Vol. 127 (2015)

ACTA PHYSICA POLONICA A

No. 6

Bosons and Magnons in Ordered Magnets

U. KOBLER*
Research Centre Jiilich, Institute PGI, 52425 Jiilich, Germany

(Received January 28, 2015)

In earlier experimental studies we have shown that in accordance with the principles of renormalization group
theory the spin dynamics of ordered magnets is controlled by a boson guiding field instead by exchange interactions
between nearest magnetic neighbors. In particular, thermal decrease of the magnetic order parameter is given by
the heat capacity of the boson field. The typical signature of boson dynamics is that the critical power functions
either at T' = Tc or at T' = 0 hold up to a considerable distance from critical temperature. The critical power
functions of the atomistic models hold asymptotically at T = Tc or at 7" = 0 only. In contrast to the atomistic
magnons field bosons cannot directly be observed using inelastic neutron scattering. However, for some classes
of magnets the field bosons seem to have magnetic moment and thus are able to interact directly with magnons.
This interaction, although weak in principle, leads to surprisingly strong functional modifications in the magnon
dispersions at small g-values. In particular, the magnon excitation gap seems to be due to the magnon-boson
interaction. In this communication we want to show that for small g-values the continuous part of the magnon
dispersions can be fitted over a finite g-range by a power function of wave vector. The power function can be
identified with the dispersion of the field bosons. It appears that for low g-values magnon dispersions get attracted
by the boson dispersion and assume the dispersion of the bosons. This allows for an experimental evaluation of the
boson dispersions from the known magnon dispersions. Exponent values of 1, 1.25, 1.5, and 2 have been identified.
The boson dispersion relations and the associated power functions of temperature for the heat capacity of the
boson fields are now empirically known for all dimensions of the field and for magnets with integer and half-integer
spin quantum number. These are two 2 X 3 exponent schemes.

DOI: 10.12693/APhysPolA.127.1694
PACS: 75.10.-b, 75.30.Ds, 11.10.—z, 11.10.Gh

1. Introduction

Since development of renormalization group (RG) the-
ory, mainly by Wilson [1, 2], we know that the dynamics
of ordered magnets is as for a continuous medium. Very
surprisingly, spins and interactions between spins are not
relevant for the dynamics (of the spins!). This is well
known from the fact that the critical power functions of
type |T — T¢|¢ either at T = T, or at T = 0 are iden-
tical for ferromagnets and antiferromagnets of the same
symmetry class. Independence of the dynamics of the
atomistic exchange interactions has the dramatic conse-
quence that the actual value of the ordering temperature
and the critical exponents as well are not determined
by exchange interactions [3]. It was a major success of
RG theory to have shown that a magnetic ordering tran-
sition occurs also when spins and interactions between
spins are excluded from (spin) dynamics. In RG theory
it is customary to call the boson driven magnetic ordering
transition a stable fixed point (SFP) in order to distin-
guish it from the ordering temperature estimated by the
atomistic models on the basis of the strength of the ex-
change interactions between nearest magnetic neighbors.
The SFP always is at a somewhat lower temperature
than the atomistic ordering transition. In other words,
crossover of the dynamics from relevant atomistic inter-
actions in the Curie-Weiss regime of the paramagnetic
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phase to the relevant boson field at lower temperatures
shifts the transition temperature to a somewhat lower
value.

Quite generally, the excitations of a continuous
medium are delocalized bosons. In the ordered state
these bosons are the relevant excitations to control the
dynamics of the spins. Thermal energy is no longer with
the interacting spins but has changed to the relevant bo-
son guiding field. The spin system is, so to say, a ther-
modynamically passive system and follows the dynamics
of the field. As a consequence, field theories instead of
atomistic spin models are necessary for description of the
dynamics of the boson guiding field [4].

RG theory could, however, not clarify the nature of
the field quanta. Available field theories of the criti-
cal dynamics therefore rely on heuristic assumptions on
the field properties [3, 4]. We have called all types of
bosons of the magnetic continuum GSW bosons giving
tribute to Goldstone et al. [5]. Experimental indication
on the nature of the bosons is obtained from the obser-
vation that only in genuine Ising magnets the dynam-
ics is atomistic [6, 7]. This allows one to conclude that
the field quanta are essentially magnetic dipole radia-
tion emitted upon precession of the magnetic moments.
In other words, the boson field has radiation character.
Since Ising spins do not precess they cannot emit mag-
netic dipole radiation. The boson field gets not popu-
lated, and the dynamics is, in fact, atomistic. It was ob-
served using elastic neutron scattering that the tempera-
ture dependence of the order parameters of the 2D Ising
antiferromagnets RbyCoFy and KyCoFy is in perfect
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agreement with Onsager’s exact solution of the atom-
istic 2D Ising model [6-9]. Other atomistic spin models
assuming three-dimensional spins seem not to be realized
in nature.

Experimental distinction between atomistic dynamics
and field dynamics is quite simple: the atomist critical
power functions hold asymptotically at the critical point
(either T'= 0 or T = T.) only while the observed bo-
son determined critical power functions hold over a fi-
nite distance from critical temperature. Typical for On-
sager’s analytical solution of the 2D Ising model is that
power series expansions can be made at T = 0 and at
T =T, [8,9]. Note that the famous critical exponent of
B = 1/8 for the order parameter of the 2D Ising model
is the exponent of the leading term of a power series ex-
pansion at T' = T,. Quite generally the critical range of
the atomistic models is, so to say, zero.

In magnets with three-dimensional spin the critical
power functions hold up to a considerable distance from
SFP. T' = 0 also is a critical point in the sense that the
dynamics near 7'~ 0 is due to a boson field. This boson
field is of main interest here. The critical power functions
at T = 0 are power functions of absolute temperature.
This is well known from Debye’s field theory of the low
temperature heat capacity of solids. Typical for the field
theory is that the 7 function for the heat capacity of the
field is independent of lattice structure and holds over a
finite temperature range. In ordered magnets the validity
range of the two universal power functions at 7' = T, and
at T = 0 is very large. The two power functions over-
lap and give complete description of the magnetic order
parameter for all temperatures [10-12].

The magnetic moment in the GSW boson field has
much similarity with an electric dipole put into the elec-
tromagnetic radiation field. The electric dipole gets ex-
cited according to the spectral distribution of the elec-
tromagnetic radiation field. In the same way the non
relevant spin system receives its thermodynamic behav-
ior from the GSW boson field. Thermal decrease of the
order parameter is according to the heat capacity of the
boson field. Since emission and absorption of magnetic
dipole radiation by precessing magnetic moments are
weak processes, the mean free path of the field quanta
is large. The approximation of freely propagating field
quanta therefore is well justified. As a consequence, field
theories of magnetism need to consider the energy de-
grees of freedom of the field exclusively. This is as for
the Debye boson field that is independent on atomistic
structures. The prominent thermodynamic observable of
a field is its heat capacity. In magnetism spins are indica-
tors of the heat capacity of the field. In other words, the
heat capacity of the GSW boson field can be measured
in two ways, either by the thermal decrease of the order
parameter or by direct heat capacity measurements.

Because integer and half-integer spins precess differ-
ently, the emitted field quanta are different. The dy-
namics of the field therefore is different in magnets with
integer and half-integer spin quantum number. In earlier
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publications we could establish the six universal expo-
nents of the power functions of absolute temperature that
describe thermal decrease of the magnetic order param-
eter. The six universality classes result from the three
dimensionalities of the field and from whether the spin
quantum number is integer or half-integer [10-12]. Note
that the Debye boson field always is isotropic and the
T3 function for the heat capacity is observed also for
anisotropic crystals. The GSW boson field has vector
character and can assume any dimension.

Power functions of absolute temperature that hold over
a finite temperature range, result when the dispersions of
the responsible excitations are simple power functions of
wave vector. This applies to freely (or ballistic) propa-
gating field quanta only. A well known example is the
electromagnetic radiation field. Since the dispersion of
freely propagating photons is a linear function of wave
vector, and the density of states is a quadratic function
of frequency, the energy density of the field is given by
the famous Stefan-Boltzmann 7 function for all practi-
cal temperatures. One could call the Stefan—-Boltzmann
power function universal because it is due to a boson field
and therefore holds over a large temperature range.

Direct experimental observation of the field bosons is
difficult. Note that neutron scattering fails in detecting
mass less bosons. Resonating magnetic waves in thin
ferromagnetic films perhaps provide the only direct ex-
perimental technique to evaluate the dispersion of the
GSW bosons [13]. Note that due to the macroscopic
excitation process through irradiation with microwaves
the standing magnet modes are resonating GSW boson
states and not spin waves. For the excitation of standing
magnetic modes it is decisive that the GSW bosons are
essentially magnetic dipole radiation. The magnetic field
vector of the rf-field acts on the rotating transverse spin
components and thereby creates GSW bosons. Excita-
tion of spin waves seems possible only by microscopic
methods such as impact of neutrons. Moreover, only
GSW bosons have a sufficiently large mean free path to
travel freely over distances of a few hundred nm along
film normal. So far standing magnetic wave experiments
have been performed on thin ferromagnetic films with
half-integer (effective) spin only. Note that ferromagnets
with integer spin are extremely rare. In careful anal-
yses of published standing wave experiments we could
establish the three dispersion relations for all dimensions
of the boson field (d), though only for magnets with
half-integer spin. The dispersion relations proved to be
~q, ~¢* and ~¢*? for d = 3, d = 2 and d = 1, re-
spectively [13]. Note that linear dispersion of the GSW
bosons for d = 3 is at variance with the quadratic disper-
sion of the magnons in isotropic ferromagnets. Moreover,
in contrast to magnon dispersions boson dispersions al-
ways are perfectly gap-less.

Here we propose an alternative method to obtain in-
formation on the dispersions of the GSW bosons also
for integer spin quantum numbers. For this method the
interaction between GSW boson field and spin system
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(magnons) is decisive. Since the field bosons are es-
sentially magnetic dipole radiation the coupling between
field and spin system is given by the emission probabil-
ity for magnetic dipole radiation and therefore should
be weak. However, it turns out that the magnon dis-
persions are modified surprisingly strongly by interac-
tions with the GSW boson field. A quantitative mea-
sure of this interaction is provided by the magnon exci-
tation gap. This conclusion is suggested by the obser-
vation that no magnon gap occurs in isotropic magnets
with half-integer spin. A prominent example for a van-
ishing magnon gap is metallic gadolinium (S = 7/2) [14].
No gap in isotropic magnets with half-integer spin fits the
observed linear dispersion of the GSW bosons [13]. A lin-
ear dispersion means that the GSW bosons are mass-less
and, as a consequence, cannot have magnetic moment.
For direct interaction with magnons it seems necessary
that the GSW bosons have magnetic moment (non-linear
dispersion). Rather large magnon excitation gaps of the
order of a few meV occur in isotropic magnets with inte-
ger spin. As we will see in those magnets the dispersion of
the GSW bosons is ~¢?. For quadratic dispersion GSW
bosons are likely to have magnetic moment and thus can
interact directly with magnons.

Not only the magnon gap is due to magnon—-GSW bo-
son interaction, magnon dispersions for small wave vector
values also seem to be determined by the GSW bosons.
In other words, we can expect that for small ¢ values the
continuous part of the magnon dispersions agrees with
the dispersion of the GSW bosons. If so, a simple power
function of wave vector must hold over a finite g-range.
As a proof of this idea we first discuss magnon disper-
sions of MnFy [15, 16]. For a magnet as MnF; with
isotropic spin of S = 5/2 and one-dimensional boson field
we know from the independent method of standing mag-
netic wave experiments in metallic thin films that the
dispersion of the field bosons is ~¢*->. This power func-
tion is confirmed by analyses of the magnon dispersions
of MnF, (Fig. 1).

Apparently, the dispersion relations of magnons and
GSW bosons are attractive and assimilate. For small
g-values magnons adapt to the dispersion of the GSW
bosons. This opens the unique opportunity to evalu-
ate the dispersion of the GSW bosons from the known
magnon dispersions. We should note that attractive in-
teractions can be observed also between the linear dis-
persion of the Debye bosons and the curved dispersion
of the acoustic phonons. In many diamagnets, such as
Nal, the dispersion of the acoustic phonons with longi-
tudinal polarization starts as a linear function of wave
vector over a surprisingly large ¢g-range [17]. The slope
of the linear dispersion agrees with the measured sound
velocities. For larger g-values a functional crossover to a
different function of wave vector occurs. Surprisingly, the
phonon dispersions adapt to the dispersion of the Debye
bosons and not vice versa.

Quite analogous interaction effects can be observed
in the magnon dispersions. A decisive difference to the
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Fig. 1. Magnon dispersions of MnF» transverse to
tetragonal c-axis ((001)) and parallel to c-axis

((001)) [15]. For q/gmax > 0.25 both magnon branches
follow sine function of wave vector. For ¢/gmax < 0.25
sudden deflection from sine function towards a magnon
gap occurs. This analytical change indicates crossover
from exchange defined to boson defined dispersion. For
q/@max < 0.25 magnon dispersion along symmetry axis
({001)) is well described by ¢*® function. At T = Tn
magnon gap has closed but magnons with finite wave
vector value persist into the paramagnetic phase [16].

phonon dispersions is that in magnetic systems there are
different types of bosons with different dispersion rela-
tions. In particular, the dispersion of the GSW bosons
depends on the dimensionality of the field. Different field
dimensionalities result as a consequence of the axial ra-
diation characteristic of the emission process of magnetic
dipole radiation. In diamagnets the sources of the De-
bye bosons are unknown but they seem to have isotropic
emission characteristic. As a consequence, it can be ex-
pected that the continuous part of the magnon disper-
sions starts by different power functions of wave vector.
The experimental evaluation of the different power func-
tions of wave vector will be the subject of this commu-
nication. The corresponding dimensionality of the field
is inferred from the empirically known universal power
function of absolute temperature in the thermal decrease
of the order parameter (see Table I). For larger wave vec-
tor values a functional change occurs, and magnon dis-
persions are in better agreement with spin wave theory.
As a conclusion, for low g-values magnon dispersions are
boson defined but for large ¢-values they are exchange
defined. It is evident that spin wave theory fails when
the magnon dispersion agrees with the dispersion of the
GSW boson field.

2. Method of analysis

MnFs provides a suitable example to illustrate the
different functionalities of boson field and atomistic ex-
change interactions. As can be seen in Fig. 1 magnon
dispersions of MnFy are very nearly isotropic [15, 16].
However, thermal decrease of the antiferromagnetic or-
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TABLE I

Universal power functions of absolute temperature
describing thermal decrease of order parameter in
dependence of the dimensionality of the field.

Dimensionality Integer Half-integer
of field spin spin
d=3 T°/° T°
d=2 T? T%/2
d=1 T° T°/?

der parameter is according to 7°/2 function [18]. This is
the universality class of magnets with 1D boson field and
half-integer spin (S = 5/2) (see Table I). Since the Mn?*
ion has pure spin moment (the paramagnetic suscepti-
bility is perfectly isotropic [19]) the extreme anisotropy
of the boson field must come from the tetragonal rutile
structure. Note that the anisotropic magnetic continuum
has much similarity with the anisotropic elastic contin-
uum. As a conclusion, in MnF5 magnon dispersions are
isotropic but the GSW boson field is one-dimensional.
Since magnons are not relevant for the dynamics it is ev-
ident that we have to classify MnF5 as a one-dimensional
bulk antiferromagnet.

Due to the finite interaction between boson field and
spin system (indicated by the magnon gap) the extreme
anisotropy of the one-dimensional boson field gets trans-
ferred to the intrinsically isotropic spin system and aligns
the spin moments rigidly along tetragonal c-axis as in a
single domain. As a result, the spin-flop field of MnF,
is as large as =120 kOe [20]. This is an unusually large
anisotropy field for a material with pure spin magnetism.
As a consequence, only for a low dimension of the boson
field the magnon gap is indicative of anisotropy. In cubic
magnets with integer spin large magnon gaps occur but
here the magnon gap does not mean anisotropy but only
indicates strong interactions between GSW bosons and
magnons (see discussion of FeCly, Fig. 2) [21].

The most important detail in Fig. 1 is a functional
change in the magnon dispersions. For wave vector val-
ues of ¢/qmax > 0.25 both magnon branches follow sine
function of wave vector rather perfectly. This is in formal
agreement with spin wave theory assuming nearest neigh-
bor exchange interactions only. At about ¢/¢max ~ 0.25
a sudden deflection from sine function towards a magnon
gap at ¢/¢max = 0 can be noticed. It is evident that
this analytical change cannot be explained by spin wave
theory alone. Data points along tetragonal c-axis ({001)
direction) are well described by gap value plus ¢'-> power
function. The fitted exponent is 1.529+0.094. Using the
independent method of standing magnetic waves in thin
ferromagnetic films we have already identified the ¢!
dispersion relation as due to the one-dimensional boson
field in magnets with half-integer spin [13]. As a con-
clusion, along symmetry axis magnon energies of larger
than gap energy agree with the dispersion of the GSW
bosons up to ¢/gmax =~ 0.25. We have every reason to
assume that for ¢/gmax < 0.25 the magnon dispersion
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Fig. 2. Magnon dispersions of FeCly transverse to

rhombohedral c-axis (open points) and parallel to c-
axis (dashed horizontal line) [22]. Over a wide g-range
magnon dispersion follows ~gq? function (fitted expo-
nent: 2.005 #+ 0.061). The q* dependence is consid-
ered as dispersion relation of the isotropic GSW bo-
son field in magnets with integer spin (S = 2). Due
to magnon-GSW boson interaction (evidenced by the
magnon gap) magnon dispersion assumes the dispersion
of the GSW bosons up to a wave vector value of half of
zone boundary.

gets attracted by the boson dispersion. In other words,
for ¢/qmax < 0.25 magnon dispersions of MnF5 are boson
defined but for ¢/gmax > 0.25 they are defined by atom-
istic exchange interactions. It is much surprising that the
boson dispersions are much less perturbed by the interac-
tion with magnons than vice versa. The dispersion of the
boson field still exhibits simple power function of wave
vector. We can assume that the stability of the boson
dispersions is because the bosons are the thermodynam-
ically relevant system. For a one-dimensional boson field
power function fit should not be possible for the trans-
verse magnon branch. This, however, cannot definitively
be evidenced with the few available data points for MnFs.
In the following we will use the boson defined part in the
magnon dispersions for the evaluation of the missing bo-
son dispersion relations for magnets with integer spin.

As a first example with integer spin we discuss anti-
ferromagnetic FeCl, with S = 2 [22]. Magnon disper-
sions of FeCly are perfectly two-dimensional (see Fig. 2).
There is no magnon dispersion observed along rhombo-
hedral c-axis. Since the order parameter of FeCly de-
creases according to T9/2 function, the boson field is 3D
(see Table I) [21]. As a consequence, in spite of two-
dimensional magnon dispersions we have to classify FeCl,
as an isotropic antiferromagnet. Anisotropy of the boson
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field associated with the rhombohedral crystal structure
evidently is small and not relevant. Isotropy of the rel-
evant boson field is confirmed by the very small critical
field of ~11 kOe [23]. However, a characteristic measure
of anisotropy is the spin flop field which is certainly much
smaller than the critical field of ~11 kOe.

The large magnon gap of FeCly with energy of 2.1 meV
(~24 K) evidently does not fit the weak anisotropy
field in FeCl,. According to the gap value the spin-
flop field should be of the order of =250 kOe. Because
the boson field is isotropic (according to 7°/% function
of the order parameter) classical interpretation of the
gap as anisotropy is incorrect. The gap only indicates
that magnon—-GSW boson interaction is strong. Non-
relevance of magnons is further evidenced by the fact
that thermal decrease of order parameter (and magnetic
heat capacity) does not follow exponential function of
temperature but 792 power function. Since the magnon
gap is due to magnon-GSW boson interaction we expect
that further increase of magnon energy should agree with
the boson dispersion. In fact, it was early recognized [22]
that up to a wave vector value of half of zone boundary
magnon dispersion in the basal plane of FeCls is well de-
scribed by ~¢? function (fitted exponent: 2.005 4+ 0.061).
The ~¢? dispersion we have to attribute to the isotropic
GSW boson field in magnets with integer spin. Note that
the excitations of a boson field always are gap-less.
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Fig. 3. Magnon dispersions of CoF: transverse and
longitudinal to tetragonal c-axis [24]. As for MnF,
(see Fig. 1) magnon dispersions are very nearly
isotropic. The GSW boson field also is isotropic accord-
ing to thermal decrease of order parameter by ~7°/2
function [21]. Due to a relevant crystal field interaction
spin quantum number of the Co?" ion is reduced from

S = 3/2 to effective spin of Seg = 1 21, 25].

CoF5 is another antiferromagnet to verify the ~¢? dis-
persion relation of the isotropic GSW boson field in mag-
nets with integer spin [24]. Thermal decrease of the
magnetic order parameter according to ~7°/2 function
proves isotropic boson field and integer spin [21]. Inte-
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ger spin of the Co?* is, however, not self-evident. Due
to a relevant crystal field the spin of the Co?t ion in
CoFs is reduced from S = 3/2 to Seg = 1 [25]. Consis-
tent with Seg = 1 is an observed saturation moment of
m = 2.60 £+ 0.04 ug/Co [26].

As for FeCl, thermal equivalent of the magnon gap of
CoF is larger than the ordering temperature (see Fig. 3).
This shows that magnons have too high energies to be
the relevant excitations. However, in contrast to rhom-
bohedral FeCly; magnon dispersions in tetragonal CoFq
are isotropic. Magnon dispersions transverse and longi-
tudinal to c-axis follow ~¢? dependence up to 40% of the
Brillouin zone boundary. Identical ¢?> dependence further
proves isotropic boson field.
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Fig. 4. Magnon dispersion in the basal plane of the

tetragonal layered antiferromagnet KoNiFy [27]. Over a
large g-range the dispersion is well described by sine
function of wave vector. For small g-values magnon
energies above gap energy are well described by ¢'?°
function (fitted exponent: 1.282 4 0.015). This is the
dispersion of the 2D boson field in magnets with integer
spin.

A typical two-dimensional material is KoNiF, with
S =1 (see Fig. 4) [27]. In KyNiF, magnon disper-
sions and GSW boson field are two-dimensional. Ac-
cording to the Mermin—Wagner theorem there should
be no long range order in KoNiF, [28]. The Mermin—
Wagner theorem supposes that the ordering transition is
executed by exchange interactions. Since development of
RG theory [1-4] we know that in magnets with three-
dimensional spin the phase transition is executed by the
boson field. Under this condition there seems to be no
restriction for the ordering transition. 2D dimensionality
of the boson field is proven by T2 function in the ther-
mal decrease of the order parameter (see Table I) [21].
Figure 4 shows magnon dispersions in the basal plane of
this tetragonal layered material [27]. It can be seen that
over a considerable wave vector range magnon dispersion
is well described by sine function. Note that thermal
equivalent of magnon energy at zone boundary (the near
neighbor interaction strength) is about /4.5 times larger
than the ordering temperature. In other words, the rele-
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vant boson field has shifted the ordering transition from
zero (according to the Mermin—Wagner theorem) to a
relatively high temperature.

Unfortunately, the magnon gap is relatively small com-
pared to magnon energy at zone boundary. As a conse-
quence of the weak magnon—-GSW boson interaction the
power function of wave vector in the continuous part of
the spectrum holds over the limited wave vector range
of 0 < ¢ < 0.1 only. The few useful data points in this
g-range make evaluation of the exponent difficult. Never-
theless, ¢'2® dispersion relation can reasonably be iden-
tified. This dispersion relation we attribute to the 2D
boson field in magnets with integer spin (S = 1).

Another example to verify the ¢'?® dispersion of
the 2D boson field for integer spin is RboMnCly (see
Fig. 5) [29]. Here again useful data for the evaluation of
the exponent at low g-values are rather limited. The ¢2°
dispersion is, however, reasonably confirmed by the fitted
exponent, of 1.262.

As for CoFs crystal field interaction is relevant in
RbsMnCl, and reduces the spin quantum number of the
Mn?2" ion from S = 5/2 to Seg = 2. Surprisingly, the
spin of the Mn??* ion with half-filled 3d shell proves to be
not very stable. A reduced spin of Seg = 2 also applies
to MnO [21].
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Fig. 5. Magnon dispersion in the basal plane of the 2D

antiferromagnet RboMnCly [29]. The first three data

points in the boson defined part of the spectrum allow

evaluation of exponent 1.262. ¢'-2° function is identified

as dispersion relation of the 2D boson field for integer

spin (Seq = 2).

Next we discuss FeFs as a typical material with 1D bo-
son field and integer spin (S = 2) [30]. 1D boson field
is verified by T° function in the thermal decrease of the
magnetic order parameter (see Table I). Condition for
1D boson field is an axial lattice structure. As MnF,
FeF,; with tetragonal rutile structure meets this condi-
tion. However, when anisotropy is weak and not rele-
vant the boson field needs not be one-dimensional in axial
crystals. CoFs is an example for this. As for FeCls ther-
mal equivalent of magnon gap is as large as Néel temper-
ature in FeFs. Non-relevance of magnons again reveals
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from the fact that in spite of a large magnon gap ther-
mal decrease of the order parameter is not according to
exponential function of temperature but according to T3
function. As can be seen in Fig. 6 the continuous part
in the magnon excitation spectrum along (001) direction
is well described by ¢'-® function of wave vector up to
q/qmax ~ 0.7 (fitted exponent: 1.590 £ 0.139). Since
the field is one-dimensional power function fit should be
possible only for the magnon branch along tetragonal c-
axis. This is difficult to verify explicitly. However it can
be seen in Fig. 6 that magnon data transverse to c-axis
((100)) can evidently not be described by a single power
function of wave vector over the same g-range over which
q'® function holds along (001) direction.
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60 H.J. Guggenheim, J. Phys. C 3 (1970) 307.
T T T T
0.0 0.2 0.4 0.6 0.8 1.0
q/qom
Fig. 6. Magnon dispersions of FeF2 along tetragonal

c-axis ((001)) and transverse to c-axis ((100)) [30]. C-
axis data are well described by ¢'-° power function. This
power function is identified as dispersion relation of the
1D boson field for integer spin (S = 2).

As a summary of the up to now obtained results it
seems safe to conclude that for magnets with integer spin
the dispersions of the GSW bosons are ~¢?, ~¢*?® and
q**® for field dimensions of d = 3, d = 2 and d = 1, respec-
tively (see Table IT). We can assume that these dispersion
relations of the field will continue up to much larger en-
ergies than can be sampled in the magnon dispersions.

TABLE 1II
Dispersion relations of the GSW bosons in depen-
dence of the dimensionality of the field.

Dimensionality Integer Half-integer
of field Spin Spin
d=3 q q
d=9 P e
d=1 P P

The three dispersion relations of ~¢2, ~¢'2® and ~g"®
in magnets with integer spin are retrieved in many other
materials but the exponents can occur in an unexpected
context. Omne problem is the effective spin which can be
lower than the free ion value. Furthermore, identification
of the associated dimension of the field can be ambiguous.



1700

Let us note that the dimension of the field can depend
sensitively on strain in the sample [18, 31]. Small axial
lattice distortions of nominally cubic magnets can lower
the dimensionality of the field from d = 3 to d = 1.
Moreover, for distorted (anisotropic) cubic magnets the
dimensionality class is identical with the dimensionality
class of homogeneous 2D magnets. An example of this
seems to be USb [32, 33]. Nominally, the lattice of USb
is cubic. According to an observed saturation magnetic
moment of ~2.8 ;g /uranium atom the spin is S = 1 [32].
As can be seen in Fig. 7 magnon data of Hilg and Fur-
rer [32] and of Lander and Stirling [33] follow ~¢'-?5 func-
tion (fitted exponent over both data sets: 1.203 £ 0.056).
As a conclusion, USb cannot be perfectly cubic.

T T T
64 USb .
Seff=
51 T, =220K §
N
lj_: 4 4 fitted exponent: |
~ 1.203+0.056
>
o
o 3 ]
c
[3)
2] ° G.H. Lander, W.G. Stirling,
Phys. Rev. B 21 (1980) 436.
B. Halg, A. Furrer,
1 @ Phys. Rev. B 34 (1986) 6258.
T T T

T T T
0.0 0.1 0.2 0.3 0.4 0.5

[aq0q]
Fig. 7. Magnon dispersion along face diagonal of nom-

inally cubic USb [32, 33]. Fit over both data sets re-
sults in exponent 1.203 £0.056. This value is consistent
with 1.25. Since the exponent of 1.25 applies to magnets
with homogeneous 2D boson field and to magnets with
anisotropic 3D boson field as well, the lattice structure
of USb cannot be perfectly cubic but must be distorted.

Another example of a relevant lattice distortion is
KoMnFy (Fig. 8) [34]. Nominally the materials of the
KoNiF, structural family are 2D. We should note that
lattice distortions much depend on sample preparation
and, as a consequence, can be characteristic for the indi-
vidual specimen only. Deviations from ideal tetragonal
lattice symmetry have been evidenced for RboFeF, using
the Mdssbauer spectroscopy [35]. Instead by T2 function
expected for unperturbed 2D symmetry the order param-
eter of the RboFeF, sample investigated in [35] decreases
by 7 function [21]. This is the universality class of dis-
torted 2D magnets and of homogeneous 1D magnets with
integer spin (S = 2). A similar distortion seems to apply
to the KoMnF, sample investigated in [34] (Fig. 8). Ther-
mal decrease of the order parameter is by 7°/2 function
proving 1D boson field and half-integer spin (S = 5/2).
Fit of a power function through the first three data points
of the magnon dispersion results into exponent of 1.62.
This exponent can be considered as consistent with 1.5.
As a consequence, as for MnF, the boson field of the
KoMnFy sample investigated in [34] fits the 1D univer-

U. Kébler

sality class for half-integer spin (S = 5/2).

As a summary of our studies we present in Table I
the universality classes of the GSW boson field at T'=0
in dependence of the dimensionality of the field and of
spin quantum number. The T power functions apply to
thermal decrease of the magnetic order parameter and
to heat capacity of the boson field. Table II gives the
associated scheme of the six dispersion relations of the
field quanta.

8 T T T T T T T T T
| KMnF,
T,=42.14K sin(m*q)
6 A - _
%\ Egap= 065 meV N
€ =7.5K
> 15
% 44 RN sin(m*q) 7
c
(0] exponent:
g 1.62
S
b 2 4 _
S
R.J. Birgeneau, H.J. Guggenheim,
G. Shirane, Phys. Rev. B 8 (1973) 304.
0 T T T T T T T T T T
0.0 0.1 02 0.3 0.4 0.5
q,
Fig. 8. Magnon dispersion in the basal plane of

KoMnFy at T'=4.5 K and at 7' = Tx = 42.14 K [34].
Fitting power function through the first three data
points of the low temperature curve results into g':®?
dependence. This result is consistent with the ¢'° dis-
persion relation attributed to the 1D boson field for half-
integer spin (S = 5/2).

3. Conclusions

Observation of a significant magnon gap in magnets
with isotropic spin cannot be understood on the basis of
spin wave theory. For instance, in cubic magnets with in-
teger spin large magnon gaps are found but in cubic mag-
nets with half-integer spin virtually no magnon gaps are
observed. We could identify the surprisingly strong func-
tional anomalies in the magnon dispersions at small wave
vector values as due to interactions between magnons
and the boson guiding field. In particular, the magnon
excitation gap seems to be essentially due to magnon—
GSW boson interactions. Direct magnon-GSW boson
interactions request that the bosons have magnetic mo-
ment. This, in turn, requests that the GSW bosons have
non-linear dispersion. In fact, in isotropic magnets with
integer spin the GSW boson dispersion is ~g¢? but in
isotropic magnets with half-integer spin the dispersion of
the GSW bosons is ~q. This explains why a gap occurs
for cubic magnets with integer spin but not for cubic mag-
nets with half-integer spin. If the boson field has a low
dimensionality, as in MnF5, its anisotropy is transferred
by virtue of magnon—boson interaction to the intrinsi-
cally isotropic spin system. This leads to a spin-flop field
which is much larger than can reasonably be expected for
a material with pure spin magnetism. In other words, a
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large magnon gap does not always mean anisotropy but
is indicative of strong magnon—-GSW boson interactions
only.

Since magnon-GSW boson interactions are limited to
small g-values one has to distinguish between a boson de-
fined magnon dispersion in the low wave vector range and
an exchange defined large wave vector range. The ana-
lytical change has the character of a functional crossover.
As an empirical fact, magnon dispersions in the boson de-
fined part of the spectrum can be described by a power
function of wave vector. However, the available magnon
dispersion data in the boson defined part of the magnon
spectrum occasionally are very limited. Precision evalua-
tions of the exponents are not always possible. Neverthe-
less we could rationalize that the power function in the
magnon dispersions has to be identified as the dispersion
relation of the GSW bosons. This is proven by results ob-
tained by the completely different method of resonating
GSW boson states in thin ferromagnetic films [13].

As a conclusion, magnon dispersions get attracted by
the boson dispersions and assume the dispersion of the
boson field. Note that attractive interactions are possi-
ble between particles of different (translational) symme-
try such as GSW bosons and magnons. For interactions
between particles of the same (translational) symmetry
such as phonons and magnons the associated dispersion
lines avoid each other. Using this systematic we could
evaluate the boson dispersion relations for all dimensions
of the field (see Table II). The dimensionality of the field
is inferred from the well established universal 7 func-
tions in the thermal decrease of the order parameter, or,
equivalently, from magnetic heat capacity measurements
(see Table I). Since the presented results are empirical,
they are without a sound theoretical justification as yet.
However they can provide useful guide lines for the devel-
opment of future field theories of magnetism. Final ap-
proval of the proposed power functions must come from
those field theories.
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