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Chapter 1

TOWARDS A FIELD THEORY OF MAGNETISM
Ulrich Köbler
FZ-Jülich, Institut für Festkörperforschung, Jülich, Germany

ABSTRACT
Experimental tests of conventional spin wave theory reveal two serious shortcomings
of this typical local or atomistic theory: first, spin wave theory is unable to explain the
universal temperature dependence of the thermodynamic observables and, second, spin
wave theory does not distinguish between the dynamics of magnets with integer and halfinteger spin quantum number. As experiments show, universality is not restricted to the
critical dynamics but holds for all temperatures in the long range ordered state including
the low temperature regime where spin wave theory is widely believed to give an
adequate description. However, a rigorous and convincing test that spin wave theory
gives correct description of the thermodynamics of ordered magnets has never been
delivered.
Quite generally, observation of universality unequivocally calls for a continuum or
field theory instead of a local theory. Since development of Renormalization Group (RG)
theory we know that the dynamics of the long range ordered state of crystalline magnets
is as for a continuous medium. The excitations of a continuous medium are bosons. In
fact, universality is the typical thermodynamic behavior of a boson field. This means that
the dynamics of the spins is controlled by a boson field instead by magnons. The boson
field has the character of a guiding field. RG theory has, however, not specified the
nature of the field quanta.
In the absence of a precise knowledge of the field quanta, available field theories of
the critical dynamics make rather axiomatic assumptions on the properties of the field. It
is evident that reliable critical exponents can be calculated by field theories only if correct
assumptions on the field bosons are made. The nature of the field bosons can be clarified
only if the sources of the bosons are identified. As far as we know, below the critical
range the field bosons are essentially magnetic dipole radiation emitted upon precession
of the spins. In other words, the field has radiation character. Since integer and halfinteger spins precess differently the emitted field bosons have different properties. The
different dynamics in magnets with integer and half-integer spin therefore is a typical
consequence of the quantum nature of the spin. Conventional spin wave theory, on the
other hand, treats on non quantized classical spins.
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INTRODUCTION
Although we nowadays see brilliant technical applications of magnetism, for instance, in
modern data storage devices, our knowledge of the magnetic dynamics nevertheless is poor
and insufficient. Magnetism therefore can be viewed as a prominent example that a rather
empirical and incomplete understanding of the physical foundations might be sufficient for an
ingenious technical application.
However, from a scientific point of view the actual level of our understanding of the
dynamics of ordered magnets is unsatisfactory. This reveals, for instance, from the many
observed discrepancies between experimental facts and spin wave theory. To enumerate only
some of them: magnons at Brillouin zone boundary (the near neighbor interactions)
sometimes have unreasonably large energies compared to the ordering temperature.
Furthermore, these magnons persist much above the ordering temperature and show virtually
no anomaly at the magnetic ordering transition [1-3]. Experimental elaboration of the
deficiencies of the available theories of magnetism will be the subject of this contribution.
In other words it is not intended at all to outline a more sophisticated theory of the
magnetic dynamics. Time seems not yet ripe for this big step ahead. However, quantitative or
even analytically specified discrepancies between experimental data and available theories
can be considered as a necessary groundwork for the development of a forthcoming advanced
field theory of magnetism and should facilitate their development.
The most important empirical result obtained from systematic analyses of many
experimental data are six universality classes, characterized by power functions of absolute
temperature with rational exponents. The universal exponents are independent of spin
structure and describe thermal decrease of the magnetic order parameter with respect to
saturation at T=0 [4, 5] quite analogous to the critical exponents that describe the
thermodynamic behavior with respect to the critical temperature. The six universality classes
apply to the three space dimensionalities and to whether the ordered magnet has integer or
half-integer spin quantum number. Universality and a dynamics that depends on whether the
spin has integer or half-integer quantum number are evidently in disagreement with spin wave
theory. It turns out that the dynamics of all ordered magnets fit the six mentioned universality
classes with the only exception of genuine Ising magnets which, fortunately, are extremely
rare in nature.
The deficiencies of spin wave theory will be evidenced on account of new analyses
mainly of published data but also of a few own experimental results. The new approach
employed in these analyses consists in respecting consequently the principles of
Renormalization Group (RG) theory [6, 7]. Description of experimental data in terms of
atomistic theories carried out in the original publications is evidently an analytically
complicated procedure that results in an inferior precision compared to description in terms of
universal power functions of temperature. Alleged agreement between experimental data and
atomistic theories asserted in the original publications was not always on the basis of
unbiased and rigorous data analyses. This ambiguity has to do with the general difficulties in
experimental tests of atomistic theories. The main drawback is that atomistic theories contain
many fit parameters that always allow for a seemingly quantitative description of
experimental data. Further and independent controls of the fitted parameter values commonly
are not possible. In particular, non analytical power series expansions of temperature made by
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atomistic theories can hardly be verified experimentally considering the inevitable
experimental errors. For instance, even the leading T3/2 term of the Bloch-Dyson power series
expansion for the thermal decrease of the spontaneous magnetization of the isotropic
Heisenberg ferromagnet can nearly not be identified unambiguously [8, 9]. This is a general
drawback with power functions that hold asymptotically at T=0 only because addition of
higher-order terms destroys the fit results for all lower order terms. Fortunately, it turns out
that in reality the situation is much more favorable because instead of non analytical power
series a single universal power function of absolute temperature gives a more accurate
description of the thermal fall off of the order parameter over a much larger temperature
range than the Bloch-Dyson power series.
RG theory includes a number of important terms such as stable fixed points (SFP´s),
universality, crossover phenomena, relevant and non relevant interactions etc. Meaning and
experimental manifestations of these terms will be illustrated upon data analysis. We focus
mainly on the identification of universal power functions of temperature. Universal power
functions provide direct evidence for a boson controlled dynamics. Universality means a
thermodynamic behavior that is independent of the atomistic degrees of freedom that are just
the basis of spin wave theory. At SFP T=0 universality is represented by power functions of
absolute temperature with rational exponents. This is well known from the famous StefanBoltzmann T4 function for the energy density of the electromagnetic radiation field or,
equivalently, from Debye´s T3 function for the low temperature heat capacity of solids. The
two power functions are universal just in the here used sense because they are due to boson
fields. The bosons of the electromagnetic radiation field are photons; the bosons of Debye´s
field theory are ultrasonic waves. In both cases the bosons are mass less and non interacting
particles. Since the dispersion of freely propagating photons is a linear function of wave
vector for all practical energies the Stefan-Boltzmann T4 function holds for all practical
temperatures. In other words, characteristic for universal power functions of temperature is
that they hold over a large range of temperature. Note that Debye´s T3 function also holds not
asymptotically for T→0 but over a finite temperature range. Universal power functions of
temperature result from excitations that are simple power functions of wave vector over a
large range of energy. Only freely propagating field quanta have dispersion relations that are
simple power functions of wave vector. Consequently, when universality is observed in the
magnetic observables it can be concluded that the dynamics is due to bosons that are coupled
only weakly to the atomistic background and propagate to a good approximation ballistic. The
field resembles a gas confined to the volume of the sample. The supposed weak coupling
seems to be sufficient for the spins to follow the dynamics of the field. In this way the
dynamics of the field becomes observable using spin sensitive experimental methods such as
elastic neutron scattering or NMR. In other words, the spin system receives its
thermodynamics from the field. The bosons are, so to say, a guiding field. We have called the
bosons of the magnetic continuum GSW bosons, giving tribute to J. Goldstone, A. Salam and
S. Weinberg [10]. Universality is well known from the critical behavior that is independent of
spin and lattice structure, at least for magnets of the same dynamic symmetry class.
This peculiarity of the critical magnetic dynamics is excellently explained by
Renormalization Group (RG) theory developed mainly by K.G. Wilson [6, 7]. As Wilson
could show, upon approaching the critical temperature from the paramagnetic side a new
dynamic symmetry develops such that spins and interactions between spins become
unimportant for the dynamics. The implicit consequence of this finding is that thermal energy
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has delocalized and is no longer in the system of interacting spins but has changed to the
GSW boson field. This change is called a crossover. According to Brézin et al. the new
dynamic symmetry is dynamically generated near the critical point whatever (atomistic)
interactions one takes [11]. It is evident that the dynamics of a continuum is different from
the dynamics of an atomistic system. Consequently, atomistic concepts are inappropriate in
describing the universal dynamics. Because universality holds for all temperatures in the
ordered state field theories instead of atomistic theories are necessary throughout for a proper
description of the thermodynamics of ordered magnets.
Up to now field theories have been applied to the critical dynamics only [12]. It is
obvious that only field theories can make reliable predictions for the critical exponents of the
boson controlled spin dynamics. These exponents can be expected to be generally different
from those predicted by atomistic theories simply because the two theories employ different
excitations. At this point a twofold historical confusion has to be emphasized. Field theories
can calculate reliable values for the critical exponents only if correct assumptions on the field
quanta are made. This basic problem cannot be solved before the sources of the field quanta
are identified. Even today we only know that the field quanta at SFP T=0 are essentially
magnetic dipole radiation emitted upon precession of the spins. Since emission and
absorption probabilities for magnetic dipole radiation are weak, the mean free path of the
GSW field quanta is large and their propagation mode is essentially ballistic. This is a basic
condition for universality. Identification of the GSW field quanta with magnetic dipole
radiation comes from investigations of genuine Ising magnets which are the only crystalline
magnets known to show atomistic dynamics [13, 14]. The reason is simply that Ising spins
cannot precess and, therefore, are unable to emit magnetic dipole radiation. In Ising magnets
the GSW boson field remains, so to say, empty and magnons are the only active magnetic
excitations. As a consequence atomistic theories can give correct description of the
temperature dependence of the order parameter only for Ising magnets [15, 16]. Genuine
Ising magnets are extremely rare.
In the absence of reliable information on the nature of the field quanta at SFP T=Tc,
available field theories make rather axiomatic assumptions on the properties of the field with
the intention of reproducing the known atomistic critical exponents. This is an erroneous
motivation because field theories treat on the boson controlled critical dynamics that is
principally different from the atomistic critical dynamics. In other words, field theories are
not simply another algorithmic approach for a more accurate calculation of the atomistic
critical exponents. One easy to verify analytical difference between the critical power
functions of field theories and of atomistic theories is that the critical power functions of
atomistic theories hold asymptotically at the critical point only while the observed critical
power functions of the boson controlled dynamics hold over a finite temperature range. The
observed finite validity range of the universal power functions provides direct experimental
evidence that spin dynamics is boson controlled. On the other hand, a famous example of
atomistic dynamics is the exactly solved 2D Ising model [15, 16]. The critical exponent of the
order parameter of the atomistic 2D Ising model of β=1/8 is the exponent of the first term of a
power series expansion at T=Tc. The width of the critical range is, so to say, zero in the
atomistic models. For isotropic magnets with three-dimensional spins experiments suggest
that the critical behavior is different for magnets with integer and half-integer spin. In
magnets with half-integer spin mean field critical behavior prevails while for magnets with
integer spin the critical exponents closely approach the Heisenberg values. Note that the
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agreement with the atomistic models is rather fortuitous and occurs in an unexpected context.
Quite generally, the critical exponents of the boson controlled dynamics should not be
compared with the atomistic model predictions. Basically, the critical exponents predicted by
atomistic models are not realized in nature except for genuine Ising magnets. However the
known realizations of Ising magnets seem to be limited to the 2D Ising model [13, 14]. The
critical exponents calculated by present field theories have to be considered as rather
preliminary as long as these theories are based on unrealistic assumptions on the field
particles. In particular, field theories never should result in Ising critical exponents even
though the calculated exponent might be close to the known atomistic Ising values.
The meaning of dimensionality is much different in field theories compared to atomistic
models. Since there are no interacting spins in the field theory the dimensionalities of spin
and exchange interactions are arbitrary. The dimensionality of the field is a property of the
infinite magnetic medium and is given by the anisotropy of the dispersion relations of the
GSW field bosons. The anisotropy of the boson dispersions is coupled to the symmetry of the
Bravais lattice. For instance, 1D dynamic symmetry occurs in axial crystals only.
Condition for 1D dynamic symmetry is that the dispersion energies of the GSW bosons
propagating transverse to symmetry axis are much larger than the dispersion energy parallel
to symmetry axis. In other words, the dynamics is defined by the excitations with the lowest
energy. We have every reason to assume that in bulk 1D magnets the transverse dispersion
energies are large but finite. Consequently, a threshold must exist for the transverse
dispersion energies to be not relevant. This shows that relevance is an essential prerequisite
for the limited number of universality classes. A mix of universality classes is not observed.
On the other hand, isotropic dynamic symmetry can occur also in non cubic crystals if
anisotropy is weak and not relevant. Finite but not relevant anisotropies do not perturb the
universality class and seem to be completely absent. Only if non relevant parameters grow
beyond some threshold value and thus become relevant they induce crossover to another
universality class.
Very important for the experimentalist in analyzing his data is that he should be aware of
crossover phenomena. Crossover events are not necessarily clearly visible in the original data
when plotted on linear temperature scale. Crossover events are a direct consequence of the
finite validity range of the universal power functions. Formally a crossover is an analytical
change between different power functions of temperature or a sudden change of the pre-factor
of the same universal power function. Occasionally these changes can be smeared or rounded,
and their identification requests a high experimental accuracy. Crossover events reveal clearly
if data are plotted against appropriate power functions of temperature. Since different power
functions of temperature represent different universality classes, crossover events indicate
spontaneous symmetry changes. These symmetry changes are not as sharp anomalies as phase
transitions.

LOCAL VERSUS GLOBAL SYMMETRIES
Since development of RG theory we know that the magnetic dynamics can be classified
by symmetries. The dynamic symmetry pertains to the relevant excitation spectrum. The two
excitation spectra in question are due to the particles of the discrete translational symmetry of
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lattice and spin structure (magnons) and due to the continuous translation symmetry of the
infinite magnet (GSW bosons). We shall discuss the difference between the local excitations
(magnons) and the global excitations (GSW bosons) in due detail using tetragonal
antiferromagnet MnF2 as a suitable example.
In MnF2 the two excitation spectra have different dimensionalities. The GSW boson field
is one-dimensional (1D) but the magnon spectrum is three-dimensional and isotropic (3D).
This poses the question: which dimensionality has to be attributed to MnF2.
Because in all crystalline magnets with three-dimensional spins the GSW boson field is
the relevant excitation spectrum we have to classify MnF2 as a one dimensional bulk
antiferromagnet irrespective of the dimensionality of the magnon dispersions! A relevant
GSW boson field means that magnons play no role for the dynamics of the long range ordered
state. In fact, magnons are atomistic excitations defined by the near neighbor exchange
interactions and determine local features such as the spin orientation of neighboring spins.
1D dynamic symmetry of MnF2 can be recognized directly from all macroscopic
observables. The properties of the macroscopic observables are determined by the fact that all
Mn moments are aligned parallel to tetragonal c-axis [17]. In other words, the macroscopic
sample can be viewed as a single magnetic domain. Since GSW bosons get emitted along spin
axis the GSW boson field is one-dimensional in MnF2 as for an isolated magnetic domain.
Perfect alignment of all Mn2+ moments along c-axis reveals clearly from the fact that the
longitudinal magnetic susceptibility tends to zero for T→0 (see Figure 1). We should,
however, mention that the external magnetic field applied in susceptibility measurements is a
macroscopic perturbation that should act primarily on the relevant GSW boson field and not
necessarily on the individual spin. Note that alignment of the spins parallel to c-axis is an
effect of the one dimensional boson field and not an effect of the microscopic exchange
interactions which are isotropic in MnF2 and which are responsible for the antiferromagnetic
order only (see Figure 4). The coupling between 1D GSW boson field and 3D magnons
(spins) therefore is essential.
However, direct coupling of the GSW bosons to the applied static magnetic field requests
that the GSW bosons have a magnetic moment. A magnetic moment is important also for the
coupling to magnons. This point will be discussed in more detail on account of Figure 5.
As Figure 1 shows, in the paramagnetic phase the susceptibility of MnF2 is perfectly
isotropic as it was already observed in [18]. This proves that the Mn2+ ion has pure spin
moment. Note that the wave function of the pure spin state is spherical symmetric.
Anisotropy of susceptibility sets in at T*~77 K which is distinctly above Néel
temperature of TN=67.5 K (see discussion of Figure 2).
Change from isotropic susceptibility for T>T* to anisotropic susceptibility for T<T* is a
typical crossover that indicates change of dynamics from the isotropic interactions between
spins to the anisotropic excitations of the GSW boson field. One can view this crossover as an
example of a spontaneously broken symmetry. It is evident that the upcoming anisotropy
upon entering the critical paramagnetic range is caused by the anisotropy of the GSW boson
field. This anisotropy must come from the non-cubic lattice which is the only obvious
anisotropy of the system.
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Figure 1. Magnetic susceptibility of antiferromagnetic MnF2 along tetragonal axis (dashed line) and
perpendicular to tetragonal axis (solid line). χ//(T→0)→0 indicates that all moments are aligned parallel
to fourfold axis. In the paramagnetic phase susceptibility is isotropic. This proves pure spin magnetism
of the Mn2+ moment. Anisotropy sets in at ~77 K which is distinctly above Néel temperature of TN=
67.5 K (see text).

According to [11] we can conclude that the anisotropy for T<T* is dynamically generated
quite independent of the microscopic exchange interactions. In other words, anisotropy for
T<T* is a property of the continuous medium and has nothing to do with the isotropic
exchange interactions! We must assume that the relevant GSW boson field receives its
anisotropy from the tetragonal lattice. This mechanism is, however, not yet understood.
Possibly, the anisotropy of the GSW boson field is coupled to the anisotropy of the elastic
constants.
In antiferromagnets the crossover from isotropic susceptibility to anisotropic
susceptibility can be studied adequately only using neutron scattering. Figure 2 shows neutron
scattering results for the paramagnetic susceptibility of MnF2 as a function of (T-TN) on a loglog plot [17, 19]. These data are obtained from elastic scattering processes. Note that elastic
scattering samples properties of the infinite solid. Consequently, the observed critical
dynamics of the staggered susceptibility is determined by the boson field. It can clearly be
seen in Figure 2 that only the longitudinal susceptibility exhibits critical dynamics with
divergence for T→TN. This becomes obvious from the straight line for χ// in the log-log plot.
Characteristic for the boson controlled dynamics is that the critical power function of χ// with
exponent γ=1.27 holds exactly over the finite temperature range TN<T<T*=77 K. In other
words, the width of the critical range is precisely defined. Only for T>T* the dynamics is
atomistic and the paramagnetic susceptibility follows isotropic Curie-Weiss law with γ=1, in
agreement with the isotropic magnon dispersions.
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M. P. Schulhof, R. Nathans, P. Heller, A. Linz, Phys. Rev. B 4 (1971) 2254.
D. Hohlwein, Th. Zeiske, Physica B 276-278 (2000) 584.
Figure 2. Staggered susceptibility for temperatures above Néel temperature of antiferromagnetic MnF2
obtained using elastic neutron scattering [17, 19]. The straight line for χ// in the log-log plot corresponds
to a critical power function over a finite temperature range with exponent γ=1.27. χ┴ shows curved
behavior and does not follow critical power function. For T>T*=77 K χ// and χ┴ merge and the
susceptibility follows isotropic Curie-Weiss law.

The transverse susceptibility does not follow critical power function of temperature as
reveals from the curved behavior in the log-log plot. In particular, χ┴ does not diverge for
T→TN but assumes a temperature independent finite value for T≤TN [17]. Non critical
behavior of the transverse susceptibility definitively proves that MnF2 is a one-dimensional
bulk antiferromagnet. In other words, there is critical dynamics along c-axis only. The critical
exponent of the longitudinal susceptibility of γ=1.27 reminds on the atomistic 3D Ising value
(γ~1.25). Interpretation in terms of atomistic models is, of course, inappropriate for the boson
controlled critical dynamics which manifests by the finite width of the critical range.
Moreover, Ising critical behavior would be in disagreement with the pure spin moment of the
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Mn2+ ion. At T*~77 K longitudinal and transverse susceptibility approach each other and
become identical for T>T*, in agreement with the isotropic macroscopic susceptibility.
1D dynamic symmetry of the GSW boson field of MnF2 reveals from other macroscopic
observables as well, for instance, from measurements of the linear thermal expansion
coefficient α (see Figure 3) [20]. According to Grüneisen relation, α should be proportional to
the magnetic specific heat. This is at least qualitatively confirmed but only for measurements
along tetragonal c-axis. Transverse to c-axis α virtually is zero below Néel temperature. As a
consequence, measurements of α confirm, that there are magnetic energy degrees of freedom
along tetragonal c-axis only. This again proves 1D dynamics of MnF2. Note that in direct
measurements of the heat capacity the one-dimensional character of the magnetic energy
degrees of freedom is difficult to identify and manifests by a particular exponent in the heat
capacity [21]. For MnF2 heat capacity first starts by T4 function. The exponent of four is
difficult to interpret because Debye bosons also might contribute to this exponent.

D. F. Gibbons, Phys. Rev. 115 (1959) 1194.
Figure 3. Linear thermal expansion coefficient α measured transverse and parallel to tetragonal c-axis
of antiferromagnetic MnF2 [20]. α can be expected to be proportional to the magnetic heat capacity.
This holds along tetragonal axis only. The fact, that there are no magnetic energy degrees of freedom
perpendicular to c-axis, confirms 1D dynamic symmetry of MnF2.

A completely different situation results from inelastic neutron scattering [22]. Note that
in contrast to elastic scattering inelastic neutron scattering is a local probe. Elastic scattering
means interaction with the whole sample while in inelastic scattering processes local degrees
of freedom are excited. In Figure 4 it can be seen that magnon dispersions of MnF2 exhibit no
one-dimensional feature at all but rather are fairly isotropic. As a consequence, in contrast to
the one-dimensional dynamic symmetry of the infinite magnet, local symmetry is isotropic
but, of course, dynamically not relevant.
Quite generally the dimensionality of the magnon dispersions is arbitrary if the GSW
boson field is the relevant excitation spectrum. Relevance of the GSW boson field means that
it is the only thermally active excitation spectrum. In the nearly ideal isotropic ferromagnet
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EuS the situation is opposite to MnF2 since magnon dispersions are rather anisotropic [23]. A
further impressive example in this respect is KCuF3 to be discussed below [24, 25].

A. Okazaki et al. Phys. Lett. 8 (1964) 9.
Figure 4. Magnon dispersions of MnF2 along tetragonal axis (<001>) and transverse to tetragonal axis
(<100>) vs. reduced wave vector [22]. Both curves follow pure sine function of wave vector over the
range ~0.2<q/qmax<1. This corresponds to spin wave theory for antiferromagnets with nearest neighbor
interactions only. Deflections from sine function towards a gap value of E gap/kB=12.3 K (at q/qmax≡0) is
indicative of interactions with GSW bosons which have extremely anisotropic excitation spectrum.

In the wave vector range of q/qmax>0.2 magnon dispersions of MnF2 along tetragonal axis
and transverse to tetragonal axis are perfectly described by a pure sine function of wave
vector. This conforms to spin wave theory for the isotropic antiferromagnet with nearest
neighbor interactions only. However, for q/qmax<0.2 magnon energies deflect rather abruptly
from sine function towards larger energies resulting into a magnon gap at q/qmax≡0.
Interpretation of the magnon gap is not perfectly clear. Let us note that the magnon gap is a
feature on the large length scale of the mean free path of the GSW bosons. Since the
properties on large length scale are defined by the GSW bosons it is reasonable to assume that
the gap is due to interactions between magnons and GSW bosons. Condition for interactions
between GSW bosons and magnons is that the GSW bosons have a magnetic moment. A
magnetic moment of the GSW bosons requests a non linear dispersion relation. Formally one
can attribute a mass to bosons with non-linear dispersion.
As a consequence, bosons with non linear dispersion could have a small magnetic
moment which enables them to interact with magnons. Only for magnets with half-integer
spin some information on the dispersion relations of the GSW bosons has been gained from
analyses of published standing magnetic wave experiments on thin ferromagnetic films [26].
The standing magnetic waves are not spin waves but resonating GSW boson modes similar to
the modes in the optical resonator of a LASER. From analyses of those standing magnetic
modes we know that only for 3D magnets with half-integer spin GSW bosons have linear
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dispersion and, as a consequence, cannot have magnetic moment. In fact, in the 3D magnets
with half-integer spin vanishingly small magnon gaps of the order of ~50μeV are observed
[21]. For all other universality classes GSW bosons seem to have non-linear dispersions.
Magnets with integer spin exhibit magnon gaps in the meV range for all dimensions [21].
Since the magnon gap energy is caused by GSW bosons its temperature dependence allows
one to study the thermodynamics of the GSW boson field using inelastic neutron scattering
(see Figure 12).
As can be seen in Figure 4 the interaction between GSW bosons and magnons at q≡0 is
surprisingly large. For the 1D magnets with half-integer spin (T5/2 universality class) FMR
experiments on standing magnetic waves indicate that the dispersion relation of the GSW
bosons is as ~q3/2 [26]. Condition for a magnetic moment therefore is fulfilled. This supports
interpretation of the rather large magnon gap of MnF2 as due to GSW boson-magnon
interactions at q≡0.

Y. Shapira, S. Foner, Phys. Rev. B 1 (1970) 3083.
Figure 5. Magnetic phase diagram of MnF2 for field orientation parallel to tetragonal axis obtained from
anomalies in ultrasonic attenuation [27]. The spin flop field of HSF~120 kOe is unusually large in view
of the pure spin moment of the Mn2+ ion. The large spin flop field is caused by the coupling of magnons
to the extremely anisotropic excitation spectrum of the GSW bosons at q≡0 (see text).

The implicit consequence of this conclusion is that spin wave theory can give correct
description of magnon dispersions only if interactions with GSW bosons are negligible. This
applies to 3D magnets with half-integer spin only. On the other hand, spin wave theory
always includes a sufficient number of fit parameters that, formally, allow description of any
magnon spectrum. Nevertheless, it must be questioned whether spin wave theory provides
reliable interpretation of the magnon dispersions, in particular, for small wave vector values.
It is remarkable to see that the magnon gap does not add a constant to the sine functions of the
magnon dispersions but appears as a distinguished phenomenon restricted to long
wavelengths. The associated analytical change in the magnon dispersion relation giving rise
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to an inflection point is beyond spin wave theory. This analytical change has the character of
a crossover event. In other words, crossover events seem to occur also as analytical changes
in the dispersion relations.
We should note that in spite of the magnon gap of MnF2 power functions of absolute
temperature instead of exponential function are observed in the thermal variation of heat
capacity (T4 function) and sublattice magnetization (T5/2 function) (see Figure 21). This is
because the relevant GSW bosons generally have gap less excitation spectrum. In the case of
a strongly anisotropic GSW boson field, as for MnF2, interaction between field and magnons
at q≡0 means that the anisotropy of the field is transferred to the long wavelength magnons.
Consequently, interpretation of the magnon gap as anisotropy is correct only if GSW bosons
have anisotropic dispersions. The large magnon gaps occurring in the isotropic 3D magnets
with integer spin cannot be interpreted as anisotropy but only indicate strong interactions
between boson field and magnons (see below). This is indicative of non linear GSW boson
dispersions.
Interpretation of the magnon gap of MnF2 as coupling to the one-dimensional GSW
boson field is supported by the enormous anisotropy occurring in the magnetic phase diagram
of MnF2 (see Figure 5) [27]. Data of Figure 5 are obtained from anomalies observed in
ultrasonic attenuation measurements at magnetic phase transitions. Observation of ultrasonic
attenuation shows that the elastic degrees of freedom are strongly involved in magnetic phase
transitions. These interactions are of the boson-boson type.
Qualitatively the magnetic phase diagram of MnF2 conforms to the typical phase diagram
of all antiferromagnets. Quantitatively, however, the spin flop field of HSF~120 kOe is
unreasonably too large for an antiferromagnet with pure spin moment.
In cubic antiferromagnets with pure spin moment such as EuTe the spin flop field is ~0.6
kOe only [28]. As a consequence, the large spin flop field of MnF2 is not caused by single
particle anisotropy but is a consequence of the strongly anisotropic excitation spectrum of the
GSW bosons and therefore is a consequence of the tetragonal crystal structure. Owing to the
interaction between magnons and GSW bosons the spins feel the strong anisotropy of the
GSW boson field. The spin flop field of HSF~120 kOe is larger by a factor of ~100 than
expected by atomistic theories for a system with pure spin magnetism. The observed magnon
gap energy corresponds to an anisotropy field of 37 kOe which is about 1/3 of the observed
spin flop field. Another mechanism giving rise to anisotropies on large length scale is dipoledipole interaction. However, it can be estimated that the anisotropy energies associated with
dipole-dipole interaction are of the order of μeV only [29].

NON RELEVANCE OF MAGNONS
The fact that, on the one hand, all macroscopic observables of MnF2 clearly prove that
this tetragonal antiferromagnet has 1D dynamic symmetry but, on the other and hand, that
magnon dispersions are isotropic, sufficiently proves that magnons are local excitations that
are not involved in the global dynamics of the long range ordered state. Clear evidence for
non relevance of magnons is given whenever the dimensionalities of magnon dispersions and
GSW boson field are different. This seems to occur preferentially in axial crystals. In cubic
crystals and in the typical 2D magnets of the K2NiF4 structural family magnon dispersions
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and GSW boson field commonly have identical dimensionalities [30]. However, weak axial
lattice distortions can change the dynamic dimensionality to 1D without substantial changes
of magnon dispersions. As experiments show, distorted cubic crystals do not become 2D but
1D. It seems useful to present further experimental examples supporting general non
relevance of magnons for the (macroscopic) dynamics. Let us recall that the dimensionality of
magnets has to be asserted according to the macroscopically observed dynamics instead by
non relevant local excitations (magnons). In other words, magnon dispersions give not
necessarily reliable information on the dynamic dimensionality.
Quite generally, the dynamics is determined by the excitations with the lowest energy.
Conventionally, one would expect that all excitations with sufficiently low energy contribute
to the dynamics. However, due to the different symmetries of magnons and GSW bosons only
one of the two associated excitation spectra can become relevant for the dynamics even
though the two excitations may have comparable energies.
In RG theory this symmetry exclusion principle is known as relevance. In other words,
the available energy states of field and atomistic system are not populated according to the
Boltzmann factor. Some indication for this is obtained by a comparison of Stokes and AntiStokes line intensities observed in Raman scattering experiments for the magnon gap energy
(at q=0) of FeF2 [31]. Note that the magnon gap is a mixed state of magnons and GSW
bosons. Owing to the symmetry exclusion principle of relevance the excitation spectrum with
the absolute lowest energy is selected as the only important one. This is the boson field. In
fact, universality is not perturbed by the presence of the atomistic excitation spectrum with
comparable energy.
For nearly all magnets thermal equivalent of the magnon energies at zone boundary, that
is, the near neighbor interaction energies are considerably larger than the ordering
temperature. In some materials the magnon energy at zone boundary (Emax) is unreasonably
too large compared to the critical temperature Tc. Examples are CoCl2 with Emax/kB·Tc=4.5
[32] and YTiO3 with Emax/kB·Tc=7.46 [33]. The large Emax values provide strong arguments
that the phase transition is not executed by the near neighbor exchange interactions but by the
GSW boson field which can be assumed to have lower dispersion energies that conform better
to the ordering temperature. It seems to be a general principle of physics that the typical
energies on large length scale are smaller than the typical energies on short length scale. An
example of tremendously large local energies is KCuF3 with tetragonal perovskite type lattice
structure [24, 25].
Magnon dispersions of KCuF3 are extremely anisotropic as can be seen from Figure 6.
More important in our context is that magnons along z-axis reach an energy at zone boundary
of Emax=55 meV which is ~16 times larger than the Néel temperature (TN=38 K). This shows
that non relevant local energies (magnons at zone boundary) can be much larger than the
global energies of the infinite magnet.
Low temperature sublattice magnetization data of KCuF3 obtained using elastic neutron
scattering show the typical 1D dynamic symmetry (T5/2 universality class) of magnets with
half-integer spin (S=1/2) (see Figure 7) [25, 34]. 1D dynamic symmetry conforms to
tetragonal lattice symmetry and, formally, to the extremely anisotropic magnon dispersions.
Figure 7 compares data of two KCuF3 samples with different crystal quality. At low
temperatures both samples exhibit T5/2 universality class. However, the critical dynamics
proves to depend on sample preparation and crystal perfection. For the sample of [34] with a
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low mosaic spread the critical exponent is β=0.27. This value conforms to 1D dynamic
symmetry and therefore is consistent with T5/2 universality class at SFP T=0.

S. K. Satija et al. Phys. Rev. B 21 (1980) 2001.
Figure 6. Magnon dispersions along and transverse to tetragonal axis of KCuF3 revealing enormous
anisotropy [24]. Thermal equivalent of magnon energy at zone boundary of [0,0,ζ] branch of ~55 meV
(~638 K) is 16 times larger than Néel temperature of TN=38 K. This shows that the ordering transition
is at a too small temperature to be driven by the near neighbor exchange interactions.

For the polycrystalline sample of [25] with larger mosaic spread isotropic mean field
dynamics with β=1/2 is observed. Dynamic isotropy in the critical range is much surprising
since we can assume that the lattice symmetry does not change with temperature.
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H. Ikeda, K. Hirawaka, J. Phys. Soc. Japan 35 (1973) 722.
M. T. Hutchings et al. Phys. Rev. 188 (1969) 919.
Figure 7. Sublattice magnetizations of two different samples of antiferromagnetic KCuF3 as a function
of reduced temperature to a power of 5/2. T5/2 universality class is typical for 1D magnets with halfinteger spin (S=1/2). The critical dynamics is different for the two samples. The sample of [25] is
polycrystalline and exhibits isotropic critical dynamics with β=1/2. Isotropic critical dynamics is in
contrast to the strongly anisotropic magnon dispersions (see Figure 6). Sample of [34] exhibits β=0.27.
The two β values remind on atomistic mean field model and on 3D Ising model, respectively. However,
the finite width of the critical range shows that the dynamics is not atomistic. For 1D magnets that
remain 1D up to the critical temperature the critical exponent resembles the atomistic 3D Ising
prediction of β=0.31. Prominent example is MnF2 (see discussion of Figure 12).

For an explanation we should recall that dynamic isotropy of the macroscopic sample
requests that GSW bosons are able to average dynamically over all differently oriented
domains [35]. Note that the isolated magnetic domain has 1D dynamic symmetry. Condition
for the averaging process is that the mean free path of the GSW bosons is larger than the
domain size. Consequently, the ratio between mean free path of the GSW bosons and domain
dimension is decisive for the dynamic dimensionality of the bulk material. If domains are
large and the mean free path of the GSW bosons is shorter than the domain size no averaging
process is possible, and the macroscopic sample consists of decoupled domains. The
macroscopic sample then exhibits 1D dynamic symmetry of the isolated domain. This
surprising situation has been found for the cubic antiferromagnet RbMnF3 [35]. In a similar
way GSW bosons seem to be able to average over the differently oriented crystallites of a
polycrystalline sample. Note that each grain of polycrystalline KCuF3 can be assumed to have
1D dynamic symmetry according to the observed T5/2 universality class. Conventionally one
would expect that formation of an isotropic average requests an equal number of crystallites
along all three space directions which is certainly not the case. Surprisingly a fairly broad
orientational distribution of crystallites is sufficient for the formation of an isotropic dynamic
average. This applies to the KCuF3 sample investigated by Hutchings et al. [25]. We can
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assume that diffuse scattering of the GSW bosons at grain boundaries supports formation of
an isotropic dynamic average.
However, for unclear reasons, averaging is restricted to the critical range. This shows that
the field bosons of the critical temperature range have properties different from the field
bosons at SFP T=0. Let us note that mean field critical behavior is frequently observed in
magnets with isotropic dynamics and half-integer spin [21]. The essential difference to the
atomistic mean field model is, of course, the finite validity range of the critical power
function. In fact, as can be seen in Figure 7 the universal power functions at the two SFP´s
T=0 and at T=TN hold over a considerable temperature range and give complete description
of the order parameter for all temperatures (compare Figure 28). As a consequence,
universality holds for all temperatures in the ordered state.

C. A. M. Mulder et al. Physica 113B (1982) 380.
Figure 8. Susceptibility of antiferromagnetic K2MnF4 parallel and transverse to tetragonal c-axis as a
function of temperature [38]. Deviations from isotropic Curie-Weiss behavior set in at a temperature
that conforms to the largest magnon energy of Emax/kB=87 K (see Figure 32). Below T~87 K the
susceptibility is anisotropic. A vanishing susceptibility along c-axis for T→0 shows that all moments
are aligned parallel to c-axis. This characterizes K2MnF4 as 1D antiferromagnet in spite of 2D magnon
dispersions [39]. Isotropic susceptibility for T>87 K proves pure spin magnetism of the Mn2+ ion.

Critical exponent of β=0.27 of the KCuF3 sample investigated by Ikeda et al. [34]
reminds on atomistic 3D Ising model. As we have argued, comparison with atomistic models
is inappropriate which, again, reveals from the finite validity range of the critical power
function. Furthermore, the Cu2+ ion has not an Ising spin.
The large magnon energies at zone boundary can be identified with the near neighbor
exchange interaction energies. In KCuF3 magnon energy at zone boundary along z-axis of 55
meV corresponds to a temperature of ~638 K. This surprisingly large atomistic energy should
be important only for the paramagnetic range where thermodynamics is, in fact, atomistic. As
is well known, for temperatures larger than the local magnetic interaction energies the
paramagnetic susceptibility is of the Curie-Weiss type.
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Consequently, for temperatures that correspond to the highest magnon energy in the
system a visible deviation from Curie-Weiss behavior should set in. In high temperature
susceptibility measurements on KCuF3 powder material [36] it was observed that CurieWeiss behavior sets in only for temperatures larger than ~500 K. This is in reasonable
agreement with the strong near neighbor interactions along c-axis of Emax/kB=638 K.
Moreover, the Curie-Weiss temperature of Θ=-355 K scales reasonably with the averaged
magnon energies at zone boundary along and transverse to c-axis of ~298 K. It is evident that
the Néel temperature of TN=39 K is not correlated at all with these large atomistic parameter
values.
As a further clear example demonstrating that deviations from Curie-Weiss susceptibility
set in at a temperature that conforms to the largest magnon energy Figure 8 shows
susceptibility data of K2MnF4 as a function of temperature [37, 38].
As can be seen from Figure 32 in K2MnF4 magnons reach an energy maximum at zone
boundary of Emax~7.5 meV [39]. This corresponds to a temperature of Emax/kB~87 K.
Approximately at this temperature the susceptibility visibly deflects from Curie-Weiss
behavior. Again, the absolute value of Curie-Weiss temperature of Θ=-97 K [37] is somewhat
larger than Emax/kB. This is commonly observed. Anisotropy of susceptibility sets in clearly
above TN indicating spontaneous symmetry break due to change from atomistic interactions
to the dynamics of the boson field. Isotropic susceptibility for T>87 K proves pure spin
magnetism of the Mn2+ ion. The fact that longitudinal susceptibility tends to zero for T→0
shows that all moments are aligned parallel to tetragonal c-axis. K2MnF4 therefore has to be
characterized as 1D antiferromagnet in spite of layered lattice structure of K2NiF4 type and
perfect 2D magnon dispersions [39]. 1D dynamic symmetry is confirmed by T5/2 universality
class of the GSW boson field [39, 40]. This is nothing unusual and again shows that the
dimensionalities of boson field (1D) and of magnon dispersions (2D) can be different. 1D
dynamic symmetry of K2MnF4 in conjunction with χ//→0 for T→0 strongly suggests that the
fourfold axis transverse to quadratic layers is the magnetic symmetry axis. This is similar as
for MnF2. In contrast to K2MnF4 and MnF2 the longitudinal susceptibility of the typical 2D
antiferromagnet K2NiF4 with 2D magnon dispersions and 2D dynamic symmetry (T2
universality class) has a finite value for T→0 [41, 42]. This indicates that two domain types
are present in a 2D magnet. The susceptibility of K2NiF4 also deviates from Curie-Weiss
behavior at a temperature that conforms to the largest magnon energy of E max/kB~440 K [43].
As in most magnets the absolute value of the Curie-Weiss temperature of Θ=-640 K is larger
than Emax/kB. In cases where the ordering temperature is not much lower compared to the
magnon energies at zone boundary, as it applies to MnF2 (see Figure 4), observation of
universality proves that magnons are excluded from dynamics also when they have only
slightly higher energies than Tc. This illustrates the sharp symmetry selection rule of
relevance between local and global energy degrees of freedom.
Note that magnons would be the relevant excitations if magnon energies at zone
boundary would be lower than the largest GSW boson energy. Since we have no direct
information on the energy spectrum of the GSW bosons we must assume that the highest
energy of this spectrum scales with the ordering temperature. In other words, the critical
temperature can be taken as a measure of the upper excitation energy of the GSW boson field.
On the other hand, the Curie-Weiss temperature Θ is a direct measure of the strength of the
atomistic interactions. Essential for relevance of the GSW boson field therefore is that ǀΘǀ is
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larger than the critical temperature Tc. Larger atomistic interactions reveal clearly from the
two facts that magnon energies at zone boundary and Curie-Weiss temperature are generally
larger than the ordering temperature. For MnF2 Emax/kB≈80 K, Θ=-91 K and TN=67.5 K. Θ
and Tc can approach each other even closer when the magnon energies at zone boundary are
not significantly larger than the ordering temperature as is the case for ferromagnetic
gadolinium with Emax/kB=290 K (measured at T=78 K !) [44], TC=293.2 K and Θ=317 K [45].
Consequently, Emax/kB and TC are very similar for gadolinium. However, Θ is significantly
larger than TC. It appears that the Curie-Weiss temperature is generally larger than the highest
magnon energy and gives a more reliable measure for the strength of the atomistic
interactions than the magnon dispersions. As a conclusion, magnets with very similar values
of Tc and Θ also exhibit universal dynamics. Universality therefore proves to be a general
phenomenon.
Another indication that local exchange interactions (magnons) are not responsible
directly for the magnetic ordering transition is that magnons persist above the ordering
temperature [1-3]. This conforms to the general systematic that magnons have larger energies
than the GSW boson field. Magnons at temperatures larger than the ordering temperature
could be viewed as typical indication of short range order. However, short range order is on
atomistic length scale and therefore is of no significance for the (macroscopic)
thermodynamic observables. In other words, as for the ordered state, magnons are not the
relevant excitations above the ordering transition at least for all temperatures within the finite
paramagnetic critical range where bosons define the dynamics and universality applies. On
the other hand, beyond paramagnetic critical range immediate crossover to Curie-Weiss
behavior sets in.

M. T. Hutchings et al. JMMM 54-57 (1986) 673.
Figure 9. Spin wave energies of Rb2CrCl4 for various wave vector values as a function of temperature
[46]. Only magnon gap energy at q≡0 shows sharp fall off to zero at the critical temperature of TN=51.5
K. For increasing wave vector values the anomaly at TN weakens and becomes no longer visible near
zone boundary. Magnons at zone boundary show extremely weak temperature dependence at TN.
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Non relevance of near neighbor interactions for the critical magnetic dynamics reveals
impressively by the fact that magnon energies in the vicinity of zone boundary exhibit nearly
no anomaly at the magnetic ordering temperature. This can be seen in Figure 9 for Rb2CrCl4
[46]. In characterizing Rb2CrCl4 we should consider that in the layered compounds of the
K2NiF4 structural type weak lattice distortions can occur that can lower the dynamic
universality class from 2D to 1D [47]. Additionally the spin state can be unstable. This means
that due to crystal field interaction the effective spin can be lower than Hund´s rule value
[48]. These complications will be discussed in more detail on account of Figures 24, 27 and
28. For instance, the extremely small magnon gap of the Rb2CrCl4 sample of Figure 9 can be
taken as a sign that the spin of the Cr2+ ion is not S=2 but half-integer (Seff=3/2, see Figure
24).

K. Hirakawa, H. Yoshizawa, J. D. Axe, G. Shirane, J. Phys. Soc. Japan 52 (1983) 4220.
Figure 10. Magnon energies for various wave vector values as a function of temperature for the 2D
ferromagnet K2CuF4 [50]. Zone boundary corresponds to q=0.5. For large wave vector values no sharp
anomaly can be noticed at the ordering temperature. Magnons at zone boundary exhibit extremely weak
temperature dependence only. Solid curves are guides to the eye.

Only for the magnon gap at wave vector value q≡0 magnon energies sharply drop to zero
at the ordering temperature [49, 50]. Furthermore, as it is demonstrated by Figures 11 and 12,
for all temperatures the gap energy has identical temperature dependence as the order
parameter and exhibits the same critical behavior. This shows that magnon gap energy and
order parameter are controlled by the GSW boson field. As we have explained in connection
with Figure 4 the gap is a direct consequence of interactions between GSW bosons and
magnons. This interaction is restricted essentially to q≡0 and can be efficient only when the
GSW bosons have a magnetic moment.
For finite wave vector values magnon energies exhibit no longer a sharp anomaly at the
ordering temperature. In particular, magnons with finite wave vector value can be observed
for temperatures larger than the ordering temperature. Magnon energies near zone boundary
exhibit very weak temperature dependence only (see Figure 32).
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R. J. Birgeneau, J. Skalyo, Jr., G. Shirane, Phys. Rev. B 3 (1971) 1736.
Figure 11. Magnon gap energy of the 2D antiferromagnet K2NiF4 obtained using antiferromagnetic
resonance AFMR (circles) and inelastic neutron scattering (dots) [49]. Order parameter data obtained
from elastic neutron scattering (open triangles) have been matched to fit the inelastic data. Low
temperature data follow T2 function (solid curve) while critical data yield critical exponent of
β=0.14±0.01 [30].

As a conclusion, magnons with finite wave vector values have different temperature
dependence than magnons with wave vector q≡0. This proves the distinguished origin of the
gap. Another example of a decreasing anomaly at the critical temperature for magnons with
wave vector values near zone boundary is given by the 2D ferromagnet K2CuF4 (see Figure
10) [50]. Only for small wave vector values, magnon energies show strong temperature
dependence in the vicinity of the transition temperature. Magnon energies at zone boundary
(q=0.5) virtually are temperature independent. This further proves that near neighbor
interactions are not involved in the critical thermodynamics of the ordering process.
Identical temperature dependence of magnon gap energy and order parameter was
already reported for K2NiF4 [49]. Figure 11 compiles gap data obtained using
antiferromagnetic resonance (AFMR) together with data obtained by inelastic neutron
scattering. Additionally order parameter data from elastic scattering measurements
normalized to agree with the inelastic data are depicted [30].
Low temperature data follow T2 function of the 2D magnets with integer spin (S=1) while
critical order parameter data follow power function over a finite temperature range with
exponent β=0.14±0.01 [30].
Another example of identical temperature dependence of magnon gap and order
parameter is MnF2 [51]. Figure 12 compares normalized gap data obtained by Brillouin light
scattering (filled triangles) [52] and by inelastic neutron scattering on single crystals (filled
dots) [51] with the temperature dependence of the order parameter measured on MnF2 powder
material using elastic neutron scattering (open points). In the case of MnF2 powder material is
absolutely necessary for elastic neutron scattering in order to avoid extinction. It can be seen
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that the agreement between all three data sets is excellent. For MnF2 magnon energies with
finite wave vector values extend up to temperatures much above Néel temperature [17].

M. G. Cottam et al. J. Appl. Phys. 76 (1994) 6883.
O. W. Dietrich, J. Phys. C 2 (1969) 2022.
Figure 12. Normalized magnon gap energy of MnF2 from inelastic neutron scattering (dots) [51] and
from Brillouin light scattering (filled triangles) [52] as a function of absolute temperature to a power of
5/2. Gap data agree excellently with order parameter data obtained on a powder sample (circles) using
elastic neutron scattering.

As a last example proving non relevance of magnons for the magnetic dynamics we
discuss elastic and inelastic neutron scattering data of CoF2. CoF2 belongs to those 3d metal
compounds having reduced magnetic moment with respect to Hund´s rule value due to a
relevant crystal field [48]. Further examples of a reduced moment are Cr2O3 (see Figures 28)
and MnO [21].
For S=3/2 of the free Co2+ ion a saturation magnetic moment of larger than three can be
expected. Note that for the 3d metal compounds the Landé g-factor commonly is somewhat
larger than 2. Using elastic neutron scattering a saturation moment of only 2.60±0.04 μB/Co is
observed for CoF2 [53]. Using high energy magnetic x-ray scattering a moment of 2.21±0.02
μB/Co is obtained [54].
These moment values are consistent assuming Seff=1. In other words, the effect of a
relevant crystal field is to decrease the ordered spin moment of CoF2 from S=3/2 of the free
Co2+ ion to Seff=1 [48]. For further increasing crystal field interaction reduction of the spin
moment is in steps of ΔS=1/2 (see Figure 27). Note that each moment change by ΔS=1/2
changes the effective spin from integer to half-integer or vice versa and, as a consequence,
changes the universality class. Change by two steps of ΔS=1/2 leaves the universality class
unchanged. Surprisingly, in magnets with reduced spin moment universality also holds
proving again that universality is a quite general phenomenon. However, it should be noted
that in the case of a relevant crystal field the magnetic heat capacity is drastically reduced
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which can be noticed by a strongly decreased entropy. In CoF2 the magnetic entropy reaches
R·ln(2) only instead of R·ln(3) expected for Seff=1 of the Co2+ ion [55]. R·ln(2) does not mean
that the system has Ising character. Ising behavior can be ruled out by observation of
universal T9/2 function (see Figure 22).
Reduction of the magnetic heat capacity due to a relevant crystal field can be dramatic in
the ionic compounds of the Rare Earth elements with low ordering temperature such as
DyPO4 with TN=3.4 K [56] and DyVO4 with TN=3.0 K [57]. Low ordering temperature
means that the weight of the crystal field is large compared to the magnetic interactions. This
is in favor of a relevant crystal field. Even though the observed saturation moments of DyPO4
[58] and of DyVO4 [59] are ~9μB and therefore only slightly reduced with respect to 10μB of
the free Dy3+ ion, the magnetic heat capacity is dramatically reduced noticed by a saturation
value of the entropy of R·ln(2) only [56, 57]. In other words, in the case of a relevant crystal
field the rotational degrees of freedom of the magnetic moment are strongly restricted such
that the magnetic entropy drops to its absolute minimum of R·ln(2) irrespective of the
saturation magnetic moment. Very important in our context is that crystal field interaction
does not destroy universality but only changes the universality class according to whether Seff
is integer or half-integer. Attributing an effective spin of Seff=1 to the reduced moment of
CoF2 is consistent with observation of T9/2 function which is the universality class of isotropic
magnets with integer spin (see Figure 22).

Figure 13. Susceptibility of CoF2 (Seff=1) transverse and longitudinal to tetragonal c-axis showing
appreciable anisotropy in good agreement with [18]. Nevertheless, magnon dispersions and dynamic
symmetry (T9/2 universality class) are isotropic (see Figure 22). Anisotropy therefore is not relevant for
the dynamics. The finite value of χ// for T→0 excludes 1D dynamic symmetry.

Note that 1D dynamic universality class for a magnet with integer spin would be T3 [4,
5]. Isotropic dynamic symmetry is surprising in view of the strongly anisotropic susceptibility
of CoF2 (see Figure 13). Data of Figure 13 are in good agreement with earlier results [18]. We
must hence conclude that anisotropy of CoF2 is finite but not relevant for the dynamics. Since
2D symmetry class is very exceptional and occurs in crystals of the K2NiF4 structural family
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only the only alternative dynamic dimensionality for CoF2 would be 1D. However, for 1D
magnets the longitudinal susceptibility tends to zero for T→0. As Figure 13 shows this is not
the case for CoF2 and further excludes 1D dynamic symmetry.

P. Martel et al. Can. J. Phys. 46 (1968) 1355.
Figure 14. Lowest observed magnetic excitations of antiferromagnetic CoF2 measured along and
transverse to tetragonal c-axis [1]. Perfect isotropy is surprising in view of the axial lattice structure but
agrees with isotropic dynamic symmetry of the order parameter (see Figure 22). Thermal equivalent of
nearest neighbor interactions (magnon energies at zone boundary) are 2.5 times larger than Néel
temperature proving non relevance of local interactions for the global dynamics.

In contrast to the anisotropic susceptibility magnon dispersions are perfectly isotropic in
spite of tetragonal crystal structure of rutile type [1] (see Figure 14). Because not all states of
the total spin moment of the Co2+ ion take part in the magnetic order, it is understandable that
discrete magnetic excitations in addition to the expected magnons are observed in inelastic
neutron scattering [1].
We can assume that the observed high energy transitions essentially belong to the spin
states that are excluded from magnetic order. Consequently, the energy transfers observed
with inelastic neutron scattering belong to localized states. On the other hand, all observed
magnetic states have band character with very flat dispersions.
The lowest observed magnetic excitation of CoF2 has energy at q=0 of Emin/kB=53 K. The
equivalent gap energy of Egap=4.6 meV is typical for isotropic magnets with integer spin (T9/2
universality class) [21]. At zone boundary magnon energy reaches a value of Emax/kB=94 K.
This value of the nearest neighbor interactions is considerably larger than Néel temperature of
TN~38 K and therefore cannot be relevant for the critical magnetic dynamics. Direct evidence
that the strongly gapped magnon spectrum of Figure 14 is not relevant for the magnetic
dynamics of CoF2 is provided by observation of universal T9/2 universality class for the
magnetic order parameter (see Figure 22). Note that according to spin wave theory the
sublattice magnetization should decrease by exponential function in the presence of an
excitation gap. As can be seen from Figure 14 the dispersions of the lowest magnetic
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excitations are perfectly isotropic. This is as for MnF2 (see Figure 4). However, in contrast to
1D dynamic symmetry of MnF2 the dynamic symmetry of the order parameter of CoF2 is
isotropic (T9/2 universality class). Comparison between MnF2 and CoF2 proves again that the
dimensionality of the magnon dispersions is of no importance on the dynamics.

P. Martel, R. A. Cowley, R W. H. Stevenson, Canadian J. Phys. 46 (1968) 1355.
Figure 15. Normalized order parameter data (circles) obtained by elastic neutron scattering and
normalized inelastic data (dots) of lowest observed magnon states as a function of reduced temperature
[1]. Magnon energy does not drop to zero at TN and can be observed up to at least 1.5·TN.

Figure 15 compares order parameter data obtained from elastic neutron scattering with
inelastic data of magnon states as shown in Figure 14 [1]. Both data sets start decreasing by
T9/2 power function which is the universality class of isotropic magnets with integer spin
(Seff=1).
At Néel temperature inelastic data deflect from order parameter data and continue far into
the paramagnetic range. In other words, for finite wave vector values magnon energies do not
fall off to zero at the transition temperature.

THE UNIVERSALITY CLASSES AT SFP T=0
The universality classes at SFP T=0 depend on the dimensionality of the GSW boson
field and on whether the spin quantum number is integer or half-integer [4, 5, 21]. This
defines six universality classes. In cubic magnets the dimensionality of the boson field can be
assumed to be three-dimensional and isotropic. This is, however, not self evident because the
boson field of the isolated magnetic domain is one-dimensional. Only if GSW bosons are able
to average dynamically over all domain orientations, isotropic dynamic symmetry can result
for the macroscopic sample. Condition for the averaging process is that the mean free path of
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the GSW bosons is larger than the domain size [35]. This seems to be commonly the case. We
start by discussing magnets with half-integer spin.
Figure 16 shows zero field 151Eu NMR data of the cubic ferromagnet EuO as a function
of reduced temperature squared [60]. Note that the hyperfine field at the nucleus of the
magnetic atom sampled by nuclear magnetic resonance (NMR) is proportional to the order
parameter. In EuO the Eu2+ ion has half-integer pure spin moment of S=7/2. Fit of the NMR
data by a single power function of absolute temperature results into exponent 1.948±0.030.
This value is consistent with an assumed rational exponent of ε=2. Note that over the large
temperature range of the universal T2 function, description of the NMR data by spin wave
theory would request many fit parameters. Agreement with experiment then is not
convincing. Due to the non analytical character of the power series made by spin wave theory
[9] an independent control of the fitted parameter values is, practically, no possible. Note that
fit by universal power function uses three fit parameters only.

Ch. Kuznia et al. Coll. Amp. 14 (1967) 1216.
Figure 16. Zero field 151Eu NMR frequency vs. reduced temperature squared of the cubic ferromagnet
EuO [60]. The fitted exponent of 1.948±0.030 is consistent with universal exponent of ε=2. T2
universality class is characteristic of isotropic magnets with half-integer spin (S=7/2).

Isotropic dynamic symmetry is not restricted to cubic crystals. If in non cubic crystals
anisotropy of the GSW excitation spectrum is weak and not relevant the isotropic exponent of
ε=2 can occur also in non cubic crystals with half-integer spin. As an example Figure 17
shows zero field 53Cr NMR data of the trigonal ferromagnet CrI3 on absolute temperature
scale squared [61]. Nominally the Cr3+ ion has half-integer spin of S=3/2.
For correct classification of CrI3 in terms of universality classes it is necessary to confirm
whether the spin quantum number is half-integer (S=3/2) or possibly is reduced by crystal
field interaction. Since the reported saturation moment is 3.10 μB/Cr3+ one can be sure that the
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spin is, in fact, S=3/2 [62]. As a consequence, the observed T2 function (fitted exponent:
ε=1.979±0.005) can be identified with the isotropic universality class of ε=2 of cubic EuO.
Since in macroscopic measurements of the spontaneous magnetization a lower symmetry
class can be expected, it is essential that the spontaneous magnetization of CrI3 has been
measured by zero field NMR. We can assume that due to the non cubic crystal structure of
CrI3 the GSW boson field is anisotropic. However, anisotropy must be below threshold to
become relevant. Non relevance of a supposed anisotropy illustrates general validity of the
principle of relevance. In other words, the universality classes have some band width, and non
relevant parameters leave the universality class unchanged. This is the reason that at SFP T=0
all magnets fit only six universality classes.

A. Narath, Phys. Rev. 140 (1965) A854.
Figure 17. Zero field 53Cr NMR frequency of the hexagonal ferromagnet CrI3 vs. absolute temperature
squared [61]. According to saturation moment of ms=3.10 μB/Cr3+ [62] the spin of the Cr3+ ion is S=3/2.
In spite of hexagonal lattice structure the same universal exponent of ε=2 as for cubic EuO is verified
(see preceding Figure). Anisotropy of the GSW boson field in this hexagonal crystal can be assumed to
be finite but seems to be too small to be relevant.

For lower dynamic symmetry the universality class is T3/2 for magnets with half-integer
spin [4, 5]. As experience suggests, this universality class pertains to anisotropic 3D magnets
and to isotropic (quadratic) 2D magnets with half-integer spin. Bulk 2D magnets are rather
rare and occur in the K2NiF4 structural family only and, of course, in thin magnetic films.
Famous examples of the T3/2 universality class are given by the macroscopic spontaneous
magnetization of amorphous ferromagnets [63-65]. In the zero field ground state ideal
amorphous ferromagnets should be isotropic and should exhibit T2 universality class for halfinteger spin [21]. However, upon ferromagnetic saturation axial lattice distortions are induced
that lower the dynamic symmetry. These distortions are relevant because they are associated
with a fundamental change of the domain structure. In principle all saturated ferromagnets are
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in the mono-domain state and should exhibit 1D dynamic symmetry. However, for many
saturated ferromagnets 3D anisotropic universality class is observed instead.
This applies to the amorphous ferromagnets [63-65]. As a possible reason that 1D
dynamic symmetry is not realized in the saturated state of ferromagnets, diffuse reflections of
GSW bosons on the inner surface of the sample could be important. As a conclusion, only
zero field methods such as NMR, Mössbauer effect spectroscopy or elastic neutron scattering
give correct information on the unperturbed intrinsic universality class. For amorphous
ferromagnets those experiments are difficult.
Figure 18 shows spontaneous magnetization data of the amorphous ferromagnet Fe84B16
vs. reduced temperature to a power of 3/2 obtained using conventional magnetometry [66].
This amorphous ferromagnet has sufficiently high Curie temperature (TC=598 K) such that
local random anisotropies have low weight and are not relevant. Consequently, collinear spin
order is stabilized as for complete absence of random local anisotropy.
This again proves the important principle of relevance. As an empirical rule, collinear
spin order is preserved in amorphous ferromagnets with Curie temperatures of larger than
≈400 K [67]. As can be seen in Figure 18, spontaneous magnetization data of Fe84B16 are
consistent with assumption of a universal exponent of ε=3/2. For comparison Figure 18
includes normalized zero field 57Fe NMR data of bcc iron [68]. These data are consistent with
T2 universality class that proved to be characteristic of cubic insulators with half-integer spin
(see Figure 16).

M. A. Butler, G. K. Wertheim, D. N. E. Buchanan, Phys. Rev. B 5 (1972) 990.
R. Hasegawa, R. Ray, Phys. Rev. B 20 (1979) 211.
Figure 18. Normalized spontaneous magnetization (circles) of the amorphous ferromagnet Fe84B16
(TC=598 K) vs. reduced temperature to a power of 3/2 revealing T3/2 universality class [66]. T3/2
universality class is typical for anisotropic 3D magnets and for isotropic 2D magnets with half-integer
spin. Anisotropy of amorphous Fe84B16 is induced upon ferromagnetic saturation. Normalized zero field
57
Fe NMR frequencies of bcc iron (dots) follow T2 dependence of the isotropic magnets with halfinteger spin (Seff=5/2, see text) [68].
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Observation of universality for iron, nickel and cobalt shows that the itinerant
ferromagnets can be classified by the same dynamic symmetry classes as insulators with
localized magnetic moments. Consequently, it results that we can attribute an effective spin
also to the band ferromagnets. We should, however, mention that in contrast to nickel and
cobalt iron is a so called weak ferromagnet [69]. This means that the spin state is meta-stable
and depends on weak perturbations such as application of a magnetic field as it is necessary
for ferromagnetic saturation [70].
If the spin state changes upon ferromagnetic saturation it is natural that it changes also as
a function of temperature (see Figures 29 and 30) which further confirms magnetic metastability of iron. Attributing effective spin quantum numbers to the two data sets of Figure 18
is a delicate problem.
Note that the lattice has cubic symmetry in the zero field ground state only. T2
universality class observed in zero field 57Fe NMR measurements on bcc iron therefore
applies to isotropic dynamic symmetry and indicates that the effective spin is half-integer. It
is reasonable to assume Seff=5/2 [21].
Observation of T3/2 function in the macroscopic spontaneous magnetization of amorphous
Fe84B16 is indicative of a distorted lattice as it can be expected generally for the magnetically
saturated state. According to T3/2 function the effective spin must be half-integer. It is
reasonable to assume Seff= 3/2. The lower Seff value of Fe84B16 compared to Seff=5/2 of bcc
iron conforms to the much steeper decrease of the spontaneous magnetization.
Very confusing is that in zero field 57Fe NMR measurements and in measurements of the
macroscopic spontaneous magnetization of nominally cubic iron, T2 dependence is observed
(see Figure 19). T2 dependence of the spontaneous magnetization of iron was already noticed
in 1929 by P. Weiss and R. Forrer [71].
Interpretation of the two T2 functions is, however, different because T2 universality class
applies to 3D isotropic magnets with half-integer spin (zero field state) and to 3D anisotropic
magnets with integer spin (magnetization).
In fact, upon ferromagnetic saturation of nominally bcc iron both, the effective spin and
the dimensionality are changed [70]. T2 function observed in macroscopic magnetization
measurements with distorted lattice has to be interpreted as 3D anisotropic universality class.
The effective spin therefore must be integer. It is reasonable to assume Seff=2. Curiously,
upon ferromagnetic saturation the effective spin changes from Seff=5/2 in the zero-field
ground state to Seff=2 which can only be explained by particularities in the band structure of
iron [69].
In Figure 18 the relation between Seff and the observed saturation magnetic moment is not
very clear. In the macroscopic magnetization of bcc iron (Seff=2) the saturation moment is
2.22 μB/Fe. For the macroscopic spontaneous magnetization of amorphous Fe84B16 (Seff=3/2)
the reported saturation moment is 2.12 μB/Fe. As a consequence, reduction of Seff does not
scale precisely with saturation moment.
For the isotropic zero field ground state of bcc iron (Seff=5/2) the saturation moment is
not known but should be larger than 2.22 μB/Fe. The relatively large hyperfine field in
comparison with nickel (Seff=1/2) and cobalt (Seff=3/2) supports this conclusion [21].
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M. A. Butler, G. K. Wertheim, D. N. E. Buchanan, Phys. Rev. B5 (1972) 990.
Figure 19. Order parameter of ferromagnetic iron measured by zero field 57Fe NMR (circles) and by
conventional magnetometry (dots) as a function of absolute temperature squared [68]. In spite of a
supposed axial lattice distortion in the magnetically saturated state T2 function is observed as in the zero
field ground state with cubic lattice symmetry. Interpretation of the T2 functions under the two
experimental conditions is, however, different (see text).

Figure 20. Normalized spontaneous magnetization of epitaxial bcc iron films grown on silver (100)
surface vs. absolute temperature to a power of 3/2 [72]. For thickness values of d<100 nm there are no
domains with moment orientations normal to film plane and the GSW boson field is two dimensional
(T3/2 universality class). The saturation moments of the films agrees with that of bulk iron (2.217
μB/Fe).
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Thin bcc iron films grown epitaxially on Ag (100) surface are excellent examples of the
T universality class of the isotropic 2D magnets with half-integer spin. As Figure 20 shows,
these films are two-dimensional up to surprisingly large thickness values [72]. Isotropic 2D
dynamic symmetry can be expected for strain free films only. Typical for 2D films is that
there are only two in-plane domain types with moment orientations along x- and y-direction.
Since the isolated domain is 1D, field bosons average over the two domain orientations. As
long as magnetic domains with moment orientations perpendicular to film plane are missing
the films remain 2D. In order that an isotropic three-dimensional average can result domains
in the third direction must have a similar abundance as the x- and y-domains.
It is, however, not clear a priori for which film thickness domains with moment
orientations perpendicular to film plane appear and what defines the size of these domains. In
[72] it was argued that the dimensionality change from 2D to 3D occurs at a film thickness
between 100 nm and 200 nm.
We now come to the 1D magnets with half-integer spin. Figures 1-5 have given
convincing evidence that the GSW boson field in MnF2 is one-dimensional. Measurements of
the sublattice magnetization of MnF2 therefore should yield the universality class of 1D
magnets with half-integer spin. As can be seen in Figure 21 the sublattice magnetization of
MnF2 follows T5/2 function with high precision (fitted exponent ε=2.47±0.02). As a summary,
the universality classes of magnets with half-integer spin are T2 for 3D magnets, T3/2 for 2D
magnets and T5/2 for 1D magnets. Surprisingly, the exponents do not scale with
dimensionality. The same seems to apply to the exponents in the power functions of wave
vector of the GSW boson dispersions [26]. Figure 21 includes sublattice magnetization data
of the cubic antiferromagnet RbMnF3. Straight line behavior on T5/2 scale shows that,
curiously, the sublattice magnetization of cubic RbMnF3 follows T5/2 function of the 1D
magnets with half-integer spin. Explanation of this unusual result must be an exceptional ratio
between domain dimensions and mean free path of the GSW bosons.
In fact, RbMnF3 is particular in that magneto-elastic interactions are extremely weak
[35]. In contrast to MnF2 (see Figure 33) there is nearly no lattice parameter anomaly visible
in RbMnF3 at TN. Domains therefore can be expected to be unusually large.
In order to explain 1D universality class (T5/2 function) for cubic RbMnF3 we must
assume that the dimension of the domains is larger than the mean free path of the GSW
bosons. Dynamic averaging over all domain orientations then is not possible. The
macroscopic sample then consists of a relatively small number of decoupled domains and
shows 1D dynamic symmetry of the isolated domain.
We now come to the magnets with integer spin. One example of the T9/2 universality
class of the isotropic magnets with integer spin is antiferromagnetic CoF2 with tetragonal
rutile structure [73]. As can be seen in Figure 22 elastic neutron scattering data of the
antiferromagnetic order parameter are well described by T9/2 function up to T~35 K (TN=38
K). Isotropic T9/2 universality class of CoF2 is surprising in two respects. First, because lattice
structure is not cubic. This is no problem because isotropic dynamic symmetry can be
explained by non relevant lattice anisotropy. Second, the spin of the free Co2+ ion should be
S=3/2, thus half-integer.
3/2
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Figure 21. Normalized sublattice magnetization (order parameter) of tetragonal MnF2 and of cubic
RbMnF3 as a function of absolute temperature to a power of 5/2. T5/2 universality class is characteristic
of 1D magnets with half-integer spin (S=5/2). MnF2 can be considered as a mono-domain bulk
antiferromagnet. For cubic RbMnF3 1D dynamic symmetry is surprising and shows that the dynamic
averaging over all differently oriented magnetic domains does not work. This is because the dimension
of the domains is larger than the mean free path of the GSW field bosons [35].

Since T9/2 universality class is confirmed by many isotropic magnets with definitively
integer spin [4, 5, 21] the spin of the Co2+ ion must be integer in CoF2. As we have explained
on discussing Figures 13 and 14, crystal field interaction is relevant in CoF2, and reduces the
spin from S=3/2 of the free Co2+ ion to effective of Seff=1 [53, 54]. A spin quantum number
reduced by ΔS=1/2 resulting into Seff=1 is confirmed by an observed mean saturation
magnetic moment of 2.21±0.02 μB/Co instead of ~3.5 μB/Co expected for S=3/2 [54]. The
anomalous spin quantum numbers of some of the ionic compounds of the 3d metals such as
MnO and Cr2O3 provides, of course, considerable ambiguity in establishing the universality
classes at SFP T=0.
For 2D magnets with integer spin the universality class is T2, not to be confused with T2
universality class of the isotropic magnets with half-integer spin. T2 universality class applies
also to non cubic magnets with integer spin that exhibit neither typically two-dimensional nor
one-dimensional structure elements. This symmetry class could be termed 3D anisotropic. As
an example of this universality class Figure 23 shows Cr53 NMR data of ferromagnetic CrO2
(TC=392 K) on T2 scale [75].
Ferromagnetic CrO2 has rutile lattice structure [76]. For correct classification of CrO2 the
spin quantum number has to be known. Formally the free Cr4+ ion should have spin S=1. This
spin quantum number is, in fact, confirmed by an observed saturation moment of
2.07±0.03μB/Cr [76]. T2 dependence of the spontaneous magnetization was reported already
in 1944 [76].
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T. Chatterji, B. Ouladdiaf, T. C. Hansen, J. Phys. Cond. Matt. 22 (2010) 096001.
Figure 22. Normalized order parameter data of antiferromagnetic CoF2 obtained using elastic neutron
scattering as a function of T9/2 [73]. In spite of tetragonal lattice symmetry isotropic 3D universality
class of the magnets with integer spin is observed (T9/2 function) showing that lattice anisotropy is not
relevant (compare Figure 13). Spin moment of the Co 2+ ion is reduced from S=3/2 of the free ion to
Seff=1 due to crystal field interaction [54].

It appears appropriate to discuss the importance of sample preparation and crystal
perfection on the dynamic universality class in more detail. Quite generally, the
dimensionality of the GSW boson field depends sensitively on weak parameters.

H. Yasuoka et al. J. Phys. Soc. Japan 18 (1963) 593.
Figure 23. Zero field Cr53 NMR frequency of CrO2 (rutile structure) vs. absolute temperature squared
[75]. Spin moment of the Cr4+ ion is S=1 as results from an observed saturation moment of 2.07±0.03
μB/Cr [76]. T2 universality class is typical for anisotropic 3D magnets with integer spin.
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For instance, axial lattice distortions of cubic magnets occurring either spontaneously or
induced upon ferromagnetic saturation can lower the dynamic symmetry class from 3D to 1D.
A very interesting example in this respect is Rb2CrCl4 [77, 78]. In this ferromagnet (TC=52.3
K) with lattice structure of the K2NiF4 type the spin quantum number and, as a consequence,
the dynamic symmetry class can depend on sample preparation. Nominally the spin of the
free Cr2+ ion is S=2. For integer spin and 2D dynamic symmetry the universality class is T2.
Prominent example of this universality class is K2NiF4 with spin quantum number of the Ni2+
ion of S=1 [30]. Spontaneous magnetization data of Rb2CrCl4 of Als-Nielsen et al. [77] prove
to be consistent with T2 universality class. This can be expected for Rb2CrCl4 with spin S=2
of the Cr2+ ion. However, data of Fair et al. are well described by T3/2 function [78]. As we
have seen in Figure 20, T3/2 universality class is characteristic of 2D magnets with halfinteger spin. Another typical example of T3/2 universality class is the 2D ferromagnet K2CuF4
with spin S=1/2 [79].

J. Als- Nielsen et al. J. Phys.: Condens. Matter 5 (1993) 7871.
M. J. Fair et al. Physica 86-88 B (1977) 657.
Figure 24. Normalized zero field spontaneous magnetization data obtained from elastic neutron
scattering on two different samples of ferromagnetic Rb2CrCl4 as a function of absolute temperature
squared [77, 78]. Depending on crystal quality either T2 or T3/2 dependence can be identified. Since
Rb2CrCl4 can be assumed to be a 2D ferromagnet the two universality classes indicate different spin
quantum numbers of the Cr2+ ion. T2 function is indicative of integer spin (S=2) while T3/2 function is
indicative of half-integer spin (Seff=3/2).

As a consequence, the spin of the Rb2CrCl4 sample investigated in [78] must be halfinteger, most likely Seff=3/2.
We now come to the 1D magnets with integer spin. Prominent example is
antiferromagnetic FeF2 with S=2 and tetragonal rutile structure. One can be sure that FeF2 has
1D dynamic symmetry since longitudinal susceptibility tends to zero for T→0 [18]. S=2 is
confirmed by an observed saturation magnetic moment of 4.01±0.05 μB/Fe [80]. Figure 25
compares normalized sublattice magnetization data of FeF2 together with normalizes data of
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magnon gap energy obtained by infrared spectroscopy and Brillouin light scattering [81, 82].
These data prove again identical temperature dependence of magnon gap energy and order
parameter (compare Figure 12).

Figure 25. Normalized sublattice magnetization (open points) and normalized magnon gap energy
(dots) [81, 82] of the tetragonal antiferromagnet FeF2 (S=2) as a function of T3. This universality class
pertains to 1D magnets with integer spin [4, 5].

N. H. van Dijk, B. Fak, T. Charvolin, P. Lejay, J. M. Mignot, Phys. Rev. B 61 (2000) 8922.
Figure 26. Magnetic order parameter of the tetragonal heavy fermion antiferromagnet CePd2Si2 as a
function of T3 [83]. T3 universality class conforms to axial lattice structure and indicates integer spin of
possibly Seff=1. The saturation magnetic moment is, however, only 0.80±0.05 μB/Ce.
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As a last example of the T3 universality class of 1D magnets with integer spin Figure 26
shows data of the antiferromagnetic order parameter of the heavy Fermion antiferromagnet
CePd2Si2 as a function of T3 [83]. 1D dynamic symmetry is consistent with tetragonal crystal
structure of CePd2Si2. In view of an observed saturation magnetic moment of ms=0.80±0.05
μB/ Ce there is no other assumption possible than Seff=1. As a consequence, evaluation of the
universality class can provide useful information on the spin quantum number which
otherwise might be difficult to obtain.

META-STABILITY OF UNIVERSALITY CLASSES
The six universality classes at SFP T=0 are now well established experimentally [4, 5,
21]. It is however, difficult to predict the universality class for a given material.
The reason for this ambiguity is twofold. On the one hand, in the 3d metal compounds the
spin quantum number is not unequivocally related to the nominal valence of the magnetic
atom and can depend on the environment of the magnetic lattice site in the given matrix
(compare Figure 24).
In particular, for the same nominal valence of the magnetic ion crystal field effects can
lower the spin quantum number with respect to the free ion value. For the compounds of the
Rare Earth elements with low magnetic ordering temperature crystal field effects are
generally important [21, 48]. Interestingly, one of the six universality classes holds also when
crystal field interaction is relevant and has decreased the magnetic moment. This allows one
to attribute an effective spin quantum number also to the resulting crystal field state.
On the other hand, the dynamic symmetry class can be lowered by weak lattice
distortions. Quite generally, the dimensionality of the GSW boson field depends on the
domain structure and can be changed by weak external parameters. The dimensionality of the
magnon dispersions cannot easily be changed by external perturbations.
It is difficult to predict the change in dimensionality induced by a relevant lattice
distortion. Most important is that even in inhomogeneous or structurally disturbed materials a
mix of universality classes is not observed. The reason for this seems to be a general stability
of the universality classes. Change of universality class occurs as a threshold induced
crossover event and requests that a certain parameter or interaction has increased significantly
to become relevant. Essential condition that imperfect crystals also fit one of the six
universality classes is the large mean free path of the GSW field bosons. A large mean free
path is condition for the GSW bosons to be able to average over all inhomogeneities in the
sample such that a definite dynamic symmetry results for the bulk material. In particular, the
mean free path of the GSW bosons must be larger than the dimension of the magnetic
domains or the size of the crystallites in a polycrystalline magnet in order that dynamic
isotropy can result for the macroscopic sample.
Verification of the spin quantum number on account of the observed saturation magnetic
moment is essential for correct classification of the magnetic material in terms of the six
universality classes. Since the g-factor of the 3d metal ions commonly is only slightly larger
than 2 the spin quantum number can be inferred reliably from the observed saturation
moment. Conversely, if the universality class has been determined it is possible to conclude
on whether the spin quantum number is integer or half-integer. As an example of a variable
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spin quantum number we now discuss neutron scattering results of RbFeF3 [84] and RbFeCl3
[85]. In the two chemically similar materials iron is in the Fe2+ valence state. However,
RbFeF3 has cubic lattice structure and TN=100.5 K while RbFeCl3 has hexagonal lattice
structure with TN=2.55 K only. Quite generally, a low ordering temperature favors relevance
of crystal field with the tendency of reducing the spin quantum number. In fact, the observed
saturation magnetic moment of RbFeCl3 of ~2.0 μB/Fe is indicative of Seff=1 [85].

F. F. Y. Wang, D. E. Cox, M. Kestigian, Phys. Rev. B 3 (1971) 3946.
G. R. Davidson, M. Eibschultz, D. E. Cox, V. J. Minkiewicz, AIP Conf. Proc. 5 (1971) 436.
Figure 27. Ordered magnetic moment per Fe atom of cubic RbFeF3 [84] and of hexagonal RbFeCl3 [85]
vs. reduced temperature to a power of 9/2. For hexagonal RbFeCl3 the ordering temperature is as low as
TN=2.55 K. Crystal field interaction is relevant and decreases the spin moment from S=2 of the free
Fe2+ ion to Seff=1, which is consistent with the observed saturation moment of ~2μB/Fe. Cubic RbFeF3
shows the expected behavior for S=2 of the Fe2+ ion. Crossover to low temperature T2 function (3D
anisotropic symmetry class) is indicative of relevant lattice distortions [84].

As a consequence, the spin is reduced by two steps of ΔS=1/2 with respect to S=2 of the
free Fe2+ ion. Other things being constant, reduction of the spin by two steps of ΔS=1/2 leaves
the universality class unchanged. The strong effect of the crystal field in RbFeCl3 is obviously
a consequence of the extremely low ordering temperature which makes the crystal field more
important than the magnetic interactions. Consistent with Seff=1 is observation of T9/2
universality class. Observation of isotropic T9/2 universality class shows that anisotropy of the
hexagonal lattice is not relevant. The anisotropy of the susceptibility of RbFeCl3 [86] is very
similar to that one of CoF2 (see Figure 13). As can be seen in Figure 22 tetragonal CoF2
(Seff=1) also exhibits isotropic T9/2 universality class in spite of a considerable but non
relevant magnetic anisotropy. In contrast to hexagonal RbFeCl3 cubic RbFeF3 shows the
expected behavior for spin S=2 of the free Fe2+ ion. Consistent with S=2 is a saturation
moment of 4.6 μB/Fe [84].
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L. M. Corliss, J. M. Hastings, J. Physique 25 (1964) 557.
Figure 28. Order parameter of antiferromagnetic Cr2O3 as a function of reduced temperature to a power
of three [87]. T3 universality class means integer spin (Seff=1) and 1D dynamic symmetry. Reduction of
spin with respect to S=3/2 of the free Cr3+ ion indicates relevant crystal field interaction. Open points
are neutron scattering results on powder material. The critical exponent of β=0.314±0.009 conforms to
1D dynamic symmetry.

However, isotropic T9/2 universality class holds not until T→0. Due to relevant lattice
distortions crossover to 3D anisotropic T2 universality class occurs at about T=55 K [84].
Another example of a reduced spin quantum number (in spite of a large ordering
temperature) is the rhombohedral antiferromagnet Cr2O3 [74]. The spin of the free Cr3+ ion is
S=3/2. As a consequence, the observed saturation moment can be expected to be definitively
larger than 3μB/Cr.
This is in contrast to 2.76±0.03 observed experimentally [74]. As Figure 28 shows, the
order parameter of Cr2O3 decreases according to T3 function indicating integer spin quantum
number (Seff=1) [87].
Note that T3 universality class means 1D dynamic symmetry which is consistent with
rhombohedral lattice symmetry. However, the static susceptibility along c-axis does not
perfectly tend to zero for T→0 [88] as it can be expected for 1D magnets. This seems to be
connected with the relevant crystal field. Figure 28 also shows that the two universal power
functions at SFP T=0 and T=Tc give perfect description of the order parameter for all
temperatures. There is no intermediate temperature range with atomistic dynamics.
For the weak ferromagnet bcc iron the spin quantum number is unstable [69] and changes
as a function of temperature. Zero field 57Fe Mössbauer spectroscopic data [89] as well as
zero field 57Fe NMR data [90] show crossover from low temperature T2 function to high
temperature T9/2 function at crossover temperature TQS=615 K (see Figure 29).

38



Ulrich Köbler

MS data.

● J. I. Budnick, L. J. Bruner, R. J. Blume, E. L. Boyd, J. Appl. Phys. 32 suppl. (1961) 120S.

Figure 29. Normalized zero field order parameter data of ferromagnetic bcc iron measured using 57Fe
Mössbauer spectroscopy (open points) [89] and 57Fe NMR technique [90] as a function of absolute
temperature squared. Quantum state crossover from T2 function to T9/2 function at TQS=615 K indicates
change of spin quantum number from half-integer (Seff=5/2) to integer (Seff=2).

S. N. Kaul, Phys. Rev. B 24 (1981) 6550.
Figure 30. Macroscopic spontaneous magnetization of the amorphous ferromagnet Fe40Ni40P14B6
(Metglas®) as a function of reduced temperature to a power of 3/2 [63]. In the magnetically saturated
state ferromagnets are no longer isotropic but axially deformed. The two identified power functions
pertain to 3D anisotropic symmetry for half-integer spin (T3/2 function) and for integer spin (T2
function). Note the qualitative similarity to Figure 29 with isotropic dynamic symmetry.
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Since in the zero field ground state iron has cubic lattice symmetry for all temperatures
the two universality classes pertain to isotropic dynamic symmetry and indicate that the
effective spin must be half-integer for T<TQS but integer for T>TQS.
We have called this type of crossover quantum state (QS) crossover [70]. It is reasonable
to assume that the effective spin is Seff=5/2 for T<TQS and Seff=2 for T>TQS.
Data of the ferromagnetic order parameter of bcc iron displayed by Figure 29 pertain to
the zero field ground state with cubic lattice symmetry. This is different when the
spontaneous magnetization is measured using conventional magnetometry. Upon magnetic
saturation axial lattice distortion is induced. In principle, saturated ferromagnets are in the
mono-domain state with all magnetic moments aligned along field axis. The GSW boson field
therefore can be expected to be 1D.
However, 1D symmetry class is not always confirmed. For instance, thermal decrease of
the spontaneous magnetization of amorphous ferromagnets is well known to follow T3/2
function of temperature (compare Figure 18) [63-65]. This is the 3D anisotropic symmetry
class for magnets with half-integer spin. As a typical example we discuss the spontaneous
magnetization of the amorphous ferromagnet Fe40Ni40P14B6 which is known as Metglas®
2826 (see Figure 30) [63].

Figure 31. Square root of integrated (1/2,1/2,1/2) neutron scattering intensity (order parameter) of
antiferromagnetic KNiF3 with nominally cubic lattice symmetry as a function of absolute temperature
squared. Due to increasing lattice distortions as a function of decreasing temperature [94]
dimensionality crossover (DC) from isotropic (T9/2 function) to anisotropic dynamic symmetry (T2
function) occurs at TDC=115 K. The crossover at TDC is a threshold induced event. For T>TDC the
relatively weak but finite lattice distortions are not relevant and seem to be completely absent.

The Curie temperature is sufficiently high (TC=519.9 K) such that local anisotropies are
not relevant and collinear magnetic order is stabilized. Due to the unstable magnetic state of
iron the T3/2 function holds for temperatures of T<TQS=253 K only. Above crossover at
TQS=253 K T2 function follows. In principle the situation in Figure 30 corresponds to the
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situation in Figure 29 but for a dynamic symmetry reduced from 3D isotropic in Figure 29 to
3D anisotropic in Figure 30. Attributing a spin quantum number to the T3/2 function (S=halfinteger) and to the T2 function (S=integer) is, however, not self evident.
For many compounds of the 3d metals the magnetic ordering process is associated with a
spontaneous lattice distortion. Prominent examples are the monoxides MnO, FeO, CoO and
NiO [91-93]. Lattice distortion sets in sharply at the ordering temperature and increases
monotonously as a function of decreasing temperature.
As an example we discuss KNiF3 (see Figure 31). Spontaneous distortions of the cubic
lattice have been evidenced using x-ray scattering studies [94]. Just below the ordering
temperature lattice distortions are small and not yet relevant. As a consequence, isotropic
dynamic symmetry class as for the unperturbed lattice (T9/2 function) with spin S=1 of the
Ni2+ ion is observed. Below dimensionality crossover at TDC=115 K T2 function is observed.
Since the spin of the Ni2+ ion is S=1 for all temperatures, T2 function has to be interpreted as
3D anisotropic universality class. The dimensionality crossover at TDC again nicely
demonstrates the principle of relevance. Since lattice distortion of KNiF3 is a monotonous
function of temperature [94] a threshold must exist for the crossover to anisotropic dynamic
symmetry to occur. In other words, only for T<TDC lattice distortion has become strong
enough to be relevant. By the same reason T2 universality class remains stable against further
increase of anisotropy. Comparison of Figures 29 and 31 reveals a considerable similarity in
that crossover between low temperature T2 function and high temperature T9/2 function is
identified. Interpretation of the two results is, however, fundamentally different. In the zerofield data of bcc iron the lattice remains cubic but the spin quantum number changes. This
effect is not observed in insulators. In KNiF3 the spin quantum number is constant but the
lattice deforms increasingly for decreasing temperature. This demonstrates the general
difficulty in correct interpretation of an observed crossover event.

INTERACTION EFFECTS
As we have argued, magnons and GSW field bosons are not completely independent of
each other. In order that the boson guiding field can control the dynamics of the spins at least
a weak interaction between the two systems is necessary.
In other words, the spin system lacks an intrinsic thermodynamics. Relevance of the
boson field means that all thermal energy is in the field and not in the spin system. Indications
for magnon-GSW boson interactions are given when the magnon dispersion relations exhibit
details that cannot be explained spin wave theory.
Since magnons and GSW bosons have different symmetries one can consider the
perturbations of the magnon excitation spectrum caused by GSW bosons as symmetry
violations. On discussing Figure 4 we have given strong arguments that the magnon gap of
MnF2 is likely to be caused by interaction between magnons and GSW bosons. This
interaction is for q≡0 only.
Quite generally the large magnon gap energies observed in the 3D magnets with integer
spin indicate surprisingly large interactions with the field bosons. It is obvious that atomistic
theories have general difficulties in making reliable predictions for q→0. Explanation of
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magnon gaps has to include the field degrees of freedom. A typical value of the magnon gap
energy of the 3D magnets with integer spin is ~4 meV [21].
Condition for a sizeable interaction between magnons and GSW bosons seems to be that
the GSW bosons have a magnetic moment. It appears rather clear that in magnets with halfinteger spin and 3D dynamic symmetry GSW bosons have linear dispersion [26]. Bosons
with linear dispersion have no mass and therefore cannot have magnetic moment. For this
class of magnets interactions between GSW bosons and magnons can be expected to be
vanishingly small.
In fact, the observed magnon gaps in 3D magnets with half-integer spin are smaller by at
least a factor of 100 compared to 3D magnets with integer spin [21, 29, 44]. The large
universal exponent of ε=9/2 of the 3D magnets with integer spin suggests a non linear
dispersion relation of the GSW bosons and supports assumption that these GSW bosons have
a magnetic moment. Another obvious indication for a particular origin of the magnon gap is
that for finite wave vector values magnon dispersions are consistent with predictions by spin
wave theory. As was illustrated by Figure 4 magnon dispersions of MnF2 perfectly follow a
pure sine function of wave vector except for q→0. The same behavior applies to the in plane
magnon dispersions of antiferromagnetic K2MnF4 (see Figure 32) [39]. No magnon
dispersion is observed along tetragonal z-axis in K2MnF4. Perfect 2D magnon dispersion
does, however, not mean that the dynamic symmetry class is 2D. As was shown by Figure 8
the susceptibility along z-axis tends to zero for T→0 which is typical for 1D dynamic
symmetry. In fact, instead of T3/2 function order parameter data of K2MnF4 are in favor of T5/2
function poving 1D dynamic symmetry [40].

R. J. Birgeneau, H. J. Guggenheim, G. Shirane, Phys. Rev. B 8 (1973) 304.
Figure 32. In-plane magnon dispersions of K2MnF4 [39]. No magnon dispersion is observed along zaxis. Magnon dispersions follow sine function of wave vector over a large q-range – in conformity with
spin wave theory. However, at small q-values sudden deflection towards a gap constitutes an analytical
change which is beyond spin wave theory. In contrast to the gap energy at q≡0 which goes to zero for
T→TN, magnon energy at zone boundary has extremely weak temperature dependence and exhibits no
anomaly at the ordering temperature. These magnons persist far into the paramagnetic range.
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It can be seen in Figure 32 that magnon energy at zone boundary has extremely weak
temperature dependence. Magnons at zone boundary persist far into the paramagnetic range
and show virtually no anomaly at the critical temperature (compare Figures 9 and 10). This is
different for magnons with wave vector q≡0. The gap energy at q≡0 falls off sharply to zero
at the critical temperature (compare Figure 12). This shows that magnons at zone boundary
and magnons at zone centre have different origins and need different concepts for description.
Over a large range of wave vector values magnon dispersions of K2MnF4 are excellently
described by a simple sine function of wave vector, in conformity with spin wave theory.
However, analytical change towards a magnon gap at q→0 giving rise to an inflection
point in the dispersion curve is beyond spin wave theory. We should note that the value of the
gap energy of 0.65 meV of K2MnF4 is typical for magnets with half-integer spin and 1D
symmetry - in contrast to the 2D symmetry of the magnon dispersions.

J. Rohrkamp, Th. Lorenz, Univ. of Cologne.
Figure 33. Relative length changes along and transverse to tetragonal c-axis of antiferromagnetic MnF2
as a function of absolute temperature. In this 1D antiferromagnet spontaneous magnetostriction occurs
along c-axis only and exhibits the same T5/2 dependence as the order parameter. Linear thermal
expansion coefficient along c-axis (α) is proportional to the magnetic heat capacity (Grüneisen relation)
and shows sharp peak at Néel temperature. Universality continues into the paramagnetic range (T 3/2
dependence).

Discussion of interaction effects between different energy degrees of freedom has to
include discussion of interactions between magnetic and elastic degrees of freedom. The
elastic degrees of freedom also seem to be due to particular bosons. This assumption is
supported by observation of universality in thermal lattice expansion (see Figure 33) [21].
Magnetoelastic interactions are generally important as is evidenced by the phenomenon of
magnetostriction which is observable at all temperatures in the ordered phase.
Magnetoelastic interactions are particularly pronounced in the vicinity of the magnetic
ordering transition. This is connected with the rise of magnetic domains. As an example
Figure 33 shows relative length changes of MnF2 along and transverse to tetragonal c-axis as
a function of temperature. As can be seen, the lattice parameter shows a fairly sharp kink at
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the Néel temperature but only in measurements along tetragonal c-axis. This is in keeping
with the conclusion that MnF2 has one-dimensional dynamic symmetry (compare Figure 3).
Spontaneous magnetostriction is clearly observable in magnets with low ordering temperature
because magnetic heat capacity and magnetic entropy are compressed to a small temperature
interval.
Moreover, when Tc is sufficiently low it is within the temperature range where thermal
lattice expansion has weak temperature dependence. This gives rise to a good contrast for the
magnetic lattice parameter change. Below TN magnetostriction data of MnF2 are excellently
fitted by the same T5/2 universal power function as the order parameter (compare Figures 12
and 21). However in contrast to order parameter and heat capacity the lattice parameter shows
extremely weak critical behavior.
This becomes apparent by comparison with the linear thermal expansion coefficient α
which, according to Grüneisen relation, exhibits similar temperature dependence as the
magnetic heat capacity. Observation of universal T5/2 function for ΔL/Lo below Néel
temperature means that thermal lattice expansion is controlled by the same GSW bosons as
the order parameter. Much surprising is that the lattice parameter shows universality for T>TN
as well (T3/2 function). According to the general argument that universality is caused by a
boson field we have to conclude that special types of not yet identified bosons exist above the
ordering temperature. Universality in thermal lattice expansion extends up to temperatures
much larger than the ordering temperature, and can be observed in non magnetic solids as
well [21]. We must, hence, conclude that the responsible bosons have very low excitation
energies. Another phenomenon proving dynamic coupling between magnetic and elastic
degrees of freedom is provided by the strong critical sound attenuation observed at magnetic
phase transitions. Figure 34 shows as an example sound attenuation data obtained on the
tetragonal antiferromagnet FeF2 [95]. Strong attenuation is for sound waves with longitudinal
polarization only. For ultrasonic waves with transverse polarization no attenuation is
observed. The interaction therefore has vector character and seems to be subject to sharp
selection rules. This conclusion is supported by the extremely narrow width of the attenuation
peak. The attenuation peak is much sharper than the λ-anomaly in the magnetic heat capacity.
This is mainly because of a much steeper decreasing low temperature flank of the attenuation
peak. It should be noted that the whole phenomenon of critical sound attenuation is strongly
frequency dependent. The sharp peak in ultrasonic attenuation much resembles critical
opalescence that occurs generally at the gas-liquid transition. Critical opalescence is
explained by mass density fluctuations. We cannot exclude that mass density fluctuations
play an important role for the critical magnetic dynamics. The responsible mechanism is,
however, not clear. As a conclusion the bosons executing the magnetic phase transition
cannot be pure magnetic dipole radiation but must be rather magneto-elastic waves or critical
density fluctuations.
As a further indication of the coupling between magnetic and elastic degrees of freedom
anomalies in the elastic constants and in the sound velocity at the magnetic ordering
temperature have to be mentioned [96]. Again, these anomalies have different strength for the
different elastic constants. Most pronounced are effects in the c33 elastic constant as is
illustrated by Figure 35 for the hexagonal ferromagnet gadolinium [97]. In the temperature
range TSR<T<TC=293 K the ordered Gd moments are oriented parallel to hexagonal c-axis. At
the spin reorientation transition at TSR a moment component transverse to c-axis comes up
which lets the total moment appear tilted away from c-axis [98]. The anomaly in c33 at TSR
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shows that critical scattering of sound waves seems to occur at any type of magnetic phase
transition.

A. Ikushima, R. Feigelson, J. Phys. Chem. Solids. 32 (1971) 417.
Figure 34. Ultrasonic attenuation at the magnetic ordering transition of antiferromagnetic FeF 2 for
sound waves with longitudinal polarization [95]. No attenuation is observed for sound waves with
transverse polarization. Sound attenuation reminds on critical opalescence as it is commonly observed
at the liquid-gas phase transition.

S. B. Palmer, E. W. Lee, M. N. Islam, Proc. Roy. Soc. London A 338 (1974) 341.
Figure 35. Temperature dependence of the elastic constant c33 of ferromagnetic gadolinium [97]. At
Curie temperature of TC=293 K and at spin reorientation transition at TSR sharp dips can be seen
indicating critical scattering of sound waves. At TSR a moment component transverse to hexagonal axis
is generated such that the resulting magnetic moment appears tilted away from hexagonal axis [98].
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Figures 33-35 give clear evidence that the elastic degrees of freedom are involved
directly in the critical magnetic dynamics. We must hence conclude that the field bosons at
SFP T=Tc are able to interact directly with the elastic degrees of freedom. Note that lattice
parameter anomalies are phenomena on the large length scale of the infinite solid. The
observed universality proves this. Magnons therefore are not involved directly in
magnetostriction.
Considering that the critical exponents at magnetic ordering transitions are very similar to
those observed at the critical point of the gas-liquid transition it cannot be excluded that the
GSW bosons at SFP T=Tc that drive the magnetic ordering transition are similar mass density
fluctuations as are responsible for the gas-liquid transition [99].

CONCLUSION
Since development of RG theory by K.G. Wilson [6, 7] it became clear that the dynamics
of ordered magnets has to be classified by symmetries. The symmetry of the dynamics is
determined by the symmetry of the relevant excitation spectrum. The particles of the two
excitation spectra in question are magnons and GSW field bosons, respectively. Magnons are
the excitations of the discrete translational symmetry defined by spin and lattice structure
while GSW bosons are the excitations of the continuous (or infinite) magnetic medium.
As a consequence, lattice and continuum have different translational symmetries. The
different symmetries generate different particles with characteristic excitation spectra.
Relevance means that the two excitation spectra get alternatively populated. This is condition
for a clearly defined dynamic symmetry of the macroscopic solid.
Depending on whether magnons or GSW bosons are the relevant excitations, the
dynamics has to be specified as atomistic or as continuous, or, equivalently, as local or global.
The normal situation is that magnons are not relevant for the dynamics. The theoretical proof
that in crystalline magnets the dynamics is determined exclusively by the excitations of the
continuous magnetic medium, the GSW bosons, constitutes the main achievement provided
by RG theory. Consequently, the dynamics has to be described by a field theory. Instead of
considering spins and interactions between spins, the field theory treats on nearly freely
propagating field quanta. The dispersion relations of freely propagating particles are simple
power functions of wave vector. This gives rise to universal power functions of temperature
for the thermodynamic observables of the spin system. Due to a weak coupling between field
and spins, the dynamics of the spins is dictated by the GSW guiding field. In this way the
universal dynamics of the field becomes observable in experiments on the spin system.
The magnetic continuum has much similarity with the elastic continuum. As Debye has
shown in 1912 the low temperature dynamics of crystals is due to the bosons of the elastic
continuum, the ultrasonic waves [100]. In other words, at low temperatures thermal energy is
no longer in the system of the interacting massive atoms but has changed to the delocalized
mass less bosons of the field. Field and atomistic system are two thermal reservoirs that get
activated alternatively. Change from localized to delocalized excitations is a symmetry
change and is called a crossover. This crossover constitutes an example of a spontaneously
broken symmetry. In diamagnets the crossover to continuous dynamic symmetry occurs
before reaching T=0. In magnets the analogous crossover occurs before reaching the critical
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temperature. In other words, T=0 has a similar functionality in diamagnets as has Tc in
magnetic materials.
When exchange interactions between spins are not the driving forces for the magnetic
ordering process, and bosons exist already above the phase transition we may ask: what
happens at all at the magnetic phase transition? Since below Tc spins are ordered, and the
phase transition is executed by the field bosons it is reasonable to assume that the main
difference between T>Tc and T<Tc is that for T<Tc the field bosons are in coherent states with
spin and lattice structure. Spontaneous generation of coherence in the wave functions of the
field particles can, in fact, be considered as a kind of ordering process. Only the relative
orientation of neighboring spins is an atomistic process that is due to exchange interactions.
In other words, the phase transition resembles a threshold event similar as onset of
emission of coherent light by a LASER. A further similarity to a LASER is that generation of
magnetic dipole radiation (GSW bosons) is by stimulated emission.
Universal dynamics due to a free boson field seems to occur generally in the vicinity of a
stable fixed point (SFP). In ordered magnets there are mainly two SFP´s at T=0 and at T=Tc.
The universal power functions at the two SFP´s overlap such that no intermediate zone with
atomistic dynamics occurs. In diamagnets Debye´s universal T3 function at SFP T=0 holds
over a relatively small temperature range only, normally up to 10..30 K. For higher
temperatures the dynamics is atomistic. This, however, may change on approaching the
melting point where universality can again be expected. Note that universality seems to apply
also to first order phase transitions. It appears that the (critical) dynamics at, practically, all
types of phase transitions is controlled by a boson field. Identification of the field bosons at
the different phase transitions is a big and mostly unsolved problem. In magnets experimental
evidence that the field quanta at SFP T=0 are essentially magnetic dipole radiation comes
from the observation that the dynamics of typical 2D Ising magnets is atomistic and follows
Onsager´s exact solution for the atomistic 2D Ising model perfectly [13, 14]. The reason for
the atomistic dynamics of Ising magnets is that Ising spins cannot precess and therefore are
unable to emit magnetic dipole radiation. The GSW boson field therefore gets not populated.
With the exception of the few known genuine Ising magnets [13, 14] the dynamics of all
crystalline magnets is continuous. Consequently atomistic theories such as spin wave theory
are inappropriate for description of the dynamics of the long range ordered state.
According to the different symmetries of the two excitation spectra (local and global)
they cannot be relevant at the same time. In RG theory relevance is known as a kind of
symmetry selection rule. This means that the dynamics is either due to the GSW boson field
or due to magnons. The thermodynamic observables show either universality or not. A mix of
the two symmetries is not observed. In other words the energy states of atomistic system and
field get not populated according to the Boltzmann factor [31].
It is evident that a lot more of experimental as well as theoretical efforts are needed until
a more satisfying understanding of the dynamics in ordered magnets can be achieved. As a
preliminary step towards this goal unbiased empirical analyses of published (and of a few
own) experimental data were presented in this contribution. Those analyses are accomplished
in terms of universal power functions of temperature, strictly respecting the principles of RG
theory. Of particular interest is to analytically specify the shortcomings of spin wave theory.
It is evident that the experiment remains the primary source of our information and has to be
the testing ground for any theory.
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However, without theoretical support the conclusions obtained by empirical data analyses
are more or less working hypotheses only. This applies to many statements made in this
contribution which rather aim to promote discussion. It is hoped that the presented empirical
conclusions may serve as useful input information for future field theories of the magnetic
dynamics. The main deficiency of atomistic theories is that they are necessarily unable to
explain the observed universality of the dynamics. Universality requests description by field
theories.
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