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ABSTRACT

We attempt to show that magnetic diffuse scattering is the natural probe
for frustrated antiferromagnetism. Comparison between nuclear and
magnetic diffuse scattering compares the range of atomic clustering with
the range of the magnetic impurity. At low temperature frustration is
expected to lead to large differences which are a natural signature for
the relevance of such frustration effects. We provide some elementary
examples in first-row transition metals which display fairly dramatic ef-
fects.

1. Basic Concepts

Magnetic diffuse scattering from antiferromagnets is a fairly difficult experi-
ment [1]. To tackle such a measurement the desire must be strong and the rewards
must be significant. The point to this article is to establish that magnetic diffuse scat-
tering has a specific function which is rather difficult to fulfill with other probes; The
investigation of non-collinear spin systems. The structure of the article is to use sim-
ple models and pictures to explain why elastic magnetic diffuse scattering is in a fairly
unique position to provide interesting information about the existence and nature of
non-collinear spins.

Any good textbook on neutron scattering will provide an introduction to mag-
netic diffuse scattering[2]. In this article we will need only the simple idea that the
elastic scattering is:

7(k) ex <S-L(-k).SJ-(k)>

where:
SJ-(k) = k x [S(k) x k]

is the component of the total-spin density, S(k), perpendicular to the direction of mo-
mentum transfer, k. This spin-density is then split into two parts, with an average,
denoted (S(k)), together with 'fluctuations' away from this average, denoted <5S(k).
The average is usually very narrow and constitutes Bragg scattering, controlling any
magnetic order:



348

whereas the fluctuations are usually fairly broad:

iDiffuseW « <*S(-k).*S(k)>

Although this development is very appealing, and should be used as an intuitive tool,
there is a minor difficulty as to the meaning of the average: This could be a thermal aver-
age or alternatively an average of many representatives of statically disordered systems.
Both possibilities make sense, but often we make use of a third description, allowing
the average to correspond to the pure state without disorder and then the 'fluctuations'
are interpreted as static distortions away from this pure state. This third description
involves cross terms between the Bragg and Diffuse scattering which we ignore because
the Bragg scattering is so narrow.

In order for diffuse scattering to be important, we require that spins are signifi-
cantly fluctuating away from their average. Thermal fluctuations are only severe in the
vicinity of a magnetic phase transition, and consequently there has been some interest
in this area[3]. Static disorder, ie substituted atoms with a different moment, also lead
to spin defects which lead to diffuse scattering. Since magnetism is usually dominated
by interactions between neighbours, any spin defect has the potential to spread out via
these interactions. Unfortunately, in most spin structures there are many neighbours to
any particular spin and so the loss of one provides only a small effect. Only near the
phase transition, where the average field is severely weakened, is the loss of a neighbour
expected to be crucial, and so there has been some investigation into the role of disor-
der at magnetic phase transitions[3]. At low temperature, where the spins have settled
down into their classical order, the role of disorder is dull. The cause of this is obvious
from figure 1:

Figure 1: Ground-state spin configuration for the square lattice
in the presence of a substitutional impurity with zero moment

The depicted spin arrangement is clearly the ground-state at zero temperature, and the
impurity has not spread out at all! There remains some diffuse scattering, however, due
to the missing spin. If we use:

N
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where R^ is the atomic position of the spin (ie we ignore form factors), and the normal-
isation is a trifle abnormal, then:

is a fairly uniform diffuse 'background' containing only information about the quanti-
sation direction of the omitted spin.

If we are intending to use the disorder to probe the underlying magnetism, this
'uniform' background coming from the disorder itself is extremely dull and physically
uninteresting. Fortunately, there is a clear physical way to assess this effect, nuclear
elastic diffuse scattering. When considering magnetic diffuse scattering, one should first
compare it to the associated nuclear profile, and then the differences are a probe of the
underlying magnetism. For the current example of figure 1, it is clear that there is no
difference and hence we will find nothing out.

Now let us consider the example depicted in figure 2:

Figure 2: Ground-state spin configuration for the triangular lattice
in the presence of a substitutional impurity with zero moment

this is the elementary triangular lattice with the so-called 120° phase as the ground-
state. This time there is a clear extended magnetic impurity bound to the substituted
impurity. There will be associated magnetic diffuse scattering with spatial structure,
signifying the existence of frustration in the magnetism.

How may we interpret the difference between the frustrated and unfrustrated
systems? There are two simple ideas that provide an explanation: Firstly, in the un-
frustrated system all the spins are parallel to each other. The local fields that the spins
exert on each-other are also consequently parallel. If a particular spin is removed, all its
neighbours feel a reduced field, but due to the fact that they still have some neighbours
they do not change orientation. The frustrated magnet has non-collinear spins. When
a particular spin is extracted, any neighbouring spin which is not parallel will then feel
a change in its local field direction and will rotate. This effect will then spread out as
neighbours of neighbours feel this reorientation. Secondly, frustrated magnets involve
non-trivial degeneracy. As well as the normal quantisation direction, corresponding to
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rotating all the spins together, there are additional ground-states for frustrated magnets
involving changes in relative orientations between spins. These additional ground-states
may be generated from an understanding of the broken point-group symmetries of the
magnet. For the current case, the broken symmetry is that of inversion, and there is
a discrete degeneracy described by the chirality of the spiral. These two ground-states
are depicted in figure 3:

Figure 3: The two triangular lattice ground-states with opposite chirality
The idea is that one may add a localised' portion of the state with the opposite chirality
to form the impurity. If the two depicted portions are added, then the spin in the middle
is cancelled whilst the surrounding cage is reoriented. This second picture is very much
more useful in general for the short-range distortion. When we look at the longer-range
spreading out of the magnetic impurity, however, we find a different effect: Locally,
far from the impurity, the dominant magnetic distortion is that of a uniform rotation,
leading to scattering of the original order but weakly rotated in spin-space. The sense
of this uniform rotation is a strong function of space, and one can see six quadrants
for which nearest-neighbour quadrants rotate in opposite directions. This basic picture
for a magnetic impurity will be seen to be quite general: The cause of the magnetic
impurity is a second state at low energy which can locally make use of the change in
bonds around the impurity. This leads to short-range distortion in real-space. This
local distortion, which is often characterised by a specific point-group symmetry, then
induces a longer-range distortion which spreads out using the 'softest' modes, usually the
uniform rotations or Goldstone modes associated with the classical breaking of global
spin-symmetry.

For the case of a simple spiraling antiferromagnet, this analysis leads to a predic-
tion: If the domain structure of the sample permits a non-trivial chirality for the Bragg
spots, then the diffuse peaks at the same sites would be expected to have opposite
chirality.

The advent of domains into the argument introduces a second style of frustrated
antiferromagnet and an important associated domain problem: Multiple-Q states or
multiple-spin-density-waves. This type of magnet involves a broken rotation symmetry
in the point group, and then several possible Bragg spots which can be rotated onto
each-other by this rotation. This style of magnet is best explained by example. We have
selected the square lattice with sizeable next-nearest-neighbour exchange (2J2 > Jx),
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for which there are a variety of ground-states:

Figure 4: Three frustrated ground-states to the square lattice.
The first two ground-states are collinear phases involving different Bragg spots; The
first with both Bragg spot and quantisation direction parallel to the y-axis and the
second parallel to the z-axis. The third ground-state is a 'linear' superposition of the
first two, and involves non-collinear spins. The fundamental problem with this type of
magnetism is caused by magnetic domains. If we have a sample with a collinear structure
but equal numbers of domains of the two pictured types, then in principle at the Bragg
level this mixture is indistinguishable from the depicted non-collinear spin arrangement.
In practice, the magnetoelastic coupling is usually sufficient to provide a measurable
tetragonal distortion, but for the case of a double-spin-density-wave, when both Bragg
spots are present at the local level, then no static distortion is anticipated and the
dichotomy remains. There are a variety of techniques which purport to answer this
question: Applying uniaxial stress or a magnetic field close to the transition temperature
can measurably alter the domain populations. Mossbauer would also be expected to
distinguish the two orientations of the moments in the two cases. We would like to
propose magnetic diffuse scattering as a possible technique.

Magnetic diffuse scattering around a magnetic impurity is a local probe and
hence is expected to depend only on the domain containing the impurity, this is the
physical motivation to its use. Our previous interpretation provides the simple intuitive
argument for the technique. There should be very low magnetic diffuse scattering in
the collinear phases, but very strong scattering in the non-colhnear phases. The likely
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ground-state configuration for the double-spin-density-wave state is:

Figure 5: Ground-state spin configuration for the frustrated square lattice
in the presence of a substitutional impurity with zero moment

Once again, it is useful to interpret the magnetic impurity in terms of the other de-
generate ground-states. Since there are two Bragg spots, one would quite natural pre-
sume that by shifting intensity between these two Bragg spots one could relax the
spins around the impurity: This is not true! When restricted to next-nearest-neighbour
bonding, one can see that this ground-state sphts into two unfrustrated and independent
ground-states. Since the phenomenon is controlled by the frustration, the bound state
must involve the ground-state for the case of nearest-neighbour bonds, the elementary
Neel state on the square lattice. Indeed, the elementary Neel state readily provides a
good picture for the short-range distortion encountered in the vicinity of the substituted
atom. Combining our ground-state with the rotated Neel state depicted in figure 6:

Figure 6: The square-lattice ground-state with its locally trapped magnetic impurity
we can readily explain the local distortion. The central moment is seen to locally can-
cel, whereas the surrounding shell rotates. For this case the trapped magnetic impurity
involves a state which can be energetically quite far removed from the ground-state, al-
beit remaining a turning point. The short-range magnetic diffuse scattering is expected
to be centred on the Neel Bragg spots, and well away from the underlying frustrated
Bragg spots.

For this impurity, the point-symmetry is non-trivial: The lines x — ±.y mark
nodes in the distortion. Inside any of the four remaining quadrants, we recognise that
the distortion is another double-spin-density-wave, but with the spin axes reversed. The
diffuse scattering is again expected to be 'opposite' to the Bragg scattering. For this
case, there are two distinct Bragg spots, and each is associated with an orthogonal spin
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direction for the Bragg scattering. The long-range diffuse scattering should be peaked
around the same positions, but the associated spin directions are reversed. This shows
up very easily through the angular dependence of the scattering, ie the (1 — k\) factor.
Usually, there are Bragg spots which are extinguished because their momentum transfer
is parallel to the spin orientation. For the current case, these vanishing Bragg spots are
those closest to the origin. Since the diffuse scattering is associated with a perpendicular
spin direction it should be maximal here.

The conclusions of this section are fairly simple: In collinear spin structures
the magnetic diffuse scattering should 'mirror' the nuclear diffuse scattering. In non-
collinear spin structures the magnetic diffuse scattering should be strongly enhanced
over the nuclear diffuse scattering. This magnetic scattering should be peaked around
the Bragg sites but should have 'opposite polarisation'. For a spin-spiral this means
that the diffuse scattering should have opposite chirality, whereas for the multiple-spin-
density-wave case, the associated spin orientation should be rotated.

We close this section with some quite crucial practical considerations which must
be kept in mind when physical systems are being investigated through substitutional
impurities and their associated magnetic defects. As with probes like /x-SR, where the
technique involves a sizeable change in the physics where it acts, the impurity itself
can mask the underlying magnetism and provide misleading information. The magnetic
impurity must be fully understood before deductions about the underlying magnetism
are attempted.

This simple idea that non-collinear spin structures can easily deform to accom-
modate spin defects, has radical consequences: Each doped impurity would gain more
magnetic energy in a non-collinear state than a collinear state. At some doping level
this energy can dominate the energy saving from being in the collinear phase and cause
a phase transition. This possibility is very real, as will be demonstrated in the next sec-
tion, and is also quite confusing because there can be phenomena associated with the
impending phase transition that confuse interpretation. The stabilisation of collinear
phases is normally on a smaller energy-scale than the basic magnetism; Quantum fluc-
tuations prefer a collinear phase, but on the magnetic energy scale reduced by 1/5.
Spin-orbit coupling can tie the spins to the lattice directions, preferring collinear states,
but this effect is very weak for first-row transition metals. Sympathetic structural
distortions also prefer collinear states, where the bonds are at their most anisotropic.
Since these effects are quantitatively dominated by the magnetic energy, substitutional
impurities can cause phase transitions at quite low concentrations, eg ~ 10%.

The degeneracy previously referred to in frustrated antiferromagnets is usually
not pure in the real physical systems. Firstly, there are associated structural distortions
with any symmetry broken ground-state, and these provide macroscopic energy differ-
ences between the states degenerate in a pure system. Such effects provide a natural
range for the magnetic impurity, which in their absence would decay only as a power
law. Secondly, the spin-orbit effects, although weak, also serve to provide a range for
the impurities and must be considered very carefully in practice.



354

2. First-row transition metals: Manganese in particular

In this section we will look at the particular example of 7-Manganese, ie man-
ganese quenched into a face-centre-cubic lattice, as a real physical system in which
these phenomena abound. Probably the most interesting alloy is 7-Mn1_INia.[4]. As
the nickel concentration is increased from zero, there are a sequence of phase transi-
tions at low temperature; The pure manganese is tetragonal c < a, which transits to
orthorhombic c < b < a, which transits to tetragonal c > a, which transits finally to
cubic near x ~ 1/4. This is interpreted as a 'cascade' of additional spin-density-waves:
The alloy starts out with a single-Q, transits to two unequal Q's, transits to an equal
double-Q, and finally transits to a triple-Q. This is precisely the overwhelming influence
of the disorder causing phase transitions as we previously discussed. The collinear phase
is held in place by the static distortions and consequent saving in magnetic energy from
partially unfrustrating the bonds. Paramagnetic impurities destabilise this distortion
and gain more energy from their ability to relax neighbouring moments around the
disorder, overwhelming the small unfrustrating energy saving.

Magnetic diffuse scattering is an excellent probe for this behaviour. Unfortu-
nately, only the cubic phase has been investigated [5]. The predicted magnetic ground-
state would be the triple-Q state:

Figure 7: A single-Q state and a triple-Q state for the
face-centre-cubic lattice type I antiferromagnetism

Since this phase has non-collinear spins, we would anticipate a large amount of magnetic
diffuse scattering. A huge amount of diffuse scattering has been observed, indeed at first
this diffuse scattering was erroneously deemed to be Bragg scattering and a quite bizarre
canted spin-state was originally proposed in this type of alloy.

The magnetic diffuse scattering has well defined spatial structure which can be
well fit using an impurity model allowing two shells of neighbours to reorient subject to
Heisenberg interactions[5]. Although the basic picture is well described by this isolated
impurity model, the amplitude for the scattering is not well described. For this alloy
there is a high concentration of impurities, nigh on 25%, and hence the impurities
clearly overlap with each-other. When two impurities overlap, they do so in phase and
so the expected scattering is four times a single impurity, and not twice as would be
expected if the impurities were incoherent. There must be a length-scale over which
this orientational coherence is lost, but we found no clear way to experimentally probe
this idea directly and so left this area uninvestigated. Clearly a theoretical method for
describing such orientational disorder should be developed.

The magnetic diffuse scattering was exactly as anticipated for the triple-Q struc-
ture and quite unlike that expected in a multi-domain single-Q sample. Of course, at
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a practical level, the structural distortions were the obvious physical signal as to the
magnetic structure.

The next most interesting alloy of this system is 7-Mn1_xCuI, which shows
fairly unique behaviour amongst the analysed possibilities. Unlike many of the other
alloys, there is no sequence of structural transitions and the system goes smoothly over
from tetragonal c < a to cubic. The excitement was caused by the magnetic diffuse
scattering from the collinear spin state, however, where giant perpendicular magnetic
impurities had become trapped around the doped copper sites [6]. This is very difficult
to understand given our previous prediction that collinear magnets cannot respond to
paramagnetic impurities. One crucial difference between the copper and nickel alloys is
that the copper atoms cluster whereas the nickel atoms anti-cluster. There is a strong
nuclear diffuse peak in the copper case, but the magnetic diffuse peak is many times
stronger[6]. As we shall see, this clustering is an imortant clue.

The resolution to the predicament is local spontaneous symmetry breaking. In
the same way that global phase transitions can be controlled by spontaneous symmetry
breaking, so can the formation of local impurities. The physical idea is that if the system
is very close to a phase transition, then only a small change in bond strengths would
push it into a new phase. The large local change around an impurity can stabilise this
second phase, but only in the vicinity of the impurity[7]. For the simple case of the
frustrated square lattice, with 2J2 ~ Jlt the Neel state can be locally unstable to the
formation of a small impurity of the type depicted in figure 8:

Figure 8: A magnetic impurity of new symmetry bound to a paramagnetic
impurity in the unfrustrated square-lattice ground-state

The four spins surrounding the impurity feel a reduced penalty from the weakened
nearest-neighbour field and take full advantage of the next-nearest-neighbour field. It is
important to realise that the two perpendicular spin components are independent; The
perpendicular moment is self-trapped, gaining nothing from the underlying spin-state.
The only coupling between the two moments is via the spin constraints.

There are a variety of subtleties that need to be understood when interpreting this
eventuality: Firstly, the immediate physical prediction would be that diffuse scattering
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would appear in the vicinity of Bragg spots associated with the spin-density-waves not
present in the underlying order, and that this magnetic diffuse scattering would be
perpendicular to the long-range order. This is not the dominant observed scattering
experimentally! Although such scattering is believed to be present, and further to be
related to the fundamental cause of the effect, it is overtaken by important details.
The crucial concept here is the length-scale over which the magnetic impurity spatially
decays: There are two such length-scales. Firstly, the collinear phase is relatively stable
and consequently there is an energy penalty from trying to trap spin-density around
another Bragg spot. This penalty in the experimental system is high and the trapped
impurity decays very fast over only a couple of unit cells. Secondly, magnetism with
the same spatial structure as the underlying order but perpendicular to it decays only
on a length-scale controlled by the spin-orbit coupling, which is very small in these
experiments and so this decay is much slower, involving tens of unit cells or more. The
dominant effect is that the quick decaying magnetic impurity trapped around the other
Bragg spots acts as a source for perpendicular magnetism associated with the original
Bragg spots. At first sight, this would then explain the observed scattering, which is
centred on the existing extinguished Bragg spots, but is perpendicular to underlying
long-range order. Unfortunately, the theoretical calculation of such diffuse scattering
provides figure 9 [7]:
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Figure 9: The diffuse scattering from a paramagnetic
impurities in the face-centre-cubic lattice

Disaster! The fast decay around the other Bragg spots is observed but no long-range
component at the classical Bragg spot in the centre.

The resolution of this 'paradox' is also quite subtle. The trapped impurity mo-
ments that we are analysing have curious symmetry: They have non-trivial point sym-
metry. The depicted impurity in figure 8 has two reflection planes and d-like symmetry.
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It is this property that eliminates the central peak! The 'wavefunction' to the impurity
is W(k) ~ (kl — fcy) near the central peak, and then the magnetic diffuse scattering is
of theform[7]:

7(k)
W(k)

in terms of the 'dispersion' for static moments, e(k). The numerator and denominator
are both O(fc4) and hence no peak is expected. The modeling here requires some
explanation: Elementary impurity calculations performed on elementary Heisenberg
models and variants. For these calculations there are two major inputs. Firstly, there
is the underlying energy expenditure for laying down spin-density at any position in
reciprocal-space, and this is the quantity e(k). Secondly, there is the local impurity
potential and its corresponding bound state wavefunction, which we denote by W(k).
This wavefunction contains the information about the point-symmetry of the bound-
state and is quite crucial in assessing whether or not the longer-range distortion will be
visible in any experiment. The details are provided elsewhere[7].

When we consider an impurity with only a single reflection plane, a p-like sym-
metry, a less symmetric impurity is expected:

#

Figure 10: A magnetic impurity of new symmetry bound to a pair of paramagnetic impurities
This magnetic impurity is expected to have a 'wavefunction' of the form, VF(k) ~
(kx ~ k ) , and hence provides a healthy divergence for the central peak. This divergence
is cut off by the spin-orbit coupling, and still has non-trivial point-symmetry which
must be reinstated by averaging over many such impurities of all possible orientations.
Once some of these 'details' have been included, we are led to a theoretical profile of
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the form depicted in figure 11:
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Figure 11: The diffuse scattering from a pair of paramagnetic
impurities in the face-centre-cubic lattice

a healthy central peak is observable as in the experiments. In order to observe a large
central peak, we need a sizeable probability of finding magnetic impurities with a p-
like symmetry. The clustering present in the copper alloy provides many such pairs
whereas the anti-clustering in the nickel alloys would be expected to strongly reduce
their contribution in an equivalent experiment.

The conclusions from these experiments demonstrate how careful one must be in
interpreting magnetic diffuse scattering. The magnetic impurity spreads out away from
the defect in quite a subtle way. There are short-range effects attributable to the cause
of the impurity, but the longer-range effects which are easier to detect experimentally
come from the 'softest modes' in the system which are associated with the underlying
magnetism but in a perpendicular spin direction.

We close this section with a fairly sophisticated comment. One of the most excit-
ing areas in fundamental magnetism is that with zero temperature classical degeneracy,
such as the Kagome net with the physical example SrCr8_I.Ga4+x019[8]. These systems
are theoretically expected to have macroscopic degeneracy even at zero temperature,
having continuous degrees of freedom in the ground-state manifold. One theoretical
surprise is that the disorder in the system does not strongly stabilise a preferred ground-
state. The materials are very 'messy', and using the arguments already presented, one
might have anticipated the most non-collinear state to become stable, since in this phase
one would expect the most effective relaxation around impurities. Experimentally no
classical order has as yet been found, which requires investigation. The simplest the-
oretical approaches provide an explanation: With only the minor restriction that one
needs to use all three spin dimensions, the energy of a magnetic impurity is independent
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of the ground-state spin configuration. This quite remarkable result explains why there
is no strong force from the static disorder. The magnetic diffuse scattering profile is
strongly dependent on the underlying ground-state, and so it makes great sense to in-
vestigate the diffuse scattering with the intention of trying to deduce something about
the underlying magnetism. The path to understanding such scattering would not be
short, as the rather simpler transition metal examples have shown.

3. Conclusions

Collinear magnets involve local fields which are parallel to a unique direction in
space, the direction along which all the spins are aligned. At low temperature, when the
system is disordered with paramagnetic impurities, the resulting random fields are still
expected to be parallel to this unique direction and as such, lead to forces which want
either to elongate or to contract the spins along their length. Spins are very stiff against
magnitude changes and so the result of the disorder is expected to be pitifully weak and
dull. Non-collinear magnets, which necessarily involve frustration, have neighbouring
spins which are not parallel, and when one is removed the other feels a field which
desires to reorient it. This reorientation spreads out into the system and can lead to
a sizeable magnetic impurity trapped near the paramagnetic impurity. This magnetic
defect leads to magnetic diffuse scattering which is the hallmark of the non-collinear
state. The spatial structure of the impurity is a probe of the underlying magnetic state,
and through theoretical modeling can be used to understand the magnetism.

This technique of using the magnetic diffuse scattering around paramagnetic
disorder is both experimentally difficult and interpretationally taxing. The disorder is
a strong physical perturbation and as such can provide new physics which masks the
underlying magnetism under investigation. Each experimental system must be analysed
on merit and imagination must be used theoretically.

The fundamental idea is that collinear spin systems yield scattering of a similar
form to the nuclear diffuse scattering, but non-collinear systems show much enhanced
scattering. The spatial structure of this additional magnetic scattering is then a local
probe of the susceptibility of the underlying magnetism to magnetic defects. Unfortu-
nately, in some situations even a collinear spin state can exhibit these magnetic impu-
rities. This situation is a precursor to a possible magnetic transition and amounts to a
local breaking of a spin symmetry. The phase transition is when these local impurities
become coherent across the sample. The experimental method of assessing whether one
has local symmetry breaking or a real non-collinear spin state is non-trivial. The use of
the different ranges for the diffuse scattering worked for the 7-Mn systems, but there is
no guarantee as to its use in more anisotropic magnets. Sadly, one must look at each
case carefully with few preconceptions.

The physical interpretation for the cause of the magnetic impurities is the binding
of localised components of a second low-energy state. This second ground-state is usually
related to the first by some point-group symmetry which can be employed in analysis
of the scattering, but this is not a necessity. This magnetic impurity then acts as a
source for longer-range 'tails' with possibly different properties: The dominant diffuse
peak may well exhibit similar properties to the existing magnetism but perpendicular
in spin-space. The shorter-range surrounding scattering may well be more instructive.
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The experimental area of investigating non-collinear states through their mag-
netic impurities is as yet underdeveloped, and we await to see it used as a prime source
of investigation rather than as a source of corroboration.

We believe that this technique should be seriously considered for the class of clas-
sically degenerate magnets such as the Kagome Net, because the theory is so intriguingly
pathological.
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