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STELLINGEN

behorende b i j het proefschri f t van L. Bevaart

1. Alvorens conclusies te trekken uit experiméntele studies van trikritisch

gedrag in magnetische systemen, zou de koppeling tussen het spinsysteem

en het rooster nauwkeurig als functie van het magneetveld dienen te

worden bestudeerd.

2. De bewering van Birgeneau et al., dat de twee-dimensionale (d»2) intensi-

teit, gevonden in K^Mn, voor x = 0.022 en x- 0.028 volledig kan

worden toegeschreven aan spingo1ven, is in tegenspraak met zichzelf.

R.J. Birgeneau, J. Als-Nielsen and G. Shivane, Phys. Rev. B16, 280 (1977).

Dit pvoefsahvift Hoofdstuk II en Hoofdstuk III.

3. De spin-waarden van neutronresonanties van atoomkernen, die verkregen

worden met behulp van ongepolariseerde neutronen zijn niet voldoende be-

trouwbaar.

4. Het t e t r a k r i t i s c h gedrag in K2Mno.978Feo.O22F4 k a n b e t e r a a n d e h a n d v a n

d=2 i n t e n s i t e i t e n dan van d=3 i n t e n s i t e i t e n bestudeerd worden.

Dit pvoefsahvift Hoofdstuk III.

5. De suggestie van Cable en David dat de door De Pater e.a. gevonden

waarde van het gelokaliseerde moment van Mn in een verdunde Pd(Mn)

legering beînvloed zou kunnen zijn door kritische verschijnselen, is

principiëel onjuist.

J.W. Cable and L. David, Phys. Rev. B16, 297 (1977).

C.J. de Patev, C. van Dijk and G.J. Nieuwenhuis, J. Phys. FS, L58 (1973).

6. Voor een snelle berekening van werkzame doorsneden voor neutronen-

verstrooiing ten behoeve van reactorfysisch onderzoek kan in plaats

van de Breit-Wigner formule voor één niveau beter gebruik worden ge-

ma ak t van een vereenvoudigde vorm van de multi-niveau formule.



7. Bij lichtverstrooí'íng aan vloeistoffen geeft drievoudige verstrooiíng

niet de enige bijdrage aan de depolarisatiefactor die bij het kritisch

punt divergeert als (• y •C) \ waarbij T de tempe ra tuur, Tc de kritische

teinperatuur en y de kritische exponent van de compressibiliteit zijn.

N.J. Trappeniera, R.H. Huyser, and A.C. Michels, Chem. Phys. Lett. 48j

31 (197?).

8. De fonon-le.vensduur die Antipin et al. bepalen met behulp van de hoge

veldlimiet voor het door "phonon bottleneck" gestoorde Orbach procès

van de spin-roosterrelaxatie in KMnF3 : Er
3+ is onjuist..

A.A. Antipin, L.D. Livanova, and A.A. Fedii, Sov. Phys. Solid State 19,

1101 (1977).

J.C. Bill, J. Phys. C6_, 109 (1973).

9. Het voor geponeerde x-H-T fasediagram zou experiment eel

getoetst kunnen worden door bepaling van het H-T diagram voor waarden

van x, die verschillen van x*0.022.

Dit pvoefsehrift: Hoofdstuk III.

10. Ouders die weigeren hun kinderen preventief te laten behandelen tegen

levensgevaarlijke ziekten zouden gerechtelijk vervolgd moeten worden.

11. De wetenschap zou erbij gebaat zijn indien universitaire onderzoek-

insteHingen door een economisch adviesbureau worden doorgelicht.

L. Bevaart 12 oktober 1978
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CHAPTER I

INTRODUCTION.

1. GENERAL

if-'
In this thesis neutron-scattering investigations on two different

systems are described. The first study is concerned with the magnetic

ordering phenomena in pseudo two-dimensional (d * 2), two-component

antiferromagnets K2rini_xMxFi, (M « Fe, Co), as a function of the

composition x and temperature T. For one of the samples in this

series, K2^n0>978^e0*022^'<> t^ie influence of an external magnetic

field on the ordering characteristics was studied in addition.

The second study deals with the rotational motions of the NHi,

groups in NHi,ZnF3 in relation with the structural phase transition

at T = 115.1 K. The experimental techniques were chosen according

to the requirements of each of these two subjects. The former study

was carried out by observing the elastic magnetic neutron scattering

with a double-axis diffractometer, whereas for the latter study time-

of-flight (TOF) techniques were applied to observe the inelastic and

quasi-elastic incoherent neutron scattering by the protons of the

rotating NHi, groups.

In this chapter a brief outline will be given of the theory of

neutron scattering. The emphasis will be on magnetic scattering of

neutrons, since this topic is treated only very shortly in the

chapters dealing with the system K2Mni_xMxFi,. Furthermore, a des-

cription of the employed spectrometers is given, as far as this

information is lacking in the related chapters. Fi.nally, an intro-

duction to the above mentioned two subjects is given.
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2. SCATTERING OF THERMAL NEUTRONS

Thermal neutrons have proved to be an extremely useful tool for

the investigation of the static and dynamic properties of condensed

matter1. The application of neutron scattering is connected with

the fact that the wave-length and the energy of thermal neutrons

are of the same order of magnitude as the interatomic distances

and respectively, the energies of elementary excitations in solids

and liquids. Moreover, the neutron possesses a magnetic moment,

which makes it a useful probe to examine magnetic properties of

matter.

2.1. Magnetic neutron scattering

The magnetic scattering of neutrons is related to the spin-spin

correlation function G (R,t), defined by

GafJ(R\t) - < Sa(O,O)Sß(R\t)>, (!)

where a,@ denote the x,y and z directions, R the distance between

the two spins, and t the time. After introduction of the Fourier

transform G (K,ta)

+00

Gap(<jU)) 2^- / „dt £ exp{i(K.R - (ot)}Gaß(R,t)
R

(2)

one obtains the following expression 1>2 for the double-differential

scattering cross-section per unit solid angle and per unit energy for

unpolarized neutrons:

(3)

In Eqs. (2) and (3) the symbols have the following meaning:

N

Y

m

c

e

kQ

k

number of effective spins

gyromagnetic ratio of the neutron

electron mass

velocity of light

unit charge

magnitude of the incident wave-vector

magnitude of the scattering wave-vector

energy transfer of the neutron

scattering vector lc -fc*

f(x) magnetic formfactor

<a ct-component of the unit vector in the direction of ic.



In general the cross-section (3) consists of two parts, namely

a coherent, elastic part that results from the time-independent

expectation values <Sa(0,0)> and <S (R,0)>, and secondly an incoherent

quasi-elastic part related to the fluctuations of the spin components

relative to their average values. The two contributions may be

separated by introducing the net correlation function Gn (R,t):

G°0(R,t) = <Sa(O,O)Sß(R,t)> - < Sa(0,0)> <Sß(R\0)>, (4)

and the corresponding Fourier transform 9 ( K , W ) . It can be

shown1,2 that in the quasi-elastic approximation, i.e. (ttw/kgT)

<< 1 where kR is the Boltzmann constant, the net correlation

function is directly related to the generalized, K-dependent

susceptibility X ( K) :

(5)

A*
Here, p_ is the Bohr-magneton and g the gyromagnetic ratio. When

15

the expressions (4) and (5) are inserted in (3), the following

quasi-elastic approximation for the magnetic scattering cross-

section is obtained:

-BB)ÎÎSL

(6)+ I <S°(0)> <Sß(R)> exp(ÍK.R)

t
Here the first term between the square brackets gives the in-

coherent diffuse scattering, due to spin fluctuations in the

sample, whereas the second term originates from the long-range

correlations and gives rise to coherent Bragg scattering. From

Eq.(6) it may be inferred that the scattered intensity is concen-

trated in points in K-space if the magnetic moments are arranged

in a three-dimensional periodic array and correlated in all

three dimensions. If, on the other hand, correlations in only

two dimensions are present, the scattering is observed along

lines in K-space perpendicular to the layers. Similarly, corre-

lations between moments arranged in chains give rise to scattering
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in planes, which are, in reciprocal space, perpendicular to the

chain direction.

2.2. Incoherent inelastic nuclear scattering

For the derivation of the incoherent scattering cross-section of

the protons in the rotating NH4 groups, one starts from the self

pair correlation function G (r,t)defined by
S

G (î,t) = ± S Jd?'<ô{(?-?' + R.(0)}6{r"'-R.(t)}> (7)
s » • J J

Here the summation runs over all proton positions R.(t). The

double-differential cross-section for incoherent scattering can

then be written as1:

o 4ir
> fix exp(iî.?)G (8)

where a. = 4ir{b2 - (b)2} denotes the proton incoherent scattering

cross-section.

The separation of the elastic and inelastic contributions to the

cross «section (8) is performed in a similar way as in Section 2.1

by writing

G (r,t) = G (?,») + G'(r,t) (9)
O O O

with lim G'(r,t) = 0
5

t-x»

The inelastic incoherent cross.section is determined by G'(r,t),
S

and gives information about the motions of protons and/or the

energy levels of the NHi, groups in the electrostatic potential

due to the surrounding ions.

In the analysis of the experimental data one very often uses the

so-called intermediate scattering function I(K,t), which is defined

as

I(¡<,t) = Jdr exp(ii<.r)G(r,t) (10)

A more detailed discussion of the data analysis will be given in

Chapter V.

fc;
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1 (Titttr

tim« of flight sptctronwttr

Fig. 1. Sketch of the time-of-flight spectrometer HB-3 of the HFR

reactor in Vetten.
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3. EXPERIMENTAL EQUIPMENT

In Fig. I the geometry of the time-of-flight spectrometer HB3

at the HFR reactor in Petten is sketched. From the incident

neutron beam neutrons with a specific wave length can be selected

by diffraction in a monochromator crystal. It is noted that

only two scattering angles are possible. The monochromatic

neutron beam is pulsed by a chopper (rotating collimator) which

is suspended on a flexible shaft and can be rotated in an evacuated

vessel by means of a 3-phase AC motor. The angular positions of

the sample and the detectors can be varied in steps of 2.16'.

At the end of a flight path of 1.89 m the scattered neutrons

are recorded by four 3He detectors and registrated according

to their flight time by means of a multi(!O24-) channel analyzer.

From the flight time of the neutron and the position of the

detectors it is then possible to calculate the energy- and

momentum-transfer involved in the scattering process.

If needed, this time-of-flight set-up can easily be transformed

into a double-axis or triple-axis spectrometer. To realise this,

the chopper is removed by translation on its support, the flight-

path set-up is replaced by a single-crystal analyzer unit, and the

corresponding changes in electronic units are made.

In both modes of operation, the control of the experiment and the

data handling is performed by means of a P92OS on-line computer.

In conclusion of this section, a short description will be given

of the cryomagnetic system "LENA", which was installed during the

period in which this work was performed. The main purpose of this

system was to create a facility for carrying out neutron scattering

experiments in a large temperature range, 0.3 K < T < 300 K, in

magnetic fields upto H = 50 kOe. A schematic drawing is given in

Fig. 2. The superconducting split-coil magnet (K) is immersed in the

liquid-'•He bath (C). The two coils are separated by an aluminium

ring of 0.75 cm thickness. 3He gas is condensed in a capillary

(D) that leads through a small "»He pot (G) which can be filled

continuously from the 4He can (C) via a capillary (M). The

pressure in (G) should be reduced via (E) until the '•He in this
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Capillary for
filling the
He*-pot

outer vacuum can
(O.V.C.)

condenaation line
vhich is a capillary
in the He*-pot

pumping line
E of the He4-pot

puaping line of
th« He3-pot

He*-pot

NEUTRpN_BEAM— . . .

K Magnet

L
Inner vacuia can
(I.V.c.)

Sahematia drawing of the apyomagnetia system "LENA".
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can reaches a temperature of about ) K. The liquid 3He passes

through a heat exchanger (H) into the 3He pot (I), to which a

sample holder (J) is connected. From this pot the 3He is pumped

back (F) via the heat exchanger (H) to the condensation line (D)

so that the system can be operated continuously. The lowest

temperature of the 3He depends among other factors on the

minimum temperature in the "*He pot (G) and the pumping speed

in the 3He pot. Therefore, two powerful pumps are needed.

For this system, which was designed and constructed externally

the following technical specifications apply:

a) temperature range: 0.265 K - 300 K

b) temperature stability:

better than 0.1% for 3.0 K < T < 300 K

better than 1% for 0.3 K < T < 3.0 K

c) temperature determination at the 3He pot by:

(i) vapour pressure

(ii) carbon resistor

(iii) germanium resistor

d) maximum magnetic field: SO kOe

e) field homogeneity: 10 3 over 15 mm diameter spherical volume

f) dimensions sample holder: height 3 cm, diameter upto 3 cm

g) the magnet bore is 6.5 cm, and the split amounts to 3 cm

h) volume helium can: 48 litres, sufficient for 7 days when

the magnet is in the persistent mode, and 3 days when the magnet

is connected with the power supply. In the latter case the control

of the magnet current is performed by the on-line computer.

i) volume nitrogen can: 55 litres, sufficient for 2 days of

operation

j) apart from two small dark angles (» 5°>, the neutron beam

can traverse the magnet gap in any direction in the horizontal

plane.
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4. INTRODUCTORY REMARKS ON THE EXPERIMENTS

A.I. Magnetic ordering phenomena in d * 2 antiferromagnets

Two-dimensional (d * 2) magnetic systems have been studied extensively

during the last few years3. With regard to neutron scattering

studies on d « 2 antiferromagnets, most attention has been given

to compounds A2MBi(, where A » Rb.K; M « Mn, Fe, Ni, Co, and

B « F, Cl, Br. The d » 2 behaviour of the magnetic systems in

these compounds is a consequence of the magnetic structure in the

ordered phase and the tetragonal symmetry, which lead to a cancel-

lation of the magnetic interactions at the site of the ion in the

centre of the unit cell, as sketched in Fig. 3 for KzMnF!,1*'5.

Therefore, the ratio between the interplanar and intraplanar

exchange interactions J'/J becomes very small (« IO~6).

The samples Rb2CoF4 and K2CoF(, turn out
6*7 to be very good examples

of the d • 2 Ising model, which means that the ordering involves

only one component of the magnetic moment. The Ising character

is due to the strong axial crystal-field anisotropy of the Co z +

ions which forces the moments to point along the c-axis, i.e.

perpendicular to the magnetic layers.

In ^FeFij and RbjFeFi«, on the other hand the crystal-field anisotropy

is planar, favouring alignment of the moments within the layers5'8'9.

Since the anisotropy within the planes is very small with respect

to the out-of-plane anisotropy, the system approximates the d * 2

XY model3 (two ordering components).

The compounds K2MnFt,, Rb2MnFif and K?NiFt, may be considered as d * 2

Heisenberg models (three ordering components) sines here no strong

(crystal-field) anisotropy is present1"5.

Although theoretical calculations have shown that neither the d » 2

XY, nor the d • 2 Heisenberg model can undergo a transition to

long-range order (LRO)10, all the above mentioned magnetic

systems order at a transition temperature T = 30-50 K. In the iron

compounds this is due to the small in-plane anisotropy. In the

manganese compounds the axial dipolar anisotropy gives rise to LRO,

whereas in K2MTk both the axial dipolar and the weak crystal-field

anisotropy induce the phase transition. It should ba noted that

in all known examples the transition to d - 2 LRO is instantaneously



..b-4.17Â
C-13.14Â
• Mn
•K
.F

Grystàllogpccphia unit oeil of K¿MnFi,

followed by the occurrence of d - 3 LRO, due to weak interlayer

interactions.

In chapter II the results of a study on K2Mni_xFexFi*, with x -

0.022, 0.028, 0.061 and 0.125 are presented. The d » 3 LRO has

been investigated by observing the magnetic elastic scattering at

the appropriate points in reciprocal space (see Section 2.1).

The d • 2 correlations within the layers could be determined by

recording the intensity concentrated on ridges in reciprocal space

perpendicular to the magnetic layers. In the appendix some examples

of measured scans of d • 3 and d « 2 intensities are given.

In Chapter III a description is given of an investigation on

K2Mno.g78Feo.022^1« i-n an external magnetic field H up to SO kOe,

applied parallel'to the c-axis. The main purpose of these measure-

ments was to examine the influence of a magnetic field on the co-

existence of d - 2 LRO and d - 3 LRO between T and TR, and the

ordering in two stages connected with this separation into sub-

systems.
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4.2. Rotational motions of the NHt, group in

The rotational motions of NHi» groups have been studied amongst

others in the compounds NHi,X(X » F,Cl,Br) u and (NHi,)2 SnCl6
12.

Recently, a series of experiments have been performed on the

compounds NH4MF3 (M * Zn.Co.Hn)13'11»'15, the reason being that

at room reraperature these materials have a cubic perovskite struc-

ture, and undergo displacive transitions to a tetragonal structure

with the c-axis elongated. For both phases the high summetry

of the surroundings of the NHi, groups enables one to make calculations

of the quantum mechanical rotational spectra.

In Chapter IV these calculations, in which the NH4 ion is considered

as a rigid tetrahedron, are tested by incoherent inelastic neutron

scattering experiments.

Since incoherent quasi-elastic neutron scattering can provide in-

formation on the geometry as well as the rate of reorientations of

the NH-t groups, such experiments have been carried out on the ro-

ta t ing-crystal time-of-flight spectrometer of the HOR research

reactor in Delft. The results of this study are given in Chapter V.
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CHAPTER II

MAGNETIC AND NEUTRON SCATTERING EXPERIMENTS

ON THE ANTIFERROMAGNETIC LAYER-TYPE COMPOUNDS

(M - Fe.Co).

ABSTRACT

Substitution of Mn2+ in K2HnFt, by Fe
2+ results in a randomly mixed 2-

component system with competing spin-anisotropies, namely the axial

dipolar anisotropy of the Mn2+ and Fe2+ ions, and the planar crystal-

field anisotropy of the Fe2+ ions. For increasing amounts of Fe2+ the

net (axial) anisotropy will initially decrease until it reaches a

minimum, whereafter the net (planar) anisotropy increases. Magnetic

measurements on single crystals K2Mni-jcFexFi» with x » 0, 0.008, 0.022

show indeed a decrease of the value of the spin-flop field with in-

creasing x, which is expected for decreasing axial anisotropy. Since

in these quasi d • 2 systems the transitions to three-dimensional long-

range order ( d « 3 LRO) are induced by the anisotropy, one expects T

to vary with x. From susceptibility data for x * 0.008, 0.019, 0.022,

0.028, 0.061 and 0.125, and from neutron scattering studies of the

d - 3 LRO in the samples with x » 0.022, 0.028, C.061 and 0.125 we

conclude that for 0.022 < x < 0.028 the value of T reaches a minimum,

and the spin direction changes from the c-axis to directions in the ab-plane,

i.e. within the magnetic layers. It is found that T in the doped samples
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is as sharp as in pure KjMnFj.. Furthermore, for x = 0.022 and 0.028 a

spin-reorientation to an intermediate direction is found at a temperature

I i ¡ I . Information about d » 2 correlations has been obtained by

studying the intensity of scattered neutrons along the line [JJç] in

reciprocal space. These ridge intensities for the x « 0.022 and 0.028

samples remain constant for Tp< T < Tc - A (A = 4 K), whereas they

gradually disappear for T < T_. In the x = 0.022 sample this constant

ridge intensity is due to long-range <S S > and <S S > correlations. Here
x x y y

x and y define the spin components in the magnetic layer. The d = 2 LRO in
the x « 0.028 sample for T < T < T - A is due to <S S > , -̂S S >, and

K c z z y y
<S S > correlations. The coexistence of d = 3 LRO and d = 2 LRO can be
X X

explained by a mismatch in the correlations along the c-axis between

Fe 2 + spins and Mn 2 + spins in adjacent layers. Since the dipolar ani-

soptropy increases with decreasing temperature, all spins graduallyturn to a common orientation for T < TD. The mismatch mechanism is

thereby removed and d = 2 LRO is transferred into d = 3 LRO. For the

other samples no spin-reorientation is found, since the large majority

of the spins are either parallel to [001] (for x < 0.022) or within the

layers (for x > 0.028).

The x-T phase diagram obtained from the values of T and T_, and from

other ordering characteristics, consists of two lines at which either

the z-or the xy. components order. These two lines cross in a tetra-

critical point, and encompass an intermediate phase. The critical

behaviour of the sublattice magnetization appears to depend sensitively

on x. The critical index (5 is found to display a maximum in the region close

to the tetracritical point.
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INTRODUCTION

In the last few years one has witnessed a renewed interest of both

theoretical and experimental workers in the study of magnetic systems

containing magnetic or non-magnetic impurities1. Recently, the

critical behaviour of the randomly îiiixed system RbjMno.5Nio.5Fi4 has

been studied by neutron scattering2'3. Also a number of inelastic

neutron scattering studies on such systems have been performed on

Rb2Mno.5Nio.5F41*, which show profound changes in the magnetic

excitation spectra, and on Rb2Mni_cMgcFi,
5, which can be related to

perculation problems.

In this work we present neutron scattering, susceptibility and mag-

netization data on the system K2Mni-xFexFi,, with x varying in be-

tween 0.008 and 0.125. From the pioneering studies of Breed6'7 and

of Birgeneau et al.8 it is known that the class of layered compounds

A2MFi, (A = Rb or K; M is a 3d-metal ion) are extremely good approxi-

mations of 2-dimensional (d = 2) magnetic systems. The amount of

spin-space anisotropy depends on the particular 3d-metal ion involved.

Thus K2CoF4 9tlO»II and Rb2CoFi,
 9'10 (transition temperatures T =

107 K and 101 K 9, respectively) are good examples of the quadratic

layer Ising antiferromagnet because of the large axial crystal-field

anisotropy of the Co 2 + ions. ^MnFi, 12 (T^

38.4 K) can be regarded as d

small amount of spin-anisotropy. This spin-anisotropy is also axial

but in this case it is mainly due to the dipolar interactions between

the Mn2+ spins (S - 5/2), which establish a preference for the moments

to point along the c-axis (perpendicular to the magnetic layers). In the

A2.3 K) and Rb2MnFi, (Tc

2 Heisenberg antiferromagnets with a

= 60 K), on theFe 2 + compounds Rb2FeF^
 8'13 (Tc = 56 K) and ^

other hand, the spin-anisotropy is very strong, originating once

more from crystal-field effects. In contrast to the case of Co2* and

Mn2+, the spin-anisotropy for Rb2FeFi, and l^FeFi, is planar, forcing

the S » 2 moments to orient parallel to the magnetic layers. The

anisotropy within the layers itself is very much smaller15, and the

Fe 2 + compounds may therefore be regarded as examples of the d - 2 XY

system. For more detailed information about the interaction para-

meters for the various compounds we refer to Table 1.

For d « 2 magnetic systems the ocurrence of long-range magnetic

order at a non-zero T is impossible in the case of pure Heisenberg

or XY interactions16. However, the d = 2 Ising model has a non-zero
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Table I. Ordering characteristics for several layered compounds.

<P is the angle between the c-axis and the spin direction.

K2CoF„ a )

K2Mrio. 9gCog. 02̂ 1»

K2Mno.995Coo.005F«.
a)

K2Mni_xFexF1(

x - 0.008

x = 0.022

x - 0.028

x « 0.061

x - 0.125

(CH3NH3)2FeCl^b)

KzFeF,, c )

Rb2FeFi» a^

Tc(K)

107

44.0

42.3

40.20(15)

36.91(5)

42.30(5)

44.0(1)

94.5

60

56.0

J/kB(K)

-97

-4.2

-7.5

-6.5

D/2z | j |

=+0.7

+9.IXIO-3

+3.9xlO"3

+2.7XÎ0"3

+1.4xl0~3

=-0.1
=-0.1

=-0.1

TR(K)

16(2)

19(2)

spin direction

[001]

[001]

[001]

[001]

TR<T<Tc: [001]

T=4K»p = 35(5)°

TR<T<Tc:[110],[Tl0]

T=4K : a> ' 60(3)°

[no],[T10]

[NO], [TlO]
[no],[T10]
[no],[T10]

[NO],[NO]

ß

0.12
0.17(2)

0.15

0.19(2)

0.28(2)

0.26(2)

0.21(2)

0.15

a)

b)

c)

Values obtained from ref. 15;

See ref. 27;

See ref. 14.
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T 17, and in general the presence of a spin-anisot^opy of the

Ising type will lead to a finite ordering temperatura18 21. Such an

anisotropy-induced T would thus decrease if the amount of spin-

anisotropy is reduced. For the Mn2+ compounds the occurrence of 3-

dimenaional long-range order (d » 3 LRO) is thought to be induced

primarily by the dipolar anisotropy. Although the interlayer inter-

actions are needed to establish d » 3 order, they present a much

smaller perturbation (= 102-l03 times) than the spin-anisotropy.

7T2 interpretation is therefore that the long-range order within

the layers (d « 2 LRO) is produced by the spin-anisotropy which

enables the simultaneous establishment of d = 3 LRO through the

interlayer interactions.

In order to reduce the "average" spin-anisotropy ^MnFi, was doped

with small amounts of Fe2+ ions. Such a reduction would result from the

competition between the strong planar anisotropy of the Fe2+ ions and

the much weaker axial anisotropy of the Mn2+ ions. For our present

purposes we can approximate the interactions in our systems by the

spin Hamiltonian:

-2J Z Î..Î. - V t S? (0

where i and j are lattice sites occupied by a spin S, and D is an

anisotropy parameter.

For K2FeF1| and K2MnFi, we have DFe < 0, JDFe|=0.011 Jpe|, and D ^ > 0,

^Mnl' respectively. The intuitive picture one forms is that

of Fe2+ impurity moments pinned within the layers by the crystal-field.

The nearest neighbouring Mn2+ spins will be pulled nearly within the

same direction because of the relatively strong antiferromagnetic

Fe2+ ~ Mn2+ interactions. At larger distances from the Fe2+ site,

the direction of the Mn2+ spins will gradually become parallel to

the c-axis. Thus, around each Fe2+ ion there will be formed a cluster

of Mn2+ ions with their spins "polarized" by the Fe2+ spins. For

small Fe concentrations the extent of these clusters will be deter-

mined by the ratio of the antiferromagnetic exchange |j _ | to the

difference |D„ |~|D M |. Although on a microscopic basis the system

will be of a highly disoidered character, the experimental results

presented below show that nevertheless it is possible to consider
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average quantities such as sublattice magnetization and spin-

anisotropy to describe the macroscopic properties. Furthermore,

the ordering temperature T is found to remain sharply defined and

to vary indeed with the Fe concentration x.

For l̂ CoFit the anisotropy parameter D C Q is positive, and l
D
Col~ I

 J
Col •

Consequently, there will be no competition between the spin-

anisotropy terras for the Co2+ and Mn2+ ions in I^Mnj-yCo F^, and

the strong axial crystal-field anisotropy of the Co2+ ions is ex-

pected to increase the transition temperature with respect to pure

y 0

to 44.0 K for y = 0.02.

. Indeed we observe an increase in T from 42.3 K for y

We note that parts of our results have been discussed previously

in a number of brief notes22'-5'21*. In the present paper the

interest is focussed on the influence of the impurity concentration,

i.e. the average spin-anisotropy, on the magnetic ordering phenomena

in these pseudo d = 2 Heisenberg systems. The outline of the present

paper is as follows. In the next section we discuss experimental and

structural details. In Sections 3 and 4 the results of the suscepti-

bility and magnetization measurements and of the neutron scattering

studies are presented, respectively. Section 5 is devoted to the

interpretation of these data.
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2. EXPERIMENTAL DETAILS

The samples have been prepared by Breed form a mixture of KHF2,

MnFg and FeF2. KHF2 was used to provide a HF atmosphere to prevent

oxidation. After heating this mixture to about 900 C in a platinum

crucible and subsequently cooling down to 750 C in about 120 hours,

the K2Mni_xFeJCFit crystals were formed in the lower part of the

crucible.

The chemical analyses of the samples have been performed by

complexometric titration-3 with photometric endpoint detection. The

iron was complexed with EDTA (ethylene diamine tetra acetic acid)

and back-titrated at pH = 2 with bismuth as a titrant and PAR (pyridyl

azo resorcinol) as an indicator. Both manganese and iron were com-

plexed with DCTA (diamino cyclohexane tetra acetic acid) and their

sum was back-titrated at pH = 5 with Ce(III) as titrant and xylenol

orange as an indicator. Such analyses were performed for two or three

crystals from each melt, resulting in the following values for the

Fe 2 + concentration in the six investigated samples: (0.8 +_ 0.2),

(1.9 + 0.1), (2.2 + 0.1), (2.8 + 0.1), (6.1 + 0.1) and (12.5 + 0.5) at.

% Fe. These concentrations are roughly a factor of two lower than

the FeF2 concentrations in the starting mixtures. The neutron diffraction

experiments were carried out on four samples, namely with x = 0.022,

0.028, 0.061 and 0.125, which weighed 89.8, 112.5, 38.4 and 125.1 mg,

respectively.

In Fig. 1 the crystallographic and magnetic structure of K2MnFi, and

the (110) reciprocal lattice plane are shown. The magnetic structure

and the tetragonal symmetry allow the formation of two non-equivalent

domains, namely domains 1 with spins at (0,0,0) and (£,J,i) parallel

and domains 2, where the spins in the plane z = £ are reversed. The

neutron data presented in Section 4 have been fitted with a model in-

volving 2 non-equivalent domains with collinear spins, aligned ferro-

magnetically in the (110) and (TlO) planes, and tilted over an angle

tp with the c-axis. For <P = 0 this model gives the K2Mití\ magnetic

structure, while for cp = 90° the structure of K2FeFi, is obtained
7'8'25.

The temperature dependence of the susceptibilities of the

K2Mn1_xFexFit samples has been deduced from magnetization measurements

in the field interval 1-13 kOe, using a pendulum magnetometer described

elsewhere26. The differential susceptibility, x * 3M/9H, in the limit
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of H + 0 was obtained by extrapolating x(H) = M/H to zero-field.

For each sample the magnetization was measured with the field along the

[001] or the [110] directions as determined in the neutron diffraction

experiments. The latter direction was chosen in view of the magnetic

structure for ̂ FeFi,. Furthermore, for some Fez+ concentrations the

magnetization in high magnetic fields was measured in order to study

the spin-flop phenomenon. These experiments were performed in the high-

field set-up in Amsterdam27.

The neutron scattering experiments were carried out on the HB3

spectrometer at the HFR reactor in Petten. In Fig. 2 the geometry

of the apparatus is sketched. In front of the monochromator crystal

a horizontal collimator or 20* was used, while the vertical colli-

ma t ion in front of the sample due to the geometry was about 40'.

Behind the sample the horizontal as well as the vertical collimation

amounted to 301. The wavelength of the neutrons was 1.475 8, obtained
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SCHEME OF THE BEAM PATH

REACTOR

C,- 20 MIN. HORIZONTAL COLLIMATOR
Cj- 30 MIN. HORIZONTAL COLLIMATOR
C,- 30 MIN. VERTICAL COLLIMATOR
M - MONOCHROMATOR
S - SAMPLE
D - DETECTOR

Fig. 2. Sketch of the neutron scattering experimental set-up.

from the (002) reflection of the Zn-tnonochromator. The samples

were glued onto an Al-backing, with the [HO] direction vertical and

mounted in a He-flow cryostat. The temperature stability varied

from 0.1% at T = 40 K to 1% at T = 6 K. A commercial, calibrated

Ge-resistor was used for the temperature detection. For each sample

we have studied the superlattice reflections (Hi.) with I * 0,1,2,3,

which are directly related to the d = 3 LRO. The reflections (Tí8-)

with odd and even I correspond to domains I and 2, respectively.

From these data we could determine the staggered magnetization as a

function of temperature, the direction of the ordered spin components

and the population of the domains. The d = 2 spin-spin correlations in

the ab-plane are observed as lines of intensity in reciprocal space,

parallel to the c*-axis (Fig. l(b)).The ridge Cïïç] has been investigated

in the temperature range 4.4 K < T < 60 K at different positions ç.

From the ratios of the intensities for different ç one may deduce

which components of the spin system are contributing to the observed

ridge intensities.

Besides the experiments on the K2Mni-xFexF4 samples, a few measure-

ments were performed on crystals of K^Mni-yCOyFi,. These Co2"1" dopes

were chosen in order to obtain an increase in the axial spin-aniso-

tropy with respect to the pure Mn compound. A few magnetic details

will be reported. As regards neutron diffraction, measurements were

performed on a sample which had y = 0.02 according to the analysis
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using the atomic absorption method. The sample turned out to consist

of a number of small crystallites, which prohibited a study of d « 2

scattering. The temperature dependence of d • 3 Bragg peaks of one of

the crystallites could be followed, however.

t
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3. SUSCEPTIBILITY AND SPIN-FLOP MEASUREMENTS

In Figs. 3(a-f) the susceptibilities x(0) for l^Mnj-xFe^ with varying

x are shown as function of temperature. Because there is no significant

difference between the susceptibilities of the x « 0.008 and x • 0.019

.samples, we do not present the data for x » 0.019 in this figure. For

some samples we give the susceptibility x(H) in the highest field

applied (H = 13 kOe) as well as x(0). The error bars denote the un-

certainty in x(0) introduced by the procedure of extrapolating x00

tu zero field. In particular in the lower temperature range, and for

x - 0.0Í9, these errors become substantial, as a consequence of the

strong dependence of \(H) upon the field (stronger than linear). All

experimental susceptibilities have been corrected for a diamagnetic

contribution of -0.79x10 e.m.u./mole, as estimated from the known

susceptibilities of KF, CaF? and ZnF?. Corrections due to demagnetizing

effects were negligibly small (•• 0.2 % ) .

From Fig. 3 one may conclude that the behaviour of x in the paramagnetic

region is hardly affected by the Fe2+ doping. In fact we find that within

the experimental error of 1-2 % the data points for varying x all coin-

cide with the curve for the pure K2MnF^ compound in the region T > T

Here ^max denotes the temperature at which the maximum in x occurs.

We find T m a x « 78+2 K for all x, which is a strong indication that the

"average" antiferromagnetic .interaction remains practically the same.

This may be understood from the following arguments: (i) the lattice

constants of K2MnFl,
 12 and K2FeFi, -

5 are not much different (a * 4.227 Ä

and 4.14 8, respectively); (ii) the spin values S » 2 and S » 5/2 of

Fe2+ and Mn2+ are nearly equal; (iii) the Fe2+-Fe2+ intralayer super-

exchange constants J/k_ - -6.5+1.5 K, estimated for Rb^FeFi, l5 and J/k„

= 7.25±0.35 K found in K2FeFi,
 ll( are not too much larger than that for

Mn2+-Mn2* (J/kB - -4.20 K ) 6 " 8 ' 1 5 and the Fe2+-Mn2+ exchange will be in

between these values. Thus even with 10 X of Fe2+ ions the changes in

the "average" spin value and superexchange constant will be about a few

percent only.

On the other hand, in the region of long-range magnetic ordering below

T = 40 K, the susceptibility behaviour depends dramatically upon the

Fe concentration. For pure K2MnFi, the 1001] direction clearly is also
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the axis of antiferromagnetic alignment. Along this direction the

parallel susceptibility ( x#/) is measured, which decreases to zero

for T •* 0. Perpendicular to this axis the perpendicular susceptibility

X, is measured, which depends only weakly on temperature.

With increasing amount of Fe2+, the value of XfQ0|]i
H * °) extra-

polated to T - 0 is seen to increase steadily, such that for x >

0.028 we even have X[00,](H - 0) > X [ M 0](H - 0). This is a strong

indication that for x s 0.022 the majority of the spins still have

their direction parallel to the c-axis, whereas for x ¿ 0.028 the

"average" direction of the moments is within the layers already.

We further note from Fig. 3 that for the x - 0.022 and x - 0.028

samples there is an abrupt change in x at I = 16 K and T = 20 K,

respectively. At these temperatures, which will be identified

below with the spin reorientation temperatures T R found in the

neutron diffraction study, discontinuities in the 3j(Inn, i/3T and

3Xr,10i/3T are observed. The curves for x(H * 0) in this range

are shown on an enlarged scale in Figs. 4{a), (b).

19

A i • i . t a
HO 20 30

T(K)

Fig, '¿(a). Susaaptibility

and X[2oo] ¿n M = 0 for
$ = 0.022 mid for tempe-

ra tiares around T
R

for x = 0.028
nou

The simplest model to explain these features is one in which the

average spin orientation changes at TD. For x * 0.022 the change

would be from a direction close to [001], to a direction tilted away
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R

from the c-axis. For x = 0.028 it would be from an orientation nearly

within the layer to a direction closer to the c-axis. The discussion

of these phenomena will be taken up again in Section 5, together with

the neutron diffraction data.

To further understand the extreme dependence on H in the region T

for x = 0.022 and T < T for x > 0.028 we note the following. As
c

mentioned in the previous section the moments in pure KjFeFt, are

oriented either along the [110] or the [TlO] directions. Assuming

that both the [110] and [TlO] domains will be equally populated, the

susceptibility Xr.iQ-i (H " 0) for ̂ FeFj, will be a mixture of the

contributions of the two domains, so that we would have Xfj|gi "

iiX/z+Xj")- Furthermore, we would have X[QQ.] = Xj_ • Here X//

denotes the susceptibility parallel to the Fe2+ spins in a single

domain, whereas Xi at*d \. denote the perpendicular susceptibilities

within the layer, and perpendicular to the layer, respectively. For

pure K̂ FeFt, the anisotropy within the layer is very much smaller than

the out-of-plane anisotropy. For the Fe2+ impurities in K̂ Mni-xFexFi»

we similarly expect the spin direction to be either parallel to

[110] or to [TlO], with a small in-plane anisotropy. Accordingly,

for H//[ll0] or [TlO] those Fe2+ moments which are initially paral-

lel to the applied field will orient themselves perpendicular to the

field direction for very small values of H already.

As regards the field dependence for H//[001], we may understand this

on basis of the delicate balance between the planar Fe2+ spin-aniso-

tropy and the axial Mn2+ dipolar spin-anisotropy, as is evident e.g.

from the occurrence of the reorientation transitions. It follows that

even small fields may tip the scales.

For che x * 0.061 and x » 0.125 samples the Fe2+ concentration is

large enough to keep the moments within the layers at all temperatures.

Even for the x - 0.061 sample the "average" planar anisotropy is al-

ready quite substantial, since we find x
[001]

to be independent of

field up to H « 13 kOe. The H-dependence for H//[110] remains and is

of the same order for x - 0.061 and x - 0. 125 as for x » 0.028. This

is to be expected since it is due to the just-described reorientation

mechanism for the spins within the layers, in which only the small in-

plane anisotropy is involved.
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i

From the values of Xroo,i(H = 0) and X[)|0](H = °> extrapolated to

zero temperature, we can obtain estimates for the average spin

direction in the various samples, using a simple molecular field

model. If the spins make an angle ip with the c-axis [001], and if

the xy.components of the spins are equally distributed among [110]

and [710], then we have for H * 0 and for small spin-anisotropies

the following approximate formulae at T » 0:

Xt00l]
(2)

(3)

MFIn these expressions Xi * N A 8
2 u|/4z|j|, i.e. the perpendicular

susceptibility of an antiferromagnet in the molecular field approx-

imation, where *î is Avogadro's number, g the gyromagnetic ratio,

U„ the Bohr mag ston and z the number of nearest neighbours.

For the x - 0.022 sample we have XfooijCH • 0) «= (6.2+O.2)xlO~3

e.m.u./ mole and Xriigi(H * 0) • (15.5±I.O)xlO 3 e.m.u./mole for

T -* 0. Using the value J/k_ * -4.20 K mentioned above we find ip =

37°±2° from XrOOt]
 a n d * * 46°±8° from Xfj10]'

 F o r t h e x * 0.028

sample the corresponding values are X[QQ|] " (16.9+0.5)xl0 3 e.m.u./

mole, yielding ip » 71°+ 5° and Xrjini* (13.8+1.0)x10~3 e.m.u./mole

leading to (p * 58°+8°. Summarizing, we would have <p - A0 and

ip = 65° for x - 0.022 and 0.028, respectively, according to the

crude model used.

A determination of the ordering temperatures T (x) from the measured

susceptibility curves is not without ambiguity. Obviously, the onset

of an anisotropy in x is not a clear criterion. All samples show a

marked anisotropy for T < 40 K, although above this temperature some

differences between Xrnnii and Xr|ini ca" already be seen. Theoretically,

the T of an antiferromagnet can be identified as the temperature at

which the temperature derivative of the parallel susceptibility reaches

a maximum. However, our x data are not detailed enough to obtain accurate

determinations in this way. On the other hand, the temperatures at

which the perpendicular susceptibility has a minimum are well defined.

We find T m i n - 43, 41.5, 42, 38, 45 and 50 K for x - 0.008, 0.019,

0.022, 0.028, 0.061 and 0.125, respectively. For pure K2MnFt, Breed
6

has reported T . * 45 K. In Section 4 we will compare these values
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with the Tc's derived from the neutron «Hfr'fraction data. Although

the agreement is not complete, both sets of data show the same

trend.

Concluding this section we discuss the high-field magnetization

measurements taken at 4.2 K with H//[001] on the x = 0.008 and

x = 0.022 samples, as shown in Fig. 5(a). For comparison we include

in Fig. 5(b) results of Breed6'7 on pure KoMnFi, and on a sample

of K;>MnFj, doped with 0.5 X Co2+. As expected, by the substitution

of che Mn?+ ions hy Co2+ or Fe2"1" the value of the spin-flop field

H„ is increased or decreased, respectively. By Hc_ we denote theSF SF
field at which the moments turn to a direction perpendicular to the

applied field because the anisotropy energy is overcome by the

difference in magnetic field energy between the perpendicular and

parallel orientations. The spin-flop should show up as a discontinuous

jump in the M-H curve. In practice this jump can be smeared out due

to e.g. inhomogeneities or small raisorientations. For the K2MnF4

data of Breed in Fig. 5(b) the smearing is clearly due to the fact

that the experiment was performed on a number of small single crystals,

piled on top of one another to obtain enough sensitivity^'7. In case

of the doped samples we may expect a distribution around the average

value of the anisotropy since a Mn2+ ion will be subject to a

different anisotropy field depending on its distance from a Fe2+

impurity.

For ̂ MnFi, and K2Mno.995Co0.oo5F1* Breed6'7 has derived the spin-flop

fields as Hg = 55.2+0.8 kOe and H_ « 85 kOe, respectively.

From these resulta one obtains for the anisotropy parameter |D/2zJ|

the values |D/2ZJ| = 3.9xlO~3 and 9. lxlO~3 for l̂ MnF!, and

c respectively. For K2Mno.992Fe0.oo8F1» and
w e fini* similarly H„„ « 46 kOe and = 33 kOe,

leading to |D/2ZJ| = 2.7x10 3 and 1.4x10 3, respectively. Below we

will show that for the doped samples the transition temperature

remains well-defined, and that the value of T (x) can be correlated

with the anisotropy parameter D.
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4. NEUTRON DIFFRACTION DATA

4.1. 3-dimensional ordering

The temperature dependences of the four reflections {{il) with

I = 0-3 are shown in Figs. 6 and 7 for the x = 0.022 and x = 0.028

samples, respectively. Discontinuities in 3I/3T are observed at

temperatures TD of about 16 K and 19 K for x = 0.022 and x = 0.028.

From the change in the relative intensities of magnetic reflections

corresponding to the same domain type (e.g. the (III) and (Ü3) reflec-

tions in Figs. 6 and 7) it may be concluded that a spin reorientation

occurs for T < T_. Also from the ratio's of the intensities it is

found that for x = 0.022 the moments are parallel to the c-axis

for T < T < T . Below T_ the moments rotate gradually away from the

c-axis, resulting in a mean angle ip = 35°±5° with the c-axis at T =

4.4 K. A similar reorientation is found for the x = 0.028 sample

below 19 K. However, in that case the reorientation is in the reverse

direction, since the moments turn from a direction within the layers

for T„ < T < T towards an angle tp = 60°±3° at T = 4.4 K. The
R

neutron diffraction data thus confirm the mean directions of the

sub lattice magnetizations both for T_ < T < T and at T = 0 deduced

in the previous section from the x measurements.

The reorientation process will be the result of the competition

between the crystal-field and the dipolar spin-anisotropies. Of these

the crystal-field anisotropy will be nearly independent of temperature,

whereas the dipolar anisotropy will vary like some power of the

average magnetization. Accordingly, the "net anisotropy" will vary

with the temperature and may 'en change sign, which explains the

spin reorientation. Furthermore, it will obviously not be homogeneous

on a microscopic scale. This explains why the observed T_'s are not

very sharp. The reorientations phenomenon is only observed for the

above mentioned two samples. From the x dara for the x = 0.008 and

x = 0.019 samples (cf. Fig. 3) we conclude that in the ordered region

the moments remain parallel to the c-axis. For the x = 0.061 and

x = 0.125 samples both the susceptibility and the neutron data show

that for T < T c the moments are within the layers. In Table 2 the

experimental and the calculated intensity ratio's of the four

measured reflections have been collected for the various investigated

samples.



Table 2. Experimental and calculated intensities of the four measured reflections for the various investigated

samples.

The intensities are normalized with respect to the (lio) reflection. The angle ip between the c-axis

and the spin direction at T = 4.4 K is obtained from the difference between the intensities of each

individual reflection at T = 24 K and T = 4.4 K, assuming that the spins for T = 24 K point along

symmetry axes. For these calculations a model involving two non-equivalent domains is used.
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4

1

6
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See ref. 8.
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Fig. 6. Temperature dependence of the measured superlattioe reflections
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We mention that the more or less abrupt changes in the d » 3 scat-

tering observed at TD cannot be due to reorientation of the moments

only. This follows for instance from the fact that the (IÏO) reflection

should not be influenced by the reorientation, if the above mentioned

model involving 2 non-equivalent domains with collinear spins, aligned

ferromagnetically in the (110) and (TlO) planes is correct. In Section

4.2 we shall infer from the temperature dependences of the ridge inten-

sities that the extra increase in the sublattice magnetization is

due to a gradual transfer from d - 2 into d » 3 intensity below TR.

Furthermore, the relative populations of the domains 1 and 2 as

discussed in Section 2, can be deduced from the intensities of the

magnetic reflections. Within the experimental error of about 5 Z our

results indicate a 50-50 distribution over the two domains for all

the investigated samples 22'23.

In contrast with the reorientation temperatures TR the observed

transition temperatures T (x) are well-defined and sharp, in spite of

the microscopic inhomogeneities introduced by the Fe impurities.

That is, within the errors the temperatures T (x) appear to be as

sharp as that found for pure KgMnFi,. As an example we show in Fig. 8

the intensity of the (Ho) reflection of the x " 0.028 sample near T .

A small amount of critical scattering is observed, which is only - | «j

of the (Ho) intensity at I • 4.4 K, As will be shown it is mainly due

to d « 2 scattering. Using the measured temperature dependence of the

ridge intensity, this contribution can be easily subtracted from the

peak intensities. Such corrections have been applied to all the data

shown in this section.

The ordering parameters obtained for the various samples have been

collected in Table 1. It can be seen that the value of T (x) passes

through a minimum with increasing x. The initial decrease of T (x) can

be clearly related with the decrease in the net axial anisotropy (see

the values for |D/2zJ| in Table 1). For x s 0.028 the Fe concentration

is apparently large enough for the net anisotropy to become planar.

Upon increasing this planar anisotropy (by increasing x) the value of

T is seen to rise again to that found for pure K2FeFj,. The variation

of T (and T_) with x is shown in the phase diagram given in Fig. 9.
C tv



IS

10

- s

x . 0.028

(Ho)
Te« 36.9(1) K

20 30 50 'S*

Temperature dependenae around T of the intensity I of the

0$kO) reflection for x = 0.028.

The parameters for the K2Mn0.geCoo.02^11 sample have been included

in Table 1. For this sample only the Bragg reflections (Iï&) were

followed as a function of temperature. As expected from the larger

axial anisotropy the value of T exceeds that of the pure K2Mnfi,

compound. The spin direction is parallel to the c-axis in the whole

region below Tc<

For the K2Mno.98Co0.02Fi, sample and for the x - 0.061 and x • 0.125

samples, the reflections with different ft can be scaled upon one

another in each case. In Fig. 10 the temperature dependences of the

normalized sublattice magnetizations obtained in this way are com-

pared with the results for pure K2MnF4
 28 and for

(a magnetic system equivalent to K2FeFt,).
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too6 10 20 30 40 90 eö
T<K)

x~T phase diagram for KzMn\-xPexFu. 'the phase diagram contains

tuo lines, at whiah either the a-or the xy.components order.

It is found that outside the critical region the curve for the Co-

doped sample lies above K2MnFi,-curve, whereas the doping with 6.1

at . Z Fe2* results in a decrease of Che sublatcice magnetization

with respect to the pure Mn2* compound. On the other hand, the curve

for x - 0.125 coincides with that of K2MnKi,, and for (CH3NH3)2Perii<

the magnetization curve is above the ^MnFi, result.

The difference in behaviour for the various samples in Pig. 10 will

have to be explained on basis of a variation in the ratio of in-plane

to out-of-plane spin-anisotropies. For pure ^MnFi, the in-plane

anisotropy is zero, the only term being the axial out-of-plane

anisotropy. At the other extreme the compound (CH3NH3)2FeCli, will

have a weak in-plane anisotropy as compared to the strong planar

anisotropy establishing the easy plane of magnetization. Since both

the d « 2 Heisenberg and planar (XY) models cannot sustain long-range
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Fig. 10. The nopmalized sublattiae magnetization vs. the veduaed
temperature fop several samples in a temperature range
T/T < 0.85. The curve for Kzt'fnFi^ ooiaides with that for

order, the planar anisotropy itself' does not lead to an ordered state,

and an in-plane anisotropy component is needed to produce a non-zero

sublattice magnetization at any finite temperature. For the planar

systems the in-plane anisotropy thus plays the same role as the axial

anisotropy in a Heisenberg system. The sensitivity of the magnetization

to the ratio of both types of anisotropy is therefore to be expected.

Spin-wave theoretical calculations of the sublattice magnetizations,

in which both the in-plane and the out-of-plane anisotropies are

taken into account, are in progress30.

The sublattice magnetization M (T) in the critical region is general-
s o

ly accepted to be described by the power law M (T) ̂  c . Here e is the
s
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Fig. 11. The normalised sublatbice magnet'sation va. e s (1-T/T )t on a

double logavithmto scale, for the samplea investigated by

neutvon scattering. M(T)/M(0) is proportional to

/or the (hkO) reflection.
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the relative temperature I-T/T , and 6 is the critical index for the

magnetization. For d - 3 lattices the values 3-0.31 and 6 * 0.36

have been deduced in case of Ising or Heisenberg interactions,

repectively31. For d « 2 lattices only the Ising model can show a

long-range order, and the value of P » 1/8 appears to be an exact

result17. In case of an anisotropy-induced phase transition in a

nearly isotropic d » 2 lattice one would expect the same Ising value

for 6 to apply on basis of universality arguments. This has indeed

been confirmed experimentally8'10'11. We further remark that the

extent of the critical region for the magnetization will in general

be limited to c i 5 x 10~2 32.

The log-log plots for the sublattice magnetizations of our doped

samples are compared in Fig. II. In this figure the results from the

(IJo) reflections for the various samples are shown. A common feature

of these plots is the fact that the power law behaviour appears to

extend to very high values of e, namely to E ~ 0.S or even higher.

This has also been observed in the pure compounds K2MnFi,, Rb2MnFi,

and K2NiFi,. The reason is probably not that for these systems indeed

the critical region extends to such a high e value, but that by

coincidence the magnetization behaviour in the spin-wave region of

these quasi-Heisenberg compounds joins smoothly into the critical

behaviour3 3.

Be this as it may, we may deduce apparent values for 6 from the

plots in Fig. II, and these values depend rather strongly upon the

impurity concentration. In order to demonstrate that the value of 8

is the same for each of the reflections for a particular sample, the

data for the (Hfc) reflections of the x - 0.028 sample with e - 1,2,3

are shown in Fig. 12. A comparison with the (Ho) reflection in

Fig. II shows that the slopes for T > T_ are the same, although the
Kbehaviour for T < TR is different (see also Fig. 7).

4,2. 2-dimensional correlations and long-range order

The study of the d • 2 ridge intensity yields some interesting new

phenomena for the two samples which show the reorientation effect.

For these two samples the temperature dependences of the measured

ridge intensities, obtained from scans perpendicular to the ridge,

are shown in Figs. 13 and 14, respectively. A striking feature in

these plots is the appearance below T of a plateau of d • 2 scattering.
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fig. 12. The square root of the normalized intensity vs. c for the

reflections (%%l) with £ = 1,2,2 and for the x = 0.028 sample.

Such a phenomenon has hitherto not been observed in experiments on

d » 2 magnetic systems» in which the ridge intensity was always

found to decrease continuously below I 8' 1 1 1' 1 1. For the other two

investigated samples this usual behaviour was observed indeed, as

is exemplified by Figs. 15 and 16, showing data for x * 0.061 and

x « O.E :, respectively.

It is important to realize that the plateaus in the ridge intensities

for the x » 0.022 and x * 0.028 samples cannot be due to critical

scattering. As a function of temperature, the half-width at half

maximum (HWHM) of the ridge intensity {in q-space) decreases contin-

uously as T is approached from above, and reaches very nearly the

experimental resolution limit of about 0.023 °T at Tfi itself. For

4 K < T £ T the HWHM remains constant (within an accuracy of 30 X),

at a value of 0.007 S , corresponding with an intraplanar correlation

length of about 150 8. These values were obtained with aid of a
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deconvolution, caking into account d » 3 resolution effects34. The

fact that forTR< T < Tc - A (A = 4 K) the ridge intensities observed

for x * 0.022 and 0.028 are independent of temperature indicates that

this intensity is not due to d » 2 LRO only, since in that case it

would increase with decreasing temperature. The constant intensity may

be explained by taking into account the additional contribution to

the ridge intensity due to spin-wave scattering, which will probably

increase linearly with temperature up to 0.9 T 3. As seen in Figs.

15 and 16 we do find such a behaviour for the x - 0.061 and x - 0.125

aamples (which dot not have d » 2 LRO). For the x - 0.022 and 0.028

samples in the region TR < T < Tc - A the increase of the spin-wave

contribution for increasing T is apparently compensated by the de-

crease of the contribution from d • 2 LRO.
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50 80

Fig. 14. Tempevatvj>e dependenoe of the intensity of the ridge

for x - 0.028 and for t, = 0.09.

It should be noted that in the present study we are not able to dis-

tinguish between the contributions from d = 2 spin-wave scattering

and d * 2 LRO on basis of a difference between their widths across

the ridge, as has been done in Ref. 3 for Rb2Mno.5NiQ.5Fit» because

both widths are much smaller than the experimental resolution. How-

ever, the variation of the ridge intensity in the x = 0.022 sample

as a function of applied magnetic field H indicates that both contri-

butions may be separated by performing a field cycle at constant

temperature35'36 (Sec. 5.2). The ridge intensity decreases in an

irreversible way when the system is brought into the "spin-flop"

phase, and the difference in d » 2 intensity at H » 0 before and

after the cycle to H - 50 kOe, observed at T - 15 K, 27 K and 33 K,

scales qualitatively with the sublattice magnetization. On the other

hand, the remaining ridge intensity after the field cycle increases

with temperature (see also CHAPTER III).

The variation of the ridge intensities during a field cycle is hard to

understand in terms of spin-wave scattering, since this would require

rather unrealistic changes in the spin-wave gap during the field cycle

(e.g. a change of the order of 20 K, whereas for pure K2MnFi, the gap is



- 48 -

900

250

x - 0.061

(-0.5,-0.5,2.7)

500

U

15. Temperature dependenoes of the intensity nf the ridge

for x = 0.061 and for e = 0.09, 1.13 and S.7.

only 7.5 K). A more likely explanation is that the change in the

ridge intensity corresponds to d = 2 Bragg scattering, whereas the

remaining part is due to spin-wave scattering. The same unrealisti-

cally large change in the gap energy would be needed to explain the

effects seen at TR in the present zero field study.

It can be seen from Figs. 13 and 14 that the plateaus stretch from

T < Tc - A to a temperature that corresponds in both cases with the

reorientation temperature TR. Below TR the d = 2 Bragg scattering

gradually decreases, which matches the above-mentioned increase in

the d = 3 LRO for T < TR (see 4.1). The values for Tc(x) as defined by

-•'•, •/)"



Fig. 16. Temperature dependenoe of the intensity of the ridge

for x = 0.125 and for x, = 0.31.

the peaks observed in the d = 2 critical scattering are the same

as found above from the d = 3 Bragg reflections. From the variation

of the d = 2 scattering with the position at the ridge, we may

further conclude the following. For x = 0.022 the critical scattering

at T originates mainly from the correlations between the z_components

of the spins, whereas the plateau intensities are mainly due to the

<S S > and <S S > correlations. For x = 0.028 on t«s other hand,
x x y y

both the critical scattering as well as the ridge intensity for

T < T < T - A appear to involve more or less equally the z.and

xy.components, although there is a tendency for the plateau intensity

to contain more of the z components. The calculated and experimental

normalized d = 2 intensities are given in Table 3.

As regard? the reproducibility of the data in Figs. 13-16, we remark

that the results shown were meacired in a number of runs with dif-

ferent starting conditions and with both decreasing and increasing

temperature. Within the experimental errors we could find no syste-

matic differences between these runs. Therefore we conclude that the

transfer of d = 2 into d = 3 order and visa versa appears to be a
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reproducible process.

We note that in his study on Rb2CoFi» Samuelsen
11 also mentions to

have observed some remnants of the ridge intensity below Tc> remain-

ing essentially unaltered in the investigated range below 0.9 T^.

Furthermore, he reports the width of the Bragg peaks and the intensity

of the ridge to be strongly dependent on the rate of cooling through

the transition. We have not found indications for such effects in the

present experiments.
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To investigate the behaviour of the spin-wave scattering in the criti-

cal region we show in Fig. 17 the temperature dependence of the d •= 2

ridge intensity for the x = 0.061 sample, plotted as I -I versus

l-T/T , where I I(T = T ). This temperature dependence of

corresponds nicely with that observed in Fig. 11 for the Bragg peak

(0 = 0,28 in both cases). Similar results are found for the x « 0.125

sample. This indicates that the decrease in the ridge intensity below

T is indeed complementary to the increase of the Bragg peak intensity.

The above results also indicate that the major part of the spin-wave

scattering is concentrated on the ridge. This is indeed to be expected

for quasi d • 2 systems with a weak spin anisotropy3.

From the profiles of the ridge intensity close to Tc one may in

principle also derive the critical behaviour of the staggered sus-

ceptibility and of the correlation length. However, the present data

are not sufficiently detailed or accurate to yield reliable information

on these subjects.

Table 3. Measured and calculated intensities of the ridge [H?]

for several values of c, normalized with respect to the

smallest c taken, for T < T < T - A (A = 4 K).

1(0.36)
1(0.09)

1(0.72)
1(0.09)

1(2.7)
1(0.09)

1(0.72)
1(0.36)

1(2.7)
1(0.36)

x = 0.022

0.90+0.08

O.74±D.O8

x = 0.028

1.00+0.08

0.86+D.07

0.58+0.06

calculated

xy-comp.

1.00

1.05

0.84

1.02

0.84

2-comp.

0.98

0.72

0.22

0.82

0.22
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5. DISCUSSION

5.1. Resumé

Some important conclusions to be drawn from the present experiments

are the following. It appears that even in these doped materials a

number of macroscopic quantities such as the net anisotropy, average

sublattice magnetization, etc. are still well-defined. In particular,

it is surprising that the transitions to d - 3 LRO at Tc appear to be

as sharp as in the pure materials, such that one may even study the

behaviour of M in a substantial part of the critical region

(e > 4 x 10"3).

As expected the net anisotropy is a very sensitive function of the

amount of Fe2+ of Co 2 + impurities. Doping with Co 2 + increases the net

axial anisotropy, doping with Fe 2 + lowers the net axial anisotropy

until at a certain concentration in between x * 0.022 and 0.028 some

"minimum" value is reached. At this "critical" concentration the net

anisotropy changes from axial into planar. Subsequent increase of x

brings about an increase in the net planar anisotropy.

The net anisotropy will be the result of the cristal-field anisotropy

of Fe or Co , which will be nearly temperature independent, and

the dipolar anisotropy that will vary with some power of the average

sublattice magnetization. Thus the "average" anisotropy will be also

dependent on temperature, which is clearly reflected in the observa-

tion of the reorientation phenomenon for the x = 0.022 and x = 0.028

samples.

5.2. d * 2 and d * 3 LRO for x = 0.022 and x - 0.028

An interesting outcome of the present study is the interlayer mis-

matching effects observed for the x = 0.022 and x = 0.028 samples.

For these concentrations we are near to the "anisotropy turning

point", so that the directions of the spins will be quite inhomogene-

ously distributed throughout the lattice. As a consequence a minori-

ty of the spins is not involved in the d = 3 LRO. This phenomenon seems

to be quite analogous to the impurity effects observed in materials

approximating linear magnetic chains1. For such substances the

transition to d = 3 LRO is brought about by the interchain inter-

actions. It is found both experimentally and theoretically that
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the values of T for these systems are reduced dramatically upon

introducing even a few per cent of impurities. The process of

randomly distributing impurity sites in an assembly of weakly

coupled chains, will obviously result in a similar mismatch effect

in the direction perpendicular to the chains.

With reference to the x-T phase diagram given in Fig. 9 we may explain

our findings as follows. For the x « 0.022 sample the d - 3 ordering

at T involves the z-components of the spin system (cf. Table 2).

In between T and T one finds xy-components that are only involved

in d « 2 ordering. These will be associated with those spins close

enough to the Fe2+ impurities, to be nearly within the layers. Since

the Fe2+ impurities are randomly distributed throughout each of the

layers, a mismatching will occur between the spins inside such a

d » 2 cluster around the Fe2+ impurity and those Mn2+ spins that are

in the adjacent layers. This explains why the lack of d « 3 order

involves the xy.components. In lowering the temperature, the dipolar

anisotropy will increase, so the net axial anisotropy will become

larger, and the Mn2+ spins in the outer parts of the cluster will be

pulled more and more out of the plane. At and below T_ reorientations

take place, in which the d » 3 ordered spins as well as the d « 2

ordered spins gradually turn to a common (average) orientation that

makes an angle of 35 with the c-axis at T » U.A K. The mismatching

effect thereby becomes gradually more ineffective so that d » 2 order

is transferred into d - 3 LRO. For the x - 0.028 sample a similar

sequence of events occurs. Because of the higher Fe2+ content in this

case the d * 3 ordering below Tc entails the xy.components, as can be

seen from both the x data and the neutron scattering results. Since

apparently the major part of the spins are now within the layers, the

mismatching effect will include the z-components of the spin system,

in agreement with observations (cf. Fig. 9 and Table 3). As the spins

within the layers may point in either the [110] or the [!10] direction

there will also be some mismatching in the correlations in x and y

directions, both within the same plane and in adjacent layers. This

explains why for the x » 0.028 sample the ridge intensity contains

xy.as well as z.components. In lowering the temperature the net planar

anisotropy will decrease because of the growing importance of the

axial dipolar anisotropy. The system again finds a compromise below TD,



- 54 -

which now brings about a rotation of the moments to a mean orientation

at an angle of 60° with the c-axis, i.e. closer to the layers than

for x = 0.022.

For both samples the reorientation phenomenon and the accompanying

transfer of d - 2 into d - 3 LRO appear to be characterized by the

absence of hysteresis in cycling the temperature.

Recently, we have extended our measurements by performing a field-

dependent neutron diffraction study35'36 on the x » 0.022 sample in

magnetic fields up to H • 50 kOe applied along [001]. The results

may be briefly summarized as follows. The coexistence of d • 2 and

d • 3 LRO in between T_ and T is confirmed. This coexistence range

on the T-axis is found to become extended into a two-dimensional region

in the H-T diagram. Furthermore, the transfer of d » 3 into d • 3 LRO

can also be induced by increasing the field, which is applied parallel

to the c-axis at constant temperature. Once the "spin-flop region"

has been entered, this transfer becomes complete (at all temperatures

below T (H)). If the field is subsequently decreased the system remains

fully d - 3 ordered. Thus the reversibility is lost as soon as the

spin-flop phase is reached. The H dependent transfer process may be

understood by considering that in approaching the spin-flop phase the

moments that were initially parallel to the c-axis (i.e. those involved

in the d » 3 LRO) will become oriented perpendicular to the c-axis.

Since the moments involved in the d « 2 LRO were already oriented main-

ly perpendicular to the c-axis, it follows that upon entering the spin-

flop phase the mismatching effect will have been removed and the d - 3

correlations can be fully established. Apparently the latter correla-

tions are not destroyed when, upon decreasing the field again, the

spins are rotating back into the direction of the c-axis. The differ-

ence in reversibility between the two ways of transferring d • 2 into

d - 3 LRO will be due to the fact that the spin-flop process is a

cooperative (many-body) phenomenon, whereas the T dependent transfer

(for H » 0) will be the result of local phenomena, namely the local

changes in the net spin-anisotropy. A full discussion of these H-

dependent neutron diffraction data will be given in a forth-coming

paper36 (see also CHAPTER III).
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The x-T phase diagram shown in Fig. 9 bears a strong resemblance to

that recently published by Aharony and Fishman37 for a randomly

mixed two-component spin system with competing interaction anisotro-

pies. They find two critical lines, each corresponding to the ordering

of the spin components favoured by one type of spin-anisotropy. The

two phase lines cross in a tetracritical point, so that the ordered

region is divided in three parts, namely one in which the z.components

are ordered, one in which the xy.components are ordered, and an inter-

mediate phase characterized by mixed ordering. The experimental obser-

vation of the two transitions (T and TR) would thus be explained, as

well as the fact that the ordering at T, entails the z.and xy. components

for the x » 0.022 and 0.028 sample, respectively.

In spite of the nice correspondences between the Aharony-Fishman

model37 and our experimental results we would like to point out some

of the complications introduced e.g. by the quasi two-dimensionality

of the experimental compounds. This leads to uncertainties as regards

the factors determining the value of T , as will be further discussed

below. Furthermore, the d • 2 order observed for TD < T < T is of
K C

course not a direct consequence of the Aharony-Fishman model. Moreover,

the A-F model considers classical spins.

5.3. Critical behaviour

Inspection of the values measured for the apparent critical exponent

0, as compiled in Table I, shows that for the Fe doped samples the

value of S at first increases with x, passes through a maximum that

coincides with the minimum in T , and thereafter decreases again to

8 = 0.21 for x - 0.125. This rather high value may be due to the

limited part of the critical region covered in our experiments. For

instance, in a recent study on the d « 2 iron compound (CHsNHs^FeClt,

Keller et al.29 found $ » 0.146 from data in the range 2 x lO"1* i c <

10 2, whereas previously they had deduced $ = 0.21 from measurements

in the range e > 2 x 10 2. In spite of these uncertainties regarding

the true critical behaviour in our doped samples, it is clear, however,

that the shape of the magnetization curves just below T is certainly

strongly dependent on the type and the amount of impurity. It is note-

worthy that the Co-doped sample appears to show the same value of 3

as the pure KzMnFi» compound. The reason could be that in both cases
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the anisotropy is axial. A similar result has recently been reported

by Als-Nielsen et al.2 in a study on the system Rb2Mno.5Nio.5F1». The

pure Ni compound also has axial anisotropy. These authors likewise

found a well-defined phase transition, with critical exponents for

M y and the correlation length identical to those of theAstagg.
pure Mn and Ni compounds.

The conclusion seems therefore that the variation in B must be due

to the competing anisotropy mechanism in case of the Fe doped systems<

We can offer the following explanation, although this has to be spe-

culative because of our limited amount of data. The correlation between

the 0 values and the amount of spin-anisotropy suggests that by de-

creasing the latter the nature of the phase transition has changed

from one that is primarily anisotropy-induced, into one that is also

influenced by the d » 3 interlayer interaction. This would explain why

the highest f$ value observed is close to the d - 3 Ising value of M

0.31. In pure K2MnF!, the dimensionality cross-over from d « 2 to

d « 3 Ising behaviour of M (T) apparently occurs closer to T than

e = 2 x 10 3 8. The cross-over point will be dependent on the ratio

of the Ising spin-anisotropy to the interlayer interactions, and

would thus be shifted to higher e values upon decreasing the former.

Since it is noted that the planar anisotropy is ineffective in pro-

ducing long-range order in d * 2 lattices, the ordering in the Fe

compounds has to be the result of the anisotropy within the easy plane

of magnetization. In Fig. 18 we compare our results for x » 0.028

(which has B « 0.28) with published data for the d - 2 systems

K2MnFi,, RbjFeFi, and (CHsNHj^FeCli, as well as for the d » 3 compound

MnF215. It is quite remarkable how much closer our results are to

those of MnF2 than to those of the d - 2 systems. However, it should

be noted that the measurements on MnK^ were performed in a temperature

region much closer to T . On the other hand, the curve for the

K2Mno.9gCoo.02F1, sample is quite near to that for the pure KaMnFi*

(cf. Fig. 10).

Another possible explanation for the large Ö values for 0.022 < x

s 0.061 could be that for these concentrations one is near to the

tetracritical point defined by the intersection of the two critical

lines in the x-T phase diagram, according to Aharony and Fishman.
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However, it is not clear wether the approach of the tetracritical

point along these critical lines would indeed entail a change in

the exponents.

0.111 I I I I . I I I I I . I L_l Q

2 4 6 10* 2 4 6 Iff 2 4 6 MT

Fig. 18. Normalised svblattiae magnetisation, li(T)/M(O)t vs. e fov

several aompounda.
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APPENDIX.

In Fig. 19 the intensity of the (Ho) reflection as a function of wave-

vector q (* k-k -K) is shown for the sample with x « 0.061 at T • 4.4 K.

The scan is made perpendicular to the ridge U J Ü in reciprocal space.

As regards the non-gaussian shape of the intensity curve, it should be

mentioned that the crystal containing 6.1 % iron was the smallest and

least perfect one in the series that was examined. Moreover, in Fig. 20

MWOO
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Fig. 19. The intensity of the (%%0) reflection at T = 4.4 K as a

f venation of wave-vector q, saanned perpendicular to the

ridge [££?] in veoipToaal space. Rere q is defined by

q + K = t - to.

two samples of scans perpendicular to the ridge in between the Bragg-

reflections are given for the sample with x = 0.028. One scan is re-

corded at T > I , and the other at T = \1 . It was found that for

T > T the width of the intensity profile decreases with decreasing

temperature, until it reaches the value of the experimental resolution

function at T •> T . For T < Tc the width of the ridge remains constant
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800

* ° ~~ — — -»=!&-«.

Fig. 20. The intensity of the ridge [%%c] for x = 0.028 at $ ~ 0.4

fov T = 43.0 K (*) and T = 18.0 K (o), as a function of wave-

veator q, saanned perpendicular to the ridge.

at a value slightly larger than the resolution within an accuracy of

about 30 %. Since the width of the correlation function G (K) (see

CHAPTER I, Section 2.1) is proportional to the inverse of the correlation

length C, it is possible to derive £ from scans as given in Fig. 20.

This yields a value £ f» 150 & within the layers for T < Tc<
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CHAPTER III

A NEUTRON SCATTERING STUDY OF MAGNETIC FIELD INDUCED

TRANSITIONS IN A 2-COMPONENT ANTIFERROMAGNETIC

SYSTEM WITH COMPETING SPIN-ANISOTROPIES.

ABSTRACT

Neutron scattering experiments have been performed on the quasi two-

dimensional antiferromagnet K2Mn0.978Feo.o22
Fit i-n order to study the

coexisting three- and two-dimensional (d = 3 and d = 2) magnetic order. The

measurements were carried out in the temperature range 2 K<T<60 K, and

in external magnetic fields upto H = 50 kOe applied perpendicular to the

layers, i.e. parallel to the easy axis of magnetization.

From temperature scans at constant field, and field scans at constant

temperature we have obtained an H-T phase diagram consisting of four

phases, namely the paramagnetic P phase, the antiferromagnetic axial

A phase, an antiferromagnetic intermediate I phase, and the spin-flop

or planar PL phase. Coming from the P to the A phase, d = 3 and d = 2

ordered subsystems coexist, whereas in the I phase the d = 2 long-range

order (LRO) gradually changes into the d = 3 LRO. Upon entering the

PL phase all d = 2 LPO disappears and there is no longer a division in two

subsystems. After leaving the PL phase the complete spin-system remains

fully d = 3 ordered, as long as the P phase is not reached. The three

ordered phases are further characterized by differences in domain

structures.
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lue H-T phase diagram can be explained by assuming that in this 2-compo-

nent antiferromagnet with competing spin-anisotropies (namely the axial

dipolar anisotropy of the Mn2+ and Fe2+ ions and the planar single ion

anisotropy of the Fe2+ ions) at H = 0 a mismatch occurs in the correlations

along the c-axis between xy-components in d = 2 ordered clusters around

the Fe2+ ions and the z-components of the d = 3 ordered Mn2+ spins in

adjacent layers. Applying a sufficiently strong field forces all the

moments to lie in the planes and consequently the mismatch in correlation

is removed.

The observed H-T diagram differs from that found for a weakly ani-

sotropic Heisenberg antf.ferromagnet, in that the first-order spin-flop

line in the latter case has become split up in two second-order transition

lines, which encompass an I phase, and consequently yield a tetracritical

point. The H-T diagram for K.2Mno.978Feo. 022^4 c a n be explained by

constructing an x-H-T diagram for K2Mni-xFexFlt, using as a basis the

earlier found x-T diagram for H = 0 and the H-T diagram for a weakly ani-

sotropic Heisenberg antiferromagnet (x = 0). In the x-H-T diagram a

tetracritical line occurs, and the intermediate phase becomes a three-

dimensional region.
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1. INTRODUCTION

The compounds K2MnF4 and K2FeFt> both belong to the well-known class

of quasi two-dimensional (d = 2) antiferromagnets 1'2»3# A prin-

cipal difference between the two compounds is the type and strength

of the spin-anisotropy. In K2MnFtt the weak axial dipolar anisotropy

favours alignment of the moments parallel to the c-axis. In ^FeF^

the strong crystal-field anisotropy of the Fe 2 + ion is predominant

and forces the moments to lie within the magnetic layers per-

pendicular to the c-axis. Consequently, by mixing Mn2 and Fe2 in

K2Mni_ Fe F4 one obtains a 2-component magnetic system with competing

spin-anisotropies similar to a model recently discussed by Aharony

and Fishman1*. In previous publications5'6'7'8 we have shown that

with increasing Fe2 concentration x the net axial spin-anisotropy

first decreases with respect to the value in pure K2MnFij until it

goes through a minimum at a "critical" value x c = 2.5 %. For x > x £

the net anisotropy becomes planar and will approach the situation in

^FeFij for increasing x.

Since the magnetic ordering temperature T decreases with the net spin-

anisotropy, a similar variation in T is found6 8, leading to the x-T

phase diagram shown in Fig. 1.

A peculiar feature of this diagram is the crossing of the two lines

of (second-order) phase transitions in a tetracritical point as

predicted by Aharony and Fishman1*. The upper and lower lines in

Fig. 1 represent the transition points at which, respectively the

z-and the xy-components of the moments become long-range ordered. As

a consequence of the crossing of the lines there is a possibility of

observing two subsequent transitions in compounds for which x is in

the range x'<x<x". This phenomenon was indeed observed in two of our

samples, viz. those with x = 2.2 % and 2.8 %. In lowering the tempera-

ture, the first transition is marked by the onset of three-dimensional

long-range order (d = 3 LRO) involving the z- and xy-components for the

samples with x = 2.2 % and 2.8 %, respectively. The second transition

at lower temperature is detected by the occurrence of discontinuities

in both the d = 3 LRO and the d = 2 LRO. The latter is observed in

neutron scattering experiments as lines of intensity in reciprocal

space, parallel to the c*-axis (at off-Bragg positions). This d = 2

m
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Fig. 1. Magnetic x-T phase diagram for K^Mni-g.Fe^it

scattering is a well-known phenomenon in quasi d = 2 systems, and

has been observed previously in the pure compounds in the form of

critical scattering and of d = 2 spin-wave scattering (d = 2 SWS)9.

However, in the present mixed compounds with x = 2.2 % and 2.8 % Fe

it also appears in the form of d = 2 Bragg scattering5"8. Following

our first report5 Birgeneau et al. have discussed9 a similar obser-

vation of d = 2 LRO in the mixed system Rb2Mno.5Nio.5Fif

To explain our observations in K2Mn1_xFexF1( we assume that the relative

orientations of the magnetic moments in neighbouring layers will be

approximately as shown in Fig.2. In the x = 2.2 % sample the amount

of Fe2+ is still small enough for the majority of the Mn2+ spins to

order parallel to the c-axis. The Fe2+ moments are pinned firmly

within the layers due to the crystal-field anisotropy. Because of

the magnetic exchange interaction Jm_pe between the Mn2+ and Fe2+

ions, a d = 2 cluster of polarized Mn2+
 spins will be formed around

each Fe2+ ion, where the angle between the Mn2+
 spins and the ab-plane

increases with increasing Mn-Fe distance. The extent of the cluster
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Schematic picture of the "mismatch" effect in the ordered phase.

Around each Fe2-'1' moment, whiah lies within the layer, a cluster

of Mn2 spins is formed with their directions in between the

c-axis (dotted lines) and the layers. Hence a mismatch occurs

between the components in the layers and the Mn2+ spins

oriented along the c-axis in the adjacent layers.

will be determined by the ratio between J,, _ and the difference in
Mn—Fe

spin-anisotropy for Mn2+ and Fe2+. Since the positions of the Fe2+

impurities in each of the layers are random, the majority of the Fe2+

ions will not lie above each other in next-nearest layers. As

indicated in Fig. 2 this leads to a mismatch in the magnetic corre-

lations along the c-axis, and consequently to a division of the

magnetic system in two subsystems, one containing the d = 3 ordered

moments parallel to the c-axis, the other containing the d = 2

clusters involving the xy-components of the moments. The second

transition at lower temperature to the intermediate phase (cf.

Fig. 1) is explained by the fact that the axial dipolar anisotropy

will increase with decreasing temperature, whereas the Fe2+ crystal-

field anisotropy will be nearly temperature independent. This then

leads to a gradual reorientation below T oï the moments towards a

common orientation, intermediate between the c-axis and the layers,

accompanied by a change of d = 2 LRO into d = 3 LRO8.

In the present study we concentrate on the x = 2.2 % sample and

investigate in which way both the d = 3 LRO and the d = 2 LRO are

• " !
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affected by the application of a magnetic field parallel to the

c-axis. A motivation for this investigation is the tact that

for an antiferromagnet with weak uniaxial anisotropy the application

of a field parallel to this axis can bring the system into the spin-

flop phase. This also is a planar phase in which the moments are

aligned perpendicular to the field directions so that the effect of an

external magnetic field on pure ^MnFi, is quite comparable with the

effect due to substitution of Mn 2 + by Fe2+. Indeed we shall argue, by

constructing a 3-dimensional x-H-T diagram based upon the x-T phase

diagram of Fig. 1 and the H-T diagram of a weakly anisotropic anti-

ferromagnet, that the spin-flop phase in K^MnFi, and the planar phase

of Fig. 1 in fact both belong to the same three-dimensional section

in the x-H-T diagram. For that reason we shall drop the term spin-flop

phase in this paper, since it only applies to very small x values.

The term planar phase seems to be more appropriate.

We mention that short notes containing preliminary results of

this study on the field dependence of the magnetic ordering

characteristics in K2Mno-978Feo.022^1* have already been published

elsewhere10'11.

The scope of this paper is as follows. In the next section the

experimental details and structural problems are discussed. Section

3 is devoted to the results of the experiments. In Section 4 these

results are discussed, and the x-H-T diagram is constructed.
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2. EXPERIMENTAL DETAILS

The experiments were performed on one of the triple-axis spectro-

meters at the HFR reactor in Petten. The wave length of the in-

coming neutrons was A « 2.008 8, resulting from scattering by the

(002) planes of a pyrolytic graphite monochromator. In front of

the monochromator a 20' horizontal collimator was used, while the

vertical collimation in front of the sample amounted to about 40'.

Between the sample and the detector a horizontal and vertical

collimator of 1° were used. The sample had a platelet shape with

the c-axis perpendicular to the plate; its mass was about 89 mg.

It should be noted that the sample was preoriented with the use

of a vertical 30' collimator.

The sample was mounted into a cryomagnetic system, by means of

which measurements could be performed in the temperature range

I.1 K<T<300 K and in magnetic fields upto 50 kOe. The field direction

was vertical and the sample was oriented with the c-axis parallel

to H, the misorientation being about 20'. The sample was mounted

in this way, because the field is then parallel to the direction of

the sublattice magnetization in the temperature range between

T = 18 K and T » 40.2 K. The temperature stability in the whole

temperature range amounted to 0.I %, and the homogeneity of the

field was better than 0.1 % over 15 mm diameter spherical volume.

In Fig. 3 the crystallographic and magnetic structure of K2FeFi» is

shown. In the isomorphic compound ltt̂ FeFtj two domain types have

been found2, namely one (type I) with the moments in (TlO) planes parallel

to the [110] direction (cf. Fig. 3a) and another one (type 2) with the

moments in (110) planes parallel to the [TlO] direction (cf. Fig.3b).

The magnetic reflections (lj0) and (Jjo) in the (001) reciprocal

lattice plane, shown in Fig. 4, are due to the former domain type,

whereas the latter domain type gives rise to the reflections (JJO)

and (HO). It should be mentioned that the intensity of these four

reflections is reduced by a factor of two if the magnetic moment at

position JJJ can take two directions with equal probability, i.e.

either the direction shown in Fig. 3 or the reversed direction.

In this situation, which will be met in the experiment, there are
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The erystallographio and magnetic structure of K^FeF^. The two

domains that are found for this compound have been depicted,

namely one with the moments in the (110) planes parallel to

[110] (a), and one with the moments in the (110) planes

parallel to [llO] (b).

Ho*

11
.52

The (001) plane in reciprocal space, where four magnetic

superlattice reflections are indicated. The correspondence

between reflections and domain types is given in the text.
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four instead of two domain types. The lines of intensity [{|d and

[lid in reciprocal space perpendicular to the a*b*-plane correspond

with the d » 2 correlations in the ab-plane.

We have measured as a function of temperature and magnetic field

the intensities of the reflections (!IO) and (||0) in order to study

the d = 3 magnetic ordering. The d » 2 correlations as function of

H and T have been studied by measuring the intensities on the

H i d and [led ridges close to the reflections (HO) and (JjO).
This was done by canting the cryostat over an angle of about 4 ,

yielding X, » 0.15. In this way a good understanding of the relation-

ships between the d « 3 and d = 2 ordered parts could be obtained.

Moreover, the appearance or disappearance of the possible domain

structures as a function of H and T could be studied.
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3. EXPERIMENTAL RESULTS

3.I. d « 3 ordering

As we have discussed shortly in Section 1 and more extensively in ,

former papers, there exists in ^ifai-xFexFi» for a certain "critical" ;

concentration range 0.02 £ x £ 0.03 a subtle balance between the two

competing (axial and planar) spin-anisotropies7'8. This gives rise !

to the existence of two decoupled subsystems, namely one taking

part in the d - 3 LRO, and the other contributing only to d = 2 LRO.

For x<0.02 the magnetic moments taking part in d * 3 LRO point

along the c-axis, as in K^MnFij, whereas for x>0.03 the moments lie

within the layers, showing the K2FeFt, structure (cf. Fig. 3). In the

"critical" region 0.02<x<0.03, however, the ordering takes place in

two steps, yielding an intermediate phase in the x-T phase diagram

as is given in Fig. I. For the x = 0.022 sample it was found that

the d « 3 LRO observed for T <T<T is mainly due to the z-components.

At T_(=JT ) the axial dipolar anisotropy becomes predominant,
K C

leading to a reduction of d » 2 LRO of the xy-components (which contributedï

to the ridge intensity for T <T<T ). The net result is a gradual re-

orientation of the moments that take part in the d = 3 LRO and

simultaneous transfer of the ridge intensity into the Bragg peaks.

Thus T_ is determined from the kinks in both the Bragg and the

ridge intensities as function of temperature.

Besides the transfer of the d = 2 LRO into the d = 3 LRO, also a

change in domain structure (a transition from four to two domains)

takes place at T_(H); we will comment on this phenomenon in Section 4.1.
t\

In Fig. 5 we show the intensity of the superlattice reflection (Ho)

as a function of temperature for various values of H.

These scans are not scaled upon one another, and are not corrected

for the background. It is seen that T increases and T decreases

with H for field values up to 32.5 kOe. For higher fields the re-

orientation phenomenon is no longer observed, whereas the value of

Tc now increases with H. It is noted that the temperature dependence

of the staggered magnetization near T changes drastically as a

function of H. We will return to this subject below. We mention

that for H = 0,20 and 40 kOe similar scans have been made for the
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30-

2°T(K) 4°

5. The intensities I of the (HHO) reflection for various magnetic

field values plotted vs. temperature T. Note that the vertical

scales for different scans are shifted with respect to each

other.

(TiO) reflection, which could be scaled to the results for the (Ho)

reflection.

Besides the temperature scans at constant fields, we have also per-

formed several field scans at various fixed temperatures. In Fig. 6

we have collected six such scans for the (Ho) and (J^O) reflections.

These scans were recorded after the following cooling procedure.

The sample was cooled in H = 20 kOe from a temperature T « 60 K down

to T = 4 K. Thereafter the desired temperature was set and the

magnetic field was reduced to zero. Subsequently, the isothermal



HkO.) H(kO«)

The intensities of the (%hO) and (~^0) reflections

for baokgvound observed after a special cooling procedure des-

cribed in the text, fov various temperatures as a function of

increasing field (o) and of decreasing fiidd (0).

scans were made, cycling the field from H = 0 upto 50 kOe and back.

It is seen in Fig. 6 that the curves obtained in increasing and

decreasing field are completely different, with the exception of the

scans at T = 35 K. This irreversibility, however, is only observed

in the first ("virginal") field scan. Subsequent field scans taken

at the same temperature were found to reproduce fully the curves

formed by the solid circles. As we shall discuss extensively in

Section 4, this behaviour can be explained in terms of three different
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processes. Two of these are irreversible and occur only in the

virginal field scan, i.e. a transfer of d = 2 LRO (initially present

at H = 0 into d = 3 LRO, and a simultaneous change in the domain

structure. The third process is a reversible rotation of the

moments from the [001] direction to the <I1O> directions for

increasing magnetic field.

In comparing the data for the (Ho) and the (JjO) reflections we also

observe differences in behaviour, although the general features

are similar. In Section 4 we will show that these discrepancies

can be explained in terms of unequal occupations of the various

domain types. For convenience we will restrict ourselves in the

main discussion to the data for the (Jj0) reflection. For these

it is seen in Figs. 6a-c that in the range H > 35 kOe the curves

for increasing and decreasing field coincide. At the field values

for which the curves coalesce, a maximum in the "virginal" curve is

found. Below, we will interpret these values as marking the entrance

into the planar ("spin-flop") phase.

The discontinuities observed in the constant-field scans (Fig.5)

and the constant-temperature scans (Fig. 6) together yield the

magnetic H-T phase diagram shown in Fig. 7. The transition

temperature T as well as the reorientation temperature T for

x = 0.022 in the x-T phase diagram for H = 0 (cf. Fig. 1) extend

into lines of transition temperatures in the H-T diagram. Both

these lines merge into a multicritical point in the H-T space

that will be interpreted below as a tetracritical point. In this

tetracritical point four lines of second order transitions meet, which

curves divide the H-T diagram in four distinct phases, namely the

paramagnetic (P) phase, the axial (A) antiferromagnetic phase, the

intermediate (I) antiferromagnetic phase and the planar (PL) phase.

We mention that this phase diagram applies in particular to the

"virginal" system.

The amount of d = 3 intensity I- . , which is measured at

H = 0 in the virginal scan as shown in Fig. 6, depends strongly

on the magnetic field in which the sample is cooled. To study this

effect in more detail a series of measurements was performed in

which the sample was cooled in different applied fields H , from
cool

I
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field scans as shown in Fig. 6 yield the open circles.

T = 60 K to the same temperature T = 15 K (this usually took about one

hour). It then appeared that I_ . was lowest for H , = 20 kOe.
3min cool

As an example we give in Fig. 8 the results for H . = 13 kOe.

Comparison with Fig. 6b shows that I, . is lower for H . =
20 kOe than for H , = 13 kOe. It is further seen that the field

cool
value at which the planar phase is reached does not depend on

H .. Also the value of I, at H = 50 kOe as well as the IO(H)cool 3 3

curves measured in decreasing fields after the virginal run (solid

circles) are seen to be independent of H ^. Defining I, as

the intensity at H = 0 after the first cycle, AI_ as the difference

I, - I , . , we show the dependence of AI„/IO on H in Fig. 9.
jmax jimn 3 Jmax cool

The maximum in AI, near H , = 20 kOe is clearly indicated. The
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10 20 30 40 50
H(kO«)

H

10 20 30 40 50
H(kO«)

ö. The intensities of the (%%0) and (hkO) refleations at T = 15 K

for1 increasing (o) and decreasing H (0). Here H •, - 13 kOe,

whereas for the scans shown in Fig. 6 H ~ = 20 kOe.
•'I

differences between the results for the (I5O) and the (Ü0)

reflections observed in Fig. 9 are due to the already mentioned

differences in domain populations.

In concluding this part of the section we want to concentrate on

the behaviour of the Bragg peak intensity close to T (H), as obtained

from the temperature scans at constant fields given in Fig. 5.

Bearing in mind that the intensity is proportional to the square

of the sublattice magnetization, we can already see that the

shape of the sublattice magnetization curves depends rather

sensitively on the value of the applied field. These differences are

revealed even more clearly in the log-log plots of M (T)/M (0)
^^^^•™"^ S S

versus e in Fig. 10, where M (,T)wA(l^0) and e = l-T/T .
— — — — s c

It may be noticed from these plots that the relative uncertainty

in Tc(H) is of the order of 5 x 10~ for all values of H outside the

tetracritical region, i.e. the application of the field does not increase

the amount of rounding of the transition very much. On the other hand,
—3

the rounding of 5 x 10 prohibits reliable conclusions to be drawn as
regards the value for the critical exponent g in the power-law M (T)/M (0)

3 s s
^ e , that is usually assumed to describe the critical behaviour, since
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-0.2
O 10 20 30 40 50

Hcooi(kOe)

5. The difference between d = 3 intensities at H = 0, before and

after cycling the field up to 50 kOe as a function of the

applied field during cooling. The circles refer to the (%hO)

reflection, whereas the squares represent the data obtained

from the (HhO) reflection, ' • * lines are guides to the eye.

for the sublattice magnetization the critical region is expected

to be restricted to e £ 0.05. If, notwithstanding this, we assume that

the straight lines drawn through the data in Fig. 10 for 0.0I<e<0.1

have some bearing upon the true variation of the critical be-

haviour with H, then we may conclude that the apparent value of &

exhibits a maximum for field values close to that of the tetra-

critical point (Hî  = 35 kOe). A quite similar phenomenon was observed

in our previous study of the dependence of the sublattice magneti-

zation on the Fe2+ concentration (for H = 0).

i
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3.2. d = 2 scattering

In Section 3.1 it was already mentioned that the differences AI3

in Figs. 6a-c and Fig. 9 might be explained (at least in part) by an

irreversible transfer of d = 2 LRO into d = 3 LRO upon entering the

planar phase. In order to check this assumption we have measured the

intensities of the ridges [Tic] and [He] in reciprocal space.

Both ridges have been examined in order to exclude the possibility

of transfer of d = 2 intensity from one ridge into the other, in

other words a change in moment direction from [110] to [110] or

vice versa. By canting the cryostat over an angle of about 4 , we

were able to observe the ridge intensities at C = 0.15, from

scans perpendicular to the ridge. We remark that the presently

considered "domains" are in fact 2-dimensional in nature, namely

they refer to the two possible orientations of the moments within

the layers (along [110] and [TlO], cf. Fig. 3).

In Fig. 11 we have plotted the intensity of the ridge [55C] at

T = 15.0 K, 27.0 K and 33.5 K as a function of H. To ensure the same

thermodynamic history for the sample as in the previously described

measurements of the Bragg peaks, the sample was again cooled in

H 1 = 20 kOe. The data shown in Fig. 11, in particular the iso-

therms taken at T = 15.0 K and 27.0 K, fully confirm our previous ten-

tative conclusion. Upon cycling the field to 50 kOe and back nearly all

of the d = 2 intensity has disappeared. From the analogous results

for the [Igt;] ridge given in Fig. 12 it appears that the intensity

is not transferred from one d = 2 domain into the other. We conclude

therefore that it is indeed the (main part of the) d = 2 ridge intensi-

ty which is retrieved as an increase of the Bragg peak intensity after

the virginal run.

After a field cycle at T = 33.5 K there is a substantial amount

of the ridge intensity left, as seen in Fig. lie. As will be further

discussed in Section 4.2, this residual scattering may be ascribed to

contributions of spin-wave scattering and critical scattering to the

ridge. The residue found in Fig. 12 at H = 0 will partly be due to a

small contribution from the (55O) reflection, since for the [J|c3

measurement the cryostat was not canted far enough to have the crystal

completely off the Bragg reflection position.
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H(kOe)
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Fig. 11. The intensity of the ridge [%5t] at c, = 0.15 for several

temperatures, after cooling the sample in H -, = 20 kOe.

The open symbols refer to the virginal sean, whereas the

closed symbols represent the soon with decreasing H.
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Fig. 12. The scan as in Fig. lla, but now for the [%%?] ridge at c, =0.15.

Lastly, we compare in Fig. 13 the temperature dependence of the

til?] ridge intensity at z, = 0.15 as measured in a field of H = 36.5

kOe, with the previously published results in zero field5'6'8. In

the latter case a plateau in the ridge intensity was observed in

between T and T_, due to the enhanced contribution from d = 2 LRO.

This feature is seen to be greatly reduced for H = 36.5 kOe.

With reference to the H-T diagram in Fig. 7 the explanation would be

that the field value of 36.5 kOe exceeds the tetracritical value

HL, = 35 kOe, so that the system is brought directly from the1 paramagnetic
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into the planar phase. Apparently, the system becomes fully d = 3

ordered in the planar phase, no matter along which path in the H-T

diagram the PL phase is entered, confirming our intuitive interpretation

in terms of the simple mismatch picture discussed in the Introduction.

5000
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X .0.022
Tc-34.3(2) K

(-0.5,-0.5,0.15)
H»36.5kOe
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1000

— 500

X - 0.022
T c- 40.20(15) K
(-05,-0.5.0.36)
H-0
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T(K)
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Fig. IS. Observed d = 2 intensities as function of T for H = 36.5 kOe (a)

and •previously obtained results (see Refs. 5-8) for H = 0 (b).

".i

I



- 83 -

ik

DISCUSSION

In the previous section we have presented data on both the d = 2

and d = 3 scattering intensities which show that a close relationship

exists between the two forms of scattering. On Che other hand, the

observed field dependences of the d = i Bragg intensities are certainly

not only due to transfer of d • 2 LRO into d = 3 LRO. We will start the

discussion by explaining how the reversible variation with H of the

observed d = 3 intensities after the virginal scan can be attributed

to the field-induced rotations of the moments within the domain

structure established during the virginal scan.

The irreversible phenomena are further discussed in Section 4.2.

The various sources contributing to the d = 2 scattering, and the

transfer process of d = 2 LRO to d = 3 LRO will be discussed in

Section 4.3, whereas Section 4.4 is devoted to the H-T diagram for

K2Mno.g-73Feo.o22
F'+ and to the proposed x-H-T diagram for

J
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4.1. Domain structures

In the K2FeFi» structure the two domains as given in Fig. 3 are

found to occur. In both cases the angle (fi between the c-axis and

the magnetic moments is 90°. The K2MnFi4 structure is obtained by

rotating the moments towards the c-axis. From the magnetic structure

factor one may conclude that the domains with the moments at 000

and JJJ parallel (cf. Fig. 3a) contribute to the (JjO) reflection,

while the (Ho) reflection is due to the domains with the moments

at 100 and {£i parallel. Taking into consideration that the elastic

magnetic scattering cross section depends on the moment direction

through the factor [l-(K.m)2], where ic and m are unit vectors in

the directions of the scattering vector and the magnetic moment,

it is easy to see from Fig. 3 that the process of turning the moments

over an angle ip in the (TlO) and (110) planes will not affect the

intensities of the reflections (l£0) and (ïjo), respectively. However,

it should be noted that apart from the two non-equivalent domain

types in K2FeFi, shown in Fig. 3, a four-domain structure is also possible,

namely by taking into account the possibility of reversing the spins in

the centers of the unit cell. If, starting from the K^MnFij structure, the

moments would be rotated towards the layers (e.g. by the application of a

field parallel to the c-axis), then one would in fact expect the four-

domain structure to be formed, since there would be no a priori reason

for the moments to choose between any of the four directions <110>

within the layers12..

The variation of the intensities I of the (HO) and (fjO) reflection

as a function of the angle ip can be represented by the following

formulae:

I(Ii0)« p(l) + p(3)cos2ip(H)

and (1)

I(ÏÏ0)« P(2) + p(4)cos2<p(H)

where p(i) is the population of domain type i. Domains 1 and 2

represent the two domains found in K2FeF4 and shown in Fig. 3a

and b, respectively. Domain types k and 3 are respectively

obtained from domains 1 and 2, when the moments at J^ are reversed.

From Eq. (]) it can be seen that for (p = 90° only one domain type

contributes to the intensities whereas for ip = 0 the intensity

originates from two domains.'

u
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The behaviour of the d = 3 intensity as a function of magnetic

field in Figs. 6a-c (after the virginal scan) can in fact be

described by (1) with fou • domains and population factors p(l) ft* p(3)

and p(2) R* p(4) because the intensities for H = 0 and H = 50 kOe differ

by roughly a factor of two. From the fact that the intensities of the

second-order (110) and (TTo) reflections have the same ratio as those

of the magnetic (J^O) and (IJO) reflections, we may conclude that the

difference in intensities of the (JiO) and (IÏ0) reflection after the

virginal run is due to a horizontal misorientation and not to an un-

equal population of domains. Two conclusions may be drawn in addition.

Firstly, that our assignation of the term "planar" to the phase

entered for H = 33 kOe apparently is correct, since the reduction of the

intensity by a factor two is only fully realized if the moments

are indeed within the layers. Secondly, it follows from the same

argument that the whole magnetic system (i.e. including the initially

d = 2 ordered moments) is rotated back to a direction that nearly

coincides with the c-axis when H is decreased to zero again.

To extract further information from the data with respect to the types

of domain structure in the I and A phases, we have plotted in Fig. 14

14. The ratio of the intensities of the (%%0) reflection in zero

field (1(0)) and in H = 20 kOe (1(20)), as a function of

temperature. The upper dashed line is an average value of

I(0)/I(20)> for which the angle tp - 38° has been calculated.
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the ratio of the intensities for H - 20 kOe (after cooling in

H = 20 kOe) and for H = 0 (the start of the v.lrginal scan), as

a function of temperature. It is seen that for T < 'J.' , that is in the

intermediate phase, this ratio is nearly equal to unity. One may

therefore conclude that for T i TD the d = 3 subsystem still orders in
K

two non-equivalent domains if H < 20 kOe. However, for T > Tn the
R

ratio is considerably larger, indicating that four domains are present

in the A phase, and that the field of 20 kOe is already sufficient to

rotate the d * 3 ordered moments away from the c-axis over a substan-

tial angle (a simple calculation based on equal domain population yields

tp = 38° at T = 30 K). Apparently the A and I phase are different in

this particular aspect. As to the reason why in the I phase the

2-domain structure persists up to 20 kOe it is difficult to draw

firm conclusions. A possible explanation could be that since below

TR the Fe
2+ ions gradually take part in the d = 3 LRO, the K2FeFij

structure is favoured.

The insensitivity of the d = 3 intensity in the I phase for fields up

to 20 kOe is demonstrated once more in Fig. 15, showing results

found at T = 15 K for different cooling fields. Only as the planar

10 20 30 40

Heooi(kOe)

50

1S- The Ta-tio °f the intensities at T = 15 K of the (W$0) reflection

atH = 0 andH = Uaool as a f^tion of
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I -
phase is approached or entered during cooling, the intensity ratio

I(H = 0)/I(H = H „) starts to increase to the expected value for
cool

the 4-domain structure as the moments rotate from [001] towards <I1O>.

We emphasize that there is an important difference between the

field-induced changes in domain structure when starting from the

A as compared to starting from the I phase. In the A phase, for

H = 0 , the d = 3 ordered moments are parallel to the c-axis in the

2-domain K2MnFi, arrangement. Application of the field induces a

rotation of the moments towards the layers, and a subdivision of

the magnetic system into the four possible domains right from the

start (as far as can be seen from the experiment). In the I phase on

the other hand, the moments taking part in the d = 3 LRO at H = 0

already make an angle tp with the c-axis5 8, ip being as large as 30 at

T = 4.2 K. Interestingly, the canted moments are arranged in a two-domain

structure as for I^FeFi,, at least for fields up to 20 kOe. Apparently, as

the planar phase is approached, a redistribution from the two-domain

into the four-domain structure takes place. As we shall show below

in the discussion of the virginal field scans, the establishment

of the four-domain structure close to the I-PL phase boundary is

mainly due to the transfer of d = 2 LRO into d = 3 LRO with pre-

ference for the two domain types that are absent in the I^FeF^

structure.

Since the domain structures in the A and I phases in the field

range 0 < H < 20 kOe (cf. Figs. 14 and 15) are different, it is obvious

that in passing from the A to the I phase at constant field in

this range, the transition at the A-I boundary noL only entails

a transfer of d = 2 into d = 3 intensity, but also a variation in

int.. •sity due to the change from the 4-domain into the 2-domain

structure.
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4.2. Irreversible behaviour

In contrast to the reversible field scans after the first passage

through the PL phase, which may be explained in a straightforward

way by moment rotations in four unequally populated domain types,

the virginal scans show a far more complicated behaviour and marked

differences between the intensity variations of the (IJo) and (JJO)

reflections (cf. Fig. 6). The complex behaviour is due to the

fact that during the virginal scans three different processes occur

which may be illustrated by means of the data collected at T = 15 K

for the (IÏO) reflection. In cooling fields up to H i = 2 0 kOe

the d = 3 LRO is established in two domain types (cf. Fig. 15) one

of which contributes to the (TjO) reflection. Since the virginal

scan at T = 15 K is performed after cooling in 20 kOe and a rotation

of moments in a two-domain structure has no effect on the (JJO)

reflection, we expect a constant intensity up to H = 20 kOe (cf.

Fig. 6b). When the external field is increased from 20 kOe to 35 kOe

the d = 2 LRO is transferred into d = 3 LRO, while the two-domain

structure starts to change into a four-domain structure (cf. Figs.

lla, 6b and 15) and the magnetic moments proceed their rotation

towards the <110> directions. In the field range above 35 kOe changes

in the domain structure still occur (Fig. 6b) and the rotation of

the moments towards the <I10> directions is completed.

The intensity variation of the (1^0) reflection (Fig.6b) for H >

20 kOe may be understood qualitatively by taking into account that

rotation of the moments from [001] towards <110> and the changes

from two to four domain types will both lead to a reduction of

the intensity, whereas the transfer of d = 2 LRO into d = 3 LRO

results in an increase. In the field range between 20 and 30 kOe

(i.e. close to the I-PL phase boundary) the transfer of d = 2 LRO

into d = 3 LRO is dominant, whereas in the PL phase this transfer

is almost complete and the intensity decreases due to moment rotations

and changes in domain population. All the virginal field scans in

which the PL phase is entered from the I or A phase can be under-

stood in terms of the processes described above. In scans starting

from the A phase (cf. Fig. 6c) the intensity first decreases due

to moment rotation because the domain structure in the A phase in-

volves four domain types for H = 0 already.

. ' " ^ V - "*-•' '•
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On basis of the discussion on the domain structure given in 4.1, some

additional information with regard to the transfer of d = 2 LRO into

d = 3 LRO close to the I-PL boundary may be derived from the virginal

scans at T - 15 K and 5.5 K (Fig. 6a,b). Knowing that only domain

types 1 and 2 are present at the start of the scan, and taking into

account that at H = 50 kOe the moments will be still slightly canted

with respect to the ab-plane, one may conclude from the data (cf. Eq.(l))

that in general p(l) and p(2) decrease or remain equal during the

virginal scan, as I(H = 50 kOe) £ I(H = 0 ) . Consequently, the d = 2 LRO

is transferred into d = 3 LRO in domain types 3 and 4, which only

start to contribute to the Bragg reflections when the field is

decreased and the moments rotate back towards [001].

The field scans for temperatures close to the "tetracritical"

temperature appear to be reversible (cf. Fig. 6e). The data at

T = 33.5 K (Fig. 6d) show that the intensities for the increasing

and decreasing field scans differ considerably for the (i£0)

reflection, whereas they nearly coincide for the (J|0) reflection.

This phenomenon might indicate that the tetracriiical point is not

defined by exactly the same H and T values for the different domains,

due to the misorientation of H. We remark here that at T = 34 K

no difference between the two scans was seen, the results being

similar to those given in Fig. 6e for T = 35 K.

For T = 38 K (Fig. 6f) the magnetic behaviour is again irreversible.

Unfortunately, no experimental data for the ridge intensity are

available at this temperature, and it is therefore not clear if the

irreversibility is again to be correlated with changes in the d = 2 LRO.

The pronounced differences between the intensities of the two

reflections is most probably a result of unequal domain populations

which in turn is a consequence of the 20' misorientation of the

field direction with respect to the c-axis. The peculiar "overshoot"

in the virginal scans for the (3I0) intensity indicates that domain

type 4 (moments in (110) planes parallel to [110] becomes overpopulated

with respect to domain type 2 (moments in (110) planes parallel to

[ÏI0]) during the transfer of d = 2 LRO into d = 3 LRO and that this

difference in population is reduced in the PL phase by moment

rotations from [110] to [TlO].

I



- 90 -

f

The misorientation of the sample of about 20' results in a field

component H. in the ab-plane. Experimental evidence supporting this

proposition was obtained from experiments at T = 15 K after the c-axis

was turned another 20' away from the field direction. The data presented

in Pig. 16 were recorded with all other experimental circumstances

identical to those in the scan represented in Fig. 6b. Comparison of

Fig. 16 and 6b shows that the magnetic ordering behaviour is indeed ex-

tremely sensitive to the orientation of the field direction.
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Fig. 16. The intensities of the (khO) and the (ïfóO) reflections

(H . - 20 kOe) for the virginal scan (o), and the scan

vith decreasing H (0). Here the sample is turned over an angle

20' with res-peat to the vertical.
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4.3. d = 2 intensity

As was pointed out in Section 3.2 the d = 2 intensities initially

observed for H = 0 do not reproduce after cycling the field up to

50 kOe and back (cf. Figs. II and 12). It was also shown that the

decrease of the d = 2 intensity during a field cycle is correlated

with an increase of the d = 3 Bragg intensities (cf. Figs. 6b-d).

This transfer of d = 2 into d = 3 intensity can be understood on

basis of the mismatch in moment directions (cf. Section 1) that

is present for H = 0, but will be removed when in the planar phase

the field-induced rotation of the moments towards the layer has

been completed. Full d = 3 LRO is then established throughout the

whole magnetic system.

Another point of interest is that this d = 3 LRO is not lost when

the field is subsequently reduced to zero. Apparently, the moments

remain ordered in all three crystallographic directions through the

cooperative transition at the boundary of the PL phase observed in

the virginal situation. This contrasts with the transfer of d = 2

into d = 3 intensity observed when traversing the H-T diagram

at constant H from the A into the I phase. For such paths the

transfer is found to be fully reversible. As explanation, we suggest

that in the first case one deals with a cooperative effect, in which

the system as a whole is involved, whereas in the latter case the

spin reorientations are due to local changes in spin-anisotropy, that

will not be correlated over macroscopic distances.

In quasi d = 2 systems the ridge intensity may in general contain

two contributions, in addition to d = 2 Bragg scattering below Tt.

For T > T and T < T the critical scattering is predominant, whereas

for T < 0.9 T mainly the d = 2 LRO and d = 2 SWS contribute to

the d = 2 intensity. For the critical scattering and the d = 2 SWS

the width of the ridge increases when the difference |T-T | or

the effective anisotropy9 increases, respectively.

It should be noted that the width of the d = 2 scattering profiles

are equal within the errors to the experimental resolution for

T < Tc(H). This implies that we are not able to distinguish

between the contributions from d = 2 LRO and the d = 2 SWS on basis of
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the width of the scans perpendicular to the ridges in reciprocal space.

However, there is strong experimental evidence that the unusually

large d = 2 intensity at the start of the virginal scans cannot

be due to spin-wave scattering. If this were the case, the irre-

versible changes in d = 2 intensities would require a change in the

spin-wave gap for K2Mno.gjgFeo-022F<t °f about 20 K. When compared

with the spin-wave gap for t M̂nFtt of 7.5 K, this value is a rather

unrealistical one.

Moreover, the temperature dependence of the difference between the

d = 2 intensities found at H = 0 before and after the field cycle

scales qualitatively with the d = 3 sublattice magnetization, (cf.Fig.ll)

which would indicate that the differences correspond indeed to the

amount of d = 2 LRO. The remaining part of the d = 2 intensities

increases with temperature, just as would be expected for SWS.

From the above discussion we conclude that the d = 2 intensities

observed in the intermediate and axial phases before cycling the

field to H = 50 kOe can hardly be ascribed to spin-wave scattering.

On the contrary we are quite convinced of the correctness of our

"mismatch"—model, as discussed in Section I, with which we are able

to explain the behaviour of the d = 2 as well as the d = 3 intensities

as a function of both field and temperature.

4.4. H-T phase diagram and x-H-T phase diagram

In this Section we want to discuss the rather unusual H-T phase

diagram presented in Fig. 7. Firstly we have to justify the assign-

ation of the term transition line to the curves drawn in this

figure. For the P-A and the P-PL transitions there seems to be no

problem since these appear very clearly by the onset of d = 3

LRO (cf. Fig. 5) as well as in the form of peaks in the ridge

intensities (cf. Fig. 13). These transitions are in fact expected for

an antiferromagnet with weak uniaxial anisotropy, for which a phase

diagram as sketched in Fig. 17 holds. Here, the PL and A phases are

separated by a line of first-order (spin-flop) transitions, that ends

in a bicritical point, whereas the PL-P and A-P transitions are of

second-order. Such a diagram would indeed be appropriate for pure

,, for which Breed has detected the spin-flop field at T = 4.2 K

to be H
SF

55 kOe.
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bicritica!
point

Fig. 17. H-T phase diagram for a Heisenberg antifevpomagnet with weak

uniaxial anisotropy.

In the present system we observe an additional intermediate phase

in between the A and PL phases, i.e. the first-order spin-flop line

apparently has split up into two lines of transitions that are

probably of second-order. In the previous discussion we have shown

that the concept of a planar phase, i.e. a phase in which the magnetic

moments are oriented perpendicular to the field direction, is still

appropriate for this material. We have also demonstrated the differen-

ces between the axial and the intermediate phases, as these are

separated by a transition line that is the extension of the previously

found reorientation transition for H = 0. Both the I-PL and the I-A

transitions appear as discontinuities in 3I/3H or 3I/3T, either for

the d = 2 or the d = 3 intensities, or for both.

Of course one may argue that these two phase boundaries are not

sharply defined so that it is doubtful whether the denomination

"phase transition" would apply at all. This question is difficult

to answer experimentally, since in the mixed materials one will always

be stuck with an intrinsic inhomogeneity of the order of a percent

in the concentration of the constituents throughout the sample. Thus,

even under the most favourable conditions, this inhomogeneity may still
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result in a rounding of a phase transition, even if the latter would

be of the first-order type. Similar remarks of course apply to the

"determination" of the tetracritical point in the H-T diagram as the

intersection of the four second-order transition lines. All we can

say is that within the experimental accuracy (in this case about 1 - 37)

the four lines appear to meet into a single point.

Thus the situation is similar to the tetracritical point determined

previously in tho x-T phase diagram for H = 0 (cf. Fis. ' ) •

It is interesting to observe that the behaviour of the sublattice

magnetization as a function of H close to the tetracritical point

in the H-T diagram, is in fact quite similar to its behaviour as a

function of x around the tetracritical point in the x-T diagram.

Such similarities in fact stimulated us to try to combine the .x-T

diagram for H = 0 of Fig. 1 with the H-T diagram expected for pure

KoMnFij (x = 0) of Fig. 17, in order to obtain an understanding of

the H-T diagram found here for the mixed material KoMnj-xFejjF^. The

resulting x-H-T diagram is shown in Fig. 18. The tetracritical

point in the x-T diagram now extends into a line of tetracritical

points, that ends in the bicritical point of the H-T diagram for

x = 0, which in turn marks the end of the "spin-flop" line.

In the x-H plane for T = 0 we may draw two critical lines, connecting

the points x" and x' on the x-axis both with the spin-flop field

value Ho at x = 0, T = 0. It should be noted that these lines can

not meet at the spin-flop line itself so that they will coincide at

a certain value x = x2, since only the end point of a line of first-order

transitions can be marked by the merging point of various critical

lines13. This implies the presence of a coexistence plane which is shaded

in Fig. 18, and which is bounded by a line of bicritical points15.

The intermediate phase in the x-T diagram for H = 0 now becomes a

three-dimensional region in the x-H-T diagram. Furthermore, the

saturation field H g, which denotes the PL-P transition near T = 0

will increase with x, since the planar anisotropy will increase

with x. The intersection (dashed curve) at x = x4 in Fig. 18

has been included to elucidate the shape of the P-PL phase bound-

ary, and should not be taken for a phase boundary plane.

From the x-H-T diagram in Fig. 18 we may construct various cross-
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first order transition line

line of bicritical points

line of tetracritical points

T

(X4.T4)

Fig. 18. x-H-T phase diagram proposed for K.2Mn\~xFexFii. The coexistence

plane is shaded.

sections for constant x. Six examples of such cross-sections have been

compiled in Fig. 19. For 0 < x < x2 an H-T phase diagram is found which

consists of the P, PL, I and A phases. As is seen in Fig. 19a, the

first-order transition line separating the A and PL phases ends in a

bicritical point, where it splits into two second-order transition

lines, encompassing the I phase. These two critical lines, together

with those defining the PL-P and A-P phase transitions, meet in the

tetracritical point. We mention that this phase diagram is similar to

the one predicted by Aharony and Imry for a random exchange antiferro-

magnet in a uniform field15.

For x2 < x < x' (cf. Fig. 19b) a phase diagram is obtained that

also contains four phases. Here the PL and A phase are separated

by the I phase. The four phases coexist at a tetracritical point.

Such a phase diagram has been firstly predicted by Liu and Fisher16.
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As an aside we remark here that the possible occurrence of an inter-

mediate phase was already predicted by Gorter and coworkers17 in 1959.

In Fig. 19c an H-T diagram is sketched for x' < x < xi, which

is qualitatively indentical to the one we have found in

For x = x4 the H-T diagram will show only three phases, namely the

P, PL and I phase. Here the tetracritical point is situated on the

H = 0 axis. We note again that it will be very hard to obtain such a

phase diagram in the system KgMnj-xFexFi,, due to the limiting inhomo-

geneity of the Fe distribution throughout the lattice.

The diagram given in Fig. I9d has been predicted theoretically by

Mukamel18.

In the diagram of Fig. 19e we have the P phase separated from che

I phase by the PL phase, whereas in Fig. 19f a phase diagram

consisting of only PL and P phase is shown.

Apart from the diagrams shown in Figs. I9c, no other phase

diagram depicted in Fig. 19 has been found experimentally, so a lot

of work on these kind of systems is still to be done.
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APPENDIX.

In Fig. 20 experimental results are shown for the ridge intensity at

T = 27 K and H = 8 kOe (i.e. in the A phase), before and after entering

the PL phase. It is seen that the initial amount of d = 2 intensity has

disappeared, once the system has been in the planar phase. We remark

that the ridge intensity that is retrieved after the field cycle is

probably due to the spin-wave scattering. Moreover, the decrease of

40 - T - 27 K
x • 0.022
(-0.5.-0.5.0.15)

30

a.
£ 20

to

-10 - 5 0 5

| V 1000

20. The d = 2 intensity vs. wave-vector q for x - 0.022 at T = 27 K

and H = 8 kOe. The closed and open symbols refer to the situ-

ation before and after the planar phase is entered respectively.

The scan is recorded perpendicular to the ridge, q is defined

by the relation ~q + ic = £ - t. .

the ridge intensity is accompanied by a simultaneous increase in the

intensity of the Bragg reflections, which indicates that d = 2 LRO has

been transferred into d = 3 LRO.
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CHAPTER IV

AMMONIUM LIBRATIONAL MODES IN CUBIC AND TETRAGONAL NH4ZnF3.

THEORY AND EXPERIMENT.

AR-7TF.VIT

Inelastic neutron scattering data are presented on NHi,2nVj in itj C;JJ;C

and tetragonal phases. It is shown that the observed ineiasti'. peaku ar

doe to transitions between NHi, rotational energy levels, by comparison

vri i:h the theoretical quantum mechanical energy spectra, calculated for

oi-tentia} barriers of purely electrostatic origin.

i-i *-̂  ̂ c^S^W^T^s-^£*»"fff /^ --^
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Rotational motions of molecules in solids are hindered by forces that

CST! be of inter-, intra- or extramolecular origin. We here present

experimental and theoretical results on the rotational energy spectrum

for the NH4 ion in NH^ZnFi^, showing that the barriers opposing NHi,

rotations in this compound can be fully accounted for by the electro-

static forces due to the surrounding Zn 2 +, F and NH4 ions. Experimental

results include inelastic neutron scattering data for the cubic as well

as the tetragonal phases of NHit2nF3. First-principles calculations of

the quantum mechanical rotational spectra are presented for both phases.

Here the NH^ ion is considered as a rigid tetrahedron and the point

charge model is used to estimate the parameters of the electrostatic

crystal field acting on the NHi, protons.

The room-temperature cubic perovskite structure of

(a = 4.118 & ) 1 ' 2 is shown in Fig. 1, where we have assumed a purely

tetrahedral shape for the NH^ ion. At T = 115.1 HH 0.1 K a structural

transition to a tetragonally elongated cell occurs1'2; the cell-constants

for T < 80 K are a = 4.0809 8 and c = 4.1498 8 2.
o o

Incoherent inelastic neutron scattering data were obtained on NH[,ZnF3

powder at T = 300 K and T = 80 K, with the time-of-flight spectrometer

HB 3 in Petten. Monochromatization was realised with pyrolytic graphite ,

giving two main beam components A = 2.008 A and X = 1.004 A. The back-

ground was determined by measurements with the empty sample holder,

and the spectrometer resolution was derived from measurements on

vanadium. In Fig. 2 we show spectra recorded at a scattering angle ip =

54.0 (corrected for the background); additional spectra taken at (P =

21.6 and 37.8 are quite similar. At T = 300 K we observe, on top of

a rather high background due to phonon and other inelastic scattering

processes, an inelastic peak corresponding to an energy gain of 33;+1

meV of the incoming A = 2.008 A neutrons. In order to check whether the

inelastic peak originates from the X = 2.008 A or from the X = 1.004 A

neutron beam, in other words whether we deal with energy-gain or energy-

loss peaks, we have performed additional experiments with an attenuated

beam. This was done by putting a PVC-platelett of 0.5 cm thickness into

the neutron beam. The quasi-elastic broadening of the elastic peaks is

due to reorientations of the NH4 groups. These have been studied in

detail in separate work^. At T = 80 K we observe two inelastic peaks,
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NH4ZnF3

• Z n OF #N >H

Cubic unit aell of

corresponding to an energy loss of 22+1 meV and 39_+l meV of the A =

1.004 X neutrons. As we shall show below, this doubling can be simply

related to the tetragonal distortion of the unit cell below T . At

T = 80 K the elastic peaks have a width equal, within the error, to the

experimental resolution, so that there is no evidence anymore for quasi-

elastic broadening. This indicates that at these temperatures the re-

laxation times of the reorientational motions exceed 10 s. We finally

remark that in both spectra the A/3 and A/4 peaks are also weakly present.

We attribute the inelastic peaks to transitions between bands in the NH^

hindered-rotational energy spectra. To show this we now present calcu-

lations for the energy levels of the rigid NHi, tetrahedron rotating in

the cubic and tetragonal electrostatic crystal field potentials

appropriate for NHijZnF3 at T = 300 K and T = 80 K, respectively1*.

Similar calculations for the cubic phase have already been described

in earlier work1. The Hamiltonian is: = P2/2I + £B V(w), where P2

and I are, respectively, the total angular momentum operator and the
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50

NH4ZnF3

E0-20.3meV
^ 2 . 0 0 8 A

-T-300K

50 100 150
TOF channels

200 250

Via. 2. Inelastic neutron scattering spectra of NH^ZnF^ (using

time-of-flight (TOF) technique) taken at 7' = 300 K and

T = 80 K for a scattering angle cp - b4 . The intensities

for T = 300 K are plotted two times more accurately thai:

those for T = 80 K.
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moment of inertia of the rotnr, 6 is a dimensionless field strength

parameter, and B = h2/2I. We calculate B = 8.48 K from the experimental

distance N-H = 1.04 X 2. The potential V(u) is invariant under the

direct product group 0 x G, where 0 and G are the groups of proper ro-

tation around molecule-fixed and space-fixed axes, respectively. The

space-fixed and the rotating (molecule-fixed) frames of axes are re-

lated by the Euler angles (o>) = (a P •y). In the cubic ar.d tetragonal

phases we have C = 0 and G = DL, , respectively. The Hamiltonian matrix

becomes separable by choosing as a basic a set of linear combinations

of Wigner rotator functions, D (w), transforming as the irreducible
nm

representations of one or the other of the product groups 0 x G. It i;-

easily shown that the potential V(w) can be expanded in a series of

functions V (oo) that transform according to the irreducible represent-
J

ation Aj x Aj of the product group 0 x G. For the cubic and tetra-

gonal phases we may write, respectively:

g6v6(a>)

where terms of order higher than J = 6 have been neglected. The coef-
ficients B, , t5, can be normalized to give SB2 = 1 and T, j}2 . = •

Jn J j J j n Jn

The function Vj and V. are given in terms of Wigner rotator

functions as:

V4 = (7/4) D*4 + (35/32)* (D + D + D + D )
00 04 0-4 -40 40

V 6 = ( 1 3 / 2 6 ) 2 D - ( 9 1 / 2 7 ) * ( D + D + D + D ) +

00 04 0-4 -40 40

+ ( 6 3 7 / 2 1 4 ) 2 (D + D6 + D6 + D6 )

V 4 1 = ( 2 I / 4 ) 2 D + ( 1 5 / 8 ) 2 (D + D )
00 40 -40

Vh2 = ( 2 1 / 8 ) * (D + D ) + ( 1 5 / 1 6 ) ^ (D + D + D + D"* )
04 0 -4 44 4 - 4 - 4 4 - 4 ~ 4

V 6 1 = ( 1 3 / 8 ) 2 D - ( 9 1 / 1 6 ) 2 (D + D \
00 40 ~'*0f

1 6 6 1 6 6 6 6
V 6 2 = ( 1 3 / 1 6 ) 2 (D + D ) - ( 9 1 / 3 2 ) 2 (D + Ö + D + D )

04 0-4 44 i t - . , - 1 , 1 + "4-4
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For given values for £. or (3. the eigenvalues can now be calculated

as a function of field strength B. The accuracy in the calculated

energy levels depends on the maximum order J of the basic functions

considered. We went as far as J = 16, giving an accuracy better than

IZ for g < 80. Now, instead of taking the Bj and Bj as adjustable

parameters, we have estimated them a priori from the electrostatic

potential energy of the NHi, ion in the surrounding "electric" lattice1.

We use the point charge model, replacing the Zn 2 +, the F , and the

NHif ions other than the reference NH4, by point charges +2e, -e, and

+e, repectively. At the hydrogen positions of the reference NHi, we

put "effective" charges +fe. The value for f is in fact the only

adjustable parameter in the whole calculation; below it will be

determined as f = 0.46, in good agreement with an earlier value like-

wise found within a point charge model calculation5.

The electrostatic potential is now calculated with the NHt, ion in

various orientations. We use the Evjen method, which consists of

summing up a converging series of contributions from concentric,

electrically neutral shells around the reference ion. Rapid convergence

is found from the 7 shell onward already. In rotating the reference

NHi, the potential can be mapped as a function of the Euler angles

(a B Y)» and the orientations of maximum and minimum energy as well as

saddle points can be traced. Representative results for the cubic and

tetragonal phases are shown in Figs. 3a and b, respectively. In the

cubic phase there are six equivalent positions of minimum energy such

as shown in Fig. 3a. These are split up into sets of four and two by

the tetragonal elongation (deep and shallow minima in Fig. 3b).

Tince the relative heights of the minima and subminima are simply

related to the ratio's of the parameters 8, or g. , accurate estimates

for these parameters can be obtained. Lastly, the values for the poten-

tial on the absolute scale are determined by the parameter f, which

fixes the values for the field strength S in both phases (B . and

l a f , ) . As already mentioned, the fit to the experiment described below

gives f = 0.A6. The crystal field parameters following from this value

for f are summarized in Table I where we have used the above mentioned

lattice constants for NHi»ZnF3 at T = 300 K and T = 80 K. The potentials

shown in Figs. 3a and b were calculated with the parameters of Table I.
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The electrostatic potential energy as a function of u(=(

for the cubic and the tetragc*ial phases. The variations in

the Euler angles <W is suoh that the highest and lowest

barriers are represented. The energy bands correspond to the

energy diagrams shoun in Figs. 4a and 4b, taken for f5 - 44 and

B = 46y respectively. The arrows indicate the observed inter-

band transitions.
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Table 1. Values for the crystal field parameters and the energy

barriers for the cubic and tetragonal phases of NHi,ZnF3

(taking f = 0.46).

cub.

saddle

CUBIC

= 44

= 0.24984

= -0.96829

= 2033 A

= 1589 K

6tetr

641

Bi,2

361

362

V
max

V ..

TETRAGONAL

= 46

= -0.10351

= -0.28650

= +0.40624

= -0.86149

= 2216 K

= 1806 K
saddle

Also listed are the highest (V ) and lowest (V ) electrostatic

barriers found for both phases. The energy spectra as a function of

g calculated with these values for 3 T and 6 T are given in Figs. 4a
j jn

and b for the cubic and tetragonal phases, respectively. Only the levels

originating from the lowest free-rotator multiplets J = 0- 5 have been

drawn in full. For J = 6 the Jevels that are moving into the three

lowest energy "bands" are shown; all other levels are higher in energy

and have been omitted.

In previous work1 we derived the value 0 = 40 _+ 10 from fitting the

experimental librational contribution to the specific heat above T

to the theoretical (Schottky-type) curve calculated from the spectrum

for the cubic phase. We now find that for 6 , = 44 and 8 = 4 6

(corresponding both to f = 0.46), the observed inelastic peaks for

both phases can be fully explained. For these 3 values the spectra of

Figs. 4a and b come 1 own to the "band11 pictures sketched inside the

potential wells in Figs. 3a and b, respectively (note the large zero

point energies). In both phases we have a rather broad band of excited

levels (width = 100 K ) , separated by a few hundred kelvin from the nar-

row ground multiplet. Above the broad bands gaps of about 100 K are found,

followed by a "continuum" of closely spaced levels. However, in the tetra-

gonal phase an additional narrow multiplet appears that, for g
tetr.

46,

.

is just 255 K above the ground multiplet. The distance of the center of



- 109 -

Fig. '1. Hindered-rotational energy spectra (in loiils B - 4i?/llT =

8.48 K) calculated for the mtbia and tetragonal phases of

NHii7,nF^ as a function of field strength parametev g.

the broad band to the ground multiplet is then 455 K. These numbers are

equivalent to the values of 22 meV and 39 raeV found for the inelastic

peaks at T = 80 K (1 raeV = 1J.6 K). At T = 80 K even the multiplet at

255 K will be already largely depopulated., so we indeed expect to see

energy loss peaks, corresponding co excitations from the ground multiplet

only. For the corresponding value of 8 = 44 for the cubic phase (i.e.

well within the error of the earlier estimate) the center of the broad

band is at 390 K above tho ground state, again nearly equal to the

observed value of 33 meV (383 K) for the inelastic peak. That this peak

corresponds to energy gain of the neutrons is explained by the fact that

the measurements were taken at T = 300 K in this case. The corresponding
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energy-loss peaks are not observed since for the A = 2.008 A neutrons it

falls outside the spectrum, whereas for the A = 1.004 A neutrons it will

be strongly broadened and vanishes in the high inelastic background.

In conclusion, our model calculations in which we include only the

electrostatic potential barriers hindering the NHi, rotations, explain

consistently the inelastic neutron peaks for both phases of NHi,ZnF3, as

well as the earlier reported librational specific heat. Within the

frame work of the point charge model the calculations involve only one ad-

adjustable parameter, namely the fractional charge fe assigned to the

NHi, protons in estimating the electrostatic interactions.
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CHAPTER V

ROTATIONAL MOTIONS OF N H £ GROUPS IN NHnZnF3

STUDIED BY QUASI-ELASTIC NEUTRON SCATTERING.

ABSTRACT

The rotational behaviour of the ammonium groups in the high-temperature

tubic phase of the perovskite NH^Zrd?^ has been investigated, using

incoherent quasi-elastic neutron scattering. The measurements were carried

out for various wave-vector transfers between 0.68 and 5.52 A* and for

temperatures between the transition temperature of 115.1 K and 300 K.

The data are compared with some reorientational jump models. It is shown

that in the cubic phase the NH^ group is a slightly distorted tetrahedron,

apparently due to strong hydrogen-fluorine interactions. The degree of

distortion could, however, not be determined very accurately. On the time

scale of the experiment (< 3 ps) the reorientational behaviour of the NHi,

group can be described by 90 jumps about its axis of smallest moment of

inertia. Residence times between 0.4 and 7 ps were found. Their temperature

dependence follows an Arrhenius behaviour, yielding E /k_ = 580 + 15 K,

which agrees with calculations for the quantum mechanical energy level

scheme.
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I. INTRODUCTION

Recently, a series of experiments have been performed on the compounds

NHt,MF3, where M = Zn, Co or Mn . These materials have the cubic

perovskite structure at room temperature but undergo transitions to an

elongated tetragonal structure. For ^ Z n F 3 just below the phase

transition at T = 115.1 K, a ratio c /a » 1.015 is found1'3.

From specific heat data the contribution due to the librational motions

of the NHj, ions could be deduced2'3. Furthermore, inelastic neutron scat-

tering experiments carried out with this compound showed the existence

of a peak at ^ 33 meV energy transfer at T = 300 K, whereas the

spectrum recorded at T = 80 K in the tetragonal phase had inelastic

peaks at i» 22 meV and 39 meV1*. Both the Jibrational specific heat

contribution and the inelastic neutron scattering data could be well

explained on basis of a hindered-rotational energy level spectrum as

calculated by Bartolomé et al. for the NH^ ions in both the cubic

and tetragonal phases of NHi,ZnF33'5. In these calculations the NHi, ion

was taken to be a rigid tetrahedron, i.e. a spherical top rotating in

a potential assumed to be completely due to the electrostatic crystal-

field of the surrounding Zn 2 +, p" and NH4 ions using a point charge

model. The crystal-field parameters were thus estimated from the

calculated electrostatic energies in both phases.

Another interesting feature of the specific heat data was the

occurrence of extremely high and sharp anomalies at the structural

transitions3. These peaks could not be explained on the base of a

change in the lattice structure only. It was postulated that at T

a change in the number of orientational degrees of freedom for the NHi,

ions was involved, giving an estimated transitional entropy change

of Rln3. Indeed, the (classical) electrostatic energy calculations

yield a different number of minimum energy orientations for the two

phases, namely six and four for the cubic and the tetragonally

elongated phases, respectively, in this way defining three and two

distinguishable orientations of the ammonium group in the res-

pective phases. This, however, would correspond to an entropy

change of Rln3/2, in disagreement with the experiment. A further

study was therefore needed to get a better understanding of the

NHt, reorientational motions in NHi,ZnF3.
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It has been shown that incoherent quasi-elastic neutron scattering

can provide detailed information about the geometry as well as the

rate of the reorientations of molecular groups in solids6 1 0, in-

cluding NHi, ions in ammonium salts8 10. The quasi-elastic scattering

for these systems consists of an elastic and a broadened component.

The elastic intensity depends on the distribution of (quasi)

equilibrium sites of thK H atoms, whereas the broadening is depend-

ent on the rate of reorientation, in so far this is in the expe-

rimentally accessible range of about 0.1-10 ps. From the earlier

experiments it has become clear that in order to reach more definite

conclusions regarding the geometry, the use of single crystals is

to be preferred8.

In the work described here quasi-elastic scattering was used to study

the NHi, motions in polycrystalline NH<,ZnF3. The accessible time

range limited this investigation to the dynamically disordered cubic

phase. The i^ck of single crystals can be compensated by the use of

large momentum transfers, where the elastic intensity is most

sensitive to the site geometry of the NHi+ ions7 ^.

The outline of the paper is as follows.

In the next section we discuss the available structural information

on NH(,ZnF3, an outline of the theory of the incoherent quasi-elastic

scattering, and the jump reorientation models. The actual experimental

data and the comparison with theory can be found in Section 3. Some

concluding remarks are given in the. last section.
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STRUCTURAL DATA AND THEORETICAL MODELS

2.1. Crystallographic data on HHitZnF3

In the present study the powdered sample of NHttZnF3 that was also

used by Bartolomé et al.2 3 has been investigated. From both X-ray

and neutron diffraction experiments it is found that the room

temperature structure is of the perovskite type, space group Pm3m

wnich is shown in Fig. 1 with the NHi, ion in the centre of the cell1.

Helmholdt et al. did find a = 4.1181(2) A* for the cubic cell constant
o

at room temperature, in agreement with an earlier determination

reported in the literature11

decreased to a

Just above T the cell constant has
c

4.1041 A . In the structural transition a discon-

tinuity in the lattice parameters was definitely found1. Just below T.

(at T = 115.0 K) the tetragonal lattice parameters are a 4.0822(4)

and c = 4.1465(4) A; these values become a = 4.0809(5) A and c =
o o o

4.1498(4) 8 at T = 4.2 K.

The large tetragonal elongation of about 1.7% is in itself rather except-

ional3. Other perovskite fluorides without ammonium (e.g. KC0F3,

KZnF3) show structural transitions which although occurring at similar

temperatures, involve a tetragonal contraction, that is moreover

an order of magnitude smaller (= 0.1%) than the distortions observed in

the ammonium compounds.

As regards the geometry of the NHij molecular group, Fig. 1 shows the

situation of a purely tetrahedral NHi, ion, in which the H atoms are slightly

displaced from the lines connecting the N atom at the centre to the

neighbouring fluorine ions at the mid-edge positions. This geometry was

assumed in the calculations of the hindered-rotational energy levels.

On the other hand the situation in which the N-H-F bonds are collinear,

leading to H-N-H angles of 90° and. 120°, would be favourable as re-

gards the hydrogen bonding energy. Thus the true configuration

will probably be in between these two extreme cases. Indications for

this were found indeed in the neutron diffraction study by

Helmholdt et al1., although a clear cunclusion regarding the values !

for the angles could not be drawn. We shall see below that the :

present quasi-elastic data in fact indicate the occurrence of a small :

tetragonal elongation of the NH^ ions. !
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NH4ZnF3

• Z n OF ©N oH

Crystallographic stx^'.atiwe of NH.ZnF.. in the cubic phase.

Here, the NH group is dispLayed as a regular tetrahedron.

2.2. Theory for the incoherent quasi-elastic scattering

Neutxon scattering in NH^ZnFs is mainly due to incoherent scattering

from th* hydrogen atoms. Bragg scattering, which is the dominant

coherent scattering process, can be avoided by a proper choice of

scattering angles. For the incoherent double differential cross section

we can write:

3 ° b. — S. (K,O>)
me k m e

o
(1)

Here b. is the incoherent scattering length of a proton, kQ and k

are the magnitudes of the incident and scattered wave vector, respecti-

vely, and S. (K,W) is the incoherent part of the scattering function for

wave-vector transfer K and energy transfer 1Tci). It is often convenient to

use the so-called intermediate scattering function:
0 0

- ,-* f _ .-*•

£ n c exp(in)t) dui

which can be expressed as

(2)
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I(K,t) = -j E <exp{-i£.r".(O)}exp{iie.r.(t)}
i=l

(3)

where N is the number of the protons and r.(t) is the position operator

of the proton at time t.

This function describes the motion of the hydrogen atoms due to

rotations and librations of the ammonium ion, internal vibrations

and vibrations of the lattice. The development in time of the rotational

part of I(ic,t) for the motion of a molecule or molecular group in a

crystal usually is slow compared to the time dependence of the

librational and vibrational parts. Therefore, the explicit time

development of the thermal cloud due to librations and vibrations

need not be calculated. The effect of these motions is taken into

account in the Debye-Waller factor.

A simple and effective way of describing the rotational motion of

the ammonium ion is the application of jump reorientation models6 8' 1 2.

In these models the molecular group is assumed to librate about an

equilibrium orientation during an average residence time T, and to

jump between equilibrium sites in an infinitely short time. Now the

probability P.(t) for an H atom to be at a site i can be expressed as:

n i
P.(t) = I a. n~ exp(-b t/t) (4)

1 k=l llC

which is the general solution of the well known rate equation for

the jump models:

d P i ( t ) - (n't)"1 Z P.(t)-P.(t) (5)

~dt j=l J

Here n' is the number of sites from which a jump to site i is

possible and n is the total number of sites. The coefficients a., and

b. can be calculated straightforwardly and solutions for different

symmetries have appeared in the literature6 lo.Eq. 3 can be written

simply as

= exp(-2WD) t P.(t)exp(iK.r.)
R i=l X 1

(6)

where exp(-2W ) is the Debye-Waller factor and r. the jump distance.
K 1

Since in our experiments a polycrystalline sample was used an

averageing procedure over all directions of K has to be applied,

which yields:
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= exp(-2WR)_ï (7)

where j (icr.) = ( s i n icr . ) /Kr . i s a sphe r i ca l Bessel funct ion .

2.3. Jump-reorientation models

As mentioned above the experiments are restricted to the cubic phase

of NHi,ZnF3. For the symmetry of the NH4 ion, we now have to consider

the possibilities of a regular or a distorted tetrahedron. This leads

to the following three jump-reorientation models that were ultimately

used in the data analysis.

(i) Model I; The NH4 group is a regular tetrahedron and each H atom can

occupy 24 possible equilibrium positions. These positions may be

arranged in 12 pairs, where the sites of a pair are at equal distance

(0.13 8) from the line connecting the central nitrogen with a fluorine

atom. This distance is comparable to the vibrational amplitude of the

protons. Moreover, models with 12 or more equivalent equilibrium

positions tend to have solutions that are almost identical and equal

to the rotational diffusion limit. Therefore, we take as an approximation

12 equilibrium positions situated at the N-F lines. Then this model

is equivalent to the so-called [110] model in Ref. 7. The rotational

part of the intermediate scattering function can now be written as

where:

o

A l

A 2

A ,

_ 1
~l"2

= {
= —

5
12

+ I
3

+ ±
_ l_

i

~ 'i

' ( A\
O

io(Kd) -

Jo(V7Kd)

\ j o ( < d )

1
6x
*
*

' ( /T
o

JO(V?KC

{ V2"

n + 1u 1

:d)

^ K d ) ^

• t rt A
JotVJKd

Jo(2Kd)

12

(8)

(2Kd)

~ T2 V 2 l f d )

Here d is the N-H distance. Clearly, the time-independent part of

I(K,t) is given by A , which thus gives the elastic part I(ic>°>) of

I(ic,t) as a function of K. Because the experimental data will not be

accurate enough to make a fit to the sum of exponentials as in Eq. 8

useful, we approximate the time-dependent part of I(ic,t) for small

t as follows:

IGc.t) - I(K,») = (Aj + A 2 + A 3) - (t/2T)(A,
1

exp(-t/2Te f f) ( 9 )
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with a single K-dependent decay time

T(A, A3)(A, 3A3)
-1

(10)

This short-time approximation can be shown to be valid for tz<<8t .

(ii)Model II: The NH* group is a tetragonally elongated tetrahedron with

two H-N-H angles of 90° and two H-N-H angles of 120°. Only 90°-

reorientations around the two-fold symmetry axes of the distorted NH<,

ion are taken into account, so that each proton can jump to four

different positions. Although in principle also rotations around

axes perpendicular to the two-fold symmetry axis might be considered

we shall not do so for reasons that will be discussed below. For

this model II we have for I(K,t):

e" t / T + B 2e~
2 t / T (11)

with: BQ = | {l+2jo(icd) + jQ(\/2icd)}

Bl = 1 tl-i

B2 = i f l-2J jo(\/2icd)}

Analogous to the other cases we may characterize the quasi-elastic

part by a single exponential with an effective residence time:

Teff = T ( B 1 V(B1 (12)

(iii)Model III: This model is similar to the previous one in that 90 -

reorientations around a single preferential two-fold axis are considered.

However, the NHi, group is now assumed to be again an undistorted tetra-

hedron. One then obtains the same formulae (II) and (12) except that

d is replaced by -~-d\/3.

In Fig. 2 the behaviour of the elastic intensity, I ( K , » ) , is shown

as a function of Kd for the different models considered above. In

comparing these curves, it is evident that those depicting rota-

tions about a preferential axis deviate largely from the more iso-

tropic case (i), especially for Kd<3. Also the degree of deformation

of a NHij group should show up most clearly in this region.
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0.0

The elastic part of the intermediate s^attcyinij fxaxevion

I(K,t} as a function of ted plotted for' the three models

mentioned in the text. Model I is represented by the dot-

dash (-.-.-) line, uhereae the results of modal II ami III

ave gioen by the full and dashed ( ) line, respectively.

In Fig. 3 plots of T ff/x for the three models are displayed. The

difference in behaviour between models II and III is rather small.

The curve for model I decreases stronger with K than the other two.

We remark that other jump models can in principle be applied to the

data. However, we considered the ones above to be the most relevant.

1.0

The reduced residence time x ..Jt vs. Kd for the three

models mentioned in the text. Model T is represented by

the dot-dash (-.-.-) line, whereas the results of model II

and III are plotted as a full and dashed ( j tine, respec-

tively.
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3. EXPERIMENTAL DATA

3.1 . Spectrometer

The experiment was performed on the rotating-crystal time-of-flight

spectrometer RKS-2 at the research reactor (HOR) in Delft. This

spectrometer has been described in detail elsewhere53. A sketch

is given in Fig. 4. To select a pulsed monochromatic neutron beam

we chose a pyrolytic graphite crystal, which rotated at a speed of

19000 rpm. An incoming wavelength of A = 1.60 A (E = 32 meV) was

obtained at a scattering angle of 90 by phasing two Fermi choppers

and the rotating pyrolytic graphite crystal. The two Fermi choppers

serve to suppress lower and higher-order reflections, and to reduce

the background originating from thermal and fast neutron scattering

by the crystal. Less than 0.8% contamination by 1.2 A neutrons was

present. The length of the sample-detector flight-path was 1.44 m.

Detector

Helium filled
flight-path

Fig. 4. Sketch of the experimental set-up
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The flight-path was filled with helium gas in order to suppress air-

scattering processes. 28 He3 detectors have been placed in groups

of four at seven different angles between 10 and 90 , corresponding

to wave-vector transfers in the range 0.68-5.52 A . It was taken care

of to avoid angles at which Bragg scattering might occur. The detectors

at p = 90 turned out to be largely covered by spectrometer shield-

ing and thus gave very poor statistics. The data were accumulated in

a Tridac multichannel analyzer, using 512 time channels of 3 us each.

The sample was kept in a flat aluminium container and had a trans-

mission of about 88%. We have carried out experiments in a temperature

interval 80 K<T<300 K by using a nitrogen flow crystat. The background

wa.s determined from a measurement with the empty sample holder at

T = 120 K. A spectrum of NHi.ZnFi at 85.5 K showed no broadening as

•.'ompared with a vanadium sample and therefore was taken as a

resolution measurement, facilitating normalization and correction

pru.udures.

The energy resolution amounted to 2 meV full width at half maximum

(FWHM), and the momentum transfer resolution to 0.15 X FWHM.

3.2. Experimental results and data handling

The data of each group of four detectors were corrected for back-

ground and detector efficiency. An example of a so-obtained ti.me-

of-fiight (T0F) spectrum is given in Fig. 5. In this figure the

quasi-elastic incoherent scattering peak is shown at several

temperatures for tp = 50 . In addition, the resolution function is

drawn. It is seen that the FWHM for T = 122.5 K still deviates

slightly from that of the resolution function, and further increases

with the temperature. Below T no broadening of the quasi-elastic line

has been detected. We only show the quasi-elastic peak because no

discrete inelastic features in the experimentally accessible energy

range of 0-22 meV have been observed. The broadening of the peak

is due to rotational motions of the NHi, group.

The quasi-elastic spectra have been analysed in more detail, applying

the so-called fast Fourier method, as described by Bregman and De Mul1*1

where the obtained intensities are Fourier transformed into the time

domain. The resulting functions are equal to the "measured" inter-

mediate scattering function:
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I ((p,t) = I (K,t) = I(K,t).R(K,t).Ara m
0 3 )

Here R(<,t) is the experimental resolution function which is

obtained from the measurements at 85 K, and A is a renormalization

factor determined by the restriction:

I (<,)
K->-O

and which includes corrections for multiple scattering and for

uncertainties in the scattering fraction1'.

ENERGY TRANSFER (meV)
10 _5___2_ <LJ-2 -5

ISO 180 200
TOF - channel

220

Time-of~flight (TOF) speatra of NH.2nF^ at a saatten'-ng angle

<p - 50° corrected for background and detector efficiency, for

Various tempevatwes:

0 - T = 273 K, o - T = 199.6 K and A - T = 122. S K.

The solid curve represents the resolution of the spectrometer.

So alter division by the experimental resolution function, the

I(<,t) is obtained for several fixed scattering vectors and

temperatures. In Fig. 6 the function A.I ( K , T ) at T = 228 K is

shown for various < values. The rapid decay at short times is caused

by the development of the thermal cloud due to internal and lattice
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vibrations and librations. The decay shown at longer times contains

<
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J?. The intermediate scattering function A.!(<,!,) oersus Lime

t at T - 228 K, for several wave-veotor transfers:

• - K = 0.68%~\ k- K = 1.36 t1, o - K - ó.iti T 1 and

* - K - 4.78 T1.

the information on the rotations. From Fig. 6 we see that the long

time asymptote ICK,00) is initially decreasing with increasing <
o-1

until it reaches a minimum for K = 3 . 3 A , whereafter it appears

to increase. Only for the spectra at T = 273 K, 228 K and 199.5 K

I(K,°°) could be determined directly. For T = 122.5 K and

116.5 K the long time limit was not reached because of the limited

resolving power of the spectrometer. In Fig. 7 the product A.I<K,t)

for various temperatures at a constant <-value is given. It is

obvious that for T = 116.5 K no I(K,«>) can be deduced, while for

the two other temperatures we can determine the values of I(K,«>)

within reasonable errors. It is noted that the numbers given for

K = 5.52 A are less reliable since the detectors were partly

covered by cadmium. The values of I(K,<») decrease with increasing

temperature, which is due to the temperature dependence of the

Debye-Waller factor.

For T = 199.5 K, 228 K and 273 K I(tc,<») is plotted vs. ie in Fig.8.

It should be noted that here the value of the parameter A = 0.77

is used. From a comparison of these results with the outcome of
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1.5

7. The intertnediate scattering functions A.I(K,t) versus t for

K = 2.36 ?1 at various temperatures:

• - T = 273 K, o - T - 199. b K and A - T ~ 116.5 K.

the theoretical models shown in Fig. 2 it can be concluded that

preference has to be given to the models II and III, with a

slightly better fit to model II, in particular at the lower tempera-

tures. In view of the uncertainties no accurate measure can be

given as to the degree of deformation of the tetrahedron. Also a

temperature-dependent deformation can not be excluded. The I(<,=>)

curves predicted from models II and III are included in Fig. 8. Note

that here I(K,«) is plotted vs. K, while in Fig. 2 I(K,«) is

plotted vs. Kd (d = 1.053 8 ). Moreover, the result of model II

is shown with a Debye-Waller exponent of -0.0 2 K 2 taken into

account. For the highest temperatures it is clear that a larger

D-W factor has to be chosen in order to get a better fit.

To interpret the quasi-elastic part of the spectrum we have

studied I(K,t) - I(K,°°) as a function of time (t). In Fig. 9

I(K.t) - I(K,<») VS. t is given on a semi logarithmic scale for

T = 273 K and various < values where I(K,<=) is obtained from the

experimental results as shown in Fig. 8. In this plot I(ic,t) -

1(K,<*>) starts to deviate from the exponential behaviour for t S
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8.

to

08

ff 0.6

O2

0.0

V

•
0

Bragg peak
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/i

positions

m

•

6

The time independent part of I(K,t) vs. the wave-veotor transfer

K, for three temperatures: 0 - T = 273 K} k - T = 228 K,

o - T = 199.5 K. The full line gives the result of model II,

the dot-dash line (-.-.-) represents model II, including a

Debey-Waller exponent of -ÜK2 with a = 0.02 9T . The dashed

line is obtained from model III.

0.01
O 0.5

*(P«)

The time dependent part of I(K,t) as a function of t at

T - 273 K for various K-values:

0 - K = 2. 36 ft'1, a - K - 3.32 T 1 and o - K - 4.78 T1'.
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0.8 ps. Here the uncertainties duo to the ehoii-i' ut" I (•,•") srart

to play a role and the possible multi exponential character of

I(K,t) may become prominent. At the lower temperatures it was not

possible to estimate a reasonably accurate value of I(».,<»). In

these cases we have derived l(<,"0 from model 11. In this way

it was also possible to plot the L(K,L) - 1(K,«) VS. L for

T = 116.5 K and 122.5 K. An example is given in Fig. 10. According

to Fig. 2 the choice of the I(K,°°) value is least sensitive to the

degree of distortion for K values between 3 and •> A . Therefore,

in this K range the derived t fr/i values for T = 116.5 K and

122.5 K should considered to be the most accurate.

0.2

T-122.5 K

Fig. 10. The time dependent part of T(<,t) vs. t at T = 122.',, K for

several K-values: 0 - K = 0.68 % , k - K - ".do % and

o - K - 3.93 A . Lines are ijuides (,•> the aye.

Except for t ^ 0.I ps the results can be fitted with a single

exponential function which gave us the values of 1 .f. In Table I

we have compiled the effective residence times x f f found from

spectra at various temperatures and wave-vector transfers. Due to

poor statistics at K = 5.52 8 no T £, could be determined. The

wave-vector dependence of these values seems to correspond best

with the behaviour predicted by models II and III as can be seen

in Fig. 11 where the values of T „ / T for each temperature are

plotted vs. K. A boundary condition in the fitting procedure of

to the experimental data is that this ratio should be one
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Table 1. The values of the residence times T ~ (ps) for various

temperatures and K-values.

The results for T = 122.5 K and 116.5 K are obtained with values

of I(K,ot>) which have been determined from model II.

The errors are given between brackets, indicating the uncertainty

in the last digit. It is found that the errors are largest for

small K-values, and also increase with decreasing temperature.

K

0

1

2

3

3

4

(X-1)

.69

.36

.36

.32

.93

.78

T = 273

0.37

0.41

0.40

0.34

0.31

0.24

K

(4)

(3)

T = 273

0.47

0.50

0.55

0.51

0.43

0.36

K

(8)

(5)

T = 199

1.07

1.15

0.63

0.65

0.60

0.69

.5 K

(5)

(5)

T = 122

6.6

4.9

4.1

3.5

4.0

4.1

.5 K

W

(3)

T = 1

-

5.9

5.6

4.7

5.4

4 .8

16.5 K

(7)

(5)

for K = 0. The conclusion seems to be justified that the NH4 groups

rotate preferrentially around a two-fold axes and therefore that the

NHi, tetrahedron is (slightly) distorted.

The residence times T determined from the procedure given above are

displayed in Fig. 12 as a function of T .It is clear from this figure

that they obey the Arrhenius law for a temperature-activated process:

exp(-£a/kBT) (15)

where k_ is the Boltzmann constant and E the activation energy.

a a

The values of E /k_ and T , determined from Fig. 12, are 580 +_ 15 K

and (5.2 _+ 0.5). 10~lf*s, respectively.
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*(*-)

Fig. 11. The reduced residence time T ,. ,/T VS. K at five different

temperatures:

0 - T = 273 K, A - T - 228 K, o - T - 199.5 K, * - T - 122. S X,

<z«<2 Ï - - 21 - 116.5 K. The solid eurve is obtained from model II,

whereas model III yielas the dashed eurve

E„-580±15K
T0-(5.2±a5)i0"14s .

2 4 6 8

IOOO/T(K"1)

Fig. 12. The residence time x vs. the reciprocal temperature. The
straight line is a fit to the data, and yields for E /k„ and

-14 a

T the values of 580 + 15 K and (5.2 + 0.5).10 s, respectively.
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4. DISCUSSION

From the comparison of the experimentally deduced dependence on wave-

vector transfer of both the elastic part of the intensity and the

effective residence time with the result of model calculations we

conclude that evidence has been found for a single-axis reorientation

of the ammonium group in NHif2nF3 on the time-scale covered by our spectro-

meter. Model I with twelve possible proton positions is certainly ex-

cluded. The present data cannot clearly distinguish between models II

and III, so that the size of the tetragonal elongation of the tetrahedron

is still to be determined. However, it appears that within the time range

of 0 to 3 ps covered by our data we only observe 90 reorientational

jumps of the NHi, groups, about one preferential axis. In case of a tetra-

gonal elongation, reorientations around the long axis should be favoured

because of the smaller moment of inertia that is involved. The reorientations

around the perpendicular axes then occur less frequently, with

residence times falling outside our experimental range.

Although the size of the distortion of the tetrahedron can be deduced

neither from our data, nor from the results of Helmholdt et al.1

it might be small in view of the reasonably good agreement found in the

comparison of the inelastic scattering experiments with the calculations

for the purely tetrahedral case4*.

These calculations of the hindered rotational energy level scheme

may explain the observed value of the activation energy E too.
3

The energy spectrum has a ground multiplet that is about 550 K

below the continuous part of the spectrum. The nearest excited

levels are situated in a band approximately 100 K wide, the centre

of which is about 400 K above the ground multiplet. Neglecting the

higher levels we may define E as the Boltzraann weighed average
3.

of the energy differences of 150 K and 550 K, obtaining in this way

E = 450 K in reasonable agreement with the experimental value of

580 K.

On the other hand, if the reorientations that were observed in the

quasi-elastic measurements are only due to 90° rotations around a

single axis, then the picture of a one-dimensional four-fold rotor

suggests itself and it is instructive to consider also whether the

experiments could be explained in terms of such a naive model.
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In the Appendix the energy levels for the four-fold one-dimensional

rotor are presented. The activation energy obtained similarly from

this model is shown to be E^ = 560 K at T = 273 K and 640 K at T = 122 K,

which is likewise close to the experiment.
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APPENDIX

One-dimensional four-fold rotor.

For a one-dimensional rotor with four potential minima we can write the

torsional wave equation as follows:

[Fp2 + iv„<l - cos 4a)] U (a) = E U (a) (Al)

Here a is the rotation angle, p = -i3/3oi, F = - ^ I , where I is the

moment of inertia and U (a) and E are the eigenfunctions and the eigen-

values characterized by the quantumnumbers v and <J, respectively. The

potential is approximated by its first Fourier component jV^O-cos 4a)

with a parameter Vi, for the potential height. With the substitutions

Vh = 4Fs, E = 4Fb , 2x = 4a + IT and y(x) = U (a) the equation becomes

+ (b - s cos2 x)y = 0 (A2)

where y(x) is periodic in 4n. This is the Mathieu's equation with periodic

solutions for o = 0, _+ 1,2 16. These solutions can be found in the

literature 16»]7,18_

A distorted ammonium ion with H-N-H angles of 90 and 120 has a smaller

moment of inertia 1 = 2md2, where m is the proton mass and d the N-H

distance. If rotations around the corresponding main rotational axis

have a low barrier to reorientation compared with the rotations around

the other axes, the ion effectively is a one dimensional rotor with

4F = 3.743 meV. Now, using the solutions of equation A2, the energy level

scheme of the rotor as a function of the barrier height can be deter-

mined (Fig. 13).

Fitting of a torsional transition of 33 meV, as determined in the inelastic

scattering experiment1* leads to V, « 1050 K. The activation energy E for

this potential can be estimated, using the following consideration.

A proton in the second torsional level will experience an almost

instantaneous reorientation in view of the large tunneling splitting

(u >6 rad/ps) of that level. So E can be defined as the average

energy that is needed to reach this level. As the population of the

levels can be determined at different temperatures, E (T) is calculated

from the population weighed average of the energy differences between the,

second and first, and the second and zeroth energy level, respectively. This

procedure gives E /k_ = 560 K at 273 K and E /k.. = 640 K at 122 K in good
a is 3D

agreement with the measured value of 580 K.
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CONCLUDING REMARKS

Although the x-T diagram of the d = 2 mixed aatiferromagnet K?Mni_xFexFi,

(see Chapter II, Fig. 9) contains a tetraeritical point, it is difficult,

if not impossible, to reach this point in reality because of the inhomo-

geneous distribution of the magnetic constituents.

Consequently, the tetracritical behaviour cannot be studied accurately.

The only conclusion to be drawn is that the value of the exponent 8,

which describes the temperature dependence of the order parameter in

the critical region, shows a maximum at the tetracritical point. By

applying a variable magnetic field it follows from the x-H-T diagram

(see Fig. 18 in Chapter III) that for x<xi, it is possible to reach the

mu]ticritical point more closely, although the argument of an inhomogeneous

distribution of the iron throughout the lattice still holds. For

x = 0.022 which is in the region x'<x<xi,, it is also difficult to draw

firm conclusions concerning the critical behaviour. However, the apparent

value of 8 again shows a maximum when passing the tetracritical point.

Another way to gain information 'about the tetracritical behaviour is to

study the generalized q-dependent susceptibility as a function of the

temperature for 1>T .

From the quasi-elastic neutron scattering study on NHi,ZnF3(Chapter V) it

is deduced that in the cubic phase the NH,t ion is a distorted tetra-

hedron, and that the reorientational motions take place via 90 jumps

around the axis of smallest moment of inertia. The results of the in-

elastic neutron scattering study (Chapter IV), however, agree very well

with calculations in which the NH4 group is taken as a rigid tetrahedron.

Therefore, it has been assumed that the distortion of the NHi, group is

rather small. In order to get conclusive evidence about the shape of

the NHi, ion neutron diffraction experiments on a single-crystal would

be required.



- 138 -

SUMMARY

and l̂ FeFi» approximate the two-dimensional ( d = 2) Heisenberg

and the d = 2 XY model system, respectively. According to the

theory neither of these models show a transition to long-range

order (LRO) for finite temperature. However, for K2MnFÊ) as well as

for K2FeFi, a transition to LRO is found at T c = 42.3 K and 60 K,

respectively. For the manganese compound this is due to the weak

axial dipolar anisotropy, whereas the transition in K^FeFi, is

attributed to the strong planar crystal field anisotropy.

Elastic neutron scattering experiments were carried out on the

sjrstem K2Mni-xFexFj, (with x = 0.022, 0.028, 0.061 and 0.125) in

order to gain information about the d = 2 and d = 3 magnetic

ordering charateristics of these mixed compounds.

By substituting the manganese ions in KjMnFi, by iron ions, one

obtains a two-component system with competing spin-anisotropies,

namely the temperature dependent axial dipolar anisotropy, and the

nearly temperature independent planar crystal-field anisotropy.

For small increasing amounts of iron the net axial anisotropy is

expected to decrease, until it passes through a minimum, whereafter

the net (planar) anisotropy increases with x. Since the transition

temperature is related to the net anisotropy one expects T to

reach a minimum for a certain concentration x . This is indeed
c

found to occur for 0.02 < x < 0.03. For x < 0.02 the moments

taking part in the d = 3 LRO are pointing along the c-axis, where-

as for x 2. 0.03 they order within the layers. In the samples with

x = 0.022 and x = 0.028 the d = 3 LRO is established in two

successive steps. At T the d = 3 ordering entails the z-components

of the moments for x = 0.022 and the xy-components for x = 0.028.

The components that do not take part in d = 3 LRO below T remain

ordered in only two dimensions, down to a second transition tempe-

2 ordered subsystem is merged in the

complete d = 3 LRO. As a direct result of the second stage in the

ordering process below T„, the ordered moments take directions
K

in between the c-axis and the ab-plane.

The resulting x-T phase diagram thus consists of two crossing lines,

along each of which the z- or xy-components order independently.

rature T D where this d
K
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The lines intersect in a tetracritical point, and encompass an

intermediate (I) phase, in between the axial (A) and the planar (PL)

phase. The reorientation temperature T marks the entrance into the

I-phase, which is only observable in a very small range of the Fe

concentration, x.

The observed separation of the magnetic system into two subsystems

with different ordering patterns may be explained in the following

way. Around each Fe 2 + ion, with its moment firmly pinned within the

layers, a d = 2 cluster of Mn 2 + spins will be found with their

directions in between the c-axis and the ab-planes. Since the Fe 2 +

ions are randomly distributed throughout the lattice, they will most-

ly not lie above each other in adjacent layers. Consequently this

leads to a mismatch in correlation between the d = 2 ordered xy.com-

ponents and the Mn 2 + spins outside the clusters, which are aligned

along the c-axis. When the temperature decreases, the axial dipolar

anisotropy will increase, whereas the planar crystal-field anisotropy

is nearly temperature independent. For the x = 0.022 sample, the

variation of the net anisotropy with temperature will then lead to

a gradual reorientation of the d = 2 ordered moments towards the

c-axis. This process reduces the mismatch and therefore leads to an

increase in the d = 3 LRO and a decrease in the d = 2 LRO.

For x = 0.028 an analogous reasoning can be applied, the difference

being that in the d = 2 ordered clusters the z-components are in-

volved, whereas the d = 3 LRO comprises the xy_components. In the

samples with x = 0.061 and x = 0.125 the planar anisotropy is too

strong to be compensated by the dipolar anisotropy, yielding the

K2FeFi, structure, and consequently a division into subsystems

does not occur.

In order to study the coexist nee of the d = 2 and d = 3 LRO as a

function of an external magnetic field, the sample with x = 0.022

has been investigated with the field parallel to the c-axis, i.e.

the easy axis of magnetization for T < T < T .

It was found that the establishment of d = 3 LRO at T (H) is very

sensitive to the value of the external field in which the crystal

is cooled, the suppression of d = 3 LRO being most pronounced

for H c Q o l w 20 kOe. From field scans at constant T,(after cooling

in 20 kOe) and temperature scans at constant H, both at the



Bragg reflections (Ifo) and (TjO), and at the ridge positions <J 40.15)

and (J^O.I5j, the phase boudaries in the H-T diagram were obtained.

Tn contrast to the usual H-T phase diagram for .in anti f erromagnet

with weak uniaxial .misotropy, which contains the paramagnetic

(P), the antiferromagnetic axial (A), and the "spin-flop" or planar

(PL) phases, the present diagram exhibits in addition an anti-

ferromagnetic intermediate (I) phase. The four phase boundaries

coalesce in a tetracritical point, where the tour phases coexist.

En accordance with the observations for H = 0, the A phase is

characterized by the coexistence of d = 2 LRO and d = 'J LRO,

whereas in the 1 phase the d = 2 LRO gradually takes part in the

d = j LRO. In the PL phase all the moments are aligned within the

layers. Consequently, in the PL phase there is no division into

subsystems; even when the I or A phase is entered again from the

PL phase, the system remains fully d = 3 ordered.

The explanation of the magnetic ordering phenomena in an external

field can be given on basis of the cluster model decribed above.

When the magnetic field is increased, the z-components of the

moments taking part in d = 3 LRO will bend away from the c-axis

towards the ab-plane. This rotation tends to remove the mismatch

between these z-components and the d = 2 ordered xy-components in

the clusters, and hence d = 2 LRO will be merged in d = 3 LRO.

Obviously, the mismatch in correlations along the c-axis will be

removed completely in the PL phase where all moments are within

the layers, and the system will remain fully ordered as long as

the P phase is not entered.

From the above discussion it will be clear that substitution of

Mil"- by Fe 2 + ions in K2MnFi4, as well as the application of a field

parallel to the easy axis, ultimately bring the system into a

phase where the moments are aligned within the layers. That these

phases are physically identical can be illustrated by constructing

the x-H-T phase diagram for KyMni-xFex^1!' The diagram is obtained

by combining the x-T diagram for H = 0 and the H-T diagram for a

Heisenberg ant iferromagnet with weak uniaxial anisotropy, as

would be appropriate for K2MnFi, (x = 0 ) . Furthermore, the value

of the spin-flop field in at 4.2 K is used: Ho_ = 55 kOe.
or
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The tetracritical point (xi^Ti,) in the x-T diagram for H = 0 is

now continued as a line of tetracritical points ending in the

bicritical point (Il2,T2), which marks the end of the spin-flop line

in the H-T diagram for x = 0. In the x-H plane for T = 0 one may

draw the lines connecting the spin-flop field value H„„ with the

points x' and x1' which mark the boundaries of the I phase on the

x-axis. The saturation field H_ will increase continuously with x.

In the resulting x-H-T phase diagram, the stability regions for the

P,A,I and PL phases become three-dimensional. By making cross

sections at constant x values, one may predict the general features

of the H-T diagrams for particular mixed compounds. In this way the

observed H-T diagram for x = 0.022 is readily verified. Moreover, the

x-H-T diagram may be useful to prove the equivalence of magnetic

phases observed under different experimental conditions.

The compounds NHl(MF3(M=Zn,Co,Mn) have been studied by inelastic

neutron scattering experiments. The materials have at room tempere-

ture a cubic perovskite structure, and undergo at T = 120 K a

displacive phase transition to a tetragonal structure in which the

c-axis is elongated. The high symmetry of the surroundings of the

NHi, groups enables one to make quantum mechanical calculations of

the rotational spectra.

It should be noted that the point charge model is used to estimate

the involved crystal-field parameters.

Incoherent inelastic neutron scattering experiments were performed

on a time-of-flight spectrometer.

Two main beam components \ = 2.008 A* and 1.004 8 were obtained by

using pyrolytic graphite as monochromator. The measurements were

carried out for several scattering angles at temperature T = 300 K

and 80 K, which correspond with the cubic and tetragonal phase,

respectively. At T = 300 K an inelastic peak is observed, originating

from an energy gain of 33 meV of the incoming beam of A = 2.008 A.

The elastic peaks are broadened due to the reorientations of the

NHi, groups. At T = 80 K, on the other hand, two inelastic peaks are

observed corresponding to an energy loss of 22 meV and 39 meV of

the A = 1.004 X beam. This doublet can be simply explained by the

tetragonal elongation of the unit cell below T = 115.1 K. The ob-

tained energy values correspond nicely with the results of the



- 142 -

calculations, of the quantum mechanical rotational spectra, both

in the cubic and tetragonal phase. In the tetragonal phase no quasi-

elastic broadening of the elastic peaks are observed, which indicates

that the relaxation times of the rotational motions are longer than

10"12s.

Incoherent quasi-elastic neutron scattering experiments have been

carried out to get information about the geometry as well as the

rate of reorientations of the NHi, groups. The measurements were

performed for several wave-vector transfers in the range from

0.68 to 5.52 8 and for six temperatures in between T c and room-

temperature. The data are compared with some reorientational jump

models. It is found that the NHi, group is a slightly distorted

tetrahedron, probably due to the strong hydrogen bonding. Although

the degree of distortion is rather small, it could not be determined

very accurately. The rotational motions of the NHi, group can be

described by a model including 90° jumps about the axis of smallest

moment of inertia. The temperature dependence of the residence

times in the range 0.4-7 ps follows an Arrhenius law, yielding for

the activation energy E g the value Eg/kB = 580 + 15 K, which in turn

agrees very well with the above mentioned quantum mechanical calcula-

tions.
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