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SUMMARY 

The magnetic phases of the randomly mlxec two-dineasional antiferro-

magnet K_Co Fe, F, have been explored, utilizing neutron diffraction, 

Mo'ssbauer absorption spectroscopy, and nuclear magnetic resonance tech

niques. Ordered phases similar to those found in K.FeF, and K-CoF, have 

been detected for low and high x, respectively. By virtue of the compe-
2+ 2+ 

tition between the orthogonal anisotropics of the Fe and Co ions a 

third ordered so-called oblique phase is found for 0.20 < x < 0.32, in 
2+ 

which all moments are oriented in between the preferential axes of Fe 
2+ 

and Co . Studies have been undertaken of the critical behavior, the 

sublattice magnetization and the magnetization of individual ions, and 

the magnetic excitations, for compositions x and temperatures T cover

ing all relevant parts of the phase diagram. In addition, the magnetic 

structure of a system which enters the oblique phase is investigated in 

an external magnetic field. Strong non^quilibrium behavior, related to 

random-field effects, has been observei. 
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CHAPTER 1 

INTRODUCTION 

The study of cooperative phenomena and phase transitions in low-

dimensional magnetic systems has revealed new and fascinating physics 

during the past decades. Important impulses towards theoretical and 

experimental research of these systems came from Onsager's exact solu

tion of the two-dimensional (2D) Ising model in 1944,* and from the 

development of the Scaling and Universality hypotheses and the Renor-

malization-group theories2 around 1970. In particular transition metal 

fluorides of the K-N1F, family, i.e., K-XF, w i t h x o n e o f t h e transi-

2+ 2+ 2+ 2+ 
tion metal ions Ni , Mn , Co and Fe , proved to be almost perfect 

realizations of antiferromagnetic 2D systems.3 These crystals with 

tetragonal symmetry consist of quadratic layers containing the magnetic 

ions, separated by two nonmagnetic layers. Hence, by virtue of the very 
2+ 

small exchange interaction J' between X ions in adjacent magnetic 

layers, the system of magnetic moments approximates closely a 2D model 

antiferromagnet. At present, due to a wealth cf experimental data col

lected with a variety of techniques, the intralayer exchange interac

tion J, the anisotropy parameters, magnetic excitations and critical 

behavior of the pure KjXF, systems are well known. The anisotropy, 

which may be of dipolar, single-ion or exchange type, induces the phase 

transitions, with associated 2D-Ising critical behavior. Because of the 

combination of low spatial dimensionality and high lattice symmetry, 

the critical behavior is markedly different from that in 3D systems, 

and therefore these 2D systems constitute ideal test cases for increas

ingly sophisticated theories based on interaction Hamiltonians with 

specific symmetries. In the 2D specimens a fast cross-over to 3D order 

occurs very close to the disorder-order transition, due to the re

maining small Interaction between ions in neighbouring layers (J'/J < 
-4 ~ 

10 ), a secondary effect which does not seriously hinder the study of 

the 2D aspects. 

Several extensions of the study on pure magnetic systems have been 

undertaken during the past years. We briefly mention Investigations of 

compositlonally disordered systems, composed of (1) magnetic and non

magnetic Ions Ions, (11) magnetic ions with different anisotropics but 
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equal easy axis, (iii) magnetic ions with different types (ferro- and 
antiferromagnetic) of mutual exchange interaction, and finally (iv) 
magnetic ions with the same type of interaction but with competing, 

•o 

orthogonal anisotropics. Reviews of ordering and multicritical phenome
na in random magnetic systems can be found in Ref. 4. The above random 
systems have in common, among other things, the lack of translational 
symmetry on a microscopic scale, which leads to unusual, new magnetic 
behavior, but also severely hampers a thorough theoretical treatment. 
Attempts to calculate, through numerical simulation or approximate 
analytic methods,5 magnetic properties like the snln-wave dispersion 
relation or critical behavior, therefore tend to fail once the number 
of unlike ions exceeds a few percent, in particular for systems with 
frustration or an unknown ground state. 

Experimental studies of random systems, apart from being of inter
est in their own right, could provide new insight on how to tackle the 
intricate behavior of the models. Truly randomly mixed crystals can 
be prepared at any composition x with negligible effects on the magnet
ic properties of the constituents, as these are chemically very simi
lar. 

For systems with competing orthogonal anisotroples like the sub
ject of the present investigation, K-Co Fe, F,, phenomenological con
siderations based on an expansion of the free energy in the components 
of the magnetization,6 indicate that several ordered magnetic phases 
may exist. In a crude approximation, assuming S » тг and S * 2 2+ 2+ Hamiltonians for Co and Fe , respectively, the lattice-averaged free 
energy of K2^°xFel-xF4 a t z e r o temperature can be expressed as 

& ' ' *2 JCo c o s 4 o " " 2 JCo 8 l n 4 o " 16(1-">2 JFe 

- 4x(l-x) JCope cos(0Co-0pe) + 4(l-x) D p e cos20Fe. 

Here, II and 1 refer to directions parallel and perpendicular to the 
2+ Co easy axis, and Э. is the angle between this axis and the spir. of 

the A (- Co 2 + or Fe2+) ion. The ratio j'/J1 (- 1.81) and D indicate 
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2+ the anisotropics, which are of exchange type for Co and single-ion 
2+ 

type for Fe . The interaction between the unlike ions is well approxi
mated by an effective exchange term involving J which is propor-

1/2 tional to (J J ) . For compounds containing relatively few or many 
Co ions, phases similar to the ordered phases in K-FeF, or K.CoF, are 
expected. The competition between the anlsotropy-energy terms in the 

2+ 2+ 
free energy, which tend to align the Co and Fe spins along orthogo
nal axes, and the exchange energy, which favors an antiparallel ar-

2+ 2+ rangement, results in the Co and Fe magnetizations being nearly 
collinear in these phases. For sufficiently low temperatures a third, 
new ordered phase may exist for a range of compositions where the an-
isotropy and exchange energies almost balance. In this phase, the 
2+ 2+ Co and Fe magnetizations, while being oriented away from their easy 

axes, may mutually be at an angle. The ordered and paramagnetic phases 
meet in a multicritlcal point (x , T ) in the concentration-temperature 
phase diagram. 

The multicritical concentration x and the range of compositions x 
for which the mixed phase exists, depends on the anisotropics of the 
2+ . _ 2+ 

2+ . . 2+° 
, ir л а втпвггвл rnar rne i:r _.•«•-
CoFe 

ear for all compositions 0 < x < 1, and at T • 0 the mixed phase is 

Co and Fe ions, and their exchange Interaction J„ _ . For large 
2+ 2+° F e 

values of J it is expected that the Co and Fe spins are collin-

found only at a single concentration x . Below and above x all spins 
2+ 2+ are along the easy axis of Fe and Co , respectively, and the phase 

boundary which separates the Co-like and Fe-like phases consists of 
first-order transitions. Alternatively, for small values of J„ _ the 

CoFe 
anisotropics dominate, and a considerable difference between 0 and 

Co 0 is allowed in a range of concentrations. In this simple model, the re 
transitions between the pure-system-like phases and the mixed phase are 
of second order, which makes (x , T ) a tetracritlcal point. In the limiting case J_ _ • 0, the K„Co Fe, F. system would consist of two ° CoFe 2 x 1-х 4 ' 
Independent, diluted antiferromagnets. These antlferromagnets, however, 
do not percolate simultaneously in 2D. Since in K.Co Fe. F. the aniso-

2 + 2 + tropies of Co and Fe are of comparable magnitude, and the exchange 
interaction J. „ is considerable, the mixed phase is expected to exist core 
for в sizeable range of compositions x. This contrasts with the other 
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examined 2D system with competing anisotropies, К MIL Fe F, ,7 

for which the existence of a mixed phase has in 1978 been detected in a 
very narrow concentration range 0.02 < x < 0.03. 

As will become apparent in the next chapters, the insight in ran
domly mixed systems, which retain some of the macroscopic properties of 
the pure systems, but are strongly disturbed on a scale of a few lat
tice spacings, is greatly improved by combining the results of tech
niques which probe the magnetizations in different space and time do
mains. The present work comprises investigations with: 

(i) Neutron diffraction, which probes correlations between magnetic 
moments over distances between 10 and 500 A persisting during 
t > 10 - 1 1 s, and also allows observation of magnetic excitations 
across the whole Brillouin zone, 

(il) Mössbauer spectroscopy, which probes the "static" (t > 10~8 s) 
magnetization of Individual 57Fe ions, and, 

(ill) Nuclear magnetic resonance (NMR) of 19F, from which the local 
2+ 2+ magnetlzation of Co and Fe with different surroundings can be 

deduced (t £ 10-9 s). 

The magnetic phases and critical behavior of К Co Fe F, crystals 
with several compositions x are explored with neutron diffraction 
(Chapters 2 and 3). The transition between the K-CoFz-like phase and 
the mixed phase is detected for x - 0.27. The multicritleal point is 
estimated to be at x «0.22 and T * 57 K. At zero temperature the 
mixed phase exists for 0.20 < x < 0.32. 

2+ The investigation of the magnetization of individual Fe ions oy 
Mössbauer spectroscopy is described in Chapter 5. Although the results 
at first sight seem strikingly similar to the diffraction results, some 
important differences reveal that the mixed phase is more complicated 
than was initially concluded from the neutron diffraction results 
above. Concurrently, at the phase boundary separating the mixed and 
K2CoF,-like phases, a dynamical broadening of the spectral lines, which 
persists up to the transition to the paramagnetic phase, is observed. 

Additional information on the local magnetization in the compounds 
is provided by the NMR of the 19F nuclei adjoining the magnetic ions. 

2+ The NMR technique facilitates the simultaneous study of the Co and 
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2+ Fe magnetizations in different surroundings, as reported in 
Chapter 6. Not surprisingly, the results yield that in the Co-rich 

2+ ordered phase (x > 0.32) the Fe magnetization decreases faster than 
2+ 

the Co magnetization with increasing temperature, whereas this situa
tion is reversed In the Fe-rich ordered phase (x < 0.20). In the К FeF, 
-like phase, excitations mainly propagating on the Fe ions retain a 
spin-wave character, but the gap decreases with increasing numbers оГ 
2+ Co ions. Also, some previous conclusions based on the results from 

neutron diffraction and Mössbauer spectroscopy, concerning the simulta
neous ordering of the spin components, are modified in view of the NMR 
results. • 

Finally, by performing a high-resolution inelastic neutron scat
tering investigation (Chapter 4) a discrepancy is resolved between the 
results presented here in Chapter 2 and those of another research group 
investigating К Co Fe F, (Ref. 8). The principal conclusion is that 
upon approaching the transition temperature which separates the mixed 
and K_CoF.-like phases from below, the gap of one of the spin-wave 
branches diminishes and possibly vanishes. Concurrently, the roagnon 
life time decrease». Overdamped-spin-wave scattering observed above 
the transition is in accord with the Mössbauer spectroscopy results. 

The topic Investigated in the last Chapter, i.e., the ordering of 
K2Co0 27Fe0 73*4 i n a n aPPlie<* field, needs some further introduction. 
The problems posed by so called random-field systems have been ad
dressed during the past years in many theories, resulting in much con
fusion and controversy in particular for the random-field Ising model. 
The random-field problem can be formulated conveniently in the fol
lowing manner. Consider a ferromagnet of spatial dimensionality d and 
spin dimensionality n, with the spin Hamiltonian 

ЯГ- - J Z S..S, - E h..S.. 
<ij> г J * * * 

The fields h are site-dependent with a configurational average 
[n ] • 0. We assume that the fields are not correlated, I.e., 
+ • 2 [h .h ] • h 5 , or only correlated over limited distances. The precise 

details of the distribution function P({h }) are generally believed to 
be irrelevant for the ensuing theories. 
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Imry and Ma9 first demonstrated that random fields will affect the 
magnetic ordering drastically. The principal question concerns the 
lowest space dimensionality d , below which the system does not achieve 
long-range order (LRO) for T > 0. The study of this problem proved to 
be very subtle. A complete discussion of this subject is beyond the 
scope of this introduction and we refer to Refs. 9-11 for a complete 
account of the theoretical developments. The present state of affairs 
seems to be, according to a recent analysis,11 that systems subjected 
to site-random fields behave as if their spatial dimension is reduced 
to 

d' =* d - 2 + n(d'), 

where n is the critical exponent appearing in the expression for the 
correlation function in case h • 0. According to the above expression, 
d • 2 in case of Ising symmetry (n ж 1) and d • 4 for systems with с с 
continuous symmetry (n > 1). 

The random-field issue is not merely academic, since in 1979 
Fishman and Aharony12 showed that controlled site-random fields can be 
generated experimentally by application of a uniform magnetic field to 
antiferromagnets with random exchange interactions, I.e. diluted or 
mixed antiferromagnets. Far from settling the theoretical controver
sies, the gathered experimental evidence seems only to increase the 
confusion.13 For both 2D and 3D diluted systems with strong Ising an-
isotropy, application of even very ;mall external fields (H/J « 1 ) 
conjugate to the order parameter already prevents the system from 
achieving LRO when cooled from above T . This is not entirely sur
prising for a 2D system but contrasts with the theoretical expectations 
for 3D systems. Application of a field below T , however, does not 
affect the realized order on a time scale of many hours. For diluted 
systems with weak anistropy, which are expected to exhibit more severe 
random-field behavior, much higher cooling fields are needed, in both 
2D and 3D systems, to obtain the small domain sizes comparable with 
those observed at suall cooling fields for strong-anisotrooy systems. 
Pronounced nonequilibrium behavior, related to the pinning of domain 
walls at the vacancies in the magnetic lattice, presumably explains the 
contradictions. Moreover, transverse spin fluctuations or low-energy 
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spin-waves possibly enable weakly anisotropic systems to decay more 
efficiently. Metastability and nonequilibrium behavior are extensively 
discussed in Ref. 14. 

On these grounds mixed magnetic systems could provide better real
izations of random-field systems. In Chapter 7 we investigate with 
neutron diffraction the ordering of K2

Coo 27Fe0 73F4 l n a n e x t e r n a l 

field applied along the tetragonal axis. Even for small fields the 
order of the component у of the magnetic moments along the field di
rection is destroyed in 3D. However, for all fields accessible in the 

1 experiment, у still achieves LRO in 2D. Severe nonequilibrium behavior 
a 

with respect to the 3D ordering of у is observed. The transverse com
ponents у are not at all affected by the field and acquire LRO in 3D 
as in zero field. We discuss the implications of these results with 
regard to current random-field theories. 

The investigations described in this thesis have been published, 
or will be submitted for publication, as follows: 

Chapter 2 : W.A.H.M. Vlak, E. Frikkee, A.F.M. Arts and H.W. de Wijn, 
J.Phys. С 16_, L1015 (1983) 

Chapter 3 : W.A.H.M. Vlak, E. Frikkee, A.F.M. Arts and H.W. de Wijn, 
submitted to Fhys. Rev. B. 

Chapter 4 : In extended form: S.A. Higgins, W.A.H.M. Vlak, M. Hagen, 
R.A. Cowley, A.F.M. Arts and H.W. de Wijn, to be submit
ted. 

Chapter 5 : W.A.H.M. Vlak, B.J. Dikken, A.F.M. Arts and H.W. de Wijn, 
Phys. Rev. В 31̂ , 4496 (1985). 

Chapter 6 : W.A.H.M. Vlak, M.J. van Dort, A.F.M. Arts and 
H.W. de Wijn, submitted to Phys. Rev. B. 

Chapter 7 : W.A.H.M. Vlak, E. Frikkee, A.F.M. Arts and H.W. de Wijn, 
J. Phys. С lij L621 (1984). 
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CHi»:-rER I 

PHAS\ DIAGRAM 

Abstract 

The phase diagram of the two-dimensional (2D) randomly mixed 
с ч iferromagnet with orthogonal competing anisotropies 
K.Co Fe, F, has been examined with elastic neutron scatter-2 x 1-х 4 
ing, in particular for x = 0.27. For this composition the 
system supports long-range order of the axial spin components 
in 3D below a regular second-order transition at T - 6A.4 ± 

N 
0.6 K. The transverse components also order below T , but in 
2D and over limited distances only. Below T « 27 ± 2 К the 

JLi 

transverse components acquire 3D order by reorientation, 
establishing an oblique antiferromagnetic phase in four 
domains. The lower transition is first order. 
In this chapter we report on neutron scattering investigations of 

KjCo Fe, F,, which is a two-dimensional (2D) randomly mixed antiferro-
magnet with orthogonal competing anisotropies. The aim is to determine 
the phase diagram with special emphasis on the nature of the lower 
phase transition for compositions x just above the intersecting point 
of the second-order paramagnetic-to-antiferromagnetic phase lines. 
This problem has already attracted considerable attention. Mean-field 
calculations1 have yielded an x-T diagram with at least three distinct 
ordered phases separated by well defined second-order transitions. 
Renormalisation group calculations2 infer the ordering processes of 
orthogonal spin components to be independent, at least when a specific 
diagonal Hamiltonian is adopted, again leading to a diagram containing 
a tetracritical point. Of the many experimental studies devoted to the 
phase diagram of systems with competing anisotropics (for a recent 
review see Ref. 3), only a few deal with the nature of the transitions. 
Ito et al. (Refs. 4, 5 and 6) found with Mössbauer spectroscopy and 
neutron scattering that in Fe, Co C1..2H.0 and Co, Fe Ti0„ the or-

1-x x 2 2 1-х x 3 
thogonal spin components are closely coupled with each other in the 
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Figure 1 : Phase dlagraa of K„Co Fe, F,. Data points at x - 0 and 1 
2 x 1-х 4 

are from Refs. 12 and 9 respectively. Data point at x » 0.70 
(full circle) Is from MSssbauer experiments (Ref. 18). 
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antiferroaagnetlc phase. In a comprehensive study, mainly by elastic 
neutron scattering, Wong et al. (Refs. 7 and 8) have considered the 
mixed 3D Ising-XY antiferromagnet Fe, Co CI,. They also found the 
lower phase boundaries of the tetracrltical diagram destroyed by random 
fields generated by the already ordered spins, and in their conclusions 
express the belief that the boundary between Ising and XT order that 
exists by virtue of symmetry is of first order. The present investiga
tion adds to this by establishing the first-order character of the 
lower transition by a direct experiment. 

K,Co Fe, F, Is based on the archetypal 2D antiferromagnets K.CoF, 
(Refs. 9 and 10) and K-FeF. (Refs. 11, 12 and 13). In dealing with the 

Z ц 

present problem it has considerable advantages over 3D mixed systems. 
Anticipatory of the results below, at the composition x * 0.27 the 
transverse spin components become correlated below T„ in 2D only, and 
acquire order in the third dimension not until below the lower transi
tion temperature. In a neutron-scattering study, this enables one to 
see the nature of the lower transition by the development of ridges In 
reciprocal space rather than the wings of the Bragg peaks, for which, 
as was the case in Fe, Co CI.,8 the long 3D correlation lengths of the 
non-ordering spins Inhibit Identification of the transition. 

The experiments were performed with a double-axis spectrometer 
installed at the Petten research reactor. The neutron wavelength is 
1.ч75 A, and the momentum transfer i-з taken in the (a*, c*) plane. (The 
axes and indexing are based on the magnetic unit cell throughout). The 
crystals of K.Co Fe, F, were grown by Czochralski pulling, and analy
sed with atomic absorption. The magnetic structure and spin Hamiltonlan 
parameters of the constituent pure systems have been firmly established 
(Chapter 3). When ordering, both systems exhibit crossover to 3D order, 
as is usual for 2D systems. K.CoF, is of Ising character with the spins 
stabilising along the с axis below T„ - 107.85 ± 0.05 K,9 In two do-
mains characterised by the relative orientation of the body-centred 
spins in the crystallographlc cell. The spins In K-FeF. order, also In 
two domains, along the In-plane magnetic axes at T * 63.0 ± 0.3 K,12 

in ferromagnetic sheets spanned by the preferred direction and the с 
axis. As for the spin Hamiltonlan parameters, it is noteworthy that the 
exchange constants and spin anisotropics of the systems are of 
comparable magnitude, in contrast to K.Mn Fe, F, (Ref. 14). 
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According to the well known expression for the magnetic neutron 
scattering cross section, 

Э2о/ЭЯЭЕ o«|f(Q)|2 г (6 - $aQg)SaB(Q,o)) (1) 
a,p 

in which Q is the scattering vector, f(Q) is the magnetic form factor, 
and S (Q,u) is the space-time Fourier transform of the two-spin corre

ct -»• В * 
lation function <S (0,0)S (r,t)>, 2D ordering of the system manifests 
itself as ridges (h 0 £), with h odd and £ variable, of scattering in 
reciprocal space, the Bragg peaks reflecting 3D long-range order occur 

at (h 0 £) with h odd and I integer. The phase diagram then is pre

sented in figure 1. For x * 0.27, figure 2 shows, as a function of 

temperature, the ridge intensity at (1,0,0.4), and figure 3 show the 

integrated Bragg intensities at (1 0 I) with * » 0,1,2 and 3. The data 

of figures 2 and 3 were obtained upon cooling at a rate of about 15 min 

from point to point, sufficiently long to terminate completely a slow 

relaxation of the Bragg intensities. Slower or faster cooling, or for 

that matter heating, had no effects on the 2D ordering as observed by 

the ridge intensities. The onset of Bragg scattering at a slightly 

smeared T * 64.4 ± 0.6 K, in conjunction with a maximum of the asym

metric shape characteristic for 2D Ising systems15'16 in the ridge 

intensity at 65 K, evidences a second-order phase transition of the 

usual kind. To determine the preferred direction we compare the ob

served Bragg intensities with intensities calculated for several con

figurations (table 1) to find, as anticipated, the 3D long-range order 

to Involve the spin components along the с axis (K„CoF,-like phase). 
Confirmation of axial critical fluctuations, other than from the ridge 
intensity versus temperature above TN (figure 2), is found from a scan 
along the ridge at 68 К (figure 4). Here the intensity, apart from 
minor corrections, falls according to Jf(Q>| C1 " c o s ©£)t with 0 the 

angle between the с axis and Q, i.e. the dominant term in equation (1) 
for spin fluctuations along c, in the quasi-elastic approximation. 

From the development of the Bragg reflections towards lower tem
peratures it is seen that the first stage of 3D ordering is saturated 
around 45 К. In the range 30-45 К there is a slight reduction of the 
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intensities, which reproduces upon reversing the temperature scan. More 
importantly, however, a pronounced rise Is observed in the intensities 
of all four reflections examined below a second transition at 
T « 27 ± 2 K. The rise is slightly dependent on even the slow rates of 
L 
cooling used. The (1 0 0) reflection, for instance, which is a direct 

+ 2 •»• measure for <S> when S is in the (a,c) or (b,c) planes, grows by about 
30Z. Apparently, below T the order parameter increases further, but, 
as is reflected in the different relative Bragg intensities, spin com
ponents other than along с are involved. As is seen in table 1, the 
increments actually bear resemblance to the relative Bragg Intensities 
of the K„FeF. structure. The obvious conclusion therefore is that 2 4 
below T the ordering is in an oblique antiferromagnetlc phase, in 
which the с components of all spins are ordered according to К CoF,, 
and the transverse components according to K.FeF,. Such a configuration 
will occur in four domains, the preferential direction being tilted 
away from the с axis along the ±a or ±b in-plane magnetic axes. The 
tilt angle ф must of course be determined from a precise analysis of 
the intensity ratios based on equation (1), which at 5 К yielded ф - 28 
±5°. It is important to note, however, that the analysis compared with 
a similar analysis at 45 К indicates constancy of <S > below this tem
perature . 

The lower transition is also manifest in the ridge (figure 2), 
which exhibits a second maximum at T , but one with an unusual rounded 

I* 

shape, incompatible with a regular second-order transition. To examine 
the nature of the lower transition in greater detail, the ridge has 
been studied with regard to both its intensity and its width. As for 
the latter, at £ • 0.4 the width across the ridge Is limited by resolu
tion at all temperatures below a point near T„. In fact, the correla-

tion length within the planes is at least 600 A, or 100 magnetic lat

tice epaclngs. The Intensity versus £ (figure 4) demonstrates, as fol

lows from a model calculation based on equation (1), the correlation 

within the planes to be associated with the transverse components. In 

other terms, near T. there is an absence of transverse critical fluctu-
ъ 

atlons, and the ridge Is exclusively associated with 20 Bragg scatter
ing of transverse spin components already ordered in 2D. 

In summary, from the available evidence the following picture 
emerges for the system K.Co Fe F, with x • 0.27. First, when passing 
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through T the axial spin components of both Co and Fe establish long-
range 3D order collinearly in the usual way. The ordering of the с 
components, however, generates, presumably through random non-diagonal 
exchange fields,8 order of the components along the In-plane magnetic 
axes. The system, because of the domain structure not yet capable of 
sustaining correlation of these components between successive planes, 
limits the transverse order to 2D over distances of at least 100 lat
tice spaclngs, and time spans static within at least the neutron time 
scale. The 2D order is reflected in a considerable Bragg ridge intensi
ty below 60 К. When lowering the temperature further, the transverse 
order parameter gradually grows, resulting in a rise of the ridge in
tensity, until at T the 2D transverse order Is converted to 3D by a 

Li 

collective reorientation of the already 2D ordered regions. Such a 
readjustment has of course to be accomplished against a substantial 
barrier of the summed in-plane anisotropy, over angles of 90° or 180°. 
An appreciable fraction of the spins apparently do not attain 3D trans
verse order, and keep giving rise to 2D Bragg intensity near T = 0. As 
to the character of the lower transition, the collectlveness of the 
transverse spin components on an intermediate scale and the absence of 
critical fluctuations make it first order. It is finally noted that the 
present results are at variance with the general notion that random 
fields lower, at least for continuous symmetry systems,17 the effective 
spatial dimension by two. 
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Experimental: 
30-60 К 
22 К 
5 К 

Increase below T * 

Calculated : 
s||[ooi] 
S||[l00] or [ o w ] { j £ ^ 

(100) 

1.00 

1.00 

1.00 

1.0 

1.00 
1.00 
0.00 

(101) 

0.70 

0.63 

0.60 

0.3 

0.74 
0.15 
0.89 

(102) 

0.46 

0.51 

0.57 

0.8 

0.37 
0.67 
0.30 

(103) 

0.17 

0.22 

0.26 

0.5 

0.17 
0.31 
0.46 

* With reference to 45 K. 

** Spins form ferromagnetic sheets through preferred direction and с 
axis (K.FeF, structure). 

*** Same, but antiferromagnetic sheets. 

Table 1 : Experimental and calculated intensities of Bragg reflections 
(10 A). Experimental errors relative to (100) are typically 
10%. In the calculations equally populated domains are 
assumed. 
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CHAPTER 3 

MAGNETIC ORDERING 

Abstract 

The magnetic ordering in the randomly mixed quadratic-layer 
antiferromagnet with competing anisotropics K.Co Fe, F, is 
studied by neutron diffraction. For x = 0.18, representative 
for systems just below the multicritical concentration x • 
0.22, the critical fluctuations are suppressed, and the 3D 
order with the K_FeF, magnetic structure is only marginally 
established. These findings indicate a crossover from 2D Ising 
to 2D XY to occur upon approaching x from below. For x = 
0.27, two successive transitions are observed at T • 27 ± 2 К 
and Т., я 64.4 ± 0.5 K. Between T and T„ static order of the 

N L N 
spin components along the tetragonal axis is established. At 
Т., the system enters the oblique antiferromagnetic phase in 
which in addition the transverse components have achieved 
order, however, without noticeably affecting the order of the 
axial components. The transition at TT is of second order, but 

1* 
with unusually slow critical fluctuations by virtue of a weak 
off-diagonal coupling between the orthogonal spin components. 
For x - 0.12 and 0.55, at considerable distance from x , 2D 
Ising fluctuations are observed, with transitions to phases 
with the K„FeF, and K-CoF, magnetic structures, respectively. 

3.1. Introduction 

Random magnetic systems with competing spin anisotroples have 
composition-temperature phase diagrams in which phases with order along 
the preferential axes of the constituent magnetic ions are separated by 
a phase in which both order parameters coexist. This new oblique anti-
ferromagnetic (OAF) phase has been investigated by both molecular-
field1 and renormalizatlon-group2 calculations, and, on the experimen
tal side, has been established In a limited number of three-dimensional 
(3D) -5 and two-dimensional (2D)6- systems. In these studies a princi-
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pal point of Interest is the nature of the ordering in the vicinity of 
the multicritical point and upon entering the OAF phase. Any crossover 
in critical behavior will be hard to detect in 3D systems. In this 
paper, we report on a neutron-diffraction investigation of the randomly 
mixed quadratic-layer antlferromagnet K-Co Fe, F,, with emphasis on 
such a crossover. 

The phase diagram of K_Co Fe, F, has already been established 
with neutron diffraction.7'8 The system has further been investigated 
with Raman scattering,9 addressing the excitations, and Mössbauer spec
troscopy. 10' 1J The OAF phase is intermediate to on one hand a phase 
having the archetypal K.CoF, structure (axial or A phase), and on the 
other hand the К FeF structure (somewhat confusingly named planar or 
PL phase). The multicritical point is located at x - 0.22 and T • 

с с 
57 К.7 In the pure systems К CoF, and K-FeF, the transition is of the 
Ising type, but the anisotropy in К FeF, is weak compared to K.CoF,. 
The widths of the crossover regimes on either side of the multicritical 
point are, therefore, anticipated to differ markedly. 
Both systems with x < x and x > x will be of concern below. On the 

J с с 
Fe-rich side, but near x , the system will exhibit crossover from 2D 
Ising, as in K-FeF,, to 2D XY, leading to a suppression of the critical 
fluctuations and a marginal development of the order. Concerning the 
Co-rich side, a well-defined transition between the A and OAF phases 
has been observed.7'8 Yet, off-diagonal coupling between the axial and 
transverse spin components slows down the critical fluctuations of the 
transverse components when the axiel ones have already established 
order.10 Such a coupling is Inferred to be present despite the high 
crystal symmetry, from the discontinuities of the slopes of the phase 
lines at the multicritical point. 
3.2. Preliminaries and experimental details 

The constituents of К Co Fe F,, K-FeF,, and K-CoF, are well-
studied examples of quadratic-layer antiferromagnete of the K.NiF, 
structure. The spin Hamlltonlan pertinent to K.FeF, (S • 2, 
TN - 63.0 ± 0.3 K) may be written12 
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J E S .S + E [DS? +E(S? - S ? ) ] , 
<i , j> * J j " ix ly 

(1) 

2 2 in which E ex <s - S. > to comply with the tetragonal symmetry. 
In Eq. (1), J - -1.42 ± 0.03 meV is the isotropic nearest-neighbor 
exchange parameter. The primary single-ion anisotropy, with D • 0.37 ± 
0.01 meV, leaves the Fe spine parallel to the magnetic layers. The in-
layer anisotropy, amounting to E • ± (0.025 ± 0.003) meV at zero tem
perature, stabilizes the spins along either the magnetic a or b axis, 
thus giving rise to two types of domains. The stacking of the spins in 
adjacent layers is such that the spins form ferromagnetic sheets 
spanned by the с axis and the preferential in-plane axis. A notable 
feature is that the system has two nondegenerate spin-wave branches, 
with the lower one having a gap of 2.3 ± 0.1 meV at low temperatures. 
The critical behavior appears to conform to that of the 2D Ising model. 
The magnetic interactions in K-CoF, are well described by an anisotrop
ic exchange only. The spin Hamiltonian, based on an effective spin 
S - 1/2, reads 

ЗГ- - A , [J« s i SJ + J i <si SJ + sl S J ) ] ' ( 2 ) 

with J - 7.45 meV and J • 3.82 meV from Raman spectroscopy.13 In 
Rb.CoF,, for comparison, the exchange constants have been determined 
more directly by use of neutron diffraction, with the results J • 7.73 
± 0.06 meV and J - 4.27 ± 0.17 meV.1*» Below T - 107.85 ± 0.05 К the 
Co spins acquire 3D long-range order (LRO) along the tetragonal axis.15 

Next-nearest layers are stacked ferromagnetically, at least in speci
mens of good quality, but the registry of nearest layers may be of 
either sign, resulting in two domain types. As a consequence of the 
large anisotropy, the spin-wave gap is as much as 25.6 meV. The criti
cal behavior is strictly 2D Ising. 

Four good-quality single crystals of K-Co Fe, F,, typically 
150 mm3 in volume and with a mosaic spread of - 10 minutes of arc, were 
grown with the Czochralsk4 pulling technique. An atomic absorption-
spectroscopy analysis of two of these samples yielded x • 0.27 and 
0.55, within an accuracy of 0.02. The composition of the other two 
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TABLE I 

Experiaental and calculated intensities of Bragg reflections (1 0 t) 
for K.Co Fe, F. . Experiaental errors typically are 10Z. In the 
calculations equally populated doaains are assuaed. 

(1 0 0) (10 1) (1 0 2) (10 3) 

Experiaental 

0.25 
0.11 
0.26 
0.17 
C.5 
0.28 

0.17 
0.31 
0.46 

a) Reference 12. 
b) Coapared to 45 K. 
c) Spins fora ferroaagnetlc sheets through the preferred direction and 

the с axis, like in K-FeF,. 
d) Same, but antlferroaagnetic sheets. 

x - 0 a 

x - 0.12 
x - 0.18 
x - 0.27 

x - 0.55 

Calculated 

§Co,Fe 1 c 
5Co,Fe 1 * 

T » 4.2 К 
T - 4.2 К 
T - 4.2 К 
T « 4.2 К 
T - 30-60 К 
Increase below T. 
T - 4.2 К 

axis 
Г с or b axislF 

1.0 
1.00 
1.00 
1.00 
1.00 
1.0 
1.00 

1.00 
1.00 
0.00 

0.15 
0.15 
0.09 
0.60 
0.70 
0.3 
0.78 

0.74 
0.15 
0.89 

1.0 
0.73 
0.68 
0.57 
0.46 
0.8 
0.53 

0.37 
0.67 
0.30 
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samples «as estimated at x * 0.12 and 0.18, with an error of 0.03. The 
homogeneity was, for a representative sample, verified with a scanning 
electron microscope with an energy-dispersive x-ray system (SEM-EDS) 
to be better than 0.01 in x. The neutron diffraction experiments were 
performed on a double-axis diffractometer installed at the High-Flux 
Reactor in Petten. The incident beam, having a wavelength of 1.479 Д, 
was selected by a Zn (002) monochromator. The collimation employed was 
30' horizontal In front of the monochromator, 30' vertical between 
monochromator and sample, and 30' horizontal and vertical in front of 
the detector. The samples were mounted with the magnetic b axis verti
cal, in such a way as to allow observation of diffraction in the a*,c* 
plane in reciprocal space. The experimental resolution (FWHM) near 
(1 0 0) was 0.044 A'1 along the a* axis, and 0.008 A"1 along the c* 
axis. The temperature was kept stable within 0.05 K. The lattice param
eters at 4.2 К in the four specimens range, with increasing x, from 
a - 5.84 to 5.79 A, and from с - 12.88 to 12.94 A, not to sufficient 
accuracy to provide an independent determination of x. 

In case of the K.N1F, family, the low-temperature magnetic struc
ture may be derived from the intensities of a suitable selection of 
magnetic reflections, such as the set (1 0 A), the indexing being based 
on the magnetic unit cell. These reflections alternately originate from 
the two domain types. For K„Co Fe, F, , the intensity of the (1 0 0) 
reflection happens to be, irrespective of x, a direct measure of the 
magnitude of the sublattice magnetization in the b,c plane, whereas the 
intensity of the (10 1) reflection is primarily sensitive to the di
rection the magnetization takes In the а,с plane. In preparation of the 
detailed analysis in Sec. Ill, we have tabulated in Table 1 Bragg in
tensities normalized to (1 0 0) calculated on the basis of equally 
populated domains for various 3D magnetic structures pertinent to 
square-lattice antiferromagnets. It is noted that the small difference 
in the magnetic form factors of Fe2+ and Co 2 + does not significantly 
affect the calculated ratios. 

The 2D magnetic correlations of the system have been studied by 
observing the intensity distribution along and across the ridge 
Q • (1, 0, £), with E, variable. The position С * 0.4 along the ridge Is 
particularly suited because at this point the quasi-static and quasi-
elastic approximations are close to ideally satisfied. The ridge inten-
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Fig. 1. Temperature dependence of the intensities of magnetic Bragg 
reflections (1 0 i) for various x. •, О, Д, and • refer to 
I - 0, 1, 2, and 3, respectively. For x - 0.18, the (1 0 1) 
and (10 3) Intensities coincide within errors, and for clari
ty the data points of the latter are omitted. 
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sity is quite generally brought about by three distinct phenomena, all 

of which, although dependent on x and the temperature, turn out to be 

of relevance in the discussion below: (i) critical scattering near T , 
N 

which at £ « 0.4 goes approximately with the combination x h h
 + X °* 

the generalized susceptibilities, (if) 2D Bragg scattering owing to LRO 

achieved by individual layers, and (iii) 2D spin-wave scattering. The 

intensity along the ridge contains information on which component of 

the spin takes part in the 2D LRO and 2D fluctuations. 

3.3. Experimental results 

At all compositions, both 2D and 3D order occur. We first comment 

on these, as well as the critical behavior, separately in some detail, 

emphasizing the variation with the temperature for the various x exam

ined. 

3.3.1. Ordtrln 3D 

In Fig. 1, we present the temperature dependence of the intensi

ties of the (1 0 1) magnetic reflections, with Л - 0, 1, 2 and 3, for 
x - 0.12, 0.18, 0.27, and 0.55. With the exception of x « 0.18, the 
Bragg peaks are resolution limited in both the a* and c* directions, 
while the transitions to 3D LRO occur at well-defined temperatures, 
with a minor smearing (&T * 0.5 K) presumably caused by residual con
centration gradients. The measured relative Intensities for all four 
compounds are, for representative temperatures, collected in Table I. 
For x » 0.12, a repopulation over the domain types of order 10% is 
observed when cooling from T to 4.2 K, a phenomenon earlier observed 
in К FeF,.12 The relative intensities for x - 0.55 are at all tempera
tures below T consistent with the ones calculated for the case of 
perfect alignment of the spins along the tetragonal axis. This pre
ferred orientation is indeed expected for the Co spins at the relevant 
concentration. The data of Fig. 1 do, however, not permit precise con
clusions to be drawn as to the orientation of the Fe spins, but 
MiSssbauer spectroscopy10 performed on the same specimen has undisputa-
bly established the latter spins to point along the с axis. Therefore, 
the x - 0.55 system is concluded to be in the A phase below T„. By a 

и 
similar combination of diffraction and NMR data,16 we conclude that the 
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Fig. 2. Scans along c* through the (1 0 0) reflection for x « 0.18 at 
15.0 and 42.5 K. Intensities at q « 0 are made equal in this 
plot. Between monochroaator and sample 10' horizontal collima-
tlon was used in lieu of 30' vertical. Background has been 
substracted. 
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х • 0.12 system is in the PL phase below T , i.e., both the Co and Fe 
spins are ordered along an in-layer magnetic axis. 

To demonstrate that the transitions in the x • 0.55 and 0.12 sys
tems are indeed of regular second-order character, we have extracted 
the critical exponent 0 by fitting a power law of the form 

0 2 [B(l-T/T) ] to the integrated (1 0 0) Bragg intensity, and found the 
results to be close to the value 1/8 predicted for the 2D Ising univer
sality class. In the fit, B, 0, T , and the width о of the to some 
extent arbitrary choice of a Gaussian distribution are taken as adjust
able parameters. The power law was found to hold down to 0.85 T . The 
results are 0 = 0.13 ± 0.02 and T = 89.6 ± 0.5 К for x = 0.55, and 0 = 
0.16 ± 0.02 and T = 60.6 ± 0.5 К for x • 0.12, while о ranges between 

N 
1 and 2 K. We note that adopting о = 0 would increase the output value 
of 0 by about 0.02. 

The behavior of the samples with x near x is of different nature. 
The magnetic 3D order in the x =» 0.18 system is established gradually 
with decreasing temperature. The transition, estimated to occur at 
57 ± 2 K, is in fact only marginally defined. The relative scattering 
intensity at 4.2 К (Table I), particularly that of (1 0 2) in relation 
to (1 0 0), points to the system having entered the PL phase. For a 
precise determination of the magnetic structure we again resort to 
NMR,16 which evidences the Co as well as Fe spins to be aligned accord
ing to the PL phase all the way down to A.2 К within a few degrees of 
arc. The Bragg intensities for x - 0.18 do not allow an interpretation 
in terms of the usual critical behavior. If a power law were adopted to 
extract a critical exponent for the order parameter, it would yield an 
unrealistic spread in Т.. of about 10 K, or, in case о - 0, the physi
cally unrealistic value 0 • 0.46. An apparent Increase in 0 upon ap
proaching x has also been observed in another 2D system with competing 
anisotroples, K.Mn, Fe F, .6 The difficulty of the system to acquire 
order is substantiated In greater detail below. 
Here, we only recall the proximity of the OAF phase, a further indica
tion for which is found in Fig. 2, where the scattering profile of the 
(1 0 0) reflection in the c* direction is shown to greater precision at 
15 and 42.5 K. Quite surprisingly, at 15 К the profile has acquired 
additional intensity in the wings, presumably reflecting a loss of 
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interlayer correlation for decreasing temperatures. It seems plausible 
that the system, while remaining in the PL phase, is the closer to the 
boundary separating the PL and OAF phases the lower the temperature. 

In contrast to the other three specimens, the one with x - 0.27,7 

which orders below T » 64.4 ± 0.5 K, exhibits a distinct second rise 
N 

of the (1 0 4) Bragg intensities below T « 27 ± 2 К (Fig. 1). In view 
Li 

of the steepness of the phase boundary (the decrement of T is 8 К per 
Li 

percent in x) and the presence of concentration variations in the sam
ple of order 0.01, the transition presumably is a sharp one, a conclu
sion arrived at to greater precision with Mössbauer spectroscopy.10 The 
rise at T implies the magnetic ordering to take place in two succes-

Lt 
sive stages. The transition at T is of regular 2D Ising nature, as is 

N 
borne out by 0 « 0.15 ± 0.02. The approximately constant intensities 

» 
between 45 and 27 К reflect that the first stage of the ordering is 
virtually completed at 45 K. From Table I it is apparent that in the 
regime 27 К < T < T„ the system is in the A phase. In the second stage 
of the ordering, below T , the in-layer components of the spins acquire 
3D LRO, as may be deduced from the increments of the intensities of the 
four reflections (cf. Table I). Below 27 K, therefore, K-Co_ 27 F en 73FA 
is in the OAF phase, i.e., the spin components parallel to the с axis 
are ordered as in K_CoF,, and the transverse components as in K.FeF,. 
Note that the contributions of the parallel and transverse components 
to the scattering are simply additive, provided the four domain types 
are equally populated. The (1 0 0) intensity at 45 К when compared to 
the intensity at 5 К is of substantial size, inferring the axial compo
nents of the Fe spins to order simultaneously with the Co spins. Upon 
assuming collinear Fe and Co spins, a more detailed analysis further 
indicates constancy of the axial components below 45 K, while the 
transverse components grow below 27 K. The tilt angle ф relative to the 
с axis amounts to 28° ± 5" at 5 K. This result must however be consid
ered an average over the Co and Fe spins, as Mössbauer spectroscopy19 

has established the Fe spins to deflect by as much as 52° at 5 K. The 
slight depression of the intensities between 45 and 30 К presumably 
reflects that fluctuations of the transverse components to some extent 
affect the 3D axial order. 

The above experiments were all performed following slow cooling of 
the sample (< 1 K/min) from above T to ensure maximum 3D ordering. We 
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investigated in some detail the effect of rapid temperature changes. As 

expected for Ising-like systems, such changes did not alter the order 

once the specimens were ccoled slowly through T . Relaxation of the 

magnetic order was in fact not observed to occur on a time scale of 10 

h. Fast cooling (> 3 K/min) through T , on th» other hand, prevents to 

some degree the attainment of 3D order in the x • 0.55 sample, an ef

fect reminiscent of what is observed in K-CoF, . 1 7 Concurrently, we 

observed additional superlattice scattering at (1 0 £) with £ half 

integer of intensity less than 1 part in 103 relative to (1 0 0), i.e., 

in minor parts of the sample the stacking of next-nearest-neighbor 

layers is antiferromagnetic, like in Ca_Mn0,.18 Fast cooling through T 

has no observable effects on the 3D order in the other three samples, 

but a slight hysteresis was observed for x • 0.27 at the A-OAF phase 

boundary. 

3^3.2. 0rder_ln_2D 

•*• 

In Fig. 3, the ridge intensity at Q * (1, 0, 0.4) is shown as a 

function of the temperature for all four specimens. At first sight, the 

scattering displays the sharp cusp characteristic for a second-order 

phase transition to the ordered state for all x examined, but upon 

closer inspection marked differences are observed. In Fig. 4, we have 

plotted the intensities near TN to better advantage vs the reduced 

temperature e - T/T - 1, with T deduced from the Bragg intensities 

(1 0 0). For x * 0.18, data are inserted collected with larger counting 

times to improve the statistics. The asymmetric peak shape for x - 0.55 

points to regular 2D Ising critical behavior. When x ap^ •-* 

x «0.22, the intensity maximum broadens, but retains i' л .metric 
shape, which is exemplified by the results for x • 0.27. A similar 
broadening is seen when going from x - 0 to 0.12. In all these cases, 
the ridge scattering peaks slightly above T (x), as is commonly ob
served in 2D compounds with small smearing of the ph s. rtasition. By 
contrast, the ridge scattering in the x • 0.18 speciu ;t i hardly be 
characterized as being critical, the data showing a broad hump around 
e • 0. Apparently, the transition temperature is ill-defined. The asso
ciated slew rise of the 3D order has already been noted in connection 
with Fig. 1. To bring about the point more clearly, the data of the 
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Temperature (К) 

3. Temperature dependence of the ridge scattering Intensity at 
Q • (1, 0, 0.4). Note the different scales on the abscissae. 
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Fig. 4. Ridge scattering intensity at Q - (1, 0, 0.4) near T vs the 

reduced temperature (open circles, left scale). Background is 

subtracted. Intensities are normalized to facilitate compari

son of the shape of the maxima. Also inserted are the (10 0) 

Bragg intensities normalized to zero temperature (closed cir

cles, ri«5ht scale) to emphasize the slow rise of the order 

parameter for x - 0.18. 
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£ (units 27г/с) 

Scans along the ridge Q - (1, 0, £) in the critical regime for 
x - 0.12, 0.18, and 0.55, taken at 61.0, 59.0, and 93.0 K, 

respectively. Pull and broken curves represent the calculated 

scattering from axial and In-layer components, respectively. 

Data and curves are normalized to £ • 0.4. 
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(1 О 0) Bragg reflections have, as far as pertaining to the regime near 
T , beer inserted in Fig. 4. 

Concomitant to the 3D scattering (Fig. 1), the x • 0.27 sample 
is the most interesting as regards the ridge scattering. It was veri
fied that the intensity variation shown for this sample in Fig. 3 is 
independent of the cooling rate, which was below 1 K/min. Apart from 
the critical scattering around T , a very broad maximum in the intensi-

N 
ty is observed around T . The second intensity maximum is not due to 

Li 

critical scattering, as will be argued in connection with the widths of 
the ridges discussed below. In comparison with the present quasi-elas
tic double-axis experiment, it appears to be strongly suppressed in a 
triple-axis experiment with zero-energy transfer, 8* 1 9 proving directly 
that the maximum is, at least in part, associated with inelastic scat
tering. Confirmation of this was found in inelastic scattering observed 
as a function of temperature,19 which demonstrated that the q • 0 spin-
wave gap of the lowest branch of the magnon dispersion vanishes upon 
approaching T. from below. At 4.2 K, there remains a finite elastic 
contribution to the ridge, implying that part of the spins fail to 
achieve complete 3D order, but order in 2D in separate a,b layers only. 
A similar residual scattering is observed for x = 0.55 over a wide 
range of temperatures, even at the slowest cooling rates employed. 
Here, it was verified by a cursory triple-axis experiment that the 
scattering at Q - (1, 0, 0.4) is elastic at 4.2, 70, and 85 K. No re
sidual intensity at 4.2 К has been observed in the x • 0.12 and 0.18 
cases. 

Extensive scans along the ridge Q = (1, 0, O , with £ running from 
0 to 3.25, were made at a few selected temperatures to establish, by a 

comparison with a calculation, which components of the spin are in

volved (Figs. 5 and 6). In the calculation, the С dependence of the 
cross-section for quasi-elastic scattering is computed for 2D arrays of 
spins correlated in space, either, with equal probability, along the a 
and b axes or along the с axis. The procedure does not distinguish 
between critical fluctuations and static order, but augments to the 
above in that the magnetic order is probed using 2D rather than 3D 
scattering. In Fig. 5, data at temperatures just above T are col
lected, together with the computed dependencies. The comparison con
firms that the x - 0.55 sample will undergo a transition to the A 
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x - 0.27 at 25 and 68 K. 
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phase. Similarly, it is verified that for x - 0.12 and 0.18 the scat
tering is due to transverse components, leading to the PL state. For 
the x = 0.27 compound, the intensity distribution along the ridge is 
markedly different around T and T (Fig. 6). The critical fluctuations 

Li N 

at 68 К are clearly of the axial type, in accordance with a transition 
to the A phase. By contrast, at 25 К mainly the transverse components 
contribute, in conformity to a transition to the OAF phase at T . 

L> 
Surprisingly, however, between T and T the scattering is at least 

Li N 

partly due to correlated transverse spin components. 
We now turn to the critical behavior exhibited by the staggered 

susceptibility in more detail. The widths (FWHM) of the ridges at vari-
ous temperatures measured at Q = (1, 0, 0.4) in the a* direction are 
plotted in Fig. 7. No data have been taken for x • 0.27 above T . For 
x • 0.55, the width decreases as the temperature is lowered towards T , 
approaching the instrumental resolution. This implies the usual in
crease of the correlation length within the layers for the axial spin 
components. Below T , the parasitic 2D Bragg scattering eclipses the 
critical part of the scattering, which is why the width does not rise 
above the instrumental resolution. By contrast, the widths observed for 
x = 0.12 and 0.18 decrease as the temperature approaches T from either 
side, confirming the entirely diffusive character of the scattering and 
the absence of 2D order below Т., (cf. also Fig. 3). The measured widths 
for x я 0.27 below 60 K, not shown in Fig. 7, equal the instrumental 
resolution. By virtue of the fact that the ridge scattering between T^ 
and T originates mainly from the transverse spin components, the ridge 
scattering in this temperature region is obviously not associated with 
an ordinary second-order transition at T . 

L* 
The analysis of the ridge profiles, which above T could only be 

N 
accomplished with significant result for x * 0.55, follows the standard 
approach^" of fitting a q-dependent susceptibility х(ч) convoluted with 
a Gaussian instrumental resolution to the scattered intensity. (In case 
of a transition to the PL phase sizeable corrections would be required 
for the transverse susceptibility x )• The fitting parameters are the 

zz 
inverse correlation length < and the susceptibiliy x at q " 0. Fits of 
the Ornstein-Zernike form to x(q) gave satisfactory results (x2 • 1.3). 
The use of other forms for x(q)t such as the first Fisher-Burford ap-
proximant, is not expected to markedly improve the fits. The critical 
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exponents have subsequently been deduced from the temperature dependen
cies of к and x » vith, for x ж 0.55, the results v « 0.7 ± 0.2 and 
Y ж 1.5 ± 0.2, near the 2D Islng values v » 1 and у - 7/4. 

3.4. Concluding remarks 

The most interesting part of the phase diagram of К Co Fe. F, is 
the portion with x close to the multicritical concentration x =0.22. 

с 
The specimens with x = 0.18 and 0.27 studied above are representative 
examples pertaining to this regime, while as regards the critical phe
nomena the systems with x • 0.12 and 0.55 do not markedly deviate from 
the pure counterparts К FeF, and К CoF,. For x just below x , the 
nearly balanced orthogonal anisotropics marginally leave the spins in 
the layers. By virtue of the concurrent reduction of the in-layer an-
isotropy, these systems will resemble the 2D XY model. Indeed, for 
x » 0.18 the susceptibility does not show the characteristic diver
gence, although at low temperatures eventually long-range 3D order 
develops. It should be emphasized that for these phenomena to occur the 
low dimensionality is crucial. In corresponding 3D systems, the order
ing processes are not found to change markedly upon cancellation of the 
anisotropics.3 A crossover from 2D Ising to 2D XY has, however, been 
identified In the diluted system K„Fe Zn, F,,21 where the critical 
scattering is similarly suppressed, and dynamic behavior persists in a 
substantial range of temperatures below T„. As in the present system, 
in the diluted compound the in-layer anisotropy is reduced by the sub
stitution. Concerning K«Co0 I8^e0 82^4' w e fi n aHy note that, despite 
the closeness of x , no transition from the PL phase into the OAF phase 
has been observed. This is in accord with a mean-field calculation of 
the PL-OAF phase boundary with adjustment of the Co-Fe exchange to 
match the measured phase diagram, which indicates this line to be ex
ceptionally steep (slope of 60 К per percent in x ) . 1 1 

At the other side of the multicritical point crossover only occurs 
very close to x . In K«Co0 27Fen 73FA» n o ^ r a e t i c modification of the 
critical behavior upon entering the A phase at T is observed. In 
assessing the nature of the subsequent transition to the OAF phase at 
T , the evidence must be differentiated according to the length and 
time scales with which the experimental technique probes the spins. 
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With Mössbauer spectroscopy,10 the transverse components are seen as 

dynamic on a time scale 10~8 s between T and T From the present 

neutron-diffraction experiments, by contrast, these components are 

found already correlated over at least 100 in-layer lattice spacings 

within 10 - 1 1 s. That is, the spin fluctuations are substantially slowed 

down as compared to the fluctuations preceding the transition at T . In 

the absence of a coupling3'22 between the already ordered axial compo

nents and the transverse ones, the orthogonal magnetizations would of 

course order independently, each one associated with a second-order 

transition.5 On the other hand, a strong coupling invokes a single 

transition Involving both components.3 For weak coupling, therefore, 

the A-OAF transition remains of second order, but one preceded by hin

dered fluctuations. By virtue of the high crystalline symmetry, this 

presumably is the case in K^Co» o7Fe_ -J^A' 
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CHAPTER 4 

LOW-ENERGY MAGNETIC EXCITATIONS 

4.1. Introduction 

The problems connected with magnetic excitations in random magnet
ic systems have attracted considerable interest during the past few 
years. In particular mixed systems containing either (i) magnetic and 
nonmagnetic ions, or (11) magnetic ions of different kind but with 
identical preferential axes, have been examined, mainly by inelastic 
neutron scattering. In the two-dimensional (2D) systems Rb.CoQ .Mn. ,F, 
(Ref. 1) and Rb_Mn N1 F (Ref. 2), which belong to the second cate-
gory, two well-defined magnon bands are observed. The lower band corre-

2+ sponds to excitations residing mainly on the Hn 5ons, and the upper 
2+ 2+ band to excitations of the more strongly anisotropic Co or Ni ions. 

Both bands are less dispersive than the corresponding single bands in 
the pure 2D systems, which implies an enhanced localized nature of the 
excitations. A similar feature is exhibited by diluted systems, in 
which the dlspersionless bands observed each correspond to local exci
tations of magnetic ions with a specific number of magnetic nearest 
neighbors.3 

A comparison between theory and experiment can currently only be 
achieved with a numerical simulation of these random systems. The equa-
tion-of-motlon method, for example, has reproduced the experimental 
results in a number of cases.4 

The subject of the present investigation, K-Co. 27Feo 73F4» l 8 

markedly different from the above mixed systems, in that the magnetic 
ions involved have orthogonal preferred orientations. Hence, one ex-

2+ 2+ 
pecte that upon substitution of Fe in K-CoF., or Co in K-FeF,, the 
average anisotropy will decrease. Therefore, the q • 0 gap frequencies, 
particularly the one of the low-frequency modes, will decrease, as 
opposed to what has been found in the uniaxial syste is. A simple mean-
field calculation even suggests that, at T • 0, the gap at q • 0 van
ishes at the boundaries between the OAF phase on one hand and the 
K.FeF.-like and К CoF.-like phases on the other hand.5 In this Chapter, 
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we report on a study of the low-frequency magnetic excitations in the 
OAF phase, i.e., below T =* 27 K. From Mössbauer spectroscopy (cf. 

L» 
Chapter 5), it is known that in this phase the average spin directions 2+ 2+ of the Co and Fe ions may differ by as much as 30°. 

The spin-wave dispersion of both К FeF, (Ref. 6) and KCoF. (Ref. 
7) is well known from neutron diffraction and Raman scattering. In 
K.FeF, the degeneracy of the two spin-wave branches, which occurs in 
uniaxial antiferromagnets, is lifted because the in-layer anisotropy 
differs from the out-of-layer one. The two bands lie between 0.5 and 
3.0 THz. The dispersion in the К CoF, system is smaller and the exci
tation energies are higher, the band extending from 6.2 to 7.2 THz. As 
expected for these 2D systems, the dispersion in the c* direction is 
negligible. 

Some experimental evidence pertaining to K-Co Fe- F, is already 
available. A narrowing of the Co magnon band for 0.85 < x < 1 and a 
downward shift of the zone-boundary frequency with decreasing x have 
been observed with Raman scattering.8 Moreover, zone-boundary excita-

2+ tions of Fe ions in different surroundings, and an Fe-Co pair mode 
could be identified In the spectra. In systems which supposedly exhibit 

2+ a transition to the OAF phase, spectral lines attributable to Co and 
2+ Fe excitations were identified, but as a consequence of the very 

complex and considerably broadened spectra, not all spectral lines 
could be assigned uniquely to specific excitations. 

With inelastic neutron scattering9 it was verified that 
*S 0̂n (Je() IJL ^as two branches as expected. The gap frequency of the 
higher branch closely resembles the one in К CoF , and, by analogy with 
the results obtained for the uniaxial mixed systems, the lower branch 
presumably is associated with spin deviations propagating mainly on 

2+ 2+ 
the Fe ions. A similar study of a sample containing 20% Co Ions 
was, however, severely hampered by the poor sample quality. For this 
system, which is In the OAF phase at 4.2 K, the principal finding was 
that the gap of the low-lying band remains finite as the temperature is 
increased towards T.. Moreover, no marked increase of quasi-elastic 
scattering on the ridge was found around T , in contrast with the re-

L* 
suits presented here In Chapter 2. For a complete discussion of this 
matter we refer to Chapter 3. The aims of the present investigation 
therefore are to resolve the above discrepancies by a detailed examina-
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tion of the low-lying raagnon band in K«Co 27Fe0 73F4* 

4.2. Experimental preliminaries 

The neutron scattering experiments, conducted on the x • 0.27 
crystal, were performed with the triple-axis spectrometers IN3 and IN8 
at the Institut Laue-Langevin in Grenoble. The crystal was mounted with 
the b axis vertical in a He-flow cryostat, thus enabling observation of 
spin waves propagating in the a* and c* directions. However, no de
tailed measurements were made in the latter direction, as dispersion-
less magnon branches are expected similar to the ones observed in the 
pure 2D systems. 

The inelastic scattering was observed at some selected tempera
tures below and above T , i.e., 5, 19, 25 and 32 K, the variation in 
the temperature being smaller than 0.5 К during a single scan. The 
spectrometers were operated in constant-Q mode, with the analyzer set 
at a fixed energy Ef. Pyrolitic graphite (PG) was used both as mono-
chromator and analyzer. During the IN3 experiments either a PG filter 
or a cooled Be filter were used to • • re higher-order contaminants in 
the incoming or outcoming neutron beam, respectively. In combination 
with the PG filter, the collimation was 40'-40'-60' from monochromator 
to counter, and the analyzer was fixed at E, - 3.55 THz, resulting in 
an energy width (FWHM) of 0.18 THz for the diffuse scattering. This 
geometry was selected to study excitations with a reduced wave vector 
q • aq/2ir between 0.05 and 0.3. By using the Be filter, despite a 
relaxed 60'-60'-60' collimation the energy resolution could be improved 
to 0.037 THz (E - 1.24 THz), allowing observation of excitations with 
q < 0.05. In both configurations the high frequency region (> 5 THz) 
is inaccessible. The experiments with the IN8 spectrometer, equipped 
with a single PG filter and 40'-40'-60' collimation, were aimed at 
observation of the dispersion relation near the zone boundary. Unfortu
nately, optimum focusing of the spectrometer could not be achieved, as 
the high background radiation of the primary beam necessitated to 
choose a less favourable scattering configuration. 

In the linear spin-wave approximation only the transverse scatter
ing function S (Q,u>) contributes tc the inelastic scattering.10 In 
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deriving an expression for the inelastic-scattering cross section we 
assume, for simplicity, that the axis of quantization coincides with 
the z axis. The one-magnon scattering cross section then is 

Here, k' and k0 are the wave vectors of scattered and incident neutrc.is 
respectively, and f(Q) is the magnetic form factor. The scrttering 
processes observed in the experiments were those in which the neutrons 
lose energy. 

Prior to the inelastic measurements, some elastic scans through 
the (1 О Л) (4 • 0,1 and 2) reciprocal lattice points were made to 
verify the results reported in the Chapters 2 and 3. A suitable scan 
direction through the Brillouin zone turned out to be the Q = (1 + £, 
0, 0.4) direction. 

4.3. Experimental results 

Typical neutron groups observed at 5, 19, and 32 К are shown in 
Fig. 1, for a reduced wave vector q » 0.05. The scattering is evident-
ly of magc»tic origin since the energies decrease upon heating. Two 
well-defined branches are observed below TL • 27 K, with energies near 
those of the two magnon branches observed earlier in K-FeF,.6 This two-
band nature of the low-frequency magnons was not noticed in experiments 
on a specimen containing nominally 20% Co.9 In a classical description, 
these two excitations in the OAF phase are presumably associated with 
spin precessions on ellipsoidal cones with perpendicular long axes of 
the two ellipsoids. Above T , strong scattering at zero frequency from 

Li 

overdamped spin waves is observed. This scattering impaires the obser
vation of the second magnon branch, whose presence was verified at a 
frequency around 0.5 THz for q • 0.1. Both above and below T no 

а ь 
substructure is discernible in the neutron groups. Analoguous to the 
low-frequency branches observed in the uniaxial systems Rb.Mn. ,N1. ,F, 
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Typical neutron groups for K 2
C oO 27Уе0 73F4 at '̂ 1^' and 

32 К with the PG filter in the incident beam. The wave 
vector is 0.05 in units 2ir/a. Inelastic scattering at 
about 0.3 THz at 32 К is obscured by the strong scattering 
from overdatnped spin waves. 
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Fig. 2. The low-frequency dispersion relatione for К Co 2_FQ __F 
at 5, 19, and 25 К. For comparison, also Included is the 
dispersion of K2FeF, (dashed curve). The inset shows the 
low (q, u>) region in more detail, together with the result 
of a fit to a quadratic dispersion law (full curves). 
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and Rb^Co^ «.Мпл ,F,, the low-frequency excitations observed here pre-2 0.5 0.5 4' ^ ' 
sumably correspond to spin waves with spin deviations primarily on the 
2+ 

Fe sites. No attempts were made to observe the expected high-frequen
cy magnon branch at about 6 THz, corresponding to waves propagating 

2+ mainly on Co ions. The dispersion along a* was tracked for several 
temperatures, with particular emphasis on the behavior of the magnons 
near the zone center. As shown in Fig. 2, at 5 К the zone center fre
quencies are still appreciable, amounting to e = 0.226 ± 0.002 and 0.8 

g 
±0.1 THz. The dispersion of both branches is comparable to that in 
K_FeF,. In fact, the lowest magnon branches in the mixed system are 
shifted by a constant amount of 0.35 THz over the entire Brillouin zone 
with respect to K?FeF,. The magnon branches meet at the zone boundary, 
the common frequency being in good agreement with the calculated Tsing 
"spin-flip" frequency 2.31 THz.9 To deduce the reduction of the anlsot
ropy parameters with increasing composition x, we utilize the expres
sion 

<* Ю = 8|j|[(l4A)2 - (COS Orq ) ± B) 2 ] 1 / 2 , 

derived by Thurllngs et al.6 for К FeF, with an unrenormalized spin-
wave theory. In this expression, which we consider in the present con
text to yield estimates only, the exchange parameter J, and the anisot-
ropy parameters A = (D - 3E)/4ljj and В = (D + E)/4Jj| (Chapter 3) are 
taken as running variables of a fit. The adjustment turns out to repre
sent satisfactorily the low-lying branch for all q , but is less sue-

о 

cesful in reproducing the second-lowest branch. Nevertheless, the fit 
indicates that the anisotropics both are reduced compared to K_FeF,, 
whereas J is only marginally modified. The anlsotropy parameters Б and 
D are lowered by factors 7 and 3, respectively. 

The temperature behavior of the low-q excitations in the lowest 
branch is most Interesting. A typical neutron group, recorded with high 
resolution at 5 K, Is shown in Fig. 3. The peaks are symmetric within 
errors. The excitation frequencies are extracted by least-squares fit
ting Gaussians to the profiles, in this way avoiding elaborate resolu
tion corrections. At 19 and 25 К it becomes increasingly difficult to 
resolve the magnon peak as it moves towards the elastic peak. In the 
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inset of Fig. 2 the low-q part of the dispersion is shown in more 
detail for 5, 19, and 25 K. 
Clearly, the gap frequency of the lower branch decreases with the tem
perature. Extrapolation shows that at T * 27 К this branch has a zero, 

Li 

or at least a very snail frequency, at q • 0 in accord with the predic
tions of mean-field theory.5 In fact, very direct and convincing evi
dence for a spin-wave mode with vanishing gap frequency at q * 0 is 
found, even with the high energy resolution, in the increase in inten
sity observed for T ~ T when the spectrometer is set at elastic scat-

™ L» 
tering at Q = (1, 0, 0.4). We fitted a quadratic dispersion relation u 

2 (q ) " e + Dq to the data points for q < 0.05, the result of which is a g a 
shown as the full curves in the inset of Fig. 2. The gap frequency 
drops to £ - 0.152 ± 0.002 THz at 19 Kg and subsequently to 0.064 ± 

О 
0.001 THz at 25 K, concurrently with a drop of the prefactor, in units 

2 2 
(a/2w) THz, D - 76 ± 5 THz(a/2ir) at 5 К to D - 35 ± 5 at 19 К and 
30 ± 4 at 25 K. Additional information with regard to the dynamical 
behavior at higher temperatures is obtained from the widths (FWHM) of 
the neutron groups (Fig. 4). Obviously, the widths, being constant for 
0 < q < 0.04 at fixed temperature, increase upon heating, indicative 
of a snortening of the life times. 

Summing up, as the temperature Increases towards T , the gap fre-
L> 

quency at q « 0 of the lowest branch of excitations mainly residing on 
2+ Fe vanishes, concurrently with a flattening of the dispersion near 

the гэпе centre and a decrease of the life time. Above T , overdamped-
L* 

spin-vave scattering is what remains of this branch. The second lowest-
lying branch is not found to change substantially between 5 and 35 K. 4.4. Discussion 

In the previous Section we presented an experimental survey of the 
low-frequency magnetic excitations in K9C0- 2 7Pe Q 7 3 F A # T n e principal 
objective was to resolve a discrepancy between the results reported 
here in Chapter 2 and those of Ref. 9. Two dispersive branches were 
observed below T , related to excitations with large spin deviations on 

2+ the Fe sites. The gap at q • 0 for the lowest branch vanishes upon 
approaching T from below. Above T , we observed both overdamped-spin-

Lf Li 
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о 0.5 
Composition x 

1 

Gap frequencies at q * 0 ve the composition x at 5 K. The 
data points refer to neutron diffraction (#Ref. 6, • 
Ref. 9, and 0, present work), Raman scattering (*Ref. 7 
and A Ref. 8), and nuclear magnetic resonance (OChapter 
6). 
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wave scattering which was interpreted as Bragg scattering from quasi-

static 2D order in previous neutron diffraction experiments (Chapters 2 

and 3), and scattering from magnons belonging to the next-higher 

branch. Most likely, the overdamped spin waves bear on the dynamically 

increased widths in the Mössbauer spectrum (Chapter 5). The evidence 

accumulated in this and the next Chapter points to the transition at T 

being of second order, however, as demonstrated in the Chapters 3 and 

5, with unusually slow critical fluctuations. 

It may be useful to consider whether the findings presented here 
2+ 

for a sample containing 27Z of Co ions, can be generalized to other 

compositions. These considerations necessarily are somewhat specula

tive, as the number of relevant data is limited, and obtained with 

different techniques. The available data at low temperature are com

piled in Fig. 5. If one assumes that the transition between the PL and 

OAF phases is, as the A-OAF transition, brought about by a vanishing 

gap at q - 0, the mode going soft must be of out-of-layer character. 

Combining this with the data in Fig. 5, and noting that for x • 0.27 

the lowest-energy mode in the OAF phase must be in-layer, we then ar

rive at plots of q » 0 frequencies versus composition x, such as the 

one indicated with full curves in Fig. 5. We note that Fig. 5 repre

sents a development of the q » 0 frequencies with x that is quite dif

ferent from the mean-field result of Ref. 5, In which the constituent 

K.FeF, was approximated with an XY model, thus relaxing the energy 

separations in the PL phase. To establish Fig. 5 more rigorously, it 

would be helpful to study the excitations of a system with a composi

tion just below 0.20. 
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CHAPTER 5 

MÖSSBAUER SPECTROSCOPY STUDY 

Abstract 

We have studied the randomly mixed two-dimensional antiferro-
magnet K„Co Fe, F, (x * 0.27, 0.55, and 0.70) with Mössbauer 2 x 1-х 4 
absorption. In the latter two compounds a phase transition to 
a uniaxial antiferromagnetic phase with the Fe moments aligned 
along the Co easy axis (c axis) is observed, and T » 90 ± 1 
and 97 ± 1 K, respectively. In the x ** 0.27 compound below T 

N 
* 64 ± 1 K, the Fe moments acquire a static component along 
the с axis. Below TT * 27 ± 2 К the transverse components 
also become ordered, at least on the Mössbauer time scale, 
confirming previous neutron-diffraction experiments. A compar
ison with the results of this technique further shows the Co 
and Fe spins to differ in orientation by up to 30°, depending 
on the local surroundings. The Mössbauer spectra at 4.2 К 
reveal a widening of the distribution of the hyperfine param
eters when x approaches the multicritical value. In the case 
of x • 0.27, the widening Increases sharply towards Т.. , and 
reflf""-s substantial fluctuations of the transverse components 
per si:. . g over an unusually large critical regime above T.. 

5.1. Introduction 

Random antlferromagnets with competing spin anisotropics1-9 are of 
interest because, in addition to the regular phases with axial and 
planar order, they exhibit, at certain compositions, unusual magnetic 
phases and new critical behavior. In the case that no coupling exists 
between the spin components, renormalization-group theory predicts that 
the phase diagram consists of two smoothly crossing phase boundaries.2 

The phases of axial and planar order are then separated by a regime of 
concentrations where both types of order coexist. Real systems, how
ever, appear to possess a coupling between the two order parameters. 
Experimental evidence for this are the pronounced kinks in the phase 
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boundaries at the multicritical point, and further the simultaneous 

ordering of the axial and transverse spin components below the Néel 

temperature. The mechanisms proposed for the off-diagonal coupling are 

based on a sufficiently low symmetry of the crystal structure itself,10 

or a local destruction of symmetry by randomness.6 

The crystal structure of the system investigated below, 

lLCo Fe F, , is, as the pure constituents К«CoF (Ref. 11) and К FéF 

(Ref. 12), of the К NiF, type. The magnetic ions are situated in layers 
with a simple-quadratic lattice. Because of this high symmetry the off-
diagonal coupling is expected to be weak. The magnetic ordering of 
K.Co Fe, F, has been examined with neutron diffraction in Ref. 7. 2 x 1-х 4 
These results have largely been confirmed in Ref. 13 in which measure
ments on the magnetic excitations were also presented. Above x = 0.30 
both the magnetizations at the Fe and Co sites acquire three-dimension
al (3D) order down to zero temperature with the spins oriented along 
the tetragonal axis (c axis; K-CoF, or A phase), while below x = 0.20 
both magnetizations point along one of the in-layer magnetic axes [a or 
b axis; K.FeF, phase (Ref. 12)]. These phases are separated by a mixed 
phase, in which the magnetizations are canted away, in four domains, 
from the с axis, towards the a or b axis [oblique antiferromagnetic 
(OAF) phase]. The multicritical point occurs at x » 0.22 and 
T - 57 K. с 

The К Co Fe. F, system has also been investigated with various 
other techniques including Mössbauer,11* Raman scattering,15 and NMR.16 

Further a study of the magnetic ordering of K2^°o 27FeO 7T?ü *n a n aP~ 

plied magnetic field has been reported.17 A comprehensive inelastic 

neutron scattering investigation of the magnetic excitations of this 

compound will be published.18 The Rb counterpart Rb_Co Fe, F, has been 

studied by Mössbauer spectroscopy.19 

The aim of the present study is to combine results of Mössbauer 

spectroscopy with the earlier neutron-diffraction results, taking ad

vantage of the difference of the characteristic time and length scales 

of the two techniques. In the case of x - 0.27, which successively 

enters the A phase at T - 64 ± 1 К and the OAF phase at T - 27 К the 
N и 

latter transition is preceded by two-dimensional (2D) correlations of 
the transverse components below 60 K. It will appear that (1) the Fe 
and Co magnetizations are noncollinear in the OAF phase, and (11) the 
critical fluctuations of the transverse components above T are unueu-

Li 
ally slow. 
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5.2. Experimental results 

Single crystals with x • 0.27, 0.55, and 0.70 were grown from the 
melt by Czochralski-pulling techniques, and analyzed by atomic absorp
tion. No concentration gradient along the growth direction of the crys
tals was found within an accuracy of 0.02 in x. Typical crystal volumes 
were 150 mm3. Thin platelets, cleaved from the crystals as grown, were 
mounted on a perspex holder, with parallel alignment of the с direc
tions. The у rays were incident along the с axis, while the irradiated 
sample surface was 250 mm2. The temperature at which the samples were 
held could be maintained stable in a He-flow cryostat to within 0.1 К 
for several days. The Mössbauer spectrometer was of the constant-accel
eration type using a 57CoRh source. The source velocity was calibrated 
using the spectrum of natural iron foil at room temperature. 

The temperature variations of the Mössbauer spectra of 
K„Co Fe, F, , with x = 0.27, 0.55 and 0.70, are presented in Figs. 1-3. 2 x 1-х 4 
According to neutron-diffraction experiments7 performed on the same 
x • 0.27 and 0.55 samples the latter orders in the uniaxial "Co-like" 
structure, whereas the former sample exhibits a transition to the OAF 
phase at 27 ± 2 K. The transition between paramagnetic and the ordered 
state appears to be quite sharp in all three samples. As in the pure 
planar ordered system K-FeF,,20 paramagnetic and ordered spectra coex
ist near the transition, but in a range of 2 К only. In the present 
case, the spread in T„ is probably caused by minor spatial concentra
tion variations. For the average transition temperature T (x) we find 
with increasing concentration 64 ± 1, 90 ± 1 and 97 ± 1 K, of which the 
fir^t two are in excellent agreement with the previous neutron diffrac
tion results. For x - 0.55 and 0.70, the quadrupole doublet splits 
below T„(x), and at 5 К four well-separated and relatively narrow ab
sorption lines are visible. No indication is found for the presence of 
the two additional weak absorptions allowed in case the hyperfine field 
is tilted away from the с axis. A priori to the analysis, we note that 
a г.лге sensitive measure for the direction of the hyperfine field is 

the ratio 16/дзц of the «pacings between the strongest two (A^g) and 
the weakest two (Дзч) absorption lines.19 For an arrangement of spine 

along the с axis one has Л1б/Дзц " 6.33, nearly linearly increasing to 
6.91 at a canting by 10°. At 5 К we find for both the 
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Figure 1 : Representative Mössbauer spectra of К Co n*e
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Figure 2 : Representative Mössbauer spectra of К Co Fe F 
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x - 0.55 and 0.70 samples Д16/А3ч = 6.42 ± 0.10, i.e., the Fe spins 
indeed point along the с axis. 

By contrast, the spectra obtained for the x = 0.27 compound are 
not as simple to interpret (Fig. 1). In the temperature range 
30 К < T < T they are not yet very much different from the spectra of 
the more Co-rich samples at temperatures just below TM(x), but, obvi-

N 
ously, absorption lines overlap because of the combined effect of a 
larger line broadening and the smaller hyperfine field at these temper
atures. Upon cooling from 45 to 30 К the spectrum does not markedly 
change in appearance. Below 25 K, however, two additional absorption 
lines (at around -4 and 3 mm/s) appear, which become more intense to
ward lower temperatures. At 4.2 K, five absorption lines are discern
ible. We further note that the line positioned at approximately 7 mm/s 
at 4.2 K, identified as the |l/2> -*• J3/2> nuclear transition, is broad
ened above 25 К, but narrows considerably at lower temperatures. 

5.3. Analysis of Spectra 

When analyzing the Mössbauer spectra of K-Co Fe, F,, in particu
lar the ones for x • 0.27, a number of difficulties are encountered. 
These prevent application of the standard approach of fitting the spec
trum calculated from diagonalization of the nuclear-spin Hamiltonian 
after convolution with a profile representing life-time broadening and 
the instrumental resolution. First, in random systems with competing 
anisotropics, the Mössbauer technique probes Fe spins in a variety of 
local environments, and accordingly measures hyperfine fields that 
differ from site to site both in magnitude and direction. Second, addi
tional broadening Is anticipated owing to fluctuations of the magneti
zation associated with the ordering processes. For both of these ef
fects no precise theory is available, preventing an a priori calcula
tion of the absorption profile. Further, approaches from the other end, 
such as a phenomenological description of the broadened spectrum upon 
introducing a number of additional parameters, fail because the spectra 
do not contain sufficient detail. We have therefore opted for a simple 
approach, which concentrates on the primary aspects of this study re
flected in the observed line positions. In the first step of the fit
ting, a suitable set of Lorentzlan profiles is fitted to the spectra, 
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to determine the positions, intensities, and widths of the observed 
absorption lines. Generally satisfactory fits were achieved (drawn 
curves in Figs. 1-3), apart from the fact that the slight asymmetry in 
case of the outermost line for x » 0.27 in the region 30 to 60 К is not 
well reproduced. This line, however, is most sensitive to a distribu
tion of hyperfine fields. Next, the energy-level separations calculated 
from numerical diagonalization of the 57Fe nuclear-spin Hamiltonian are 
adjusted to the line positions obtained in fitting the Lorentzians. The 
relevant parameters here are the magnitude of the hyperfine field H.f, 
the polar angle 0 , and the azimuthal angle ф of the field relative to n H 
the principal axes of the electric field gradient (EFG), the quadrupole 
coupling constant e2qQ, the asymmetry parameter л of the EFG tensor, 
and, finally, the isomer shift I . These parameters, six in total, are 
still too many, but reasonable assumptions allow to reduce their number 
considerably. In axial tetragonal systems, ф is irrelevant, while in 

H 
pure ordered К FeF,, the principal axes of the EFG tensor are known to 
coincide with the magnetic axes.20 In the mixed systems, therefore, one 
may safely set ф • 0. Similar considerations apply to n,20 which at 
0 up to 50°, as encountered below, does not exceed 0.03, and has com-
n 

pletely negligible effects. Hence, we set n = 0. The quantity I , which 
is not anticipated to vary with temperature, is equated to the value 
derived from the paramagnetic spectra. We found I « 1.25 ± 0.06, 1.25 
± 0.06, and 1.29 ± 0.06 mrn/s for x » 0.27, 0.55, and 0.70, respective
ly. These results have been verified to be consistent with the adjust
ments to the low-temperature spectra. Furthermore, as already noted in 
Sec. 5.2, according to the ratio Д1б/Дзц» the Fe spins point along the 
с axis in case of x * 0.55 and 0.70, i.e., 0„ » 0. This conclusion was 

n 
further confirmed by leaving 0 as an adjustable parameter in the anal-

n 
ysis, which yielded 0 - 0° ± 5°. 

H 
Even more important, such an adjustment showed 0 to be zero with-

n 
in the same error limits for the x - 0.27 specimen in the temperature 
regime 30 К < T < T„ (x). Finally, below 30 К in the x » 0.27 sample, 
e2qQ was kept constant on the grounds that its weak temperature depen
dence is within errors, leaving only two parameters to be fitted, viz. 
H.. and 0„. Preliminary to the actual fitting procedure, model calcula-hf H 
tlons of the spectra were helpful in Identifying the observed absorp
tion lines with the corresponding nuclear 57Fe transitions. 
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х (К) (kG) (deg) (шт/s) 

61.7 
60.0 
55.0 
49.4 
45.0 
39.2 
38.8 
34.9 
30.1 
26.2 
24.0 
21.9 
20.5 
15.2 
4.2 
87.5 
80.1 
70.0 
60.1 
50.3 
40.2 
ЗОЛ 
20.2 
6.7 
84.7 
80.1 
60.0 
40.4 
20.2 
6.0 

148 
154 
173 
188 
192 
204 
201 
205 
208 
225 
243 
260 
271 
288 
302 
144 
190 
208 
226 
245 
258 
268 
279 
285 
187 
192 
235 
263 
286 
290 

0 

41 
44 
44 
47 
50 
52 

0 

0 

5.5 
5.6 
5.8 
5.9 
5.8 
5.8 
5.8 
5.8 
5.9 

fixed 
6.1 

5.1 
5.4 
5.8 
6.0 
6.0 
6.0 
6.2 
6.2 
6.2 
5.6 
5.7 
6.1 
6.1 
6.2 
6.2 

Table I : Mössbauer hyperfine parameters of K-Co Fe- P.. The uncer
tainties are 5 kG In H.., 5° In G„, and 0.3 mm/s in e2qQ, 

nf H 
respectively, and are estimated by model calculations. 
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The simple procedure adopted appeared to faithfully reproduce all 
measured spectra. The resultant fitted line positions are given in 
Figs. 1-3, together with their intensities calculated on basis of the 
nuclear-transition probabilities. In the case of x ж 0.27 below 25 K, 
the calculated spectra contain a few weak transitions, which could not 
be identified in the measured spectra because of the closeness of 
strong transitions. Table 1 summarizes the hyperfine parameters of the 
three samples. 

The parameter most accurately determined in the adjustments is the 
hyperfine field H.f, which is a direct measure for the magnetization 
residing on the Fe ions. In Fig. 4 we present the temperature depen
dence of H.f for the three compositions. The x = 0.55 and 0.70 com
pounds both show the usual gradual drop of the magnetization with in
creasing temperature. Of more interest is the behavior of H,f in the x 
» 0.27 case. Upon cooling through T , H first sharply increases, and 

N nf 
subsequently tends to level off at about 205 kG. Below T - 27 К, а 

L* 
second sharp increase is observed followed by saturation at H =300 kG. 

hf 
The fits have also yielded that 0 rises to 52° ± 5e below T 

H L 
(Table I). Both the results for H and 0 signify the development of 

hf H 
the OAF phase below T , i.e., the Fe spins acquire order perpendicular 

Li 

to the с axis in addition to the order along the с axis already present 
above TT. In fact, if we assume the axial component of u_ unchanged 
below T , we calculate from the height of the plateau at 30 К relative 
to H. extrapolated to low temperatures the result 0 • 47° ± 3°, which 
is compatible with the direct determination from the fit. Reversing 
the argument, we note that the marginal difference in 0„ permits a 

n 
reduction of the axial magnetization by (10 ± 10)% in going from the A 
phase to zero temperature. A third independent, although less accurate, 
estimate of 0 is provided by the weights of the Am = 0 absorptions, 
which are forbidden in case of axial symmetry, with reference to, for 
example, the |l/2> * |з/2> absorption, resulting in 0R » 60е ± 15° at 
4.2 K. In connection with the fits, it is finally noted that e2qQ in
creases only slightly with decreasing temperature, as anticipated. 

The widths of Mössbauer absorption lines in lnhoraogeneous magnetic 
systems, such as the ones considered here, may contain, in addition to 
information on the static spread, useful information on the fluctua
tions associated with the transitions. We focus on the line located at 
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Figure 4 : Hyperflne f i e lds H vs temperature for КлСо Fe F 
hf 2 x 1-х 4 

[x - 0.27 (•), 0.55 (О), and 0.70 (x)]. The Insert shows 
the (x,T) phase diagram, taken from Ref. 7. 



- 76 -

2.0 

1.5 

1.0 

0.5 

т 1 1 1 1 1 1 1 г 

x = 0.27 

o l i i • i • J I • 
0 20 40 60 80 100 

Temperature (K) 
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x - 0.27 (•), x - 0.55 ( O ) , and x - 0.70(x) for various 
temperatures. The instrumental resolution width is 
indicated by the dashed line. 
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about 7 mm/s, corresponding to the |i/2> • |3/2> absorption, the over
lap of which with other lines is negligible. In Fig. 5 we have plotted 
the width of this line as a function of temperature for all three con
centrations. For the systems x » 0.55 and 0.70, which order in the A 
phase all the way down to zero temperature, the increased width at 
higher temperatures is presumably related to the spread of the Fe mag
netizations in the various local surroundings. Close to Tu(x) the dis-

N tribution in H., will, of course, be the widest, tit 
Quite different, however, is the behavior of the width of the 

absorption in the x s 0.27 compound. Instead of decreasing, the already 
large width initially increases further when approaching T_ from above, 
and subsequently sharply drops to below half its maximum value. Evi
dently, the major part of the broadening around T_ is associated with 
fluctuations of the transverse magnetization on a time scale typical 
for Mössbauer spectroscopy, i.e., of order 10~8 s. In approaching T 
these fluctuations gradually slow down, and become static below T . We 
further note that at 5 К the width increases as x approaches x , con
firming that the ground state of the system becomes increasingly more 
random near the multlcritical point. 

5.4. Discussion 

It is of considerable interest to compare the results derived here 
from Mössbauer spectroscopy with those from the earlier neutron-dif
fraction experiments.7 In Fig. 6, then, we plot both the magnitude of 
the reduced sublattice magnetization in K.Co. п*еп п?/. an<* 
K.Co. ..Fe. ,-F. as derived from the intensities of the (1 0 0) Bragg 2 0.55 0.45 4 °° 
reflections, and the corresponding local u as derived from н . The 
similarity of the results from the two techniques is Indeed striking, 
and in Itself lends substantial support for the suitability of 
Mössbauer spectroscopy In detecting the OAF phase. A detailed compari
son would of course yield information on the ordering of the Co and Fe 
spins separately, but the relevant neutron scattering cross sections 
are not known to sufficient precision to disentangle p- and u_ quan
titatively. In the x • 0.55 sample It appears that, compared to u , 
u falls slower with Increasing temperature, which is evidently relat-Co 
ed to the Islng character of Che Co ion. The same feature is observed 
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in the OAF phase of the x - 0.27 composition, and above T in the A 
phase (Fig. 6). The disparity of the plateau heights for x - 0.27 at 30 
К in fact is a measure for noncollinearity of the magnetizations resid
ing on the Co and Fe sites. The spins on the latter are, as we have 
seen, oriented at 9 • 50* near zero temperatures, whereas from the 
plateau seen in the neutron-diffraction data, when analyzed in the same 
manner as the MOssbauer data above, we find for the neutron-weighted 
average of the magnetization 9 • 30*.7 (We neglect any difference in 
the directions of the spins and hyperfine field, amounting to 5° at 
most.19) The conclusion therefore is that in the OAF phase, as compared 
to the Fe spins, the Co spins are tilted toward the magnetic layer over 
a substantially smaller angle. 

We now turn to the nature of the lower phase transition in the 
x « 0.27 case. From the neutron-diffraction data it is known that in 
the temperature region T. < T < T (x), the spin components parallel to 
the с axis, и , show 3D long-range order, while the transverse compo-c 
nents M are only correlated within 2D domains in the magnetic lay-a,b 
ers, yet over distances of at least 100 lattice spacings. The transi
tion to the OAF phase was further found to be 3D in character, and 
involves a reorientation of these 2D domains. It should be realized at 
this point that correlated in the neutron sense implies the correla
tions to persist on a time scale slower than 10"11 s. MOssbauer spec
troscopy, by contrast, views the spins on the time scale 10~^ s. In
deed, the MOssbauer spectra between T and T (x) are, as we have seen, 
consistent with a static u , but absence of a static p .on the 

с a,b 
MOssbauer time scale. The neutron-diffraction and Mb'ssbauer results 
combined, therefore, show the planar correlations to be dynamic at 
times between 10~8 and 10""11 s at all temperatures above T , but static 

Li 
below T . Also, the MOssbauer width, increasing towards T from either 

Li LI 

side, indicates the transition to be best described in terms of spin 
dynamics. All the evidence thus points to a second-order transition to 
occur at T , but one that has, at comparable reduced temperatures, 
substantially slower fluctuations21 than the regular second-order tran
sition encountered in systems such as K.CoF,.11 

The question arises whether the phenomena observed above in 
K.Co Fe, F, could also occur in systems with lower crystal symmetry, 
where the coupling between the orthogonal components is expected to be 
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Figure 6 : Comparison of the reduced sublattice magnetization as 
obtained by neutron scattering (dashed curves) and the 
reduced Fe magnetization as obtained by M<5ssbauer 
spectroscopy for x - 0.27 ( # ) and 0.55 ( O ) . 
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larger. A strong coupling would enforce simultaneous ordering of the 
two components, even on the Mössbauer time scale. The coupling further 
generates site-random fields, the effect of which is to broaden the 
transition to the OAF phase. Examination of 3D systems indicates both 
phenomena to occur. Neutron-diffraction work on Fe, Co Cl_ shows do
main formation of transverse components immediately below the ordering 
temperature of the axial component, but the lower phase transition is 
considerably broadened, or even nonexistent.6 This is confirmed by 
Mössbauer spectroscopy, where spectra characteristic for the OAF phase 
are observed at all temperatures below the transition at T without 
apparent narrowing of the lines.9 Similar conclusions hold for 
Fe Co, C12.2H20 (Ref. A) and Co Fe, TiO, (Ref. 5). From a recent 
neutron-diffraction experiment it is concluded that the off-diagonal 
coupling in Fe Co, C1..2H-0 probably is very weak.22 

Finally, we compare the present findings with those of related 
work. Mössbauer spectroscopy on K„Co Fe, F, has been performed by 
Fendler and von Eynatten.1** Their spectra in the same concentration 
regime are quite similar to the present ones. Their analysis, however, 
which is fundamentally different in that they attempt to fit the spec
tra with static distributions of the hyperfine parameters, appeared not 
to yield reliable values for H, , and 0 in the temperature and concen-

nl H 
tration regime close to the OAF phase boundary. The authors however 
suggest the presence of additional dynamical broadening, and attribute 
this to a spin-wave mode going soft at T_. Although this may play a 

Li 

role close to the phase boundary, our results unambiguously show dynam
ical broadening all the way up to TN(x). Other closely related measure
ments have been performed by Hiraoka and Ito19 on the isomorphic system 
Rb«Co Fe, F,. Although not noticed by the authors, their spectra re
veal a broadening and subsequent narrowing of the absorption lines 
similar to what has been observed here. Their analysis is entirely 
phenomenological in terms of static distributions of the angle 0„, and 
thus does not allow to relate the observed width to dynamical process
es. A notable difference with the present results In the К counterpart 
is that in the K-CoF.-like phase 0 * 10е, the origin of which is not 
understood at present. 

In summary, combining the results of Mössbauer spectroscopy with 
those of neutron diffraction has provided a detailed picture of both 
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the magnetic structure and ordering processes In К Co Fe. F,. Particu
larly, It appeared that In the OAF phase, which this system acquires 
below T for compositions x near the multlcridcal value, the magnet!-
zatlons residing on the Fe and Co sites are noncolllnear. The transi
tion at T Is associated with critical fluctuations, which however 
persist over an unusually enlarged regime all the way up to T . 
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CHAPTER 6 

LOCAL MAGNETIZATT NMR INVESTIGATION 

Abstract 
The temperature dependence of the magnetizations residing at 

2+ 2+ 
Co and Fe ions In the randomly mixed quasi two-dimension
al antiferromagnet K.Co Fe F, with competing spin anisotro
pics has been determined by tracking the 19F NMR. For 
x - 0.27, the system achieves the oblique antiferromagnetic 
phase below T * 27 K. At 4.2 K, the directions of the Fe 

Li 

spins are distributed over 13° on either side of an average 
angle of 42° off the с axis; the Co spins are directed at 23° 
with a spread of 10° to both sides. The development of trans
verse magnetization in the OAF phase is associated with a 
reduction of <S > both at the Co and Fe sites. For x - 0.55 
(K CoF, structure), as well as x - 0.12 and 0.18 (K FeF, 
structure) earlier determinations of the magnetic structure 
are refined. The excitations associated with Fe in these 
systems have energies slightly dependent on the first-shell 
Co coordination, and in the К-FeF, structured system retain a 
primarily spin-wave character. 

6.1. Introduction 

Recently, a number of experimental1"6 and theoretical7'8 studies 
have focussed on randomly mixed antiferromagnets with competing anisot
ropics. In this paper we present an investigation of the two-dimension
al archetype K-Co Fe1 F,, with the primary aim to examine the magneti-

x 2+ 2+ 
zations residing at the individual Co and Fe sites. A preeminent 
probe for tracking theue magnetizations is the frequency of the nuclear 
magnetic resonance (NMR) of adjacent 19F nuclei. The magnetic structure 
and ordering processes of the pure constituents K^CoF, (Ref. 9) and 
К FeF, (Ref. 10) are well established. These systems order in the axial 
(A) and planar (PL) magnetic structures, respectively, while the mixed 
system may additionally acquire the oblique antiferromagnetic (OAF) 
structure. 
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x = 0.12 

51 MHz 

Fe(n=o) 

ft 
x =0.55 

176 MHz 
Fe(n=3) 

Fe(n=2) 

0 4 8 12 

External f ie ld (kG) 

Figure 1 : Representative NMR spectra of 19F adjacent to Co or Fe as 

Indicated in K-Co Fe, F, with compositions x • 0.12, 0.27, 

and 0.55 at 4.2 K. The number of Co firpt-nearest neighbors 

of Fe Is denoted by n. For x - 0.27 and 0.55 the field 

points along the tetragonal crystal axis, for x - 0.12 along 

a magnetic In-layer axis. The weak resonance at 5 kG for 

x • 0.12 originates from F„ _ . In the Inset, the positions 
I C o F e II 

of the out-of-layer F and the in-layer F are Identified 
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In the concentration-temperature phase diagram5 (cf. Inset to Fig. 6) 
the OAF phase is located intermediate between the A and PL phases. 
Below we will particularly consider the composition x = 0.27, for 
which, according to neutron diffraction5 and Mössbauer spectroscopy,6 

the system orders in the A phase at T * 64 K, and enters the OAF phase 
at T » 27 X. As we will see below, the Co and Fe spins, while both 
oriented away from the c-axis, also mutually are at a substantial angle 
near zero temperature. In the A and PL phases, the decrements of the 
local magnetizations with the temperature permit in a number of cases 
to deduce the energies of the excitations associated with the Fe spins. 
These energies turn out to be only weak dependent on the composition of 
the first shells. 

6.2. Experimental 

In Fig. 1 we present representative spectra at 4.2 K, and further 
depict i>art of a quadratic layer of K^Co Fe, F, , identifying the non-
equivalent fluorine positions. The out-of-layer 19F nuclei, and for 
that matter the In-layer 19F nuclei, resonate primarily in the trans-

z 2+ 
ferred hyperfine fields of the form A<S > invoked by the adjacent Co 

2+ or Fe ions. At 4.2 K, thesp fields amount in the A phase to about 
40 kG at 1 9F p e and 45 kG at 19FCo» and in the PL phase to 20 and 13 kG, 
respectively. The dipolar contribution to the hyperfine fields is of 
order 1 kG, while the hyperfine fields from more distant magnetic ions 
contribute by a few percent only.11 The randomness of the systems is 
associated with small local distortions of the lattice of order 0.01 A, 
which induce modifications of the hyperfine constant A by several per
cent. These minor modifications may in fact be used to advantage in 
that they separate the resonances of, for instance, 19F adjacent to 
2+ Fe surrounded by first shells of different composition. 

Four single crystals of К Co Fe F, (x - 0.12, 0.18, 0.27 and 
0.55) were grown from the melt by Czochralski pulling, and cleaved to 
thin platelets of dimensions 3 x 2 x 1 mm3. The compositions x were 
analyzed with atomic absorption spectroscopy. The same crystals were 
studied earlier, prior to cleaving, with neutron diffraction.5 The 
specimens were aligned with either the с axis (x - 0.27 and 0.55) or an 
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in-layer magnetic axis (x = 0.12 and °.18) along th* external field. 

The NMR spectrometer, employing a two-pulse spin-echo technique, was 

operated at fixed frequencies (SO - 220 MHz), and the external field of 

typically 5 kG was swept at rates below 5 kG/mir. to achieve resonance. 

No relaxation with the field was observed. The NMR could not be tracked 

up to close to the order-disorder transition due to the rapidly in

creasing relaxation. All resonance fields were, exc i the x » 0.27 

case, reduced to resonance frequencies corresponding .J zero external 

field, however with neglect of the effects of the finite susceptibili-
2+ 2+ 

ty. Near zero temperature the susceptibilities of both Co and Fe are 

primarily of the Van-Vleck type, resulting in frequency shifts of order 
2+ 

30 kHz. At 50 K, the Fe are the main source of the susceptibility,12 

and the shifts are, in the fields used, estimated to rise to about 

0.2 MHz, which is still of no concern. A comparison of the 19F reso

nance frequencies of the upward and downward branches places an upper 

limit of 0.4 MHz on the shifts at 50 K. The sample temperature was 

maintained stable within 0.5 K. To ensure that no random-field effects 

occur, the ordered state was prepared by cooling in zero external 

field.13 It was verified that field cooling through the transition did 

not visibly affect the resonance spectra. 

The number of separate resonances observed depends on the composi

tion x and to some extent on the temperature. As it appears, however, 

the 19F resonances may be identified according to whether the adjoin-
2+ 2+ 

ing magnetic ion is Fe or Co , with in a number of cases a further 
2+ 

dlstinction according to the number n of Co first-nearest neighbors. 

In a similar way the local environments associated with the 19F are 

established. The identifications are made by, in this sequence, (i) a 
2+ 2+ 

comparison, distinguishing between the adjoining Fe and Co , with 

calculated resonance frequencies using estimated hyperfine constants, 

such <- derived from K.FeF, and K?CoF,, and as regards n, (ii) the 

reduction of the frequency with increasing temperature, upon noting 

that at a given x the magnetization at the central ion drop& faster the 

larger the number of first neighbors that is not aligned along their 

easy axis, and (ill) a comparison of the signal intensities with the 

calculated binomial distributions appropriate to x over the n. 

The resonance lines (Fig. 1), except In the case x * 0.27, are 

about 150 G in width (FWHM), which is only marginally wider than what 
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О 20 ДО 60 80 

Temperature (К) 
Figure 2 : 19F resonance frequencies extrapolated to zero field for 

x - 0.55. The number of Co first-neighbors is denoted by n. 
For the F_ _ resonance n refers to Fe, the Co coordination Core 
being 2. 
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one would expect for a composite line made up of resonances shifted by 
the dipolar interactions modified by the random distribution.11 The 
additional broadening is obviously due to an inhomogeneous spread of 
the hyperfine paramete" A by lattice deformations and the distribution 
of the 1ося1 magnetizations it. further-out nhells. As for the x • 0.27 
case, the external field was aligned Hong the tetragonal axis to en
sure that the four domains ir the OkF phase have equivalent resonance 
conditions. Despite this, an excessive broadening ,!s observed of both 
the 19F_ and 19F_ resonances below T. (cf. Fig. 1), which evidently Fe Co L 
is associated with a spread of the directions of the local magnetiza
tions. Above T , the resonances are narrowed down to about 1 kG, the 
primary source of the still considerable widths presumably being trans
verse critical fluctuations. 

6.3. Discussion 

We first consider the NMR data collected for the x s 0.55 system 
as a function of the temperature (Fig. 2). The zero-field frequencies 
at 4.2 К are approximately 190 MHz for F_ , 158 MHz for F , and 45 MHz 
for F , which values are near those calculated from the appropriate 
hyperfine constants in К FeF (Ref. 12) and K 2 C o FA (Ref* 1 4 ) * A 1 1 three 
resonances are split into three components, which according to the 
above procedure are identified with the Co coordinations n = 1, 2, and 
3, as indicated in Fig. 2. In the case of the somewhat broader F_ 
resonance (Fig. 1), the three components are resolved only above about 
40 K. To establish the directions of the magnetizations at 4.2 К to 
high precision, in an additional experiment, the results of which are 
not presented here, the F_ and Fc resonances have been tracked upon 
rotating the external field away from the с axis. It was in this way 

2+ 2+ 
verified that both the Fe and Co magnetizations are aligned paral
lel to the tetragonal axis to within 3°. 

We now turn to the fall of the local magnetizations AS(T), in 
units of spin as reflected in the 19F frequencies v(T) * v0 (1-AS/S) 
(The magnetizations are also reflected in the F. _ resonances, but 

Core 
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uncertainties in the relevant hyperfine parameters inhibit their sepa

ration.) Already by visual Inspection of Fig. 2 one sees that, at both 

the Fe and Co sites, the fall is virtually independent of n. In order 

to arrive at quantitative results for the energies e of the excitations 

causing the drop, we have fitted the slightly heuristic expression 

AS(T) - [exp (e/KBT) - l]"
1 (1) 

to the measured temperature dependence of US(T) with £ as an adjustable 

parameter. In Eq. (I), It is assumed that the excitations are disper-

sionless over a substantial part of the Brillouin zone, which is real

istic in the present system. The results for e from the three sets of 

F data differ marginally, and amount to with increasing Co coordina
te 
tion e„ , ,. = 6.7 ± 0 4 meV, e„ , „ - 7.0 ± 0.4 meV, and e„ . _ = 

Fe(n*l) Fe(n*2) ' Fe(n-3) 

7.4 ± 0.4 meV. Similarly, we find e = 29 ± 5 meV from the F data 

upon adopting S =1/2. It is noteworthy that these values are within 

errors in conformity with the results 8 and 32 meV determined in 

K.Co Fe, F. of similar composition (x s 0.6) with inelastic neutron 
2 x 1-х 4 

scattering for excitations In the outer part of the zone.15 Indeed, in 
Eq. (1) this part carries most of the weight by virtue of the density 
of states, at least at those temperatures that are relevant to the 
determination of e. The near independency on n of the local magnetiza-

2+ 2+ tions of both Fe and Co can be understood on che grounds of the 
comparable sizes of the Fe-Fe, Co-Co, and Co-Fe exchange fields. 
Therefore, the present results do not provide evidence for the extent 

2+ in space of the excitations. The comment is most striking on the Co 
sites, where genuine localization is beyond doubt. In the case of the 
diluted antiferromagnet K-Co Zn, F,, for comparison, the excitations 

л • ^ X 1-Х H 
residing at Co have been found to have energies equal to multiples of 

We now turn to the specimens that order in the PL phase. In Figs. 
3 and 4 we present the temperature dependences of the NMR frequencies 
of F , F- , and F_ _ for x - 0.12, and F for x - 0.18, respective-
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ly. In the latter specimen the NMR responses of F_ and F could not 
be traced beyond 10 K. As in the x • 0.55 case, the zero-field frequen
cies are, within the uncertainties, in conformity with the frequencies 
calculated from the hyperfine constants of the pure systems. Rotation 
diagrams as utilized for x =0.55 again permit a refinement of the 
magnetic structure with respect to previous neutron-diffraction experi
ments,5 particularly in the sense that Fe and Co can be viewed sepa
rately. Diagrams of F and F_ have been taken upon rotating the ap
plied field both in the a,b and а,с planes. As an example, the a,b 
diagram of the F in the a and b domains (inset to Fig. 4) reflects 
the tetragonal symmetry. Summarizing all diagrams, we conclude that the 
2+ 2+ 

Fe spins and, notably enough also the Co spins, point along the a 
or b magnetic axis, depending on the domain type, to within 3°. 

As concerns the decrement of the magnetizations with the tempera
ture, a noteworthy feature of the x = 0.12 and 0.18 systems is the 
close similarity with K-FeF, of the drop at the Fe sites (Figs. 3 and 
4) . 1 2 Apparently, upon substituting Co for Fe to these concentrations, 
the excitations propagating on the Fe remain spin-wave like. This as
sertion is consistent with the on the average diminished anisotropy 
owing to the competition between the single-ion anisotropics.17 For a 
quantitative analysis of the corresponding reduction of the spin-wave 
energy gap e , it seems attractive to rely on the previous first-order-

О 

renormalized spin-wave calculation of the sublattice magnetization in 
K.FeF,,10 which would be adequate for the present purpose in that it 
accounts for thermal decrements up to 20%. Unfortunately, in the PL 
phase temperature-dependent variations of the hyperfine constants, 
presumably invoked by magnetostriction, make the NMR overshoot the 
decrement of the sublattice magnetization by several percent. To cir
cumvent these undesirable effects, we resort to a procedure in which we 
utilize an approximate analytical spin-wave expression18 of AS(T), here 
adapted to K-FeF,, to assess the modifications of с with increasing x. 
That is, 

AS(T) " " "jjfrV £0Il " exP<-eg/
k
B
T)b (2) 
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Figure 3 : 19F resonance frequencies extrapolated to zero field for x 
0.12. The broken curve refers to К FeF (Ref. 12). 
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Figure 4 : 19Fe resonance frequencies extrapolated to zero field for x 
• 0.18. The broken curve refers to K2

FeF4 (Ref* 1 2 ) * T h e 

Inset shows the resonance field when the applied field Is 
rotated In the a,b plane, the angle being between the field 
and the magnetic a axis. The full curve In the inset is the 
result from a calculation based on tetragonal symmetry of 
the magnetic structure. 



- 95 -

in which J is the exchange parameter, and A is an anisotropy parameter 
defined in Ref. 10. Ignoring the variations with x of these parameters, 
we then find from the F - _, data in Fig. 3 the result 
e (x)/e (x = 0) « 0.77 ± 0.02 for x - 0.12, and e (x)/e (x - 0) - 0.74 
8 8 8 8 

± 0.02 for x » 0.18 from Fig. 4. Note that e (x - 0) - 2.32 ± 0.10 meV. 
8 

Despite the spin-wave nature of the excitations at the Fe sites, local 
variations in the magnetizations are present. These are, of course, 
strongest at Fe neighboring Co. In the experiments (Figs. 3 and 4), 
apart from Fe (n » 0), only the Fe with a single Co neighbor could be 
detected, the magnetizations of which are observed to drop faster by 
about 20Z. Note that the Co magnetizations, which are left transverse 
to the easy axis, fall ever faster. 

Finally, we discuss the NMR data recorded for the x • 0.27 speci
men. In Fig. 5 we present the temperature dependences of the external 
fields needed for resonance of F„ at 200.0 MHz and F„ at 170.0 MHz, 

Co Fe ' 
i.e., the hyperfine and external fields add as vectors to 49.9 and 42.5 
kG, respectively. In the A phase at 30 K, the zero-field frequency of 
F- derived from Fig. 5 is 187.0 ± 0.5 MHz, compared to 189.9 ± 0.5 MHz 
in the x = 0.55 system at 5 K, Implying virtually full alignment of the 
Co magnetizations just above TT. By contrast, the zero-field frequency 
138.2 ± 0.5 MHz deduced for F at 30 К is substantially below the 
corresponding value of, averaged over n, 158 MHz for x - 0.55 at 5 K. 
Just above T , therefore, the Fe magnetization still fluctuates to a 

Li 

substantial degree, a finding confirming our earlier combined Mössbauer 
and neutron-diffraction analysis. At 30 K, we find from the resonance 
frequencies <S_ > • 1.75 ± 0.02, noting that the zero-point spin reduc
tion is negligible in the x » 0.55 case. At 45 K, a similar calculation 
gives a decrement of the Fe magnetization relative to T- by 14%, and of 
the Co magnetization by 4%, both values comparable to the x • 0.55 
case. 

The data in Fig. 5 further permit, «e opposed to Mössbauer spec
troscopy and neutron-scattering techniques, independent determination 

av of the average angles 6 between the Fe and Co spins and the с axis in 
the OAF phase and at least at such low temperatures that also the 
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transverse component of the magnetization is fully saturated. We use 
that Fe and Co spins pointing along the с axis produce hyperflne fields 
of 39.5 and 47.4 kG, respectively, upon converting the appropriate 
zero-field zero-temperature resonance frequencies for x * 0.55 (Fig. 
2). Similarly, for alignment perpendicular to the с axis we have trans
verse hyperfine fields of 20.7 kG at the Fe sites and 13.2 kG at the Co 
sites from the resonance frequencies in the x * 0.12 case (Fig. 3). 
Note that the hyperfine tensor in the way it is evaluated largely ac
counts for the effects of the dipolar fields and the zero-point spin 
reduction. Combining the hyperfine tensor with the external fields 
corresponding to maximum resonance signal at 10 K, as given in Fig. 5, 

ay AV we now derive 9_ - 42" ± 5° and 6_ » 23* ± 6e, the errors residing in Fe Co 
the large widths of the resonances (Fig. 1) and the uncertainties In 
the above procedure. The former result is in accord with 6_ * 52* ± 
5° from MSssbauer spectroscopy at 6 K.6 Neutron diffraction has estab-

av lished в - 28° ± 5* at 4.2 К for the relevant average over Co and Fe 
с av av 

spins,5 also consistent with the separate determinations of 6 and 9_ 
arrived at here. By a similar reasoning, the spread of the angles for 
Fe and Co may be derived from the widths of the resonances. From the 
half width at half value of these distributions we deduce Д6_ » 13* 

re 
and Д8Л - 10*. Co 

The angles at low temperatures may alternatively be expressed in 
terms of spin components, resulting in <S_ (T * 0)> - 1.49 ± 0.10, 

Fe 
reduced from <S*e(TL» - 1.75 t 0.02. Similarly, <s£Q(T - 0 » -
0.46 ± 0.02 upon adopting an effective spin S_ * 1/2, while 
z C o 

<S_ (TT)> • 0.50. These reductions have, within errors, not been ob

served in neutron diffraction.5 MSssbauer spectroscopy6 could only 

marginally resolve the decrement of S_ upon traversing the OAF phase 
from TT down to 5 K, yielding <S* (T » 5 K)>/<S* (T. )> - 0.90 ± 0.10. 

L Fe Fe ь 
To demonstrate what conclusive NHR Is in establishing the reductions of 
the z components, we have entered In Fig. 5, as arrows, the resonance 
fields extrapolated from T to zero temperature on the assumption of 
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constant <S_ > and <S„ >. Fe Co 
Finally, to compare the data with a model that is tractable, yet 

reproduces the principal features, we have elaborated upon an earlier 
molecular-field calculation19 by taking the five possible nearest 
neighbor configurations into account explicit?. In an iterative calcu 
lation, the equations of motion of the spins of the central ion and its 
four neighbors are diagonalized numerically, upon inserting in each of 
the Hamiltonians thermodynamic averages for the components of the other 
spins. The further-out spins are fixed at the bulk molecular-field 
value appropriate to the composition x and temperature T. The calcula
tion is iterated while improving upon the thermodynamic averages after 
each step until self-consistency is reached. Note that the procedure 
implies that the modulus of each of the five spins involved is fixed to 
[s(S+l)j , which constitutes a coupling between S and S , although 
one of rather artificial nature. In the Hamiltonians, the Co-Co, Fe-Fe, 
and Co-Fe exchange interactions were adjusted such as to reproduce the 
experimental (x,T) phase diagram (inset to Fig. 6). The result, given 
in Fig. 6, accounts for the decrease of <S > below TT. Averaged over n, 
the calculated drop amounts to 20Z for Fe, and 8Z for Co. The model 
calculation further recovers the faster drop of the magnetization in 
the A phase with increasing numbers of Fe neighbors in the first 
shell. 

6.4. Conclusions 
2+ 2+ With NMR techniques the magnetizations at individual Fe and Co 

sites in K.Co Fe, F. have been examined. As for the PL and A phases, 
2 x 1-х 4 r * 

earlier determinations of the magnetic structure are refined. In the PL 
2+ 

phase, the excitations primarily propagating on Fe retain their pri
marily spin-wave character with increasing x, but the energy gap dimin
ishes. The energies associated with excitations primarily residing on 
Fe are only slightly dependent on the Co-coordiration in the first 
shel?.. Of particular Interest are the results for the OAF phase. The 2+ 2+ orientations adopted by the Fe and Co at low temperatures, of 
course dependent on the composition x, vary from site to site, and may 
be noncollinear by as much as several tens of degrees. In our example 
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Figure 6 : Components of the Co and Fe spins vs temperature In a 
mean-field calculation Including the effects of different 
nearest-neighbor configurations for a composition corre
sponding to x * 0.27. At a fixed temperature and for an 
Increasing number of Co neighbors the z components of the 
magnetizations increase, whereas the x components (below 
27 К) decrease. The Inset shows the phase diagram, as 
determined by neutron diffraction (Ref. 5) and Möesbauer 
spectroscopy (Ref. 6). 
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(x * 0.27), which enters the OAF phase at T - 27 K, the average angles 
2+ at 4.2 К are approximately 42* off the с axis for the Fe spins, and 

2+ 23° for the Co spins, with the orientations distributed over 13° and 
10* on either side at half maximum, respectively. NMR has further pro-

z x v 
vided evidence for a reduction of <S >, whereas <S > grows, of both 2+ 2+ Fe and Co in going from TT to low temperatures. The reductions are 
18Z and 8Z, respectively, at x * 0.27. This is noteworthy in that it 
shows these components not to order independently. It should finally be 
noted that techniques that probe the magnetizations on different length 
and time scales, viz., neutron diffraction, Mössbauer spectroscopy, and 
NMR, have all contributed to provide a consistent picture of the OAF 
phase. 
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CHAPTER 7 

MAGNETIC ORDERING IN A MAGNETIC FIELD 

Abstract 

The field dependence of the magnetic order in the randomly 
mixed two-dimensional (2D) antiferromagnet K?Co. 27^eO 74^4 
with competing anisotropics has been studied with lastic 
neutron scattering. Below T„ • 64 К the interlayer correla-

N 
tions between the magnetic moment components p parallel to 

с 
the field are completely broken up for field cooling above 
2 T. Most surprisingly, the 2D order of u within the layers 
is not destroyed in fields up to 5 T. The transverse compo
nents u , are only slightly affected by the applied field, 

a,b 
and become 3D correlated below 27 K. It is argued that a cou
pling between the parallel and transverse susceptibilities 
could counteract the disordering Influence of the random 
fields. 
Ordering in magnetic systems in the presence of random magnetic 

fields is a subject receiving intense interest. In spite of numerous 
theoretical and experimental investigations, no conclusive results have 
as yet been obtained with regard to the lower critical dimension d , 
i.e. the dimension below which no long-range order exists for T > 0, 
for Ising systems in random fields. Theoretical models with various 
degrees of sophistication predict either d - 2 (Refs. 1,2, and 3) 
or d • 3 (Refs. 4 and 5). Experimental studies on random-field systems 
are based on Fishman and Aharony's demonstration6 that a uniform field 
H applied to a random-bond antiferromagnet produces a random staggered 
field along H. The neutron diffraction investigations inspired by this 
result were mainly performed on two-dimensional (2D) and three-dimen
sional (3D) diluted site-random Ising antiferromagnets.7'8 The observed 
destruction of long-range order (LRO) Indicates that d > 3. A recent 

с 
optical birefringence experiment9 confirmed the destruction of LRO in a 
diluted 2D Ising antiferromagnet* Most interestingly, however, a de
struction of LRO in an applied field is not observed in the diluted 3D 
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antiferromagnet Mn_ -.„Zn- „F,, 1 0 and only occurs at high fields In the 
2D system K.Ni Zn, F,.11 These results for Heisenberg-llke systems are 
at variance with the theoretical prediction d » 4.1 The present notion 
of this discrepancy is that the formation of domain walls is dominated 
by the soft paths provided by the non-magnetic ions.8 In addition, the 
applied field should be sufficiently small in order to distinguish ran
dom-field dominated behavior from crossover effects close to the para
magnetic or spin-flop phase.12 

In randomly mixed magnetic systems, which also may exhibit random-
field behavior, the randomness is realised by mixing two types of mag
netic ions with different magnetic moments and exchange interactions. 
As shown by Wong et al.,13 random fields are generated both by the 
randomness in the exchange Interactions and directly by the applied 
field. In this chapter we report on the first systematic neutron-dif
fraction investigation of random-field effects in a mixed quasi-2D 
antiferromagnet with competing orthogonal anisotropies, viz. 
K2^°0 27FeO 73*4* Ttle * n t e r e 8 t i n8 an<* complicating element in mixed 
systems with competing anisotropies Is the presence of a second compo
nent of the order parameter, which does not couple to the random stag
gered field. An account of the zero-field measurements on the present 
system has been published previously.14 

The experiments were performed with a two-axis diffractometer 
installed at the Petten research reactor. The crystal was mounted with 
the с axis vertical in a cryostat with a superconducting magnet supply
ing vertical fields up to 5 T. The magnetic ordering was investigated 
by scanning the intensity profile of the magnetic Bragg reflection 
(1 0 0) (the indices are based on the magnetic unit cell) in two direc
tions. Scans through (1 0 0) along b* were performed by rotating, and 
those along c* by canting the cryostat. Soller collimators were placed 
in front of the monochromator (30' horizontal), between monochromator 
and sample (10' vertical), and between sample and detector (30' hori
zontal and vertical). The experimental resolution (FVfflM) along c* and 
b* perpendicular to the scattering vector Q • (1,0,0) was 0.047 A'1 and 
0.0034 A"1 respectively. 

From the zero-field experiments it is known that the present com
pound exhibits two successive phase transitions. Below the upper tran-

2+ . 2+ sltlon at TM - 64.4 К the components u of the Co and Fe magnetic 
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moments jointly acquire 3D LRO (axial phase A ) . Below the second tran
sition temperature TT « 27 К part of the transverse components у . 

L a,D 
become 3D ordered without affecting the already existing 3D LRO of u . 
Four types of domain are formed, in which the moments u_ and u_ are 
collinear, but canted away from the с axis towards the a or b axes 
(oblique antiferromagnetic phase, OAF). Most remarkably, the establish
ment of 3D LRO below T is preceded by 2D correlations of the compo-nents u , over at least 100 lattice spacings within each ab plane in a,b 
the temperature range T < T < 60 K, most probably as a result of a 
coupling between the parallel and transverse components. These correla
tions are dynamic on a time scale of 10~7 s, as they are not observed 
in Mössbauer spectroscopy.15'16 

The present experiments in an applied field were performed follow
ing cooling down the sample from T - 75 К at a rate of 0.1 К min-1 in a 
constant uniform field H , along the с axis. At various H , the 

cool cool 
development of the (1 0 0) peak intensity 1 with temperature was re
corded and the profiles of the (1 0 0) reflection parallel to the c* 
and b* directions were determined at T ж 45 К and 5 К. Some of these 
measurements were repeated for the (0 1 0) reflection to verify the 
equivalence of the domains with regard to population and ordering. From 
the recorded peak intensities versus temperature for (1 0 0) (cf figure 
1) one sees that the transition temperatures remain constant within the 
experimental accuracy of 0.5 К up to H * 5 T. This ensures that the 
ordering will not be obscured by crossover behaviour close to the spin-
flop phase, as observed earlier in KjMn- o7o*e0 o22FA*17 obviou8lv ln 

the A phase the ordering is dramatically affected by the applied field. 
The (1 0 0) peak intensity at T • 45 К decreases rapidly with increas
ing H ., and becomes constant for H , > 2 T. A second remarkable 

° cool' cool 
feature in figure 1 is that the increment of the intensity in going 
through Т., 1(5 К) - 1(45 К), is nearly independent of H ^ This 
result combined with the information on the magnetic ordering in zero 
field naturally leads to the conclusion that the establishment of 3D LRO of и . below T. is not essentially modified by a field along the с a,b L 
axis. Observation of the (1 0 0) reflection at constant T < T but 

N varying H Ф H shows that the field Is only effective in the criti-cool 
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Figure 1 : Measured intensity of the (1 0 0) magnetic Bragg reflection 
against temperature for two cooling fields: • 0 T; О 5 Т. 
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cal region around T . Below 63 К the order, or disorder, attained in 
N 

H is frozen in. No changes in the (10 0) intensity have been ob
served after field changes at constant T, on a time scale up to 6 h. 

The peak profiles parallel to c*, observed at T « 45 К for various 
fields H , (figure 2(a)), demonstrate a strong reduction of the in-cool 
terlayer correlations, even for H , » 0.25 T. For H , > 2T, in the 

cool cool 
A phase a constant intensity is observed along a ridge [l 0 £] in re
ciprocal space, i.e. the components p in adjacent ab planes have be

come completely uncorrelated. Good fits for the line profiles along c*, 

observed at 45 K, were obtained with a Lorentzian structure factor 
zz 

S (q ) (cf figure 2(a)). The resulting Inverse correlation length к с с 
ZZ V 

and S (q » 0) exhibit power-law dependences on H -.к ежН . and SZZ(q - 0)e»H~Y - with v - 0.7 ± 0.2 and у = 1.3 ± 0.2. The intensity с cool 
distribution along c* observed for H » 3 T and T » 5 К (figure 
2(b)) is a superposition of a ridge with the same intensity as at 45 К 
and a peak only slightly broader than the resolution. Again, it is a 
logical conclusion that the peak results from scattering by the 3D 
correlated transverse components p ,. 

The most surprising result of the present experiments is that the 
width of the intensity distribution about (1 0 0) measured parallel to 
b* at T - 5 and 45 К in H . < 5 T equals the instrumental resolution. 
Accounting for the experimental accuracy in measuring the width, we 
conclude from this that the intralayer correlations of both p and 
u . extend over at least 100 lattice spacings. This persistence of 2D 
order is expected for p . , which is not conjugate to H ,, but is 

a,b cool 
surprising for p , at least in fields of several T. It is Illustrative 
to compare the ordering of the p components of the present system with 

с 
that of a diluted 2D Ising system in an applied field. Cooling below T 
in zero fields leads to 3D LR0 in К„Сол «-Fe_ ,_F., but 2D LR0 only in 

2 0.27 0.73 4 
Rb.Co,. _Mg. „F..7 Upon increasing H ,, the size of the 3D domains in Z 0.7 0.3 4 COOl 
the mixed system decreases in the с direction only, whereas the size of 
the 2D domains, at T„, in the diluted system is reduced to about 50 
lattice spacings for the largest applied fields (H • 6 T). 

In summarising the experiments, the ordering phenomena in 
K„Con -,Fen _.F, in applied field turned out to be quite different from 
those in diluted Ising systems. The 3D LR0 of the components p for 

с 
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5.00 (a) 45 "- (b) 5 К 

Figure 2 : Intensity distribution about (1 0 0) along c* for various 
magnetic fields at 45 K(a) and 5 K(b). The curves at 45 К 
for H - 0.12, 0.25, 0.50 and 1.0 T represent fitted 
Lorentzian structure factors; all other curves are guides to 
the eye only. 
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H » 0 is destroyed upon cooling in a field parallel to the с axis, in 
agreement with current random field models. Contrary to expectations, 
however, only the interlayer correlations of u are affected apprecia
bly, while v remains ordered over substantial distances within the ab 
planes. The components p . perpendicular tc the field still become 
long-range 3D correlated below T - 27 K. 

In attempting to explain the persistence of 2D order in the pres
ent system we first note that calculations similar to those by Hong et 
al. (Ref. 13) indicate that the random fields induced in a mixed mag
netic compound are generally smaller than the random fields in compara
ble diluted systems. The difference is, however, less than an order of 
magnitude. On the other hand, the mixed system is more strongly disor
dered due to the competing anisotropics. It has been argued by Dikken 
et al.,11 on the assumption of thermodynamic equilibrium, that the 
interlayer and intralayer correlation lengths in 2D systems are in the 
ratio of the square root of the corresponding exchange interactions. 
For the present system this ratio is roughly two orders of magnitude, 
which would imply that a substantial decrease of the intralayer corre
lations of \t would become observable only for H , > 10 T. It is not 

с ' cool 
a priori clear, however, whether the condition of thermodynamic equi
librium is fulfilled in this particular compound. 

A mechanism that could account for the persistence of 2D long-
range correlations In mixed systems with competing anisotropies would 
be provided by a coupling between the parallel and transverse suscepti
bilities. Such a coupling, for Instance due to off-diagonal exchange 
Invoked by local symmetry breaking, would tend to counteract the disor
dering of the parallel order by the random fields as long as the system 
has a substantial transverse generalised susceptibility. 

Indeed, there is some support for such a mechanism in the magnetic 
structure of K.Co0 97Fe0 73*4' T n e C o c o n c e n t r a t i o n i s only slightly 
larger than the multicritical value x «0.22. Accordingly, in zero 

с 
field the 2D ordering of у . starts to develop over large distances 

a,b 
already just below the 3D ordering temperature (T * 64.4 K) for u . 

N С 
Since the intralayer exchange dominates the anlsotropy, an approximate-

+ •• 
ly colllnear ordering of the total moments u_ and u_ is established 

re Co 
in each ab plane for T < 60 К. Application of a field along the с axis 
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induces random staggered fields along that direction, which do not 
affect the ordering of |i ,• Therefore, long-range correlations of ц . 

а,о a,o 
will develop close to T as they do in zero field, and thereby stabi-

N 
Use correlations of u over the same range. A similar stabilisation of 

с 
long-range order has been observed in the mixed antiferromagnet K.»Mnn 0, 0Fe. ft,«,F, in the vicinity of the multicritical point (H , T ) i. u.7/0 u.uzz 4 mm 
in the (H,T) phase diagram.17 When the latter compound is cooled 
through T in increasing H ., the destruction of 3D order for the axial components у becomes less pronounced as H , approaches H . с cool m 

The above arguments may also have a bearing on the random-field 
problem in diluted antiferromagnets with weak anisotropy, such as 
Mn Zn, F- and K.Ni Zn, F.. These systems exhibit substantial correla
tions of the transverse spin components in the critical regime. On the 
other hand, the off-diagonal coupling is expected to be weak. 

The outlined stabilisation mechanism may be tested by experiments 
on K.Co Fe, F, with x - 0.8. For this concentration, far from the 2 x 1-х 4 ' 
multicritical regime, the stabilising Influence of the transverse com
ponents will be much weaker and the random fields are then expected to 
dominate the ordering. 
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CHAPTER 8 

In this concluding Chapter we aim at presenting a concise survey 
of the phenomena encountered in the previous Chapters. We will refrain 
from specific references to the techniques involved, and focus on the 
magnetic behavior. To amend the omission of a pictorial description of 
the crystal structure of KACo Fe, F,, we Include Fig. 1. 

2 x 1-х 4 
Three magnetic phases have been detected in K_Co Fe, F for vary

ing compositions x. In which all moments acquire order simultaneously. 
For 0 < x < 0.20 and 0.32 < x < 1, phases similar to those in KjFeF. 
and K.CoF, are found with all moments oriented collinearly. In the 
ordered phase intermediate to these, all moments are oblique to the preferential axes of the constituent magnetic ions, but in contrast 

2+ 2+ with the findings in the two other ordered phases, the Fe and Co 
moments also are not collinear. At zero temperature the directions of 

2+ 2+ the Fe and Co magnetizations are distributed around an average, 
composition-dependent orientation. The widths (FWHM) of the distribu
tions typically amount to 10 degrees of arc. The multicritical point, 
in which all phases meet, occurs at x * 0.22 and T » 57 K. We note 

с с 
that a transition between the oblique and K.FeF.-like phases has not 
been observed, presumably due to the steepness of the phase boundary as 
a function of x. It appears that all phase boundaries consist of sec
ond-order transitions, at least sufficiently far from the multicritical 
regime. 

At elevated temperatures, the sublattice magnetization is some 
weighted average over the magnetizations of the Individual ions. In the 

2+ Co-rich phase, the magnetizations of the Fe ions drop faster with 
temperature, whereas in the Fe-rich phase this situation is reversed. 
For increasing composition x, as compared to x • 0, the gap frequency 

2+ of excitations residing primarily on the Fe spins, diminishes, as Is 
2+ borne out by the temperature dependence of the Fe magnetization for 

x • 0.12 and 0.18. The reduction of the gap frequency can be understood 
in terms of the decreasing average anlsotropy for increasing x. Even 

2+ for x • 0.27, the excitations propagating on sites occupied by Fe , 
retain a spin-wave character. For this composition it Is found that the 
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lowest branch of excitations, which is split due to ihe oblique phase 

having a lower symmetry than the K_CoF -like phase, has a vanishing gap 

at the boundary separating the oblique and K.CoF -like phases. In 

Chapter 4, a diagram of the gap frequencies at zero temperature versus 

x is proposed. 

The critical behavior near the order-disorder transition is 

studied, and found to conform to the 2D Ising universality class for 

compositions x not too close to the multicritical value x . When x 

approaches x from below, a rapid crossover to 2D XY behavior is 

observed, resulting in a near absence of any critical behavior for x * 

0.18. The considerable width of the crossover region is explained by 

the lower symmetry of the K_FeF, magnetic structure. 

Of considerable interest is the presence of a coupling between the 

orthogonal components of the generalized susceptibility. This coupling 

can be inferred from the discontinuity in the slopes of the phase 

boundaries at the multicritical point in the phase diagram (cf. Fig. 1 

in Chapter 2). It is established that by virtue of this coupling the 

in—layer components of the magnetization are correlated in 2D over 

considerable distances for compositions x > x , i.e. in the K_CoF -like 

phase. The fluctuations associated with the transition to the oblique 

phase are, as a result, substantially slower than observed for regular 

second-order transitions. The reduction of the magnetization along the 

tetragonal axis (Chapter 6), observed to occur below this transition, 

at first sight seems to prove unambiguously that such a coupling 

excist. However, a simple model calculation in the molecular-field 

approximation already recovers the essential features of the experiment 

when incorporating an artificial coupling by fixing the length of the 

spins. 

Current interest in random-field dominated behavior of random 

magnets in an external field motivated the study presented in Chapter 

7. Severe nonequllibrium ordering behavior has been observed in a 

specimen with x - 0.27 in a field along the tetragonal axis. After 

zero-field cooling through the transition, application of fields as 

large as 5 T do not affect the realized order. By contrast, cooling in 

fields exceeding 0.2 T prevents the component of the magnetization 

along the field from achieving long-range order in 3D. However, no 

effects on the 2D order of that component could be detected for fields 
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below 5 Т. The in-layer component, perpendicular to the field, acquires 
3D order as if no field were present. Any deviation from true long-
range order in this component can be attributed to a coupling with the 
moment component along the field. The observed phenomena are ascribed 
to random-field related behavior invoked by the randomness in the 
exchange interactions. Contrary to expectations based on recent 
theoretical developments, the system is able to achieve order in 2D 
even for considerable fields. In Chapter 7 it is argued that the off-
dlagonal exchange interaction possibly counteracts the disordering 
influence of the random fields. 


