is the coulomb correlation interaction, written most simply for a single,
non-degenerate half filled s-band as LU LYPSL: T where U = < 33—) represents
the average intra-atomic Coulowb inte:action of two electrons ;ﬁ the same site.
The band structure and magnetic moment at T = 0 for the Hubbard model as a
function of AfU are 1illustrated schematically in figure 3. The ground atate
for the half-filled a Band is antiferromagnetic.

Magnetism in real 3d metals is greatly complicated by the degeneracy of

the d bands and thelr overlap with the 4s band. In the solid, d orbitals of

different symmetry will overlap to varying extents, giving bands of different
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widths. The magnetism of iron, for example, has a partly localised and partly
itinerant character which has so far defied accurate calculation.

Early attempts to explain the non-integral magnetic moments in transitiom
metals were based on the concept of a spin-polarized 3d band, overlapping with
the 48 band, as shown in figure 4. The occupancy of the 4+ and + d bands
determines the moment, and this will depend on the total mmber of 3d/4s
electrons which changes by one on passing from one 3d element to the next in
the periodic table, or om alloying different elements. The moments of alloys
predicted by filling the rigid bands of this model are in fairly good agreement
with observation. Even moments of alloys with non-magnetic metals can be
explained within the rigid band model by invoking charge tranafer. However
there is little direct experimental evidence in favour of the required large
splitting of + and + bands, ~ 1 eV, and photoemission experiments on alloys do
not usually support a rigid band picture.

In any case, the 3d metals are near the limit for the appearance of
magnetigm, snd their moments are all quite sensitive to changes in the overlap
integrals as shown in figure 3¢). Even iron, which has the best-developed
moment of them all, can be rendered non-magnetic by alloylng with elementa
which broaden the 3d density of states sufficiently. ‘There will generally be a
much greater spread of magnetic mements in amorphous metal due to the
variabiity of nearest neighbour distances than 1s found in amorphous
insulators. Thie fact was illustrated for amorphous Co,P in figure 2. In some
cases the spread can be large enough to permit coexistence of magnetic and
non-magnetic atoms of the same element on different sits of an amorphous metal.

Magnetic and non-magnetic atoms of the same element may co—exist on

different sites of crystalline solid solutions, as waa first suggested for iron
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iwpurities in Nbl_xncx, by Jaccarino and Walker. Iron in these alloys 1s
non~magnetic when surrounded by less than seven molybdenum nearest-neighbours.
Mixing sf the iron d electrons with the conductlon electrons of the niohium
neighbours broadens the local density of states. If there are enough of them,
the brnadeﬂing is such that the transition element can no longer gustain a
moment.

The fate of a single impuritv im a broad band metal is particularly
instructive. The tesull:. of mixing thé impurity wave functious with the
conducl:i;m band is to produce a local density of “;:“ Ni(E) for each of the
two spin states, sepqated by the energy U when there is no overlap. This is
shown in figure 5. ‘The number of unpaired impurity electrons n = o, -0 is

+.
given by

& = v (Bt fpal)-v (zF—l f2nl) (1.5)

E
where v{E) -,f Ni(E)-dE. Expanding (1.5) as a power series for small n, we find

o
that

n = nlN, (Ep) + 1/2L.(uu)3r:1(sl,) Foeann
80 that n = [2#{UN1(EP}-1]IJ.N1(EF) v3]i/2 _ (1.6)
Thus a moment will form provided
‘ lDlINi(EF) 1.7
No(EF) is proportional to 1/.&1 the width of the local density of states, and
thia dgpends in turn on the overlap energy integral between the impurity
electrons and the conduction band, If Ni(EF) were to vary smoothly with some
parameter such as concentration, then the magnetic moment on the impurity, just
below the critical concentration X, where the moment disappears, would vary as
1/2

(x-x c) N

1i) Exchange interactions: The appearance of a- magnetically ordered
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structure such as ferromagnetism requires an interaction to couple the magnetic
moments together. It has been found that esxchange interactions between two
sping usually tend to align them parallel or antiparallel. This tendency is
represented phenomenclogically by the isotropic Heisenberg iInteraction for
localized moments guBS.

EU - -Jij S.i.!fn_Jl

ig the exchange constant between spins at site 1 and asite J. It is

{(1.8)
Jij
positive for ferromagnetic coupling and negative for antiferromagnetic
cogpling. Typical values for the interaction between two spins lie in the
range 1-100 K. Other intaractions exist which favour a perpendicular
configuration for the pair. Thase may be represented by the
Dzyloshingkii-Moriya (DM) cerm Dij Sixsj' but they are weak by comparison with
the Heisemberg interaction. The DM interaction is zero by syﬁmtry for certaln
spin configurations in crystals, but no such restraints apply in amorph-ous
golide.

The origin of exchange coupling lies in the electrostatic interaction
between electrons of different spins on different sites. Various exchange
mechanisms exist - direct exchange,. superexchange via ligands, indirect
exchange via conduction elactrot.la (REKY interacticm) - but all dapend
sengitively on the distance between the interacting electrons. Attempts to
calculate the exchange constant between localieed spina In equation (1.8) from
first principles have led to values which are much too small, but nonetheless
J‘-.’} can be accepted as a phenomenclogical parameter depending on ru, and in
the case of superexchange on the bond angle. Though .Jj__1 or Dij usually assumed
to be isotropic, this is a gross simplification. For the 4f series, S in (1.8)
is replaced by J, whereae an effective value is obtained for 3d metals by

equating the atomic moment to guBS.
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The direct exchange mechanism is most important in transition metals. The
diagram Slater-Neel in figure 6 indicates roughly how the exchange varies with
distaa~= hetween magnetic shells in the 3d metals. J changes sign for yFe at
2.55 A. It 1s clear that the distribution of interatomic separations in a
non-crystalline solid can lead to a distribution of exchangé interactions which
may sometimes include interactions of both s8igna. The same is true of the
other exchange mechanismg as well. £ ,orexchange 1s negative for a 180°
metal-ligand-metal bond, but a weaker positive interaction occurs for bond
angles near 90°, The Ruderman-Kittel-Kasuya-Yoshida interaction oscillates in
sign as a function of ¢, as shown in figure 7. It arises from poelarization of
the conduction band by localised spins. Asguming a free-electron model for the

‘conduction electrona, calcylation gives

- 2 Z -
J(r) a 18nZ ;33 £ [ X cos x“ sin x } {1.9)
F X

where x = 2 kFr. Jsf is the Interaction between the localised spins and the
conduction electrons. EF and k? are the Fermi energy and wave vector
respectively and Z is the charge of the ion core.

The probability of finding an exchange interaction of a given magnitude
and sign may be represented on g P(J) diagram. For a crystal the diagram
consists of one or more delta functions, but the disorder in an amorphous solid
will broaden the peaks, even to the extent that interactions of both signe nay
be included in the distribution, as indicated on figure 8.

In a solid, it is useful to replace the sum of (1.8) over all pairs of
sites 1,] by a sum over sites i, assuming that the interactiocn of any atom with
all its neighbours may be replaced by an effective field - the molecular field

approximation. The moment associated with the aspin Si is guBSi, and its
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interaction with a magnetic fieid H.s¢ 18

By = -gug Sy Hoee (.10}
Heff i1s defined by
B, o= AR
ot £ T TR (L.11)

The molecular field approximation therefore consists of replacing Zj Jij 31‘53
by E(Z Ji<sj>)'si' It 13 an extremely useful approximation and forms the basis
of ;ugh of the theory of collective magnetism. In amorphous mggnets, the
effective fleld will certainly have a probability distribution of magnitude,
and in all cases except ferromagnets where P(J) ia predominantly or exclusively
positive it will have a probability distribution in direction as well.

Exchange interactions are net the only ones which can be magnetic moments.

The classical dipolar interaction

S (P PRS- [{TPRS P9 1 ( PRE P
L A

tends to align the two moments By and "j parallel, along the line joining their

(1.12)

sites, rij' Like the RKKY interaction, the dipelar interaction varies as l/r3.
but it is much weaker than exchange In most materials, except for some
insulating compounds of the rare earths. Dipolar interactions between two
moments are of order 1 K and are quite anisotropic since they depend on the
orientatfon of the moments relative to 'ij' The net dipolar field 1s
identically zero at sites in a lattice having cubic symmetry. In
non-crystalline solids it will be distributed both in magnitude and direction.
111) Anisotropy: The electrostatic field created by the surroundings at
an atomic site In a cryatal has the point symmetry of the site. Its
interaction with 3d electrons is stronger than either apin-orbit coupling or
exchange, and it acts to remove some or all of the orbital degeneracy of the

free fon. Cetain preferred directions are then impesed on the lomic moment
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in the ground state by spin—orbit coupling, and this is the microscopic origin
of magnetocrystalline anisotropy. For the 4f electrons, spin-orbit coupling is
much greater than the electrostatie field interaction, so magnetocrystalline
anisotropy is created by the latter directly. The interaction can be -epxl:'essed
by the single jon Hamiltonian

c o' n .

e -nz_omg_n o N > (1-g ) K BA PO T (1.13)
where o 18 even and n »Iml. 'ferms up to n = 4 are required for 4 ions and
terms up to 0 = 6 for f. ions. The number of terms in equatiom (1.13) is
greatly reduced by symmetry in crystals, with an appropriate cholce of axes.
For instance there are no second order {(n = 2) terms on sites of cubic
symmetry. The An““s are known as crystal field parazmeters. They involve sums
over the surrounding lonic charge distribution and a conduction electron
contribution when necesary. On“' are Stevens operator equivalent which are
combinations of the angular momentum operators qnen|J> are reduced matrix
elementa, and Knm are constants tabulated by Hutchings (lﬂon) is a shielding
factor and <r™> is the average over the 3d or 4f wave functions.

No simplification of {1.13) by symmetry will occur in a ndn—crystalline
solid. The electrostatic interaction may be imagined to give a complicated
three-dimenasional energy contour, according to the direction of the orbital
moment, with no particular symmetry except an iaversion centre. Reversing the
directiqn of the orbital motion does mot change the energy. One axis however
must be lower in energy than all the rest, and this is the justification of the
model of Harris, Plishke and Zuckermann who represent the electrostatic field
interction in non-crystalline solids by the single ion Hamiltonian

Hefi = -D,s,,12 (1.14)
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where Dy has a distribution in magnitude and defines easy axes z, which are
different. in direction at every site. Figure 9 summarizes the effects of
disorder, comparing the ingredients of magnetism in a perfect crystal and an
amorphous solid.

¢) Collective Magnetic Order.

1) Ferromagnetic and antiferromagnetic interactions: Ferromagnetic order
requires the preseace of magnetic moments, and a positive exchange interaction
to couple them together. It 1s not incompatible with a nomcrystalline
structure provided the concentration of magnetic atoms exceeds the percolation
threshold, the distribution of exchange 1is essentially positive, and random
aniasotropy 1s negligible with exchange coupling. Ferromagnetism has been
well-known in chemically disordered crystals for a long time, but it was not
until 1960 that Gubanov pointed explicitly to the poesibility of amorphous
ferromagnetism, and extensive experimental study of amorphous ferromagnets has
been going on since about 1970, Chemical and bond disorder may modify the
magnitude of the atomic moments and bond disorder will bring about a
distribution of exchange interactions, but neither effect will destroy the
ferromagnetic ground state provided J remains positive and X > xP. There
are no fundamental differences in principle between crystalline and amorphous
ferromagnets. In certain circumstamces the phase transition at the Curie point
may be smeared out by disorder, and magnetic and non-magnetic atoms can
sometimes coexist in the ferromagnetically ordered phase. 'These effects, like
many others in amorphous magnetism, are also found in chemically disordered
cryatals.

Nevertheless, there are often large differences in the values of the
wagnetic parameters compared with crystals of the same composition. For

example, crystalline ¥o3 has its Curie point at 300 K whereas the amorphous
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form would become paramagnetic only above 500 K. The Curie point of the
amorphous phase cannot actually be attained because it recrystallizes first.
In other cages such as FepB, the amorphous form has the lower ordering
temperature. Other features of amorphous ferromagnets are that the M(T) curves
tend to be flatter than for crystals, and the Block T¥/2 law for the
low-temperature variation of the magnetization due to spin waves applies over a
wider range of reduced temperature, Bulk anisotropy may be much less than in
corresponding crystalline pﬁases.

In contrast to ferromagnetism, where disorder does not necessarily induces
much change in the phenomenon itself, antiferromagnetic interactions on a
disordered lattice can produce results which are quite different to those in
erystals. The concept of frustration i1s not entirely unfamiliar in crystals.
It is present to a limired degree oun the fec lattice, and on the two
dimensional triangular lattice. Frustration arises with antiferromagnetic
interactions whenever the geometry of the lattice is such that the neighbours
of a given atom are themselves neighbours of each other. It is therefore
impossible to find a configuration for the spins where all the interactions are
aimultaneously satisfied. The idea is most simply presenced by considering the

three, four and five-membered rings of figure 10. With Ising spins, §

z * *1

the lowest energy conflgurations have energy -0.33 J, -J and —0.4 J per boud
for antiferromagnetic pair interactions, but all have the lowest possible
energy, -J per bond,.with ferromagnetic coupling. Frustration occurs with
antiferromagnetic interactions on odd-membered rings. A related feature is the
degeneracy of the lowest energy state, 6, 2 and 10 for the three rings with
negative J, but 2 for all three when J is positive. Increased degeneracy {or

near-degeneracy when the bond interactions are unequal) accompanies
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frustration. The classical limit is also quite iInstructive. Bond energles for
classical apins are higher than for Ising spins, -0.5 .J, -J and 0.81 J for the
three rings respectively, but frustration is still present in the odd-membered
ones, and 1t leads to non-collinear lowest energy states as shown in the
figure.

Frustration also arises on even lattices, such as the square lattice, when
positive and negarive exchange bonds are distributed at random. A square or
'plaquette’ 1s frustrated if there 1s an odd mmber of antiferrcmagnetic
interactions (1 or 3). The degree of frustration depends on the relative
proportion of the two signs of interaction.

No frustration is introduced by chemical disorder alone in an unfrustrated
crystal with antiferromagnetic nearest-neighbour exchange interactions, but
but the interaction 1s longer range and at least partly antiferromagnetic
{(e.g. BRKY), the lartice will be frustrated. Bond disorder of the unfrautrated
erystalline lattice wil introduce frustration if the change in length of some
of the bonds is sufficient to change of J from negative to positive.
Topeleogical disorder is always prone to frustration when it involves
odd-membered rings. In any case, whenever frustration is present it will be
accompanied by degeneracy or near—degeneracy of the ground state. Many
d¢ifferent configurations of the spin system are close in energy although to
pasa from one of these states to another involves golng through intermediate
higher-energy states, so they are separated by energy barriers. The free
energy surface in spin configuration space is corrugated and pitted with many
local minima.

11) Ideal magnetic structure: PFrom the con;ideratlons in the preceeding
paragraph, it is plausible that frustration in a random lattice will result in

random non-collinear magnetic structures. Frustration introduced by competing
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ihteractions_ in crystals sometimes results in helimagnetic order, but
I;mg-rlnge helimagnetism 1s unlikely in a nom-crystalline solid. One approach
woul& e l:o' consider the random non-collinear structures in amorphous =20lids as
superpositions of spirals of variable phase and propagation direction.
Frustration arises in n;:n-crystalline solids from anti-ferromagnetic
interactions on lattices with particular topological disorder (odd-membered
rings), and aleo when competing exchuige interactions of both signs are present
on any .disordered lattice. In a broader sense, we cau also consider that
amorphous solids with significant single-ion anisotropy are alse frustrated.

It 1s {mpossible to fully satisfy the exchange and single-ion interactions at
each site because they favour different orientations of the spins. The energy
of the compromise ground sial;e wil be higher than that given by the sum of the
interactionq,' and a number of alternative configurations will exist which have
almost the same energy, but are separated by energy barriers of different
heights. Competition between single-ion anisotropy and exchange in a
non~crystalline solid will lead to some sort of a randowm non-cellinear
structure even if J is everywhere positive. Cowpetition between exchange and
anisotropy also produces spiral or periodically modulated spin arcvangements in
some crystals, including certain rare—sarth mecals.

Some typical initial magnetization curves for a selection of amoTphous
wagnets are shown in figure 11. These curves are all taken at a temperature of
4.2 or 1.6 K, close to T = 0, and they show the reduced magnetization H./Ho,
vhere Ho is the value corresponding to parallel alignment of all atomic
moments. The maximum field, 150 kOe, is large by laboratory standards but much
lass than the dominant interactions (exchange for YCoj, YPe; and FeFy,

single-ion anisotropy for DyNiz}. These uaterials each contain only one
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magnetic species and so there is a single magnetic subnetwork. (Nickel in
DyNis does not bear a moment). The applied field is corrected for
demagnetizing effects. YCo3z saturates very easily, like a typical ferromagnet.
It obviously has a simple colliner structure and any antiferromagnetic
interactions or random anisotropy introduce neglibable perturbations of the
ferromagnetic order. The field induces only very weak magnetization in FeF3,
with a susceptibility which 1s essentially independent of fleld. Apart from a
tiny remanence, blr/HD~10'3, the magnetization curve of amorphous FeFj resembles
that of & crystalline antiferromagnet. By contrast, for DyNiz and YFej the
field quite easily induces a large moment approximately one half of the
saturation magnetization, but the approach to saturation in higher fields is
slow, and 1t would be necessary to apply fields of order 1050e to align the
spins completely. Both materials show remanence at low temperatures such that
HrlH‘))lO"l. Clearly, in the magnetized state at least, they have a magnetic
structure with & large net magnetization which nevertheless falls far short of
the ferromagnetic saturation value.

As an aid to discussing magnetism in non-crystalline solids we define some
category of magneric order which are encountered in amorphous materials. The
definitione for materials with one magnetfc subnetwork are illustrated in
figure 12 a) and b) represent collinear structures having respectively the
maxisun and zerc net moment, corregponding to ferromagnetic and
antiferromagnetic order. c) and d) represent random non-collinear structures,
one with substantial net magnetization, the other with nona. We will refer to

them as agperomagnetic and speromagnetic respectively. In the speromagnecic

structure, the moment are distributed at random in direction with uo preferred
orientation. The formal definition sisj =0, <si(o).sj(r)> = 0 for 'lj’ a.

5 represents the time average of the moment, which may have spin and orbital
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ceateibution and <> 1is the average over all pairs with separation rij' a is
the intecatomic geparation. The definition admits the possibility of very
short range-averaged correlation at the level of the First or seccad aeighbour
shells, such as may exist when the nearest neighbour interactions are
antiferromagnetic, but there are r~ correlations on average at longer
distances. By contrast there is some long-range preferred orieatation of the

moments In an asperomagnet, such that Szz) <Si(o).sj(r)) >0 for r . >a, Sz2 =

ij
(Si(u).sj(rﬁ. Any definition of a magnetically-ordered structure ig only
valid within a domsin, so some consideration has to be given to the length
scale over which the definition may be applied. 4An iron bar usually has ao net
megnetization if no field is applied, so <Sj(o).Sj(r)) =0 for r” much greater
than the ferromagnetic domain size. The definition of fercomzgneric order
t.herefore applies only within a domain, whose size is usually at least one
micren. The concept of & domain size has no obvious meaning for a speromagnet,
but for am aéperamagnet it can be defined as the distance beyond which
<31(o).sj(r) = 0. Te definition is useful provided that distance is much
greater than the Interatomic gspacing, although the physical explanation of
domain formation may not necessarily be the same as in & ferromagnet, where the
reason for the domaln structure is the need to minimlze the energy of the
sample in its own dipolar field.

Of the four structures in figare 12 there is direct experimental evidence
of all ekxcept the amorphous antiferromagnet. These atructures are for
waterials with one magnetic subnetwork, a subnetwork being a chemical
sublattice, defined as the ensemble of atomy which carry a magnetic momeat and

have similar magnetic interactions. For the example in figure 11 the

subnetworks are composed of the cobalt, iron or dysprosium atoms in 1Coy, FeF3
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or DyMiz. Amorphous materials also exist with two magnetic subnetworks. All
those that arse known are alloys of rare-earth and transition metals where each
chemical gubnetwork is composed of atoms of one sort or the other. It is
doubrful whether one can ever distinguish two magnetic subnetworks on a
geometrical rather than a chemical basis in non-crystalline solids. In
erystals this is possible. The spinel structure for example, has
two sublattices formed by cation sites with tetrahedral (A) and octahedral (b)
oxygen coordination, and the principal magnetic interaction ia A-B coupling
because the neigbouring cations of an atom on one sublattice all belong to the
other. While it is surely possible to conceive of a non-crystalline structure
with the property (a spinel with bond disorder would do), it ia unlikely that
exanples they really exist.

Several classes of two-subnetwork structure may be distinguished.

Posaible collinear structures are ferromagnetic or ferrimagnetic, according to

whether the subnetworks are coupled parallel or antiparallel. If ome or both
subnetworks possess a random, non-collinear structure but nevertheleas have a
net magnetization the structure will be termed sperimagnetic. If both possess
random non~collinear structures with no net moment, the structure is
speromagnetic. Figure 13 illustrates the definitions.

Compared with regular crystals, the novel feature of magnetism in
amorphous solids is the possibility of finding ‘ordered' magnetic structures
where the atomic moments are fixed in directions which are essentially random.
Ordet in this sense means that there are no #lgnificant fluctuaticns in the
average moment directions on an experimental timescale. Temporal but oot
spatial fluctuations are supressed as the spins 'freeze' on cooling the sample
sufficiently, but there is little evidence that this occurs at a well-defined

phase transition. In contraast, a phase transition quite analogous to that in

LGSAAL



-21 -

cryatals is found in many amorphous ferromagnets and ferrimagnets. The random,
non-collinear magnets, eperomagnetic, asperomagnetic and sperimagnetic have
magnetic excitation spectra which may be quite different compared with these of
collinear and crystalline magnets.

111) Spin glasses: In the broadest aense of the term, all the random,
non-collinear amorphous magnets might be described as 'lpin-slaélei'; They do
not exhibit the normal sort of magnetic phase transition, the magnetic order is
random to some degree, and t.here are indications that the ground state is not
unique. Originally applied by Coles to dilute crystalline alloys such as Au Pe
or Cu Mn containing about 1% of magnetic impurities, the term spin glass no
longer has any preclse generally-—accepted significance as it has been appiled
by various authors to materials which are magnetically dilute or concentrated,
metallic or insulating, crystalline or amorphous but possess at least one
magnetic characteristic in common with the canonical examples. It also denotes
a class of theoretical models which may have aome relevance in explaining these
characterigtics. Sometimes 'spin glass' 13 used in the sense of an ideal
magnetic structure, similar to speromagnetism, except that not even short-range
correlations are allowed; 51(")'311(") =0 <Sl(o).sj(t)> =0 for all r.

The canonical spin glasses, dilute alloys of transition metals in noble
metal hosts whose disorder has more in common with & gas than a liquid, showed
the following characteristic magnetic properties.

= A sharp peak a.p-pears in the low field (~1 Oe) ac susceptibility at a

temperature Tf which inereases with increasing measuring frequency.

- The peak becomes rounded in higher ac or de filelds.

- Near ‘l‘f, irreversile behaviour including remanence and coercivity

appear.
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- The remanence, or order a few percent of the collinear saturation
magnetization at T = 0, decays with time, varying almost linearly as a
function of tn t.

- The magnetic entropy at T, is less than half of the total magnetie
entropy of disorder.

- The paramagnetic Curie temperature ep, extrapolated from susceptibility
data taken well above Tf, is close to zero.

-~ Various magnetic properties ineluding spin freezing temperature and
magnitude of the remanence scale with the concentration of magnetic
impurities.

Together thias behaviour comstitutes the spin glass syndrome. Some of the
properties, like fn t decay of the remanence, Bp a 0, or field dependence of
the susceptibility peak, occur alsc for other sorts of magnetism, so in
practice it is necessary to observe several of these characteristics before
classifying any material as a spiu glass. There is no consensus as to Just
which ones are esgential, and which are incidental.

The first theoretical models of spin glasses were based on the idea that
the magnetic interaction in chemically disordered dilute alloys must be of the
oscillatory RRKKY type, so that the P(J) distribution was taken as a gaussian,
centred at J = 0. Treated in the molecular field approxzimation, this leads to
a phase transition, but the transition is absent in more exact treatments. The
spin freeze progresively into random directions as the temperature i1s lowered,
and there is no net magnetization.

In these lectures we will adept the term 'spin glass' to denote disordered
magnets, whether crystalline or amorphous, whose magnetic properties are due to
a broad distribution of exchange interactions of both signs, with <J> ~ 0.

We will now go on to consider in more detail the behaviour of amorphous
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or the other, when

LGOAAA

the exchange interact

random anisotr

Ry

- 23 -

ions are predominantly of ane

can be neglected.
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