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ABSTRACT

" A brief introduction to the theory of susceptibility
in antiferromagnets is given and the experimental studies

on antiferromagnetic domains are reviewed.

X—ray-topographic techniques are discussed. Low
temperature domaln studies in moderat® fields have not
been performed preV1ously by X-ray topography due to the -
| geometrlcal constralnts. A new topographic technique
using synchrotron radiation'has been developedlfor domain
wall motion studies in magnetic fields ub to 14 KOe at
temperatures down to 4.2K. Details of four.successful
_ cryostatbdesigns are presented.

Thejperfectlon_of crystals KNiF5, KCoF, and KFeF,
grown fromhthe flux haS'been studied by X-ray topography.
Very lou'dlslocation densities and dynamical diffraction
_ effectslwere observed. Dislocationsdirections in the
hflux.grown_crystals of KNiF3 andlKCon_prefer to run in
~such directions as to minimise their elastic energy per
S unit growth“length in a sinilar manner to dislocations in

ecrystals grown from aqueous solution.

| Thehtopographic experiments on highly perfect crys-
tals”of‘-'KN'iF3 and KCon have revealed three types of dom-
ains w1th spln orientations parallel to each of the cube
edges Controlled domaln wall motion in KNlF5 and KCon
has been studled u51ng synchrotron radlatlon Wall move-

ment occurs to align spins perpendlcular to the applied

'-fleld and walls between domains already so orlented are




found not té move. - The general behaviour of antiferro-
magnetic qomains in KNiF3 and KCon'is in excellent agree-
ment with .the theoretical model proposed by Néel (1954).
No catastrophic spin'flop is observéd, and some wall ﬁove-
ments are reversible. _Both direct observafioné of domain
_ wali'motion and.the suscepﬁibility measurements. on single
crystals-of'KNiFj.show thét'ﬁhe spin flop occurs vié dom-
ain wallumdtioﬁ._ The effective anisotropy is measured
from thefcriticéi ahd fhreshold field data for both KCoF3

d KNiF..
and KNi 3




CHAPTER ONE

ANTIFERROMAGNETISM

1.1 Introduction

The conceptkof antiferromagnetism was'first put'forward_
by'Néel-(1932) in_connection_with his study of paramagnetic
susceptihility of metals and alloys of transition elements
He - found that metals such as Pt, Pd, Mn, Cr or alloys. such as
Pd-rich Pd N1 show an almost temperature 1ndependent suscept-
-1b111ty'which is too large to be explicable in terms of Pauli’s
free electron paramagnetismr ' Néel suggested that the atoms
._of these!sublattices pOSsess magnetic moments and a negative
eXchangeucoupling is operating among them: . As a consequence,
he originally env1saged an antiferromagnetic substance com-
posed of two sublattlces of paramagnetic ions, A and B which

at low temperatures are magnetized in oppos1te directions by

negative'exchange interactions.

1.2 Exchange 1nteraction

Dirac (1929) showed that the exchange 1nteractions of the

.Heisenberg type are equivalent to an 1nteratomlc potential
| “Vij = TRI(1+h 8.8, . 1.1

where S. and S. are, respectively,. the spin angular momentum
,Vector of:atoms i and j in units of"h and J is the exchange
1ntegral i.In-the ferromagnetism J is positive and denotes
the coefficient of direct exchange coupling between neighbour-
ing atoms whose electron clouds overlap. w1th each other to some
extent,.if-the Heisenberg theory of ferromagnetism is assumed
to be'applicable. -In-the:antiferromagnetic case Kramers (1934)
first p01nted out that it is pos51ble to have an exchange spln-

coupling through the agency of 1ntermed1ate non—magnetic atoms




Anderson-(1950)'developed the theory of superexchange for a
crystal of Mﬁ+0" and showed that superexchange is the strong—
est between those atoms which are on opp051te 51des of the
negative ion, since then one of the 2p- orbitals (2p in the
case of O%;)hcontributes to it. His conclnsion is interest-
ing in View#of the quoted experimental results of Shull et ai
(1951) on MnO,.in which he finds a strong coupling of next
nearest neighbouring Mn-ions rather than oi nearest neighbours.
This indicates that the superexchange directly through 0™~ ion
may-be more powerfnl than that between locations making angles
of 90° with 0™" ions. |
"It is assumed that J is the same for all the Z inter-
acting neiéhbours, and one can replace the sum over them,
'Zj Sj bj'Z<S:>, where <S:> means the statistical average of
§j over the sublattice to which j belongs. Then the potent-
ial energy of the atom 1, apart from an additive constant w1ll
be given_as follows: .
SV, = ZJ. viy =232 <_S_J.>._S_i - 1-2

Assuming that the Lande g-factor is isotropic, that is,
does not depend on. the direction of spins w1th respect to the
crystal.orientation. The - magnetic moment u of an individ-

-ual atom'iSfthen M =_—ngB§, where LLB is the Bohr magneton,
and . | 2 - _
R RN

where - .
| DD N
By = 27275 <g> (70) 14

Here H j”is"the exchange "magnetic field” acting on atom i
with spins up which results from the sublattice J, with spins
down, and also from other spins of the pos1t1ve lattice, there-

fore, one may put,

v /u> <u> . _' 1-5.




and 51milarly, ' - -
ey
where(1 and y are constant If N 1s the number of magnetic |
atoms per unit volume, and p051t1ve ‘and negative lattices are

called A and B, respectively, the magnetizations of the two

sublattices are M My = N<ﬂlf> and My Nﬁl‘> so that equations
1-5 and l?6lcan be written as
~ Zen = Naglp Npplly - -7
‘Hep = ~Npplly - Npply | 1-8
Here N,, = o& and N_, = X N,n is a molecular field constant
STV R o BA - N ’ "AB

for the:nearest neighbour interaction and since the same type
of atomsooccnpy the A and B lattice sites NAA = NBB = Nii-and

Ny = NBA*-f

1.5 Theory of Susceptibility

The'tneory of susceptibility of antiferronagnetic materials
based on-the Weiss molecular field appfoximation was founded by
Néel (l932;l936);.3itter (1937) and Van Vleck (1941). A brief
introdUction of this theory will be presented here.

On aﬁmolecular field approximation, each sublattice may be
consideredlto-be interacting With two molecular magnetic fields,
Ee and ﬁé} Where the exchange magnetic field ﬂe,is usually much
greater than the magnetic anisotropy field H, - Therefore if
we”neglegt the anisotropy field, the molecular-magnetic field
H will'edual £o H, for each sublattice, and equations 1-7 and
tl—8_canfneewfitten as

CHpp = Npp Mg - Ny M 1-9

Hpp T fNBA.-A - Ngp U o 1-10

In.ehé.case where_there is no external field, MA and MB




are antiparallel.to each other, so 1ong_as N,p is positive’ i
and Nii isinbt too large. The - common direction of,.MA and
Mg can be -denoted'byA If an external field H is applied,

”MA and MB w1ll be tilted to each other and the dlreculon of[l

can be defined as :A-_ gg . This d1rect10n co1n01des w1th
My, My

.that of M MB SO long as the angle between MA and . MB

small orgthe lengths of these two vectors are about the same.

In general, the applied field may make an arbitrary angle
with tnejeasy axis. First, however, we can calculate the'sue-_
ceptibility;of,a single crystal when the magnetic field is

applied ﬁarallel to the easy axis. Suppose'the applied field

H is parallel to HA and antlparallel to HB - In this case, the
magnltudes of the flelds acting on the plus and minus spins are
H + H A| “and lH + HmBl’ respectlvely The magnitudes of M,
and MB are glven by the standard theory of the molecular fleld

approX1mat10n, and .are

My =g NElSBg (k) | -1
.:' M. -_—_'.-]; ng‘BSB | (X ) ' : ) ' 1-12
S Mg =3 s ‘*g/ o |

~ with L . . |

_ P . | o

- xB = |I;I + H o S%lB/kT . .

_Here k 1s Boltzmannconstant and |
.3 25 R BN U
_B_ (x) = —g—x —58§ -coth g 1-14

1s the Brlllouln functlon, whlch reduces to tanh X.for S= %
“and t6 the TLangevin function Coth x - i for § = . - When there
is no external field, 'if we substltute H A and HmB from 1-9 and
1-10 1nto 1-11 and 1- l2, the same magn1tude of the saturatlon

magnetlzatlon-Mo for the two sublatt1ces w1ll be obtained




M, = %NgU,B B‘S':'(xO') with x_ = (NABjNii)MOSgp.B /kT.  1-15
'MO ie a decreaeing function_of temperature as in.the case of
.ferromagnetism and vanishes at the eritical point, or the Neel
point. The'critical femperature can be found by approaching
from the'high temperature side T:)TN. In this case it is
assumed xs'to be small and SBS(XO) is replaced by %—(S+l)xo
‘and have from 1-15 | |

M, = 2T (N M o~ NygMy) o 1-16
- from which, ‘at once it follows,

. —..- l : .
Ty =5 ¢ (Nyp = Nyy) - 1-17

5 1y S(s+1)/3k. - 1-18

where C_

Hence the Neel temperature is hlgher the -stronger AB inter-

action and the weaker the AA or BB 1nteract10ns

At the'temperatures above T, it is assumed that XA and

Xg are smali. Therefore equation 1-11 will be of the form
MA 2T (H - Nyg Mg - Ny M, ), ete, 1-19 ,
since MA and MB are both parallel to H in the paramagnetlc
' region. r-g'SOlVlng this equation, with MA = Mg, and putting
+ My ='XH, the following equation'is obtained '
-C 1 ‘ - -
'X = myg With 6 = 5C (Nyg+ Nj;) 1-20

1.3.1 -A parallel to H

AN -‘-‘\$

The - susceptlblllty below the Neel point can be calculated
by expandlng SB (x ) ih powers of H and retalnlng the first.
ordér term | It is essential here to assume that the molecular

fields of H and H _ are respectlvely parallel and antlparall- -

—=mA —mB )
el to the applled field H in order to obtain a consistent solution

(Flg.l(a))i otherw1se, except in the case where they are equal




1_in_magnetization and mage.the'same angle with H, equations
1-11 and l-l2 can not be solved. Therefore for M M M MB

we have

v A MB B 3S.B_s(xo) C_/[T+1(N +N ) Cw] 1-21

Al TH (5+T) 2WNaB S+1
where B;(xd)-is the derivatire of ‘the Brlllouinifuhetion with
'respect to its argument. ~ At absolute zero, equation 1-21
predicts:'X"= The physical reason is that in the approxi-
matlon of the molecular field theory all the atomlc moments
are elther parallel or antlparallel to the applled field at
T = 0%K. ﬁfAs the temperature T increases ,- .)ql- also
inoreasespumjlatthe Néel temperature, X” (TN) becomes equal
to the sueoeptibility“X(T)_giveh by equation‘l-20, For

T> Ty le?l'Can be reduced to equation_l-20..

1.%.2 é&perpendicular‘to H

In this case the magnetic field is applied perpendicular
to the easy axis. The applied magnetic field produces a torque
which tends to rotate the sublattice magnetizations M, and Mg
.through-a'small angle @, and incline them symmetrically to H.
-Fig{ll(é) and (KO) ehow the magnetic moment arrangement for
an antiferrOmagnet when the field is parallel and perpendic-
.ular to:eublattice magnetization respectively. The rotation
IlS opposed by the molecular field. At equilibrium the total
torque on each sublattice magnetlzatlon must equal zero, that
A0 the total torque 1s |

for M
M,y A (H + " A) =0 | ' 1-22

o By substltutlng H mA from equation. 1-9 into 1-22 we will have,
My A B < Nyt A By -0
or My HCos # - Ny M MpSin2f =

therefore: 2 M, Sin g = & 1-23
_ _ B NAB"



‘Easy direction Easy direction

. Fig. '(1__'-2'_).1

{H<H

The magnetic moment arrangement for an

. antife“romagnét when the field is parallel

(a), and perpendlcular (b) to sublattice

magnetlzatlon

The susceptibility of an antiferromagnetic -
material as a functlon of tempmerature in re-
duced units. N11 =0. The.solid curves are
computed from the theoretical formulae {20),
(21), (25) while the dashed lines give the
experimental results of Bizzet et al. (1938)

on MnoO. (After Van Vleck 1941)



A,=JMB, the net magnetization M along-the field

- direction is just

Since M

M=(M' +M)Sin¢=2MBsm'¢' , 1-24

Therefore using 1-23 and 1-24, the susceptibility Xﬁ_ is

glven by

=

= L o - 1-25
. AB . . o -
This shows-that)&_ is a constant and independent of Nii’

=
|
=

"‘-.'_'Xi'_=

that is, AA or BB interactions. It. should be noted that
the paramagnetic susceptibility' X==T%§ for'T‘zy TN’ also

‘reduces to')(= % at T =T The susceptibilities pre-

N*
dicted by the eqﬁStlons 1-20, 1-21, 1-25 are shown graphic- -
ally in F1g1,2 The general features of these susceptibil-
1t1es agree well with experiments. However, many antiferro;
: magnetic.materials are studied experimentally as powders, and,
Van Vleck (l94l);introduced the idea of random orientation of
the internal fieid.l- He showed that one can decompose the
externallﬂield aoting_on each individual crystallite into com-
ponents.parallel and_perpendicular to the corresoonding pre-
ferred axis-of magnetization. lAveraging over all directions
of spontaneous magnetization we find that.the powder suscept-
ibilityeis h - _ |
se5x iy - e

Therefore the rat1c>X (T=O)/X (T=T ) '3, because XH van-
1shes at T = 0, X&_ is constant and X” =XL at T = TNf |
Experlmental values for this ratio are inhthe_neighbourhood
of 2/3; but'always greater Bizzett, Squire and Tsai (1938)
found that the ratlo for MnO is 0. 69 whlch is Very near to

the theoretlcal predlctlon Experlmental results of Bizzett

et al. for MnO are shown w1th dashed llnes in Flg(l 2).
: Nagamlyaet al. (1955) point out that this sllght difference



8
of the experimental results from the theory may be attrib-

uted to the following points:-

1. llncorrectness of the Weiss molecular'field approximation
|  for X at T = TN' |

2. Existence of more than two sublattices.

3. Effect of anisotropy energy and also anisotropy of

the g4factor.

1.4 Anisotropy of Susceptibillty

As it ‘was mentioned above Van Vleck (1941) assumed that
there are parallel and. perpendicular domains with a ratio 1/2
and: gave the susceptibility formula X = ( X” + 2)& )/3. As
Nagamia (1951) points out this assumption can not be justi-
fied s1nce the difference in the free energy per unit volume
pof the two types of domains, 2<XL X” )H2 is positive S0 that
~only perpendicular domains must be realized under thermal_
equilibrium, _ This means that the perpendicular susceptibility
is constantrbelow the Neel temperature, contrary to observation.
.NagamiWLmentioned that in ferromagnets, the energy to the ex-
ternal fieldh- M -'ﬂ can be greater than the aniSotropy energy,'
' and.the‘magnetization_ﬂ can easily be turned to the direction
of the external field. In antiferromagnets, however, the
energy due to the external. field - X}{ is so small that each
..spontanecus_magnetization of the two sublattices.can hardly
deviatetfrpm'the easy direction fcr an ordinary applied field.

Nagamija(l95l) gave a theory'of the susceptibility of anti-

_ rerrOmagnets based.on a consideraticn which takes the aniso-
tropy energj K into account. As the perpendicular suscept-
libilityfisféreater than the:susceptibility parallel to the
field, therefore_the minimum energy ccnfiguration is with the

'antiferrcmagnetic axis perpendicular to the applied field.:



_ Consequently in a. simple Heisenberg model we.expect_the.mom-
ents to rotate until the perpendicular spin orientation is
obtained. 5Nagamﬁw1showed that such rotations afe opposed

by an anisotropy energy which keeps the moments aligned along'
' asparticular crystal axis. A formula for the.dependence_of
the susceptibility upon exterhal magnetic field was first
‘published by Nagamiya(1951) and Yosida (1951) independently,
and it shows_that the field dependence part varies proport-
ional to the square of the intensity of the magnetic field,

and inversely proportional to'the anisotropy,constant.

X =3+ 5% + 15K(X_L Xy )SH et
The dependence of the susceptibillty on the strength of the
field hes been 1nvest1gated for a number of antiferromagnets,
~and from this, one can estimate the value of anisotropy
energy K. . For example, using the measurement of Bizzett
et al.(19§8),'the anisotropy energy of Mno can be estimated
to be K =,5§7'# 104-ergs/Cm3. '

_Neel'(l953), intefpreted the field-dependence of the
susceptibiiity'for cubic crystals as a domain effect. Al-
though atfthat time nothing was known about the domain struct-
ure in antiferromagnets, heisupposed a domain wall between two .
antiferromagnetic_domains with different spin directions in a
- cubic cfystal By applying'a magnetic-field, sincer)-Xll R
one of the domains whose spin ax1s is more perpendicular to
the fleld w1ll expand by pushing the wall to the side of the
1_other domain.; Neel proposed an elastic foroe of the type
of -CX, i(Clis a constant) which pulls back the wall to its
'original p051tion This mechaniSm also-giyes fise to a

'field dependence of the susceptlbillty proportional to

<X_L - ,X”__)-.-Hg similar to 1-27.
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1;5 Spin flop
If; on épplication of magnetic field H, the sublattice
magnetizatidné remain collinear with the easy direction, the
'change.in free energy‘per unit volume isZXFT%-XH(H2/2).
Suppose, however, thé sublattice magnetizations [éctually,
(MA;MB»/MOJ ‘be pérpendicular to the easy direction. If
| the anisotrbpy K=0 this change in free energy isZXFT=—XL(H2/2)7'
For  an antiferromagnetic material X-DX||- at T<T. There-
fore, under these conditions, the perpendicular orientation
would be the ground state. For K# 0, AF=K-X| (H/2) for the
pefpendicular orientation; the paraliel orien@ation is the
state of lowest energyiprovidéd H is not too large. At a
certain critical field Hf, defined by the equation
- 3X)| HyK-3 X Hp
o 1-28

or Hf= [ )(J?K)(” ]% .

spin flop occurs.

| When § 15 applied to the preferred directioh of a uniaxial
antiparaliél spin syétem, a sudden change in the magnetization
parallel ﬁo H. is observed when H'equals the critical field Hf.
According to Foner and Hoﬁ (1962), the change in magnetization,
AwM, at H=Hf is given by

Aw= [ox (1-0,)? 1

Here O 1S the ratio of the parallel susceptibility to the per-
peﬂdiculafzone. The antiparallel magnetizétion( A.F. State)
of the two:sublattiqes turn from the direction of the easy axis
to that perpendicular; and incline towafds the field direction,
and therefore a net magnetization M=MA+MB (s. F. State) app-

ears. 'At temperatures well below the Néel point, the critical
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field is approximately given by Ho = (2H, H, )1/2, Jacobs
(1961). The value of exchange field is estimated as_the.ratio':
of sublattice magnetization to perpendicular.susceptibility,j-
and.the'anisotropy field Ha is the ratio of anisotropy energy
per unit-volume_to sublattice magnetization. Spin flopping

can be seen easily if the Néel temperature is low. Here the

:exchange field'Hé is low and hence aocording to the formula

He = 2H - Hy )l/é, Hf'is relatively-Small. " The phenomenon

was first obseryed in Cu Cl,- 2H2O'(TN = 4.3 K) by Paulis

et al,(195l). Spin flop has been studied in a considerable

number ofiantiferromagnets. For example, King and Paquette
(1973) observed an-intermediate_state between the antiferro-

magnetioﬁand spin-flop statesof MnF2. This.state consists of

'alternatetthin-slab domains of antiferromagnetic and spin-flop
state onMnFé. They_used NMR, Faraday rotation,.optical-

_ absorption spectroscopy in their experiments, and the inter-

mediatelfield was between 92,5 to_93 KOe. Kohler et al,(l959),

and Wilkinson et al,(1959), using neutron diffraction observed

this'phenomenon_in iron group halide compounds with low aniso-

tropy where decoupling.is equivalent .to domain rotation.
IWilkinsOn.and his Co-workers examined indirectly the behaviOur

. of antiferromagnetic domains in these compounds and determined

the speoifio orientation of the magnetic moments within the lgyers
in iron-éroup halides. For example; their single crystal measure-
ments on'Co_C_‘l2 in zero magnetic field had:suggested the existence
of three types of antiferromagnetic domains in this compound.

When the'field.was applied along tne scattering Vector of the

lOl refleotion, the intensity variation seemed to involve two

ﬂprocessesi_-_First, there was a domain transformation until only_
tne twozdomains naving antiferromagnetio axes most closely per-

pendicular to the direction of the field were present. However,
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_asthe;external field'is exceeded, the moments flip frcm the
preferfed“crystallogféphic direction to ohe~perpendicular'to
the”field;'i This process 1s completed by a fieid of "2KOe
Before etudying the possibility of spin flop or domain

wall motion in cubic‘antiferromagnets, we will-review the

',_ structure and magﬁetic properties of cubic perovskite'KNiFj'.

ahd'KCcFﬁ""Domaih wall observations in these materials will

3.0
be presented in this thesis.

1.6 : The. Crystallograghlc and Magnetic Structure

of KN133 and KCOE§

' X-ray diffraction studies of Okazaki & Suemune (1961)

ohieinglefCrystals KMF3 (M %'Co, Fe, Mn, Ni) revealed that
,et»room temperature the structures of all tﬁese crystals are
of the percvskite type and nc~distortion from cubic symmetfy
was obsefved. In the room temperature unit cell Fig.(1-3)
f each divaient metal M2+ is surrounded octahedrally by six
F; ions,et‘face-centres; while at each cube corner there is
.a Kl+ ion.  Each F~ ion is collinear with its two nearest
..neighbcur M?+ ions and poWder‘susceptibiiity measurements of
Hirakawa et al.(1960) showed that all KMF3 cr&stals become
antiferfcmagnetic beiow Néel temperatures.(TN) shown in Table 1l-1.
| TABLE 1-1
Temperetures of the.susceptibility maxima of KMF3 erystals -

: KCoF 1
Crystals . KMnF3 KFeF3 KCo 3 KN F3

Ty (K) 88 113 | 114 275

Okazékitet al, observed that below these-temperatures, KNiF3
retains its lattice symmetry, but KMnF3 and KFeF3 and KCoF3
become monocllnic, rhombohedral(m <EX) and tetragonal (a)c)

: respectively; : Fig.(l-4) ‘Shows the.powder susceptibility of
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Fig.(1-3) . The crystal structure of KMth.
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Fig.(1-4) Gram susceptibility versus temperature for KNiF
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. 3 .
Fig. (1-5) _Gram susceptibility as a function of temperature.

.,"'-f.or'KCo,F3 ~ (After Hirakawa et -al. 1960)
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KNiF, with respect to. temperature, measured’by Hirakawa_et al.

>

For KNiF a fairly broad maximum was found at 275 K, below which

3
Xdecreases in the usual manner and the ratio of XT—o/X max 1S
i_O 68 which ‘is very nearly the 2/3 predicted by Van Vleck's mole;,
~pfcular field theory. Hirakawa et al. (1960) found a sharp anom—iv
'aly in- their spe01fic heat data for KNiF3 at 253 K. Sykes and
lFisher (1962) and Fisher (1962) show that the susceptibility
‘maximum occurs at a temperature somewhat higher than that for
which a long-range order sets~in,and that the Néel temperature.
1s. more accurately'given by specific heat or neutron diffraction.
measurements.‘; Nouet et‘al. (1972) using'ultrasonic.resonance,
' stress- induced 1inear dichr01sm, and heat capacity measurements
‘ determined an accurate Neel temperature for KNiF3 crystals grown
from ‘the melt or in a flux All three techniques give a value
of 246+l K for T.. Nouet et al. (1972) mentioned that, when

N°.

KNiF powder obtained from an aQueous solution was used, the

> 4 A
value of'TN,is very different, which is the case for Hirakawa's
'specific heat measurements giving TN=253 K. Therefore the

_discrepancyfmay be due to the nature of the sample used.

| :For'KCon as Fig‘(l.S) shows, below 114 K, x'decreases
‘ monotonically with temperature, thus. 114 K is thought to be
the Neel temperature 'Hirakawa et al (1960) using X-ray
and calorimetric measurements confirmed TN 114 K for KCoFB_
vJuliiard and Nouet (1975) found that the KCon unit cell
undergoes'a tetragonaltdistortion at 117 XK. In Fig. (1;5),
a considerable deviation of X from the Curie Weiss law is
seen. . AHirakawa et al. explain that this is because the :
loWest;orhital triplet of Co.2rin the cubic field splits

into three levels with J = 1, 3/2 and 5/2 by the L-S coup-
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ling. Asrthese level separations are of the order of kT,
;correspOnding to the temperatures of measurements, one may
expect such deviation of'x from Curie-Weiss law. Okazaki
and Suemune_(l96l) determined the iattice constant of the.

KNiF3 cubic cell at 298 K to be 4.014 ¥ 0.001 and at 78K,

to. OO2A Scatturin et al. (1961) found that the

4uOOl
1attlce constant at 4.2 K reduces to 3. 993A . Sintani et
al. (1968) also give the variation of lattice constant for

KNiF The;r results are generally lower than those of

3.
Okazaki et'al.(l96l).- However, no distortion from a cubic
perovskite_structure Was observed. Again Okazaki and
Kawaminani'(l973) using white X-rays and.a'doubleecrystal
diffractometry technique could not detect any distortion
from the_cuhic structure of KNiF3 in the antiferromagnetic
region. The variation of lattice constant_of KNiF3 with
temperature is shown in Fig.(l-6).

Okaiaki'and Suemune (1961) determined the lattice con-
COF. at 298K to be a = 4.069 T 0.0014.  They

5 _
showed that the.structure of'KCon distorts -from cubic to

stant of KCoF
tetragonal symmetry on cooling through Tﬁ = 114 K. At 78K "
‘they obtained a = 4.057 ¥ 0.002 A and ¢ = 4.049 ¥ 0.0024, or
Eéé =;2_x”10i3. Julliard and Nouet (1975), using a liquid
helium cry0stat'which was'adapted for -an X-ray goniometer,

were able to measure the lattlce constants of KCon from

4 to 300 K They observed that below 117 K the crystal

o undergoes a tetragonal distortion, and studied the temper-

ature dependence of _Eé' "For example at 78 K ———= - 2.5X lO 3

and at 4.2 K, £2=2 - 3.5 x 1077, and they confirm that the

distortion”is of.magnetostrictiVe.character; Fig.(lf7a)
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'.shOWS,the-Qarietion of lattice constants of KC'oF3 with
temperature. Fig.(1-7b) shows the variation of'c/a-with'
temperature fof KCon; © Scatturin et al.(1961),'reviewed

- the'prOpertieS'of 3d divalent ions'and the'crystal_struct-,'
ures of perovskite-like combounds.' - The 3d level of a free
transition divalent ion is split by electric field due to
negative charges or.dipoles surfounéing the-cafioh in a
crystalfof eomplex. In a field of octahedral symmetry the
splitting gives rise to two gfeups of levels: a lower trip4'
leth(tgg).and an upper doublet (eg). Table (152)_shOWS'the
electron:d;stribution for 3d inalent Co and Ni ions in KCoF3

and KNiF.
T TABLE 1-2

Eleetron_disﬁribution for Co and Ni ions in KCoF3 and KNiFji

r . —————TNo. of wmnpaired] |
ion No. of 3a|Copfiguration| ™ ey qotrons ugg;?ied S
electrons| “2g & | Ty ¢ lelectrons

| ce | 'f'7lz T¢ ti.T “T'T' 1 i 2 3 |3/2
RN DR

The'errangement of moments in KMF3 crystals 1is the ex-

pected one.on_the basis of an indirect exchange mechanism.
"The interecfions are supposed to take place via the non-
magnetiC'Ef anions, and the electronic configuration of the
cations:eS.Well as the crystal structure, determines the

: particular-type.of ordering.

' Scatturin et al.(1961) determined the magnetic struct-
ure of KNiF3 and.KCon_by neutron diffraetion techniques.

At'4;2K.ﬁagnetic superlattice lines were_observed which in-

dicate an:ahtiferromagnetic-Spiﬁ arrangemeﬁt:for which all
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'_(six) nearest neighbours of any spin are aligned ﬂlantiparailei

_ fashion,'tnat is, G-type structure. Fig.(1-8) shows the

G-type magnetic structure, in which_paraliel and anti-par- .

' allel-orientations of moments are shown by positive and

negative.spheres. |
'Deidongh and Block7(1975) rev1ew the available exper-

imental data on the exchange constants, J/k’ of the series
of 1nsu1ating antiferromagnetic compounds XMF3 (X—K Rb,T1;

M = - Co, Ni,.Mn) and show that:

(a)d in ali XMF3 compounds the,excnange path_connecting equiv-

_ alent-nearest neighbours consist of:single, collinear
(180°) M-F-M bonds;

" (b) possible contributions of next-nearest magnetic neighj
bours'to the total measured interaction are known to be
aboutil% of the nearest neighbour exchange only;

(c) _dipolar:contributions to the total interaction for KME3
compounds with cubic sjmmetry is effectiveiy zero, where

they cancel because of the cubic symmetry.

| Lines.(1967) has given an:extensive discussion of KNiFB.
in the'case of KNiF3 there is no contribution from,magnetic
dipole-dipole interactions,_as a consequence of the cubic
symmetry_ofdthe magnetic lattice. He assumes tbat any aniso-
tropy of:the system must be ektremely small and did not take
the anisotropy into account, i.e. a model Heisenberg'system
Lines has been able to obtain a fairly accurate estimate of
'exchange by analys1ng the measured powder susceptibility of
. Hirakawa (1960) in terms of the high temperature series ex-
pansions..i ‘From the £1t of the paramagnetic susceptibility

to this" expansion he obtained J/k 43 M 2 K. The series



The magnetic'unit cell of KNiF3 and KCoF

Parallel and antiparallel orientation of

the'momenté are Shown‘by positive and
negatiVe‘Spheres. (After Scatturin

et al. 1961)
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expansion also indicated the position of the maximum in the
susceptibility. Relating this to the experimentally observ-
ed T(Xmax)_='275K, Lines finds J/k ~ 45K,  Furthermore, using
 the expression of Rushbrook and Wood (1958, and 1963) for a’

three dimensional Heisenberg antiferromagnet

,kT :”i—'g-g .(Z--l)[ll S (S+1) - l:]A ‘ 1-29

where‘forvKNiFj, S=1, Z =6, TN = 246 K, one can obtain .
J/k = 45 K.  Although Chinn et al.(1971) obtained

I/ _
scattering experiments, de Jongh and Block (1975) adhere to

-50.8 K from the analysis of their two-magnoh Raman

the value J/k = -44 K, since also in the case of KsNiF, the.
J/k‘determined by Chinn et al.(1971) was more than 10% higher

than the other results.

In the case of KCoF, the orbital angular momentum of

5
the Con ionfis not quenched_by the octahedrally co-ordinated
cfystal fiéld (Buyers et al.1971). This may give rise to

‘the possiﬁility of anisotropic magnetic interabtions betwéen
the ionsQ'jOHoWever, the neutron diffraction expefiments of
Holden et:al.(197l) show there is no evidence for the direct-
ional aniéotrdpy which has been suggested for exchange inter-
.actions:ih;KCoFE.

In(Bréed et al.(1969)) estimates of J/,, were obtained from
the expefiméntal.TN values, with the aid of the prediction of
Rushbfodkuaﬁd Wood (1958, 1963) for the EEQ value of the simple
cubic Heiéénberg antiferromagnét with S =J%.' Breed et al.

give the'value J/k = 19.1 K for KCon which agrees well with

that of Buyers et al.(1971), J/, = 19.3 K.



18

1.7 Tcrque magnetometry

The magnetic anisotropy of antiferromagnetic crystals
can in principle'be measured bj using torque magnetométry.
Nagémija'et al;(1960) did the pioneer work on a theoretical
interpretation of the results. of such a tedhnique. The re-
sults oftphe torque measurements on MnO crystal at liquid air
temperature nqt only contains a 26 term, buﬁ a 46 term as
well. 'Théy interpreted their results in two alternative
ways: éifher the tordue'component of period 900 is due to
the anisotropy energylWithin the.plané of easy magnetizatioﬁ
ér it iSAdue to the movements of walls which separate domains
with different directions of sublattice magnetization. Their
interpreﬁaﬁion_in terms of domain movement is based on Néel;s

(1953) ideas and they favour a domain wall movement methanism.

Hirakaha et al.(1961) investigated the magnetic aniso-
tropylofisingle crystals of KQon and KNiF3 using a torque
maghetométer in the température range of 78-300 K. They
found thét'in the antiferromagnetic region, if the crystals
Were squended along one of the cube edges, their torque
curves can be expfessed by the formula

281n (26 + El) = CQH4 Sin (46 +-52) ‘ 1-30

T = ClH
where © is the angle of rotation of the field H relative to

one of the cubic axis, and C's are constants.

In3ﬁhé case of KCon, no 46 term was observed and within
the expefihental error €, = 0. For KNiiF3 at 78 K the torque
curve contains both components. The phase constant €£'s
'were found to be zero, and from this-fact, it 1s concluded
that the antiferromagnetic axis in both KCoF3 and KNiF3 is

parallel to one of the cubic axes.
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In KN1F3, when no external stress is applled the amp-
lltude of the 20 term is quite small compared with that of
the_49 term,'but as the stress is increased, it grows‘and |
the 49 term disappears. This suggests that the specimen
becomes nearly a single domain crystal by applying the stress,
in agreement with the results of Ferre et al. (1976) who
measured the stress induced linear dichroism. Hirakawa and
his coworkers also show that the origin of the 40 term in
KNiF3~may be. explained by-the‘same'mechanism proposed by
Nagamiya,for MnoO. Their_calculations based on domain wall

movement . are consistent with their torque curve results.

For_KCOFs, in which no 46 term was found in the torque
magnetometry investigation, by applying an external stress
along oneiof'the cubic axes the amplitude of the 26 term in-
creased rapidly.: As Hirakawa et al.(1961) pointed out, it
is beoause of the'large distortion‘which KCoF3 undergoes in
the antiferromagnetio region, that, if an umdirectional
stress isAapplied along one of the edges of the twinned crys-
tal, it may become a single domain with its ¢-axis being .
parallel to the dlrectlon of the stress ~In Chapter Six

of th1s;thes1s, it will be demonstrated how the domain patt-

| ern in KCoF is influenced by stress, and depending on the

3 ‘
amount. of stress which the cement introduces to crystal in

low temperatures, one may get a single or multi-domain crystal.

1.8 Domain Walls

An antiferromagnetic domain wall is a transition layer
whlch separates adjacent domains with different antiferro-
magnetic orderlng in the crystal. Usually when the crystal
is cooled:through the Néel temperature TN’ the antiferro-

' magnetio,ordering nucleating in various regions of the crystal
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will vary in direction. For example NiO is cubic, whereas

below T, the crystal becomes'slightiy distorted from this

N
cubic étructure to a rhombohedral one, and'the amount of dis-
~fortion increases as the~temperature decreases. In NiO the
maghetic moments'are arranged in ferromagnetic sheets that
lie in i;li}'planes. On cooling bélow the Néel temperéture
a-contractiqn occurs along the 111> directions. There are,
hdwever,lfour equivalent <}1;>, ~-directions. The result -
is that different regions of the crystal have different con-
tfaction axes and the crystal becomes twinned. These twinn-

ing planes form antiferromagnetic’domain walls which can be

studied by‘usual crystallographic methods.

It’Shbuld be pointed out that antiferromagnetic domains
are not to'be expected for the same reéson as in ferromagnetic
materiais, ﬁhat is, to reduce the magnetostétic energy. The
pfesence:éf domains would, however, increase the entropy be-
cause of;additional disorder, and hence iower the free energy,
Morrish”(1965). " It seems this change in entropy is very
' small, aﬁdﬂthere should be some other reason for the exist-

ence of domain walls.

1.9 Experimental Technlques for Antlferromagnetlc
Domaln Observation.

Most,of the technigques for revealing férrdmagnetic
domains”réqﬁire a ndn-zéro magnetization. In antiferro-
magnétiE crystals there is no net magnetization, but as
was mentibned above;.the crystaliundergoes a magnetostrictive
distortidn'below TN,'which is useful for domain wall observf
ation either by optical birefringence microscopy or X-ray
topograpﬁy; In the optical case, the twin walls are Qis-

ible bebauSe each domain is an optically.uﬁiéxial crystal
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with the optic axis coincident with the contraction axis.
. Twin walls in NiO were easily seen with'transmitted polar-
ized light in thin sections of crystal which were 100um

or less thick (Roth 1960).

X-ray Lang_topogréphy is a powerful technique with good
resolving}pOWer which has been freqﬁently used for domain
studies, Poicarova & Léng (1962), Polcarova (1967 and 1969).
By applyingAthis.technique one can study domains in the in-
terior of bulk specimens which aré opaque to visible or in-
fra red 1ight. Thé,contrast of domains is only due to the
differenéé_in deformation on opposite sides of the wall which
is produéed.by ﬁhg'magnétostriction; ‘ X-ray synchrotron
topography;énd its applicétion to observe.and control the
movement'df domain walls in the presence of mégnetic fields
at low temperatures has been deVeloped by the Durham group,
(Tanner et al. 1976, 1977 a,b). A brief review of dynam-
ical'X-ray‘diffraétion theory, technidues of X-réy topo-
graphy aﬁd”the contrast of the defects and domain walls in

X-ray4topogfaphs will be given in Chapters Two and Three.

'1.10 Review of the Antiferromggnetié Domain Wall Studies

Ahtifefromagnetic domains were first observed in NiO
crystals“b&_Slack (1960) and Roth (1960) indirectly with
neutron diffraction and directly with polarized light. NiO.
is'paramagnétic at temperatures above TN¥5230K and its
structure is_cubic. Below TN’ the.antiferromagneticbord-
ering results in a slight rhombohedral deformation of the
crystal,fwhich consistsAof a contraction of the original

.cubic unit éell along one of the <}l¥> axes. - This cone
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traction is”of the order of 10-3. Because this,cdntract-
ion may occur along any of the four equivalent directions.
in the parent cubic crystal, crystallographic twinning

(which is related to the antiferromagnetic ordering) may

'l_také place and four types of twin walls may exist.

The ?fansition layer éepargting twinned domains is
called a T Wall. Another type of domain wall which arises
from a fétation of moments within the ferromagnetic sheets
of an antiféfromagnet is called‘ an S wall. S walls have
also been observed in Ni0O by Roth‘(1960). Roth studied
the movement of T walls in NiO by applyingta magnetic field.
He observed that when a magnetic field of 20-30 KOe was applied
to welllannealed crystals, the T walls were displaced of
rotated ﬁé new positioné. Roﬁh méntioned fhat the résponse
- to H is'high;y erratic because T walls are easily pinned
by imperféctions in the crystal. Both T and S walls were
observéd‘in.NiO, using double crystal‘x~ray topography,
-Yamada'et al. (1966). They observed S-domains and deduced

the magnitﬁde of the magnetostriction. They found that:

‘l. The difectioﬁ of éasy magnetizatioh is very close to
one_ofAﬁhe }(][115J

2. Theré-éxist two types bf magnetic walls for S-domains,
S walls parallel to ¢)(110) and S-walls parallel to
A(Z+En)
‘(The'éXpressions Nluvw] and H(uvw) ére used to mean
a gfoUp of "three axes or planes obtained by permuting

u,'v;and W respectively).

ot
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3. The‘spontaneous magnetostriction expressed as an
orthorhombic deformation and a monoclinic deformation,
;s estlmated as lex'x' - v'y

e |'l = (9'i_3) x 1072 and
|e2|xll = (1.6 iAl.O) x 1072, .

Here x', y', z' are
\ .

axes:bf an orthogonal co-ordinate system taken along
[;12],‘[i10] and {}11], respectively. Using similar .
X-ray topography techniques, Nakahigashi.et al. (1975)
studied‘antifernomagnetic domain walls in well annealed
‘NiO crystals and determined the strain components of
Spohtaheous magnetostriction in NiO. Their values are

= -5.4 x 10™* and e 1t = 0.9 x 107",

X'X"l ey;y:
As seen these values are a few times larger than those

e
x!

found previously by Yamada et al.(1966).

Saito et al.(1966) observed two-typeé of»domains in

| Co0 at 140 K by Berg-Barretf topography. Co0 is an anti-
ferromagﬁet_with TN = 293 K. Above TN the crystal strueb-
ure is of the Na Cl type, whereas below TN, the lattic under-
goes' a ﬁétfégonal defofmation along oné of tﬁe cubic axis
which'iﬁcreéses gradually with decreasing témperature and |

2 at 77 K. Saito et al. also found

is of the order of 10~
a new rhombohedral deformation in CoO below Tye They could
'observenFWo fypes of. domains at 140'K by X-ray Berg-Barrett
topograﬁhj; Domains of one type are characterized by the
diredtidnléf the tetragonal axis which were called T domains.
Domains of the other typé afe subdomains present in each T-

domain,'-'They are formed as a result of'the change in the

directibn of the trigonal axis of the antiferromagnetic
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spin arraﬁgement ahd, therefore, they are distingﬁishéd
by the direction of the rhombohedral axis. This type of
domains were called r domains and their walls r-walls,

Saito et al. (1966).

Anfiferromagnetic domains in Cr have been observed by
X-ray doﬁble-crystal tobography.in the low temperaﬁure phase
or lower fﬁan the spin flop tempefature, 122 K where the
crystal is in a state of longitudinal polarization (AFQ).
The domain boundary due to slight,tetragonality'of the
crystal lattice was observed by Hosoya and Ando (1971).

Ando and -Hosoya (1972) have used neutron tdpography to
observe spinQdensity—wave domains in'antiferromagnetic Cr
and came to the conclusion that there was a discreﬁancy of
several orders of magnitude between the observed aﬁd cal-

culated domain sizes.

l.ll'Spin Cbnfiguration in Antiferromagnetic Domain Wall

The:transition in spin ordering occurs gradually over a
nﬁmber of-atohic planes and gives rise to a meta-stable spin
configuratién in the crystal; " Nagamiya (1958) suggested that
the spiﬁsiwbuid be spatially varying in a. gradual Way so as to
minimize the total ehergy which is the sum of the super-exchange
energy améhg <§Oq> neighbours, the exchange energy among <@lq>
‘ neighbours;,the.magnetic anisotropy energy, and the elastic
energy. { He also showed‘that the boundary region between
both T and S domains in N10 is a kind of Bloch wall.

Thé Bloch wall in a ferromégneﬁic crystal is a transition
layer wﬁiéh separates adjacent regions (domainq)magnétized in
differenﬁidirections. Thejentire}change in spin direction

betweeﬁ,domains does not occur in one discontinuous jump across
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- a single atomic plane (Fig.1-9). The total exchange energy is
minimized when the change is distributed over many spins, but the
anisotropy energy 1s minimized when the change is over few spins
The energy pervunit area of’ wall is the sum of contributions from
exchangeiand anisotropy energies: o, = oéx f‘oanis. j Minimizing
'this enefgy'one obtains the relations giving the magnitude of

the wall thickness, and the totaldwall energy pen unit area of
wall. In;iron'O}] ﬁfi.erg/cm2, and the thiokness of the trans-

ition region is about 300 lattice constants.

TheASpin configuration in antiferromagnetic domain walls
of Nio-type'crystals has been studied theoreticélly by Yamada
(1963, endrl966); He formulated Nagamhm.s ideas and obtained
solutions:for three,cases. 90°, 60° and 180° walls for. NiO.
A model of-the spin configuration in51de the wall which is similar
to a Bloch wall (Fig.l-lo)~is given. The wall width and the
stoned energy in the wall are estimated to be about 801K and
4 erg/en® for the {001} wallSin Ni0 and 94 and 20 erg/cm® for
the {Ooi}.méllsin MnO.  This model shows that the antiferro-
magnetio.domain walls in NiO and Mnd are very much narrower than
the ferfomagnetic ones, but as it is the only work on domain wall
spin configuration in NiO type crystals, the need for more theoret-
ical wofkvespecially on the simple cubic systems like'KMF3 is

strongly'felt.

1.12'Domain.Walls in Perovskite KMF3 (M = Co, Ni)

Schlenker et al. (1974) observed antiferromagnetic domains

3;-by'X-ray topography at 78 K. Aithough their crystal

does not seem to be of good quality they observed a domain pattern

" in KCoOF

mostly of (0ll)and (011) walls separating T domains with mean

sublattice magnetization directionsalong = [010] and 2 [001]



Fig.(1-9) The structure of the Bloch'wall-Separatiﬁg
domains. In iron the thickness of the -
- transition region is about 300 lattice

- constants.  (After Kittel 1971).

yFigJ(iflO) Variations of spins Si? and strain in the
- (100) plane in the case of an antiferro-

‘magnetic 900 domain wall. l This figure is
.somewhat exaggerated. (After Yamada 1963).
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They also observed a substructure within the T-domains, which
they believed to be small distortions on top of the large
quadratic distortion of the T ‘walls. . They suggested this -
small d1stortion could be associated with S-domains. The
author's observations of domain walls in different samples

of good quality KCoF., show no substructure‘in the domain

5

pattern-of_KCoF The details_of the experiments will be

3
presented.in-Chapters Six and Eight.

Hirakawa et al.(1961), following their interpretation
of torque curves and predicting domain wall motion in KNiFj,
tried to observe any symmetry change or domain walls in
-KNle through the polarized microscope at about 150K but they,
¢ould not observe any transformation from the cubic symmetry.
Although no?distortion had previously been observed in the
antiferromagnetic region, the author has observed antiferro—‘
magnetic domain walls in highly perfect KNiF3 crystals at theh.
temperature range 4.2 - 200K using X-ray topographic techniques,
(safa et al.1975, Safa and Tanner 1976). The experimentsvre;.
vealed-threectypes\of.domains With'spin‘orientations'parallei:
to the\cubefaxes"and it is concluded that a.small distortion
of the order of 10-5'exists below TN Domain walls are of
90° type and,lie on<{ildk planes. The details of the results_

and the analysis of the domain pattern will be presented 1n

Chapters SlX and Eight

1.13 Domain Wall Motion.in Cubic Antiferromagnetic Crystals. -

‘In cubic antiferromagnets, Petit et al.(l975),have obser-
ved a largergradual‘change in the field‘dependence of the mage'
neto- optical spectra of cubic KNiF3 at a moderate magnetic
- field. They measured the magnetic c1rcular dichr01sm (MCD)

-6

and; their apparatus was able tozdetect dichr01sm of 107~ in
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absorption. They gaVe evidence for the detection of AF and
SF phases by. MCD and they concluded that the observed MCD. in
low magnetie field arose from the difference in energy between
the.up-spin-and down-spin sublattices. Petit et al. (1975)
reported that when they increased~the megnetic field along
the fourfold z axis, contrary to the classical "spin flop"
inSide'a single domain, a continuous and graduai transition
occurred at fields‘less than 10 KOQe . The same type of ex--
periments;.onAKNiF3 were performed using external stress by
Pisarev et éi.(1972) and Ferré et al.(1976). They conclud-
ed both magnefic field and stress ekperimente gave consistent
results. '7Their results suggest that the gradual transitioﬁ
in their magneto-optical spectra is not due to a microscopic
"spin floph phenomenon which usually occurs suddenly and
involves Hévend Ha’ but rather to a reversible movement of
~twin walls at low magnetic field. Ueing X-ray synchrotron A
topography, the movement ofi domain walls in KNiF3 and KC'oF3
was studiedrin.a series of field steps up to 14KOe at temper-
atures upward from‘4.2K. These experiments which'will be |
presehted in'Chapter Eight of this thesis, confirm that the
above ﬁentiehed transition in magneto-opticél spectra does,
in fact, oeeﬁr by domain wall movement and the mechanism is
markedly-different from the "spin flop" in uniaxial anti-
ferromagnets. The X~-ray synchrotron topography experiments
show that:walls whose pléne contained the field direction
were immqbile and from analysis of the contrast it is con-
cluded that walls move such that in high fields the spins lie
'in>a planelperpendicular to the field direction and confirm

suggestione~originally.put forward by Néel (1953).
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CHAPTER TWO

" X-RAY DIFFRACTION TOPOGRAPHY

2.1 Inftroduction

A.AX-ray-diffraction topography contains eeveral diffract-
ion techniqﬁes by which a topographical display cf the microf
scopical'defects'in a crystal can be obtained. Lang (1970)
in his-reyiew article "recent applications of X-ray topo-
graphy"'feviewed a considerable number of experimental works
over the'yeafs.A ‘Bonse, Hart and Newkirk (1967), Austermann
and Newkifk.(l967), Isherwood and Wallace (1974), and Arm-
strcngrand'Wu (1975) gave briefer reviews. The first book
aboﬁt X-ray diffraction tocography by TenherA(l976) provides
the basic information for taking and interpfeting X-fay topc-
graphs ahd includee a considerable number of references. _As
X-ray topographj is so well documented here a very brief intro-

duction to the most useful techniques is presented.

X-ray diffraction‘topography is concerned with point to
point variations in the directions or the intensities of X-rays
thet have‘been diffracted by a crystal and therefore one can
obtain a direct mapping of the lattice plane topography of a
Acrystal'end from these variations the defect structures of

the~crystél may be studied.

- X-ray  topography has many similarities with electron
micrcsccpy of crystals. The greaﬁ difference between these
two techniques is the much inferior resolution of the X-rey,
technique. In X-ray topographs the images of dislocations
are seVefal micrcmeters,whereas electron'micrOScope images -
are a few:hundred Kngstroms in width. In crder tc reveal
dislocaticnfimages by X-ray.topographs, because of the wide

images,'very low dislocation density cryStals are required.
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In electron'microscopy very thin areés of specimen are pfe—
pared and ekémined with»high magnification. Therefore in
electrén microscopy one should use specimens with very high
dislocatidn’dénsities or the chance of finding a dislocation
ih the field of view will be very small; Howéver, X—ray
tdpography has two-outstanding aspects. Firstly, the X-rays;
willvpenetréte a considerable thickness of the crystal and

one can ;tudy the bulk of the sample. Secohdly, the tech-
nique is.hOn;deStructive. Therefore it.is possible to take
repeatéd X;fay topographs.of organic crysﬁals which would

quickly Volatilise or decomposevin the electron microscope.

The aim of all X-ray topography techniques is to pro-
vide a picture of the distribution of defects in a crystal.
Images can be formed either by "orientation" contrast or

"extinction" contrast, Lang (1970) and Tanner (1976).

2.2 Oriehtation Cohtrast

Suppose the cfystal is.set in an X-ray béam of diver-
gence[§¢A'Sd that Bragg reflection from a particulérhsét of
lattice'planes is obtained for one or mofe characteristic
.lines. %.If the.crystal contains a region misoriented with
respect té ﬁhe otherwise perfect crystal, contrast between
the hisoriented region and tle crystal matrix will be observed
if the misorientation exceedslﬁ¢ s as no difffaction can.be
,_'obtained'invthe misoriented regibn. The variation offhe - dif-
fracted beam from point-to-point on the image, is called
orientation contrast. This kind of contrast can provide a
 measure_6£ lattice misorientation and can be interpreted by
sihple geometrical relations without using dynamical theory.
For characteriétic divergent beam or .continuous spectrum, if

the crystal contains misoriented regions, the directions of
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the diffracted beams from these regions can also cause
orientation COﬁtrast. If tﬁe film is placed a considerable
distance from the speciﬁen, spatial overlap'or separation}_
occurs leading to enhanced or reduced intensity_correspend-

ing to the boundaries of the misoriented regions.

2.3 Extinction Contrast

The contrast arising from peint to point Variatioﬁs in
_lattiee‘perfection is termed "extinction" contrast. There
is a different scattered intensity from the vicinity of the
imperfeetion; Proper ehoice of diffraction geometry, X-ray
wavelength and specimeﬁ thickness can provide optimum ex-
tinction‘cohtrast for a given volume of crystal. The nafure
of the image‘in’this’case cen only be interpreted by dynam-

ical diffraction theory.

2.4 The Schulz Method.
,Thisvis a reflection technique (Schulz, 1954) using
coritinuous radiation. ‘A bundle of white X-rays divergent

from a peint source is‘diffracted by the crystal and recorded
on a film, Fig;(Q-l). Schulz introduced microfocus X-ray |
tubes’inﬁo XQray topography, and using the distance source-
to—specimeﬂ_and specimen-to-=film about equal, he could gain
sensitivitjito orientation contrast in addition to extinction
contrast.  The resolutionrdepends on the size of the focal
sbot of;éhe X-ray tube. Fig.(2-1) shows the schematic arrange-
4 ment ofisehﬁlz technique using a 25Hm fine-focus tube. Guinier
and TenneViﬁ (1949) used a similar technique in transmission
with whife»X-rays diverging from a point SOurce. Using this
tedhnique;:it is often possible to obtain_several images on

one film, eaeh image being a reflection from different grains
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Fig.(2-l) 7Schématic arrangement for the Schulz technique.
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 ﬂEig;(2—2) Schematic arrangemsnt of the Berg-Barrett technique.
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or lattice planes.. TheAreflections from a given family of
crystal planes makes 1t possible to obtain photographs from
which the scatter of the normals to these planes may be deter-
mined with an accuraey of 10 seconds of arc, even in a relat-
ively large'crystal. The resolution in this case is poor.
Usihg synchrontron radiation with very-small angular diver-
gehce of_lO-4 radians, and enormous intensity Toumi et al.
(1974),-ahd~recently Tanner, Safa, Midgley and Bordas (1976),
. Tanner, Safa, and Midgley (1977) and Tanner, Midgley and Safa
- (1977) have demonstrated that X-ray topographs in the Guinier-
Tennevin mode with hlgh resolution can be obtained with the
exposure tlme of a few seconds. Hart (1975) using synchrot-
ron radlatlon took topographs in reflection (Schulz mode) with
geometricalﬂresolution of the order of 1-2pnu Synehrotron
topographp_has proved to be a very powerful and revolutionary
techniqﬁe, and as this techniQue has been used to observe
domain wall movement with appllcatlon of magnet1c fleld up
tol4P«3€1n.low temperatures, Chapter Three of this the31s is

devoted to synchrotron topography.

2.5 Berg-Barrett Topography

This method originates from work by Berg (1931) and
Barrett'(l§45). Fig.(2-2) shows the essential features of
this method. The single crystal ls set to Bragg - reflect
the characteristic radiation from a chosen set of lattice
planes,;using'an extended source. As the KO line is in fact
a closelydspaced Kal - mx2 doublet, this results in a doubling
of the image of any defect due to the different angles of.the
two diffracted beams. When the recording plate is close to

the speeimen, the separation of double images due to the
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KX -'le doublet‘is-negligibly small. By putting a fine-

1
grain plate extremely close to the speeimen,-resolution of
about lum can be achieved. ‘As this is a reflection technique
and X-rays.penetrate'only a few micrometers into the crystel;
-effectiVely a very thin slice of tne crystal is examined and
therefore the technique can be used for much higher dislocat-
ion densities than in transm1531on technlques In transf
m1551on‘the overlapping of images from dislocations at differ-.
ent depths'in the crystal limits the useful dislocation density

-2 compared with about 106cm'2 in

to less than about 1040m
reflection, Therefore for assessing crystal quality, surface

| reflection techniques should be employed first of all.

2.6 Lang's Method

This.iela very widely used and powerful technique which
is sensitive‘to both extinction and orientation contrast,
where the orientation sensitivity is about 5 x 10"4. In
this method, a ribbon X-ray beam is collinated to a sufficient-
ly small:angular divergence that only one characteristic wave-
length can be diffracted'by a set of planes of the crystal.
Therefore'simultaneous diffraction of the KQ, and Kq2 lines
is avoided and only the mal will be used, because of its greater
intensity. The typical angular divergence is 5 x lO'4 radians

which is greater than the perfect crystal reflecting range of

lO'5 radians.

2.6.1 Section Topographs (Lang 1958)

The diffraction geometry of the section topograph is
simple Fig}(Q-j). ‘The crystal is set such that the character-
istic X-ray is Bragg-reflected by planes parallel to those

SChematicelly indicated by the lines normal to the X-ray



.33

Aentraﬁée-and exit surfaces. A diffracted beam»issues from
the rear‘Surface of the specimen, passes through a slit and
is recorded on the photogpaphic emulsion. The slit 1s used
to eiiminate the direct beam. Section topographs provide
'very uéeful_informdtion from a-sméil region of crystal when
the'beam is'narrow compared with the base of Borrmann fan,
ife.'2tSinéB (t is crystal thicknéss, and 6y is the Bragg
angle). f‘As.the width of the beam practically can not be
1e$s than 10um, applicétion of sectioﬁ-topography for thin
crystals isvnof possible. The useful feature of the section
topographiié that it éah be used to locate thé position of
impérfectiéﬁs within the crystal and also determine the dir-

ection of energy flow in the crystal.

2.6.2 Projection Topographs (Lang 1959)

In the projection topographyﬁebhnique, the crystal and

S film areﬁboth mounted bn an accurate 1iﬁear fraversing mechan-
ism. During the exposure they move back and forth together,
so fhat:ﬁhéiwhole area of interest in the speéimen will be-
scanned by}ﬁhe ribbon incident beam. The direction of tfa-
verse'is shown by‘arrows‘in Fig.(213).f. As the two-dimension-
al pattern on the film is a projection qf the'crystél slab and
its imperfection content, Lang (1959) called it the "projection
topogfapﬂ";' He showed that a projection fopograph is eduiv-
alent t6 é”superpdsition of many section topographs. Pro-
jection top§graphy presents-a useful survey bf the overall
distribuﬁiéﬁ of impeffections. Stereo topégraphs are often
taken a$ é'pair in hkl and hkI reflections, and such stereos

- give a three dimensional picture of the defects within the

volume fothe crystal slab. Lang (1963) modified the .pro-
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FiG.(2- 3) Arrangements for Lang’s transmission technique,
".prOJectlon topographs are obtained by scanning
;':,the crystal and film across the beam.

"'.,In the case of section topogruphs the crystul and

Athe fnlm are stationary and the beam is ‘narrow.

C,

" SOURCE ,'//
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FiLM

C

FIG.(2-5) The double crystal arrangemenf
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jectionAmethod so that images are recorded only from imper-
fection51Which lie within a chosen range of depth in the
crystal specimen. This technique of "limited projection
topographs"‘aliows eaSief'study of internal imperfections by
eliminéting images of surface damage. In this technique the -
diffracted beam slits are set to cut into the beam and'allow"’
onl& part of the'diffracted beam corresponding to an effect-
ive depth'of'the crystal to reach the film. Lang (1963) also
'performeoo"direct beam topography" with nearly perfect crys-
‘tals. in'this case he recorded the directly transmitted beam
on the photographic plate. - The dislocation diffraction con-
tfast obtained in fhis way, when X-ray absorption is low, is
‘complementary to that produced in the usual diffracted beam

topograph.:'

2.7 Topoégraphic Resolution

(a) Vertical resolution

- Vertical resolution on X-ray topographs, that is,
in ‘the direction perpendicular to the_plane of incident
and diffracted rays, is of purely geometrical nature and

the resolution § is given by Fig.(2-4).

l
v
N

. L LY
— D >4 L >

' Fig. 2-4. Vertical resolution criteria

whére:L is the specimen to plate diStance, D is the
sooroo to specimen distance, and V' is the projected
height'of the source. When great care is taken to place

the photographic plate within lem of .the crystal, and
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substituting typical values for V and D, a resolution .
in the order of a few microns is obtained. For high

quality'topographs a small specimen-plate distance

should always be aimed for.

" (b) Horizontal resolution

The topographic'resolution in the plane of incident
and dlffracted rays, horizontal resolution, depends upon
theiwatelength spread of the X-rays and their dispersion
by the specimen, the intrinsic angular range of reflect-
ion_of specimen crystal and v1brat10ns of specimen during

theiexposure.

The grain size of the nuclear emulsion'playe an import-
ant'part:in obtaining high resolution topographs. The recomm-
ended recording medium for X-ray topographic images is Ilford
L Nuclear,Emulsion. It possesses a grain size well below
the topoéraphic resolution set by geometrical and'other factors.
Cane'shonld'be taken to place the emulsion plates normal to
the diffnaoted beam.. To obtain a resolution of lum, the width
- of the pfojeotion of the ray in the emulsion must not exceed
this and. one can see that in a 100Um emulsion the ray must be

O

within- %~ of the normal whereas with a 25Uum emuls1on a 2° error

can be tolerated. Emulsions thicker than 100Um are difficult
to process and also suffer from loss of resolution if the beam
does not,paes normally through the emulsion. Compafed with
thick emnleions, thin emulsions‘give greater statistical fluct-
uations 1n the number of the developed grains per un1t area .
and they do not have as high a usable photographic den51ty
range as thicker emulsions. Therefore a compromise between

the efficiency and resolution should be reached. Details of
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experimental procedure and.processing of the nuclear emul-
sion-piates can be found in Léngks (1970) article and Tanner's

(1976) Dbook.

2.8, The Double-Crystal Topography

| This topggfaphié tééhnique was developed independently '
by Bond and:Andrus (1952) and Bonse and Kapplef (1958). In |
this methéd; Fig.(2-5),;the reference crystal and sbecimen
consist 6f the same'kind of maﬁerial so that exactly the same
spacing'bf‘feflecting‘planes can be used in both crystals.
In this hiéh»sensitivity ((+-) parallel arrangement X-rays
are diffraqted.successively from two sets of lattice planes
of'equai spacing first in the hkl and AkI. . In this geohetry,
the doubié{crystal technique is extremely sensitive to lattice
distortion or misorientation, and the rocking curve obtained
when one of the crystals is rotated is very narrow, typically
a fewAséconds of arc. This makes the method very suitable
fof measufing small tilts. When the speciﬁen is slightly
offset from the exact parallel position, that is, on the flank
of the r;-o"c.k"ing curve, strains of 'Ad/dl__§10_8—lo_9 can be
detected, anse et ai (1967). Deformations of this magnit-
ude oceur at diétances of up to 50 or 100Um from the cores
of single»dislocations,'depending upon the haterial examined.
Using this topographic technique Aldred and Hart (1973) found
that lapfide.paramefer variations in silicon érystals claimed
ffee ermuQarbon were of only a fevaarts in'los. For iden-
tical_lat£i¢e parameters in the two crystéis the (+-) parallel
setting ié non-dispersive in the éenée fﬁat at any angular
setting all wavelengths are diffracted. | If a slight differ-

ence is'made in the'lattice parameters, only a band of wave-
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length diffracté at any one setting énd the angular sensitiv-
ity drops. ~ However, Okazaki and Kawaminami (1973) using very
high Bragg angles and white radiation could measure the latt-
ice paraméter of,KNiF3 Qith quite a high precision tb one part
in 105'even Wheh two different materials were used for the

specimen and reference crystals.

2.9 X-Ray Diffradtion Theories

| As seen in the above sections, tbpographic techniques
‘for‘studying defects in nearly perfecf crystals have béen
developed and are being widely used. The principle of ‘these
techniqués‘are based mainly on the difference in the intens-
ities ofvxfrays diffrabted by deformed and perfect regions
of the crystal; There are two main difffaetion theories for
:waves-having very short wavelength, ﬁhe approximate but widely
used "Kinématical theory" and the more fundamental "dynamical
theory". Batterman and Cole (1964) reviewed detailed math-
ematical éxpositiohs of the dynamical theory,'Baichin and
Whitehouggeéléo give a brief review, and Authier (1970) and
Tanner‘(i976) givé the theoretical basis necessary for inter-

pretation‘qf the contrast of defects on X-ray tbpographs.

2.9.1 Thé'Kinematical Theory

Thé main assumption of the Kinematical or geometrical
theory 1s that the amplitudes of all X-rays incident upon the
diffracfihg centres iﬁ the crystal have the sameAvalue. Thus
the interactions between the incidént and the refracted waves
are neglééted. The wavelength of X-rays is also assumed to

be unchanged as it passes from vacuum into the crystal.



38

For thin crystals or crystale constituted of small regions
-refleeting>the'incidenﬁfbeam independently,-that is, the ideally
imperfect_cfystals, the geoﬁetrical theory. may be employed
satisfacﬁorily‘to'get information on the crystal structure.
However, for large single crystals whlch are also hlghly per-
: fect the amplltude of a diffracted wave becomes comparable

with that of the incident beam.

2.9.2 Thenynamical Tﬁeory

The fheery ef dynamical diffraction-deseribes the inter-
.action'of:eiectromagnetic waves with a three dimensional
array of electrostatic dipoles Ewald (1916, 1917) and later
as a three dlmen51onal distribution of d1e1ectr10 susceptib-
111ty, Laue (1931) Basically, the problem is to solve
Maxwell's equations for a medium with periodic susceptlblllty.
One flnds that solutions of the form

D= exp 1Wt > _ D exp (-2Mi K, . r) 2-1

. g =8 )
satisfy,fprovided that the wavevectors Kg are related by the
Laue equatioﬁ» |

Ky =K tE | 2-2
where Eg'is'the wave vector of a diffracted wave, inside the '
crystal,~and 50 is the vector of the field which is closest
to that:ef:fhe incident wave, and g is the reciprocal lattice
veetor. :;wg gsee from the equation (2-1) that solutions D
‘inside the crystal consist of a~supereosition of plane waves,
the wave vectors of which are related by reciprocal lattice

franslatiOns. . The superposition is a "wave field". These

plahe_Waves have wave vectors Eg derived from a single pfimary
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wave K_. Expression (2-2) shows that all the wave vectors

of a glven wave-field can also be deduced from one another

by translatlons equal to reciprocal lattice vectors. If
we draw these wave vectors from the varlous re01procal latt-
- ice p01nts, we find that they deflne a common p01nt P, called

1"

tie- 901nt?, which characterizes the wave-field geometrlcally,
Fig. (2-6)-

.

Fig. (2-6); ' Construction of the tie-point in reciprocall
Theoretieeliy, a ane-field is constituted by an infinite
number of Waves,_ Ustually in the case of X—ray diffraction only
two waves heve significant amplitdde: the incident wave after

| refractiendgo and fhe Bragg reflected weve»gg. Then (neg-

lecting time dependence)
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D = 20 exp (-2mi Ko - r) + Qg exp (-aTi gg.r) 2-3

Substitution of this equation into Maxwell S equations
“and solv1ng for non-zero values of wave amplitudes, D and
D ,gives a relationship between K and K

_ 8 =g
Tiis relation can be plotted graphically, and is known as

in reciprocal space.

the d1spers1on surface The dispersion surface represents
the iocus of all primary ware'vectors 50 which give rise to
a diffracted beam Eg'passing towards G under conditions
which approximate to the Bragg condition.  Therefore the
-dispersion surface is the locus of the tie-point P. The
intersection of the dispersion surface with a plane passing .
throngh 0 and G is a hyperbola, Fig.(2-7), of which the
asymptotes are the tangents to the circles centred in 0 and

G respectively and with radii
TE | =k(1+22) =kn oY

" where k is the vacuum wave vector, Xo is the dielectric

susceptibility and n the refractive index.

Far from a Bragg reflection there is only one wave
excited in the erystal and ‘the wave vectors lie on spheres

XO) Close to Bragg

centred on 0 and G of radii k(1 +
reflection, the crystal potential rises the degeneracy and
the dispersion surface has two branches for each polarizat-
ion, corresponding to Dg/Do positive or negative (i.e. the

component piane waves either in phase or phase shifted byﬂ)



- FIG. (2 -7 ), Construction of the dispersion surface |
| | - lafter Tanner 1976)
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Directions of the_refracted and diffracted beams must
satisfy the boﬁndafy conditions ét the sﬁrféce.of thé crystal.
The cohtinuity of the tangential components of the wave vectors
. at the crystél surface is the most imporﬁant éonditidn. This

‘implieé that the ends of the incident wave vector,’KA, théh
excites the refracted wave Ko must'lie on a_ﬁofmal to the
crjstél surface and this is shown for the two tie points P
anva inﬁFig.‘(2-7); 5} will in general4be directed at or near
the_Laue péipt. The tie .points for 501 and Egl or K , and
Aﬁgz will then be at P and Q. The energy flow is always per-
'peﬁdiculaﬁlto:the dispersion surféce.' The wave vectors Kgl

and K then define two diffracted X-ray beams which follow

g2
separate‘paths through the crystal under -Bragg diffracting
'gonditions. "~ When the beamsvreach the exit surface of the
cfystal, both waves are decoupled giving rise to an independ-
- ent beam.Outside the crystal. Thﬁs there are four outgoing
beams. fThis_result was first obserQed exﬁerimentally by
Authief_(l96l)Aand confirmed the physical reality of wave-
fields. ’ HowéVer, it is only under very special circumstances
that it‘is possible to déscribe the incident wave as a plane
wave becéﬁse the divergence of the incident beam is usually
large coﬁpafed with the perfect crystal reflecting range.

In fhe éase of a section topograph, Fig.(2-8), the incident
beam is_jefy divergent. All tie points on the dispersion
surfacefarekexcited simultaneously and X-rays propagate along
all possible paths. Thesé pathévfill the Borrmann triangle
ABC.(Fig,é-S), so that along any direction two wavefields

(one frbm‘branch 1 and the other from branch 2) propagate.

The two wave fields have a constant phase difference between
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them ahd'sé»will interfere. .Aldng the base BC'of the Borr-
vmann.triangle,'the phase differenée betWeeh'the arriviﬁg

wéve fieldé differs aﬁd sectioﬁ topograph PéndellBsung‘fringesi
can be obtaiﬁed. These fringes were first observed‘by Kato
and Lang'(i959) and interpreted by Kato (1961). The bhase

~ difference betweén the wavefields is proportional to the
 structure factor. Kato (1969), from section topdgraph.
pende1l6$ung‘fringe measureménté in wedge crystal, could

measure the structure factor with high accuracy.

2.10 Contrast of Dislocations

Authief:61967, 1970) characterized three types of images
which»contfibute to the contrast of dislocation: "direct",
"dynamical" and "intermediary"™. Fig.(2-9) shows how these

arise.

2.10.1 Direét Image

The dislocation cuts the direct beam at Dl' The lattice
planes are deformed in the vicinity of the dislocation. As
the X-ray'source is polychromatic, some of the X-rays not
diffracped by the perféct crystalvare'diffracted by the strained
region prbVided the effective misorientétion is larger than ’
AQ%, thé Width of the reflecting range for the perfect crystal-
and less'than the total divergence of the direct beamn. Such
a diffracted beam then éan.pe received at ii,on the photo-
graphic plate. iy,1s the "direct imagef and is superposed
on the difffacted beam by the perfect crystal and has a dark
contfast7with respect to the background.‘.AThe direct'image
'can be'éaid in first approximation to bé the image of a small

imperfecticrystal imbedded in the direct‘beam. In favourable
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FIG.(2-9) Pfi,hCi.ple of dislocation image formation

in transmission topographs, i, direct image ;
|2 'dynOmic_image; i; intermediary image.
(after Authier 1967)
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circumstances suchAes, when g;g is équal to two or more, or
with a high extinction distance, dislocations can show double
contrast. .Authier showed that this is a general phenomenon,
arising as a consequence of the form of the dislocation strain
field.'_‘Double contrast of dislocations has also been ob-
served in.synchrotron topographs of silicon and KCoF3 erys-
tals by Tanner, Midgley and Safa (1977) and will be shown in
the third Chapter The dislocation image width can be esti-
~mated, Lang (1970). In the case of a pure screw dislocation‘
for gj]eg, the misorientation at a distance r from the core

of the dislocation is

6(Ae) 2-58

2rm
The perfectlcrystal reflecting range for non-absorbing
symmetrical Laue condition is given by

oy = 2/8 gg e N C(F F- )2/nv Sin 2 @ 2-5b

where gg is-the extinction distance related to the structure
factor Fé, re'is the classical electron radius, vc“is the
volume of the unit cell and C = 1 or Cos 2 GB for.gor
.polarizatieﬁ‘respectively. Equating (2-5a) and (2-5@, one
obtains an estimate of the screw dislocation image width

v, = Eg/en |g.p| 2-6
For an edge dislocation, the image width is given by

- O'.88 g 27

"-VE g"EE
The wvalue of X-ray'extinction distance depends on the wave-
length, and the geometry of the reflection, and is typically
tens ef}mierons. Thus»direct image widths of dislocations

are generally upwards of a few micrometers.. Image widths
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predicted by equations (2-6) and (2-7) agree,quite well
with observations. Under low absorption conditions most
of the dislocatioﬁ images on a proJeétion topograph are direct

images.

Generally, a dislocaﬁion in a given Bragg reflection'is
invisible if its displacement field has no component normal

to. the Bragg plane used. In other words,‘for invisibility

of a disloéation its effective misorientation should be zero.
Ffom this:it follows that for a bure screw‘dislocation the
effectivéAmisorientation is zero when g.b =0 ana for a pure
edgefdislqcation it 1s zero when both g.b = 0 and g.b. x £ = 0,
and thus‘infreflections satisfying these conditions, the dis-
loéation,is invisible. Hére g is the diffraction vector,vg
is the Burgefs vedtdr and-£ is the direction of the dislocation
line. Iwae.find two_reflections with non-nmmuUeL_-diffract-
ing vectors in which the dislocation is invisible, the direct-
ion of Bﬁrgers vector b can be determined uwnambiguously. Mixed

dislocations can never completely disappear.

2.10.2 Dynamical Images

In Fig. (2-9) on crossing the dislocation wave fields
propagating along AP will excite wave fieids propagating in a
parallel direction AM and new wave fields having‘a tie-point
on the cherbbranch of the dispersionlsurface and propagatihg
élong PQ.': Thérefore only part of the energy of the fields
propagatiﬁg along AP will be found along AM. Also the path
of wave fi¢1ds passing through the less strained region further
from the core are curved and therefore deviated from their

original direction. The result'of both these'effects is a -
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depletion.in the direction APM of wave fields crossing a
dislocation, which gives rise to a light shadow at ié on the
photoéraphic plate. The width of this kind of image_depends
on the dislocation depth and its position relative to the edges

of the Borrmann fan.

2.10.3 Intermediary Image

Wave fields created by interbranch scattering in the
more strained regions propagate along PQ giving rise to a
third image;.ij, on the topograph which has been cailed the

"intermediary" image. As the new wavefields interfere with

the originél wavefields, the intermediary image shows an
oscillat@ry contrast. As the Borrmann fan is filled with
wave fiélds propagating in different directions, the dynamical
and intefmédiary images have much poorer spatial-resolution

than the direct,imoge}

2.11 Domain Wall Observations

Thei¢ontrast of magneﬁic domain walls in X-ray topography
is prodﬁced by the magnetostrictive deformation. The visibil-
ity of magﬁetic domains on X-ray topographs cannot be explained
by the difect interaction between the X-rays and the magnet-
ization.

Using the Berg-Barrett methdd and a double crystal dif-
,fraétométer, Merz (1960) pérformed the pioneering observation
bf magnetic domains by X-ray topography. = He took advantage
of the high value of magnetostriction of Cobalt Zinec ferrite
. and adjusted the crystal so that the diffraction condition
wés satisfied for some domains only. The image df these

domains Were recorded on the topographs. Polcarova and Lang
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(1962), using the Lang technique were able to observe the
domaln patterns in Fe-Si w1th good - contrast and resolution.

» Iron-s1licon, has a positive magnetostriction constant A
'ConSequently, the crystal lattice is elongated in the direct-
1on.of magnetization and shortened in the direction normal to.
it. | As the easy d1rect10ns of magnetization are <lOO>, a

small tetragonal distortion with the ratio

c/ail=l‘+22>\ =1+2x107° 2-8

occurs in the magnetization direction. The distortion is
very small, but large enough to influence the X-ray wavefield
crossing the.domain walls, and the contrast of the 90° wall
results.‘ tAs t%?re is no misorientation between 180° domains,
~they are not visible on the topographs, but their position
can be determined from the arrangement of the 90° domains.
Fig. (2 lO) shows a (110) 90° wall, where the magnetization
.M is along [100] in domain I, and M, is along [OlO] in domain
II. Experiments of Polcarova and Kaczer (1967) and Polcarova
(1969) have shown that (110) 90° walls are invisible in re-
flections such that; | |

M, - My). g = A-M‘l._g_=0. 2-9
i.e. the‘wails having Z&ﬂ normal to the diffraction vector
g are not_risible on tne topograph. - = Polcarova and Gemperlova
(1969) Stndied the contrast of domain walis theoretically.
They considered the distortion at'a 90° domain wall and showed
that it was identical to a coherent crystellographic twin,
provided that the wall thickness was neglected. The domain
wall widths'are usually of the order of hundreds of Engstroms
and this:is negligible on the scale of X-ray extinction dist;

ances. This coherent twin model is in good agreement with



Fig.(2-10) Model of a flat 90° wall lying in the
| - (110) plane. :

© lg=(01)]
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”fFig.(Evll) 3Imagerof wall on photographic film F dapending
T ~on rotation of erystal C around g vector.

ifi (After Polcarova 1969)
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experimental observations;f :A qdantitative'comparison between
Zthe'oalculated'and.observed oontrast was’performed by Polcarova
and Lang (1968) for the special case of 110 diffraction on a
“(001)Apiate of Si-Fe containing-domainvwalls’parallel to the.
(lio)‘pianes. Tt was shown that the wall appears as a dark
_band if - AM.g»0, and a white one if AM.g¢0. The width
<of_the;contrast band is not:usually related to the .intrinsic
wall'thiokness, but it depends on the tilt of the sanple about
the diffraction vector g. It the (001). plate of Si-Fe is

' rotated around the g = [;10] Vector, the 1mage of the [llO]
wall appears as a broad band, the width of which is t.SinQ ,
(Xbelng the angle of rotatlon, and t is the thiekness of the
lsample. B As seen in Fig. (2 11) the image 1s a faint narrow
'llne for (x 0, but 1t increases with 1ncrea51ng ¢ independ-
ently of the sense of rotation. Polcarova (1969) noticed
that the contrast was also dependent on the absorptlon, i.e.

on the value of Wt. (M is the linear absorption coefficient)
and her.reoent calculations based on the dynamioal theory of -
diffractiOnishow the dependence of the contrast on absorptioh

and agree with experiments, Polcarova (1973).

Thehorigin of the contrast depends on the magnitude of
the magnetoetriotion contrast. For example in the anti-
ferromagnetic crystal NiO, the magnetostriction is large and
ohanges the-interaxial angles by several minutes of arc.
-Therefore or1entat10n contrast is observed. Using a small
: beam dlvergenoe, only one set of domains satisfy the Bragg
' condltlon at once and, angular misorientation between the
domainSICan be measured from-the rocking curve separation.

'd_Using-the Berg-Barrett teohnidue, the angular misorientation
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of domains in NiO was measured by Kranjc (1969). When -
the magnetostriction is small, both domains diffract simult-

aneously and no orientation contrast is observed.

X-ray topography is a non-destructive technique for
repeated'observations of theninternal domein structures in
relatively thick non- transparent samples. This teehnique»is
.extremely useful for the study of the fine structure of walls
inside the spe01men; the examination of stress’fields around
domain walls, and observatien'of domain wall interactions
with other defects.

As there is no net magnetization in classical antiferro-
: magnets;}domaihs cannot be observed by the Bitter colloid,
4Feraday,'er Kerr techniques. In some transparent.antiferrq;
magnets With large birefringence, e.g. NiO, the domains can
be observed.by optical microscopy, but in the case of KNiFj,
the birefringence is extremely low and domains have not been
observed CIeerly. " Thus X-ray topographj is the only technique
suitable for domain observatlon in some antiferromagnets.
[X-ray topographlc observations of domain walls in NiO, CoO,

Cr, KCon and KNle were reviewed in sections (1-10) and

(1-12) ]
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CHAPTER THREE

X-RAY SYNCHROTRON TOPOGRAPHY

3.1 Synchrotron Radiatien'

An eleetron accelerated in a circular orbit in a
synehretfen'er storage ring'emits electromagnetic rad-
iation, which in the very highly relativistic limit, is
seen-in thellaberatory frame as a narrow cone peaked;in
“the forwerd direction.' The radiated power is pfoport—
ional to the fourth power of the electron energy. Syn-
ehrotron-radiation provides a very intense source of
electromeghetie radiation for solid etate Physicists.

The beemfie totaily polarized in the orbit plane for rad-
iation emitfed aleng the tangent to the orbit. Because
- of betatren osciilations, the radiation has a continuous “

spectrum and extends through the visible and ultraviolet

to the X-ray region. Due to the relativistic effects,
_ ‘ A 2
the radiation is confined into an angle qumoc s m d2

being the'rest mass of an electron and E is the energy of
the'aecelerated electron. Fig.(3-1) shows the calcul-
ated synchrotron radiation speCtra.for NINA, at Daresbury,
Poole-(iQTB). As seen, for 5 Gev. electrons the highest
'phetoﬁ flux is around 1A and the corresponding angular

divergence is about 10™% rad.

3.2 Synehretron Topography

‘In Section (2-4) it was mentioned that, Guinier and
Tennevinﬁ(l949), and Schulz (1954) performed white X-ray
~difffaction topography in the transmission and reflection

modes, but the resolution obtained was very poor with stand-
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Figgkﬁ-l) ‘Synchrotron radiation spectra from NINA.

Photons/s/mA beam/mrad horizontally within
a 0.1% bandwidth. (After Poole 1975)
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ard sources;~ Recently the. avallabllity of synchrotron rad-
iatlon in the X-ray region of the elctromagnetlc spectrum
with small. angular d1vergence.('\—'lOA4 rad.) and enormous.
intensity has revolutionized-X—ray topography. | The technique
'isessentially the same as the Gdinier-and’Tennevin; or Schulz |
methods.:_,With_cohtinuoue radiation, each eet.of crystal
.plahes_can‘selectlits own wavelength for a Bfagg reflection
and;<Just'as:in the well known Laue technique for crystal
orientaticn, a pattern of "spots" is obtained. - Due to the
relatively wide beam no scanning of the crystal across the
beam is,reqﬁired, and each Laue spot becomes an image of the
erystal. . wlthln each image, crystal defects are revealed
and each spot provides as much infdrmation as a convent10nal
Lang topographﬂ Tuomi et al. (1974). F1g‘(3—2) shows the
Laue pattern taken with synchrotron radlatlon of a Dy PO4
crystal Each image or topograph of thls crystal shows the
defects such as dlslocations or growth bands. Thus by tak-
ingtone eiposure, one 1s able to analyse the defects, usiné
the contfast in the different-reflections. As the intensity
:of Synchfotron radiation is of the ofder.of _lO3 times higher
than the.intensity comingiout'of a-rctating anode generator,

exposure times are expected to be of a few seconds.

3.3 Intensity and Image Formation

: Coneidering the effect of the folloWing factors,
(a) the»structufe factor Fp, . (b) the effect of non-ideal
Bragg cohditions; (¢) the continuous spectrum of radiation,
(a) thehaheorpticnvfactor of the crystal, Tuomi et al. (1974)
.caicﬁlated_the intensity of Laue reflections to be proport-

ional to: : S )\3 _
T VP Ry — e HE o




Fig. (3=-2)

Laue pattern of a DyPO, crystal taken with syn-

‘ehrotron radiation, Each "spot” is an image

of the erystal within which econtrast from imper-
fections can be seen, 5 Gev, 10mA, 50s exposure,

Ly 1OUm nuclear emulsion.
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where P(A) is tne radiated power per unit wavelength of

' the'source, Fyyx1 1s the structure factor of (hkl) diffract-
ing planes, U the absorption coefficient of the crystal, and

t the thickness of the crystal. Here anomalous-transmisSion
is_negleCted. Tuomi et al (1974) also mentioned the-effects
of the polarization of synchrotron radiation and temperature

| onlthe intensity of the diffracted beam. Hart (1975) obtain-
ed the same results as (3-1) for the intensity of the diffract-
ed beam, but he mentioned that the absorption of X-rays in
air and the variation of the film sensitivity with X-ray wave-
length are important factors which have‘been ignored by Tuomi
et al. In'interpreting the image features one must be aware
that different orders of reflection are superimposed on‘the
same topograph. As Hart (l975)land Tuomi et al (1974) point
out, theflowest harmonic corresponding to the largest A
‘should be predominate but.its.intensity is heavily reduced
by absorption. On the other hand higher harmonics formed
with almost_unabsorbed hard radiations have their contribution
" reduced by the lack of sensitivity of X-ray emulsions in the
short{wavelength range. The optimum condition is to choose
a diffraction condition, in which the bulk of the diffracted
beam belongs to only one order of reflection, with a strong
intensitj. |

3.4 Resolution

In synchrotron topography, unlike conventional X-~-ray
diffractionptopography with characteristic radiation the
whole source contributes to the intensity diffracted by each
point inlthe sample. Therefore the spatial resolution de-

pends upon the effective source size. For distance from
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source to the crystal L and the crystal to the plate dist- =

ance x, the horlzontal and vertical: resolutlons are given

by
h
h = X%
. 5-2
\r./ = X A

\ -~ L
where h'and v are‘the horizontal and vertical dimensions of

the source. -

Table (3—1) shows the relevant quantities for the DESY

and NINA synchrotron fac111t1es

. Source dimensi - |
Souroev- ° C?mm% ensions L(m) | x(m) r(im)
 NINA h=v=0.5 1| 47 0.05| 0.5
: h =8 | Ph;lO

- DESY ~ 4o 0.05 ~
v =24 ry= 5

Tuomi et al. (1974), using the synchrotron radiation
from DESY at Hamburg obtained Laue case dlffraotlon topo-
graphs 1n 51llcon with rather poor resolution. The poor
resolutlon of their topographs is not only due to the large
source size'of bESY but it may be ascribed partly to the use
of Kodak R film rather than nuclear emulsion plates and partly
to the faot}that the diffracted beams did not pass normally
throﬁgh the film ‘As it was pointed out in sectlon (3-1)-
the hlgh order reflectlons may in certaln cases contribute
most of the 1nten51ty in the image, as was the case of nnn
reflectlons in the topographs of Tuom1 et -al (1974). In
sectlon (2 lO) the width of pure edge and screw dislocations

were estlmated and given by expressions (2-6) and (2-7),
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In bothﬁCases>the width is prdp&ftional To the extinction
;disbance”g_k If é:small diélqcation image width is desired,
the conditigns'should be chosen in such a way that high ofders
of reflections,}which correspond to small values of wavelength
are suppressed,,bécause'high bfders usually'result in an
incréasqdlextinction distanceAg . Hart (1975) took great
care to thain good resolution by using Ilford nuclear emul-
.sion platéS,Aplacing the plate normal to the required dif-
fracted beam, and shielding the plate from the scattered
'radiatioﬁ;:: He obfained a resolution of 1-2[m on the re-
flection topographé (Schulz mode) of Siliéqn and LiF. Tanner,
Midgley apd'Safa (1977) avoiding high order reflections, and
ﬁsing L# 25J1m nuclear.emulsions,Jobfained transmission syn--
‘chrotronltopographs of Silicon and KCoF3 with high resolution

' comparable to Lang topography .

3.5 Experimental Arrangement

Thé synchrotron radiatiqn propagates in an evacuated

. beam-pipe with a beryllium window at the end, which is trans-
’ pafenf'fbr‘x-rays. This window is 47m from the source for
the 5 GeQ;'éieétron synchrotron NINA at Daresbury. The
X-ray beamfemerges from a hole t&pically 5 mm in diameter
drilledijlalead block placed in front of the beryllium window
of the beémzline. It then passes through a .slightly wider
aperturé'in aAéteel plate backed by aluminium which effect-
 ivelj aﬁéorbs the scatter and fluorescence from the lead
colliﬁaﬁof.i It is important that this scafter shield does
not cut;ihto the main beam definedAby the lead aperture
'otherwiSeisevere écattering and fluorescence is experienced

from the scatter shield itself, Tanner, Midgley and Safa (1977).
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The experimental arrangement for synchrotron topo-
graphy is very 51mple Due tovthe almost complete polar-
1zatlon'of the beam, the incident plane is chosen to be
'_vertical in'order to maximize:intensity Consequently
rotatlon of the specimen about a horlzontal axis normal to
the beam ;s.sufflclent to orient the crystal to the desired
ABragg'reflecting planes. The laser beam which has beeu
previously'aiigned with fixed film exposed to the radiation
"is an extremely useful guide for the exact position of the

synchrotron radiation; The specimen can be mounted on a
standard‘X—rey goniometer or on a simple holder whicﬁ_can
rotate about a horizontal axis. Then the specimeu can be
aligned invthe laser beam marking the path of the X-ray beam.
Conveniently, the specimen orientation could also be deter- .
mined and adJusted by observing the pos1t10n of the reflected
~beam Great care,should be taken that_the photographic
nuclear emuision plate is placed normal toAthe desired dif-
fracte&-beam, and for symmetrical refleetions this can be
easily dene'by.placing the plate normal to the reflected
laser béam.' For all the synchrotron topographic experiments
.whlch w1ll be presented in thls thesis, Ilford L4, 25Um thick
emu151ons were used and processed at reduced temperature in-
‘s1de a domestic refrigerator. The advantages of synchrotron -
topography'ean be summarized as follows:

1l - Marked.reduetion in exposure time for a set of topographs.

Thie:reduction in'exposure'time is two to three orders of

' magnitude compared with the Lang technique. Several

usable topographs are obtained in one exposure.
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2 o Adhieving a resolution of 1-2ym when the specimen to
plate distance ié 10-20 cm.
'3 - Unlike the Lang.téchnique no critical adjustment and

accurately machined traversing parts are needed.

Thése éxtremely useful features Qf'synchrotron topo-
.graphy proved that many step-by-step experimehfs could be
perforhed»éuccessfully; For example Bordas, Glazer and
- Hauser (1975) demonstrated the'feasibility'of following phase
transi‘ci_ons_in Ba Ti O5. At this time the author Was very
interested'in studying the behaviour of antiferromagnetic
domain walls in KNiF3 and KCoF3 in magnetic fields. However,
becaﬁse of ﬁhe geométrical limitations of the Lang technique,
it was practiéally impossible'to design én electromagnet and
la cryostat capable of fulfilling the requirements. By apply-
ing the newly developed synchrotron topography- technique,
the step4by-§tep domain wall motion in KNiFS was observed by
Tanner, Safa, Midgley, and Bordas (1976), and éincé then the
author has bécomé involved in synchrotron.topographic exper-
iments, particulariy, Studying controlled domain wall motion
in KCon_énd_KNiF3 at tempgratures from 4.2°K upwards and in
ffields up td 14 KOe. Cryogenic X-ray topography using syn-

chrotron radiation will be discussed in detail in Chapter Five.

3,6 Contrast in Synéhrotron Topographs

Tanher, Midgley and Safa (1977) observed that the dis-
location images in the synchrotron topograph of silicon wedge
specimen taken wifh 5 ém specimen fo plateidistance show both
| direct aﬁd aynamical images, and several of the direct images
show doublé contrast. Further, the dislocation image wiqths

were very Similér to those of Lang topographs, the narrowest
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image we could measnre being Spm,'in'width, from a 220 re-
flection. - The contribution of any.othervhigher order dif-
fractioniwas very small, The intensities in transmission
of the beams diffracted from the iioo} planes of KNiF3 crys-
tals with éoo;im thickness are calculated as a function of
Bragg angle; at 5 Gev. electron energy and are presented in
Fig.(3-3). For these calculations, the expression for the
intensity giyen'by Tuomi et al (1974) with an additional
 factor fgrffilm sensitivity from Hart (1975) were used. The
structure:faetors of KCon and KNiF3 for different diffract-
ing planes were calculated and will be presented in the
Appendix l - The values of P()) for X-ray synchrotron rad-
iation at NINA can be obtained from Fig.(3-1). Fig.(3-4a)
shows a 002 Lang transmission‘topograph of a 200 um thick
(lOO)iplatetof KCoF3 crystal, taken with»Agmx radiation
(1X='O.56A.), Fig. (3-4b) is a synchrotron transmission
: topograpn:of the same crystal; where the reflecting planes
are of'{ooi} type with the Bfagg_angie-g = 7°, and with a
.specimen to film distance of 10 cm. In this case, according
to the intensity calculations, the basic diffracted beam comes
from the;(OQQ) planes and the bulk of the intensity arises
from X-rays'of.waveiength 0.55. As seen in Fig. (3-4a) and
Fig. (jeﬂb),:the contrast and the resolution is very similar
in Lang and synchrotron topographs. On a synchrotron topo-
' graph; crystal defects can be observed both by extinction and
-orientatien contrast. Orientation contrast is not usually
obsenved,ingthe Lang-techniqne, which uses a collimated char-
aeteristie radiation, and the specimen and plate are close
together" It is particularly 1mportant in synchrotron topo-

graphs of crystals containing dislocations,.subgrains, twins
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Fig. (3-4)

Transmission topographs of a 200lm thick (100)
plate of KCon erystal. (a) Lang topograph,

002 reflection, AgKdl; radiation (A\=0.56A), 3h

exposure. (b) Synchrotron topograph, mainly
002 reflection, 8B=70, 5 Gev, 10mA, 20s exposure,

Ly 25Uum nuclear emulsion.
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and magnetic domaihs{' _In the case of orientation contrast,
spatial o&eflap.or separafion bf the diffracted beam from the
misoriented fegions of the crystél varies with distance,
therefore:the’orientétiqn cbntrast changes for different spec-
41men_tq piate'distances; This iS'illustrated in Fig.(3-5)
for.a:dislogdtion. The mixture of extinction and orientation
contrast observed ffom defects when using synchrotron radiat-
ion can leéd}to difficulties in interpretation. Generally
dislocatibh'imageé in synchfétron topographs are broadened

by orientation contrast and in dislocations exhibiting double
‘contrast, the orientation can be seen clearly. Fig. (3-6a)
and Fig.(3;6b) are tﬁe enlargements of a'part'of the 002
;ynchrotron topographs of‘KCon (Fig.3-4b) which were taken
under idéntigal cohditions, except that the épecimen to film
distanceé wéré 10 cm and 20 ecm fespectively. As seen the
separationiﬁf the maxima %n the bimodal profiles of fhe pair
pf mixed 6rientatioh disloéations in KCon increases as the
‘specimen to film distance increases. The orientation con-
<trast enableéjthe sense of the Burgers vector to be determined.
In this case_fhe "intermediary image" formed by new wave-
fieldslcrééted beneath the dislocation liﬁe, is important, as
the intensity profile of dislocations is not symmetrical.

Thus all three types of images found in Lang_topographs are

present in synchrotron topographs.

Stréaking of images is a common feature of synchrotron
Atopégraphéi ' Using continuous synchrotron radiation, in a
continuoﬁ§ly‘bent lattice each point selects its own wave-
lenéth for diffraction and hence the Bragg angle varies con-

tinuously. Due to the large speéimen to plate distance, the



Fig.(3-5)  Schematic diagram of the formation of the

~ bimodal direct image.



Fig.(3-6) 1Increase in separation of maxima in bimodal pro-
files of two dislocations in KCoF.. Specimen
to plate distance (a) 10 em, (b) 20 em. T7°
Bragg angle, mainly 002 reflection. 5 Gev,

 10mA, 20s exposure. L4, 25)mnuclear emulsion.
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image ie‘smeared out across the film. The streaking is
always in the plane.of incidehce, i.e. perpendicular to the
Bragg planes. ~This effeet can be seen in Fig.(3=7) which
is ‘a synchrotron topograph of a rectangular crystal of- KCoF3
mounted at a corner C with rather a lot of varnish. Because
of the‘glueihe lattice planesat this corner bent and caused
" a larée ﬁtail" to develop .in the image.  Similar streaking
is observed atlfhe damaged edges of the specimen, e.g. at E.
The directioh of.the streaking enables the sense of the
lattice plaﬁe curvature to be determined by inspection.
PrQVided'the’specimen to plate distance is known, the length
Qf the streakAenablés the magnitude of the curvature to be

estimated.



Synchrotron transmission topograph of a KCoF
crystal bent at one corner. {010} reflecting
planes, 50 Bragg angle, 5 Gev, 1lOmA. 30s
exposure, L4 25 m nuclear emulsion.
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CHAPTER FOUR

, PERFECTIQN STUDIES OF KMF3 (M = Ni, Co, Fe) CRYSTALS
GROWN FROM THE FLUX

4.1 crystal Growth

The-erystals were grown from the flux and -‘kindly pro-
vided by Mrs. B. W. Wanklyﬁ and Dr. B. J. Garrard at Clar-
endon Babbratory,.Oxford University,‘and full detéils of
the.flux growth of KMFj'crystals have been reported by
‘Wanklyn et al. (1969, l975)}and Garrard et al. (1974,1975).
In the eariier work, KMF3 crystals were grown from a m1xt-
~ure of MF2 and K€1l, which resulted also in crystals of MF2
" A great degree of intergrowth took place which caused strain
and deformation of the crystal. Later,‘better quality KMF3
was obtained from compositions in the three-cemponent systems
MF2 - KF-Pb 012, and MF2 - KF -'KCl,,from both of which it
was possible te obtain KMF3 in the absence of MF,. The
initial mixture was heated fairly rapidly at 100 to 200 Kh-l
to a temperature 50O to 8OOC above the estimated liquidus.
After melting, with a minimum rate of 2 to 4 Kh'1 the temper-
ature ofsthe furnace was decreased. = If the rate of cooling
was very slow, appreciable oxidation could occur. AAlso it
.sheuld be mentioned that the increase in the rate of growth
could resuit in poor optical quality when the crystals were
large, 5fain the production of many small crystals. There-
fore,when érowth takes place in air, a baiance has to be
.struck between a desirably slow growth rate and contamination
of the meit;by hydrolysis or oxidation during growth. Within

these limitations, one in three batches of KNiF3 produced good
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':crystals; ﬁith KCoF3 oxidation occurred more rapidly, and
with KFeFj, the crystalé were dark brown or black wﬁen grown
in air. - To avoid oxidation, gfowth was carried out under
Né, using Mo crucibles_with.Mo or graphite lids since plati;
num is nét-an appropriate crucible material under these con-
ditions,.Garrard et al. (1974, 1975). The crystals grew
firmlyjattached to the cfucible wall or base, and had to

be separated mechanically and finally cleaned in dilute

HNO ’when (KF + Pb Cl2) was used as flux, whereas (KF + KC1l)

5
dissleed in water. Transparent crystals were selected for
exéminatiqn with the poiarizing_microscope. Under immersion
oil, the crjstals invariably showed strain; some which had
only a small areé attached to the crucible wall, showed
strain oﬁly at those edges. The surface of the crystals

was someWhat rough with many etech pits; Those provided

for topographic éésessment were the best in these respects
andAoptidal examire tion showed no special difference between
them;' ,The furnace programme, and startihg compositions
which peruced the crystals used for'topographic assessment,
were kindly provided by Mrs. Wanklyn and are listed in

Table (4—1). The topographic results of different batches

are alsdﬂshown in Table (4-1).

4,2 Preparation of Specimens for X-ray ‘Topography

Theiés-grown cubic crystals were usually a few mm
on edgeQ'Fig.(M-la) shows an as-grown crystal of KNiFj. As
the absdfption of X-rays in the crystal is considerable,
and preférably‘x—ray tbpographic studies should be performed

when }if<:i (WL is the absorption coefficient, and t is the
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Fig. (4-1b) Photograph of an as grown crystal of KCon.
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thidkness of the specimen), thin platés of crystals should

be prepaped. The values of abspfptidn coefficient of KNiFj,
fpr»Mo KO, , and Ag Ka, radiation afe given in Table (4-2) and
as seen er a 2OOLLm.thick KNiiF3 sample the values'of llt

can just fulfil X-ray fopogfaphic requirements for the "thin

crystalﬁ‘case o
: ‘TABLE 4-2

The absorption coefficients of KNiF
Radiation || (A ) ;1(cm'l) ' t(cm) it
Mo KO | .0.5608 91 0.02 1.8
Ag Ky 0.7107 V7o 0.02 0.94

Thih'plates, approximately 200 Um thick were prepared
by mecﬁaﬁical grinding on silicon carbide paper. As the
orystaléiare«fragile and-usually break easily along<<}0q>
directioﬁs;:one should be extremely careful and patient
during thé grinding. Because of this, it was very difficult
‘yto grind'the crystals down to a thickneés less than 200‘im.
Then,the leished specimens were etchéd in HF extensively.
‘Such a‘précedﬁre left a somewhat irregular surface but one
which Was;.in the main, free from strain. Fig.(4-2) is an
optical-micrograph of a 200;1m thick oriented plate of KNiFj'
crystal ffoh batch I, which was prepared by grinding and ex-
tensively etched in HF.._ As seen,.the surface is covered
with.manyneﬁch pits. HF aftacks KFeFjﬂ and KCoF3 quickly
and etching periods were about one hour, whereas in the case
of KNiF"afuleast an etching period of onefheek was required

>
to get rid.of surface strain and scratches introduced by

polishingf



Fig. (4-2)
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Optical micrograph of KNiF3 crystal from
batch I showing well developed etch pits, P.
Transmitted light. (100) oriented plate,
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4.3 Choice of the Geometry of the Diffracting Planes

‘The extinction distanc'es of KNiFy and KCoF for differ-
ent diffraction Vectors g were calculated and are presented
in Tablen 1 of Appendix I. This table shows that not only
some of . the reflecting planes such as{}oo}have small struct-
‘ure factors and are not favourable reflections from the view-
point of 1ntens1ty but their extlnctlon distances are also
long.and therefore very w1de dislocation images result. As
seen in the same table the 200 reflection is an ideal one
for-X—ray topographic studies of fthe KMF3 system. In this
case the dlffractlon is strong (relatively high structure
factor), and dislocations resolve well (low extinction dist-
ance). For example the extlnctlon distance of KNle 200
reflection MoKal radiation, is 5205 20.3}1m, and using the
expreSsions-(2-6) and (2-7) the image widths of screw and .
edge dlslocatlons are 6. 5;1m, and 11. 4;1m respectively. 1In
most of the Lang topographic experlments of the present work,
200 reflectlons using MoKa or AgMXl radiations have been

studled and the images were recorded on Ilford L4 Nuclear

Emulsion of thickness 50 ym.

4.4 X-Ray'Topographic Observations of KNiFj

Figl(#éj) shows the‘X-ray topograph of the same crystal
as:showngin Fig.(4-2). As seen in Fig.(4-3) there is a dis-
location;h linking two well developed etch pits at P and Q.
This'dislocation completely disappears in the 0I1 reflection
and it is concluded that it is of mixed character, having a
1arge edge component. According to the~Burgers vector anal-

ysis of-mlxed d1slocations in KNiF3 anddKCon which will be




Fig.(4-3) X-ray topograph of the same crystal.
~ 020 reflection MoKQ, radiation. Kht=1.8,
L4, 50um nuclear emulsion.
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diéCussea"}n'section (4-7) ‘the line direction of this dis-
location iSiconsistent with a Burgérs vector-[Ollj . It
seems that the bundle of dislocafions marked D in Fig. (4-3),
was generated by plastic deformation and it was not possible
to determine the Burgers Vector. The position of etch pits
in Fig}(4—2) and Fig. (4-3) shows thét'only some of the etch
pits like P and Q correspond to dislocation out-crops. The
large_etdh'ﬁit P has developed to sucﬁ an extent that a hole
has been_pUnched righf through the specimen. Pendellasung
fringesare'ﬁsually seen in highly perfect crystals and their
presence on the sloping sides of the etch'pits and at the
tapering -edge of the crystai is interesting as it indic-

ates high lattice perfection.

. The growth history of crystals'can be studied by X-ray
topography, and growth band studies are valwable in tracing
ﬁhe morpholqu of ﬁhe crystal throughout its growth history.
The growth bands seen in X-ray‘topographs arise from fluct-
uation ihlthe lattice parameter during crystal growth. Such
changes may;be produced during growth by variations in temp-
erature which result in changes in the pattern of convective
flow in-the melt adjacent to the crystal surface. This re-
sults in Qery small‘changes in composition in the deposited
layers @f»the crystal probably with ilons of the flux incor-
porated‘suﬁstitutionally in the lattice. The crystal shown
in Figs;(452) and (4-3) exhibits relativle'weaK growth
striations;'indicating that growth was quite uniform. In
all-crystalélexamined,'the growth bands weré~paralle1 to
<floq> directions, though in Fig.(h-}) the growth bands are

not perfectly straight. This shows that the growth face
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was-not'exactly planar throughout'the growth history. The

‘ topographs do not, however, givenény indication as to the
cause of this stepped growth." It seems that most of the
:ofhér featunes correspond to mechanical damage introduced
into the surface by handling. The faint wavy lines in the
region X‘norrespond to steps on'tne specimen surface. This
particuiar crystal was the most highly perfect specimen found
from batéh;I and has been used extensively for antiferromag-
netu:domainfétudies. The high‘perfection has enabled anti-
'ferrbmagnétic domain wall motion in magnétic fields up to

13K0e at low temperatures down to 4.2 K.

While batch T was of clearly superior quality to other
. batches, it would be incorrect to present the.impression that
all crystéié in batch I were of comparable perfection to that
shown in Figs.(4-2) and (4-3). In most crystals, the growth
bands_wefe.muCh more pronounced, indicating that the lattice

parameter variations within the crystal were much larger.

An éxample of’a strongly banded crystal from batch T
is given in'Fig,(4e4). Again the surface of the specimen
was very rough and some etch pits have developed right through
the speéimen.. Around them, and_the spéoimen edges,
Pendéllﬁsnng fringes are observed delineating contours of
.equal'tnickness. The crystal was of,cubic habit, of side
4 mm, énd,from the growth band observations oné can conclude
that at éilftimes growth.occurred at the equél speeds on
theA {iQO}__faces.‘ Nucleation occurred in the top right
'hand conner. As expected, the growth bénds became invis-

ible when g.f = o, f being a vector normal to the growth face.
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Contrast arises from the boundary between‘the two growth
seétqrs A and B observed in Figs.(4-4b)aﬁd_(4-4cj-but not in
Fig. (4-4a). The straightness of the growth secfor boundary
is a good'méasurerf the variation in growth velocity in the
two sectors. When the diffraction vector is parallel to
the grdwth seétor boundary, ﬂo contrast is obSérved from it,
and this is in agreement with the.moq§liof the lattice dis-
tortions at a growth‘sector boundary proposed by Bonse (1965)
and Fishmén and Lutsau (1970). While Parpia (1976) has
pfopoSed”a-@odel to accounﬁ_for the sector boundary contrast
in synthetic quartz, with the present observqtions one can

not'determiné whether -Parpia's model is applicable here.

. As ié evident in Fig.(4-4), the dislocation density is
low'andithfee types of dislocations were identified. Dis-
locations_Dl, form a pair running normal tq‘the-growth face
in sector B. They are invisible in the 020 reflection
(Fig.(4-4c)4and also in thé 110 reflection (hot shown). The
Burgers vector is therefore parallel to [001] and as the
.shortesﬁ léttice translation in this direction in the pero?-
skite stfuéture is»[pOl] s therefore for these dislocations
b =1 [Ooi] . Théy are therefore pure'screw dislocations
and as seéh'théy exhibit some waviness, which can be attrib-
utéd,to élimb occurring while the crystal was at elevated
temperaturé; The dislocations D, aiso run normal to the
growth front and are alsé invisible in the 020 reflection
Fig.(ﬁ-#é) and liO reflection. These dislocations also have
'Q -1 [OOlj‘and are of pure edge type. - It is interesting
to note ﬁhat no marked change in growth.Qelqcity occurred

upoh nucleation of the screw dislocation»Dl,though with only
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Fig.(4-4) Topographs of another crystal from batch I.
Pendellosung fringes P indicate high perfection,
MoKQ, L4 501m nuclear emulsion.

(a) 011 reflection. Growth bands in both sec-

, tors A and B visible. Sector boundary in-
visible. Dislocations Dj invisible.

(b) 002 reflection. Bands in sector A invisible.

(e) 020 reflection. Bands in sector B invisible.
Dislocations D1 and D2 invisible.
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a thin.séotion oeing examined it is‘possible that screw dis-
‘looations~were already present at the growth front. The
.disiocations D2,might be expectéd to exist in pairs, as do

dislocations Dl’ but one of the dislocations_may have been

lost in polishing the 200 ILm thick plate. The dislocations

D3 vaniéhfonly in dli reflection and it ié concluded that
‘b #i;[pil] ; This particular crystal'plate is of consider-

able interest as it exhibits‘in a flux-grown crystal mahy

features'characteristic of solution growth and as we will
see-in section (4f7) the directions of thése dislocations
are in agreement‘with the postulate that dislocations in
solution-gfown crystals run in such a direction as to mini-

mize their elastic line energy per unit length of growth.

The early topographic studies of the. crystals from the
batch i revéaled high dislocation densities which were mainly

due to the plstic deformation.

Fig;(4-5) shows a topograph of a(llQ)Aslice of a crys-
tal froﬁ:batch IT. As in all cryétals examined from this-
batch,'stfoﬁg growth band contrast is observed. Many dis-
location‘lines can be identified in the right hand part of
t he topograph. This observation is supported by the high
density of etch pits found on the surface, and the general
perfection of this batch was inferior to batech I. However,
the-strong"growth bands observed in the (110) slice confirmed
that grthh occurred on the three {lod}.“faces at equal

rates throughout growth.

Fig. (4-6) illustrates the typical product of batch III.

The dislooation density is high and individual defects cannot



Fig.(4-5) Topograph of (110) plate of KNiF

crystal

3
from batch II. 110 reflection MoK(],l radiation,

L4 50um nuclear emulsion.




Fig.(4-6) Much less perfect crystal from bateh III.
High dislocation density. 020 reflection,
AgKOly radiation, L4 50U.m nuclear emulsion.
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be clearly resolved. The dislocations do not lie along -
'crystallographic directions and are not straight. It seems

‘that they arose from slip at high temperature.

Although the best crystals of KNiF3 were obtained from
batech I, -and were grbwn using a PbCl2 flux, there did not
appear tQ,be'a SignifiCant correlation netween crystal per-
feétion and the flux compoéition as the crystals of batch IIT

were inferior to those of batch II.

4,5 X-Ray‘Topographic Observations of KCoF3

Fig.(4=7) shows the topograph of a 200 |im section of

a crystalfof-KCoF from batch Iv. In the lowér section,

5
the dislocation density is high but in the npper left hand
corner it is free from defects.. The growth banding is quite
étrong, as in KNiFE, indicating that growth took place on
the {100} faces throughout growth. Several.dislocations
D are visible which are clearly grown in and are of [Oll]
' Burgers .vector énd as séen in.Téble (5-14) their direction is
in excellent agreement with the theoretical prediction. The
:dislocafions E are curved and as in fhe KNiF3 crjstal shown
in Fig.(@-é) one may suggest that they.arose from plastic de-
f‘or‘ma'ticin during gfthh. |
Thg best as-grown‘KCon crystal in bateh V is shown in
Fig.(4-1b). The whole nrystal was cubic of 8mm edge, and
it was nntjinto three sections, and each section was pfepared
by mechanical grinding and then etching in HF. |
The“fifst section is snoWn in Fig.(4;8). As seen the
growthibands are in [QOL] direction and the pure sérew dis-

locations d run normal to the growth bands. In.the region X



Fig. (4=7)

KCon crystal from batch IV. High dislocation
density in the lower region but much more per-
fect region above. A few growth dislocation

D identifiable. 020 reflection, MoKa1 rad-

iation L4 50ym emulsion.
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a tangle'of"dislodations which can be attributed to plastic
" deformation is observed.A ‘The other features may be due to

the surface damage.

The centre section is shown in Fig. (4-9). Althouéh
the growth banding is very stroﬁg, indicating a large change
in lattice psrameter during ‘the course ofvgfowth, the dis-
bcation density iS‘Very low. in the left hand fegion'x.of
the micrograph evideﬁce of plastic defofmstion is seen in
‘the tahgle of dislocation lines. Inspection of a photograph
of the crystal in situ before removal from the erucible
“(Gérrard; Wanklyn, and Smith (1974)) revealed that the plas-'
tic defofmstion occurred in a region where substantial inter-
growth had ‘taken place. Referehce to the growth bands shows
that this~fégion was that which was first to grow. Fig.(4-8)
also shows a similar dlslocatlon tangle in the corresponding

pos1t10n X - in the adJacent slice.

It is interesting to note that this crystal did not al-

ways grow at equal rates on all {100} faces.

.As in KNlF3 there are several long straight dislocations
typical,qf solutlon-grown crystals. In Fig.(4-9a) dislocat-
ionle and D3 are visible;‘D1 being pure screw in character
with Burésfs vector [plQ] while D3 are of mixed character and
of Burgers vectors [@ll] » these being completely invisible
in the @IL}reflectlon. In Fig. (4-9b) another set of disloc-
ations D2 are 1nv1s1ble and are of pure edge character and
Burgers'veqtor [pOl] . As we will see in section (4-7) and
Table (5-4)-the direction of these disloéations are in good

agreemeﬁt‘with the minimum elastic energy principle.



Fig. (4-8)

First slice of the best KCon crystal from

batch V. Growth bands in contrast in [001]
direction. Dislocations d visible. 020

reflection, AgKqg, L4 50um emulsion.
1 M

s



Fig. (4-9) The centre section of the best KCoF3 crystal
from batch V.
(a) 020 reflection, AgKQy radiation. Dis-
locations D1 and D3 in contrast. Growth

bands G in contrast.




[010]

(b) 002 synchrotron topograph, 7 Bragg angle,

now dislocations D2 are visible, growth

bands G invisible.




Fig.(4-10) The third slice of the best KCoF

crystal

>
from batch V. 020 reflection, AgKGl,

;1t:4-, L4 50)m nuclear emulsion.
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4Fig‘._v(4-lo) shows a Lang topograph of the third slice -
of KCon crystalnfrom batch V. This slice was rather thick
. (t = 800 m) and for Agklt; radiation pto4. Although it
is dlfflcult to 1nterpret all the contrast in this absorpt1on
condltlon, surface features appeared strongly on the topo-
graph. In Fig. (4-1b) straight lines which can be attribut-
ed to cracks on the surface of the as-grown crystal are ob-
served.; Although this slice was polished, most of these
lines were seen optically. The X-ray topographic contrast
also ShOWS,seVeral horizontal lines which may be due to small
cracks. The vertiealrblack.bands are very similar to growth
bands, bu't-',the contrast is comp_l.icated. Baruchel (1973) has
__also observed similarAcontrast on‘an X-ray topograph of KCon.
In order to reduce the crystal thickness, it was ground mech-
anlcally, but due to the presence of cracks in the crystal,
it shattered. _ However one small piece of the crystal (2x3mm)
-of BOO}im was prepared. X-ray topographic observations on
this thin:plate'proved that~it was of comparable quality to.
-the firstkand second slices. No surface features were'ob-
served. | |

4.6 X-Raerepographic Observations of KFeF3

Fig. (4-11) shows a topograph of a crystal of KFeF3 from
batch VI,'grown from Koch-Light FeF3 under similar conditions
af(batchﬂV)»= The quality is clearly inferiqr to the KNiF3

and KCoF Although the contrast is difficult to analyse,

3‘.
it appears that many precipitates exist throughout the crystal,
‘not Just.at the surface. It is suggested that these are oxide

particlesaiheorporated during growth.



from

Fig.(4-11) Relatively imperfect crystal of KFeF3

batch VI. Momal radiation 020 reflection.




; Imm

Fig.(4-12) Topograph of the best KFeF3 ecrystal. A
few growth dislocations D and E are seen.

110 reflection, Ag&al radiation.
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Fig.(4-12) shows a topograph of a crystal of KFeF3
grown from Cerac Fng.instead of. Koch-Light FeFj. As seen
the crystal can. be grown with comparable perfection to the
~other fluorides. The dislocation D runs normal to [QOl]
aﬁd.thé dislocations E are of mixed orientation. The dir-
ect@ons qf these dislocations are similar to}those seen in
-KNi]:«‘j and KCon. The di's-locat_ions. in the regions X and Y

were presumably generated by plastic defdrmation.

4,7 The Direction of Dislocations in Flux-Grown Crystals

An ekﬁensive series of.experiments by Klapper (1972,
'1973),,ahd Klappef and Kuppers (1973;'1974) on crystals grown
from aquéous solution have revealed that the dislocation con-
'figufatipnsimay be interpfeted using a single hypothesis.

If it is aséumed that the crystai grows in such a way as to
minimise its free energy, it follows thatidislocation lines
preferenfially run in those directions which minimise their
elastic iine energy per unit growth length. This condition
is also equivalent to the dislocation line experiencing zero
force dﬁe.to_the growth surface. Klapper and hislcoworkers
have calculated the line energy E (b, 1, Cij) of dislocations
in crystal$ using anisotropic elasticity theory. The energy
may be written |

. -
E (g,;,cij) =X (g,l,cij)b . ;n(R/r)/un 4-1.

where K 1s the energy factor, R and r the outer and inner

cut'offAradii of the dislocation, b the Bﬁrgers vectof, 1

the line direction and C,, the elastic constants.
Thelehergy per unit growth length.isfthen

W gg,‘__l_,cij,_rl) = E(p_,_l_,cij)/Cosa | | 4-2
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where n is the normal to the growth face»and(x(n,l) is the
angle between n and 1. The theory gives vefy good agree-
ment between theoretically preferred directions and disloe-
ation line directions observed by X-ray topography in a wide
range of aqueous solutlon grown crystals. Epelboin et al.
.(1973) have.also found that the theory was applicable to
hydrothermal_growth, and the agreement between the theory:
and their X;fay topographic observations was quite good. In
order to test the theory in high temperature flux-grown KNiF3
“and KCon crystals, Dr. H. Klapper kindly computed the pre-
ferred dlslocatlon directions and as seen in Tables (4-3)

and (4 Ly the agreement between the present X+ray topographlc'
| observatlons and the theory is excellent This work will be

reported by Safa,ATanner, Wanklyn and Klapper (1977).

In the case of KNiF3 Table (4-3) shows that the disloc-
ation lines 1 in Fig. (4-4) obey the three general rules form-

ulated by Klapper and Kuppers (1973, 1974). = These are:

1. For1Burgers vector b parallel to n, 1 is parallel ton

(screw dislocations Dl). | |
S 2. For b normalvto n and n parallel to a direction of two-

foldfsynmetry, 1 is parallel to n (edge dislocations D2).
3. For b neither parallel nor normal to n, 1 lies between

n and‘é (mixed dislocation D3)'

Usinglialues of »elastic constants taken from Rousseau,
Nouet and'Zarembowitch (1974) the variation of the elastic
line enefgypper‘unit growth length W was.computed as a function
of orientation. As seen in Table (4-3), the theoretical pre-
A'ferred.directions of dislocations Dl and Dg‘lie normal to the

respective growth fronts as expected on symmetry grounds.
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Agreement. for these dislocations is excellent. For dis-

location D},

angle of 12° to [001] in the (100) plane and the direction

the theoretically preferred direction makes an

- of the isolated dislocations, e.g. dilecation»Dj(A),Ais in
léxcellent agreement with the theoretical prediction. The
agreement:for thé bundle of dislocations DE(B) is not so good
but‘it.shOuid be noted_that the curvature of the energy sur-
face-is Véfy-small and the variation in elastic line energy
per unit gfowth length between an angle of 12° and 20° is
only l%ﬂ" In such a case other influences may become import-
'ant, for example, the mutual elastic interaction within the
dislocation bundle or with the strain fields of growth bands.
This may'push the dislocatibns apart, thus increasing the
‘angle of the fan around the mean angle of about 17°. It
should aléb be noted that the aﬂgular spreéd of the fan de-
creases’whep.the.disiocétion lines DB(B) propagate from their
origin in,the gfowth band producing strong X-ray topographic
contrast;, Here their orientation approaches the calculated

direction;
' TABLE 4-3

Observed and Theoretical Preferred Line Directions in KNiF3

Angle made with [0O1]

Dislocation | oroWeh b in (100) plane
' Observed |Theoretical

’ 0 (0]

D, (oo1) | foo1] 0° 0

. ‘ : o) _ o)

D, (010) | [oo1) 90 90

N ~ Ot 0
D, . | (oo1) |[oma] |12770-5for A} 400
> 15-30 for B




(FA

:Similar computations were performed tb determine the
preferred line directions of dislocations in KCon crystals

grown from flux.

Table (4-4) shows that there is excellent agreement be-
tween the theoretical and obgerved directions of dislocations

in three different crystals of KCon.

TABLE 4-4

Observed and the Theoretical Preferred
Line Directions in KCon

Tngle zade')with 010
s Growth in (100) plane
Dislocation b
| o | Sector = Observed Thgor—
_ etical
D,,Fig(4-9) | (010) | [o10] 4°%p,5° 0°
- 0°%0.5%for D,(A)
2 o)
D,,Fig(4-9) | (010) | foo1] 0-5° for D, (B) 0
D5,Fig(4-9) |  (010) [o11) 13° T 0.5° 16°
d, Pig(48) | (o10) | [o10) 0° - 0°
D, Fig(4-7) | (010) | [o11) 13° - 14° 16°

Calculations show that the energy minimum is quite sharp
for the screw dislocations D, and d but rather flat for the
edge disloqations D2. The energy minihum of mixed dislocat-
" ions D, and D is aiso shallow, the variation in W between 12o

5
and 20° with [010) is only 0.3%.

Although the values of eléstic constants used were nec-
essarily rébm temperature values, the agreement between the
obsérVed and theoretically preferred line directions ié.excell-
ent. The small discrepancies brobably arise more from mutual -

elastic interactioﬁs between dislocations than from the inaccuracy
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in values of the elastic constants. Although changes in
the absolute values between 20°C and-900°C might be expected,

the relativé values are not expécted to vary very much.

Thé‘present work has demonétrated that a concept orig-
inali& formulated in relationlto growth from aqueous solution
'at'room temperature can be appLied successfully to solufion |
growth fﬁbm.molten salts at high temperatures. When plastic
deformatioﬁ or dislocation climb does nof mask the intrinsic
features,»the dislocation configuration in flux-grown érystals

can be understood in terms of one very simple principle.
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CHAPTER FIVE

CRYOGENIC X-RAY TOPOGRAPHY

5.1 Review of the Low Temperature X-ray Topographic Experiments

Despiﬁe the considerab;e intgrest which exists.regarding
rodm température_x-ray topographié experiments, very few low
'temperatﬁfe topographic studies have been performed. As
X-ray topography is a very powerful technique for domain.
‘observétioné in tﬁe bulk of the specimen, and many materials
vbeéome magnétic or antiferromagnetic at low temperatures,'the .
developmeht of cryogenic X=-ray topography is extrémely import-
ant. :

The:first low temperature X-ray topographic experiment
was perfofmed by Saito, Nakahigashi, and Shimomura (1966) to
observe antiferromagnetic domains in CoO by the Berg-Barrett
techniqﬁe.l;_They used a liquid éir cryostat in which a gonio-
Vmeter with é copper specimen holder was attached to thé bottom
of the metai container for liquid air. The specimen was glued
to the éopper'holder,~so that it was cooled by thermal con-
duction through,the‘goniometer. Thé specimen was enclosed
by a plastié cover which 1s transparent for X-rays as well
as for ViSible light:.. The specimen chémber thus formed,
was conﬁéctéd directly to a vacuum space for heat insulation
in the cryéstat. Under usual conditions, the specimen temp-
erature was estimated to be ébout 123 X. Hosoya and Ando'
(1971 ahd'l972> using a liquid nitrogen cryostat studied anti-
féfromagﬁétic domains in Cr by X-ray and neutron topography_
respecti&éiy. Schlenker, Baruchel and Noﬁet (1973) using a
liquid nitrogen cryosﬁat especially designed for X-ray trans-

mission'topbgraphy observed domains in KCOFj. In the'iiquid



76

hellum range, MERIC have manufactured a variable temperature
cryostat specially designed for Lang topography. The deta1 .S
of this cryostat will be discussed in section (5-3).  Mathiot,
. Petroff and Bernard (1973);'Petroff and Mathiot (1974);
Mathiot and Petroff (1975) used this cryostat for Lang X-ray
topographic studies of magnetic domains in terbium iron garnet
at temperatures down to 4.2 K, and we have also performed topo-
graphic experiments at temperatures down to 4.2 K with this

'cryostat;

The author has been involved in the design of three
different cryostats for X-ray-topography using Lang and syn-
chrotronltechniques. In this chapter the designs of these
cryostats and also the one.manufactured by MERIC will be des-

cribed.

5.2  Glass Cryostat with Cold Finger Tail

This‘cryostat was originally constructed for use with the
Lang camera in the liQuid nitrogen range and it was designed

in collaboration with Mr. D. Midgley.

Fig.(S-la) shows the cryostat mounted on the Lang camera.
Fig. (5-1b) shows the details of the bottom part of the glass
cryostat; ;'The dewar itself was made from glass and a glass-
to-metal‘seal carried a copper cold finger E from the nitrogen
reservior'to'the specimen situated about 5 cm below the reserv-
oir. Specimens were mounted on brass holders H capable of
crude adjuetmeht about a horizontal axis'on two grub screws.
.As the holder can not be rotated in the vertical plane, the
spe01men should be mounted carefully in an accurate geomet—

rical p031t10n within a degree to satlsfy the desired Bragg—
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reflectlon. ‘KNiF and KCoF. have the perovskite cubic

3 5

structure, and the specimens are prepared asyuxathln plates
These specimen plates usually have well defined [bld} or- [OOl]
egges, thefefcre using a set square, one can glue the specimen
- in the~desired position and fulfil the diffraction condition.
For lom temperature topographic experiments, Varnish was used
to glue the specimen; A glass cap C fitted with mylar wind-
OWS vahich were fixed with epoxy resin, covered the specimen
and ensufed-a vacuum space round it to minimiée-heat loss.
'Thls vacuum .space connected with the dewar space and for this
reason the dewar was continuously pumped w1th a rotary pump
during operation. Due to the relatively poor vacuum there
was considefable heat loss down the cold finger and the spec-
- imen ereé,ccnstituted the weakest part of the design.  Con-
sequently; the cryostat has never achieved a temperature of
_77 K, and}the typical'temperatures obtaiued, were estimated
£o be about 100 K.

In Laﬁg's method using a. conventional generator, the
photographlc plate must be situated within 1-2 cm of the
specimen in order to obtaln a geometrical resolutlon of 1-2Um.
As a result a diffracted beam slit is required in order to
eliminateAthe unwanted direct beam from the photographie plate.
AS seen in Fig. (5-la) and Fig. (5-4b), the slit S is located
immediétely after the cap C and the photographic plate is
placed Jjust after the slit. in the case of the glass cryo;
stat, 1t was possible to place the fllm within 2 Cm of the
specimen.ll Using this arrangement, domaln patterns of KNle
were observed with good resolution. It has proved difficult

to de51gn cryostats capable of fulfllllng these requlrements




Fig.(5-1)

(a)
(b)

The glass cryostat mounted on Lang camera.

Details of the lower part of the cryostat,
note the cold finger E and specimen holder H,
and mylar windows W on the cap C.
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while at tne same time ‘being traversed across'the X-ray beam.
It turns:cut to be alnost.impossible to place the whole ass-
embly between the pole pieces.of an electromagnet heving a
"gap of 255 cm. Only one example of e'topographic study in
megnetic-fields un to 10 KOe~ has-been performed by.Xamada

et al. (1966) This is a room temperature study of antiferro-
magnetlc domalns in NiO using the Berg-Barrett topography method
-in whlch no~travers1ng mechanism is involved. As this is a
reflection technlque, domains 1n the interior of the crystal

were not 1maged.

in Chapter Three the advantages of Xfray fopography using

synbhrotron_radiation were discussed, and we saw that with
the 5 Gev'eiectron synethrotron NINA at Daresbury Laboratory
a geometrical resolution of 1 Mm can be achieved when the
specimen tc plate distance is 10 Cm, and no scan 1s needed.
Synchrotron radiation enables many new experiments to be
designedanich require considerable quantiﬁies of other appar-
latus around the specimen. For the first time this technique -
was empicyed to study domain'behaviour of‘KNianand KCon in
the presence of magnetic fields ub to 14 KOe at low temperatures,
(Chapter:Eight). |

' The'glass crycstat proved to be particularly suited for
synchroﬁron work. Fig.(5-2) shows the schematic arrangement
of the cr&ostat and electromagnet for synchrotron'topography.
The cryostet was mounted directly on to the electromagnet .
coiis, ana as the specimen nas arranged to be situated at
the centre of the coils, the angle of tilt of the specimen
could be changed without altering the helght simply by sliding

the cryostat mount around the rim of the electromagnet. Coarse



'§= To rotary pump

Dewar

X-ray beam

I%IIII/

. Fig.(5- 2) Schematlc diagram of the cold- flnger eryostat
- mounted directly on the electromagnet coils C
- for synchrotron topography.
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' height‘adjustment was made by jacking the whole electromagnet
up'on four threadedllegs. "Lateral adjustment was made by

pushing the whole electromagnet along its base by “two large

~screws. Due to the almost complete polarlzation of" the beam,

- the 1n01dence plane was chosen to be vertical in order to

| max1mlze,inten51ty. vConsequently, theurotatlon of the specl
'1meﬁ about a»horizontal.aXis'normal to the'beam was sufficient.
Brass speolmen holders of this cryostat were capable of th1s
rotation - The electromagnet used was a Newport 4 inch model
prov1d1ng a field ofl} KOe at l2A 1n a gap of 2. 6Gﬂn The 1n—
tens1ty of synchrotron radiation is extremely high and there-
~ fore, duelto the.health hazard, ‘mo adjustments can be made
with theprray beamlon_unless they are performed;remotely.

| | -As'mentioned in section-(j 5)’the specimen can be
aligned - 1n the laser beam marking the path of the X-ray beam.
-Use of transparent mylar for the X ray w1ndow permitted
“observatlonlof the position of the light_beam on the specimen,
and the adjustment of the specimen was easy. The.cryostat:
waslusedpfor dOmain wall motion'studies of KN1F3.

5.3 Stainless Steel Cryostat with a Gas—Cooled Tail

Th1s Varlable temperature cryostat was manufactured by

- Meric for work in the temperature range of 2-300 K . Fig. (5-3)
ShOWsra:schematic diagram of the cryostat. The specimen is
cooled byfconvection in a current of.helium”drawn off from

the reservedthrough"a needlelvalvelv Circulation of coolant
is achleved by pumplng on the central canal contalnlng the
crystal which is mounted on a holder enabling 360 rotation

in’ the Vertical plane to be obtained while the spe01men is at

' low temperature. ‘This rotation 1s‘extremely useful for fine



Spacimen orientation

E/- control

—p T0 Vpump

Liquid
| L ——helium
reservoir

Liquid
~— nitrogen
reservoir

e e ,/1, . . == | _ Active

. / charcoal

/ . 11 - _Tail only 12.6mm in depth
Needle valve T '

L Ga As therm‘qmete‘r

—O-M ~Specimen situated between
{ . Be windows

" Heat exchanger

Fig.(5-3) Schematic diagram of the Meric cryostat for
.X-ray topography at liquid helium temperature.
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adjustmeﬁteAand also for taking topographs of different re-
flections While the sampie is kept in a desired low temper-
ature. By means of the heat exchanger, which incerporates ‘
S an electrical heater, temperatures above 4, 2K may be main-
talned w1th the stability of 0.02 X. The helium reserve is
of 2 lltres capacity and is surrounded by a liduid‘nitrogen
shield of capacity 3.4 litres. At 4.2 K one 2-litre £ill of
'1iquid helium lasts between 10 and 12 hours, so relatively
long exposures on the Lang camera are.possible. Fig.<554a)
shows the Meric eryostat mounted.on the Lang camera, using
“the'rotating anode GX6 X-ray generator. For Lang tdpography
it is extremely important that the film be placed very close
to the eeecimen and the cryostat tail containing the specimen
holder ishSo designed as to be only 1.26 cm thick. As seen
in Fig.(5-4b), with care it is possible to place the film
“within 1 cm eftheAcrystal.' Two’beryllium windows W in the
‘teil_allow.passage of the X-rays. Temperature measurement
and its control is achleved by means of a Ga As thermometer

mounted on- the specimen holder.

| Fig.(555) shows the front and back views of the Meric-
cryostatmeUhted between the magnet pole pieces at the end'
of the beam‘line in the NINA Synchrotron Radiation Facility.
The emulSien.plate holder .F was mounted on the outside of the

eleCtromagnet coils at a distance of 15 cm from the specimen{

.Thie-cryostat could satisfy hoth long exposure require-
;ments of'Lahgvtopography and the short exposﬁre requirements -
of synchrotron topography, althbugh because of its relatively
wide tail‘(S cm), using the Newport 4 inch electromagnet, only'

fields of6.4 KOe at the specimen was achieved. This cryostat



The Meric cryostat mounted on the Lang camera,
using rotating anode GX6 X-ray generator.

The position of the tail of the cryostat,

slits, S, and film F for Lang topography.







Fig.(5-5) Photograph of the Meric cryostat mounted
bz2tween the electromagnet pole pieces on
the beam line from NINA at Daresbury.

(a) Front view, (b) back view.
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was extremely useful for domain wall motion studies of KNiF3
énd for this purpose the'magnetic fields up to 6.4'Koe

were sufficient.

5.4 Glass Cryostat with no X-ray Window

Domain wall movement experiments reVealed that the crit-
‘ical magnetic field at which antiferromagnetic demain wall
metion-ceésed in KCon was considerably higher than the ﬁax-
“imum field (6.4 KOe)which could be obtained using the Meric
cryostat{énd‘Newport 4 inch electromagnet. As the transition
temperatﬁreeof KCoF3 is TN = 114 K, a cryoetat capable of-
achieving stable temperature well below 114 K was needed.
Althbugh'the glass cryostat with mylar windows and cold finger
had a téii;of 2.4 cm width, and experiments’up to 1.3 T could
be performed with it, because of heat loss the achieved temﬁ-
eratureAdepended upon the vacuum condition of the cryostat,
and one eouid not be certain of the actual temperature of the
sample. - Therefore the problem-wae fo design a cryostat cap-
able of)aehieving higher magnetic- fields at 77 K. The only
eelutioﬁ‘was to reduce the gap between the pole piecee, but

at the samevtime maintaining a temperature‘bf 77 K. The pro-
blem was'overcome by immersing the specimen in liquid nitrogen
containedein a thih-walled narrow-tailed glass cryostat. Al-
though the absorption of X-rays in the glass and liquid nit-
rogen is coheiderable, by exploiting the'enormous intensity

- of Synchrotron radiation this kind of cryostat proved to be
successful. As illustrated in Fig.(5-6) the specimen was
attached 55 a brass holder on the end oan,stainless steel

- rod claﬁped at theltop.of the dewar. The tail of the dewar

was left unsilvered, and thus, it was easy to align the crystal



=)

S /Clamping screw
Liquid nitrogen <« |

Fig.(5-6) - Schematic diagram of the windowless cryostat

 for high field work at T7K.
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in the laser beam while it was immersed in the liquid nitrogen.
Although cOnsiderable bubbling occurred at the specimen due to -
the heat leak down the stainless,steel'holder, this did not

seem to cause unacceptable vibration of the specimen.. The

glass'cryostat worked extremely well particularly as the glass
rather'conVeniently absorbed the nitrogen scatter and much of
the backgreﬁhd'from theAdirect beam. The topographs of.KCoF
in dlfferent steps of fields up to 14 KOe taken with this cryo-

stat w1ll be presented in Chapter Elght

,~The.intensity of the synchrotron topographs was calcul-
ated by Tﬁomi et al (1974) and was given by eipression (3-1).
In the case of this glass cryostat, the absorption of X-rays
in the glass and nitrogen should also be taken into account,
therefore the intensity of the {hkl} diffracted beam is given
oy

. ' ’ - 3 : . ) '
I, . ~PQ). B, A8 o= (Bt +Ut +u,t,)
hicl ( hkl oo 2 (5-1)

Where S is the film sens1t1v1ty which varies w1thl Mo

ul and ]Jg are the absorption coeff101ents of the specimen,
liquid nltrogen, and glass, t, tl and t2 are the thicknesses
of the spe01men, nitrogen, and glass respectlvely. The other
symbols have thelr usual meaning. According to the analysis
of the Jobllng Laboratory Group Glass, the following is a
typical: comp051t10n of the glass used for the construction of

thls cryostat

3102 80.60%  Ca0 0.1%
B2-o3 12.60% cl 0.1%
~Najy0 4,15% Mg0 0.05%
ALO5 2.20% Fe 05 -0.05%
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The abserption coefficientskl, s Mo for different wave-
lengths were obtained from the International Tables for X-ray
Crystallegraphy (1962). The thickness of liquid nitrogen in
‘the-tail of the dewar;was tl= 1l ¢m and the total glass thick-
ness of the dewar t, = 0.6 cm. Using the values of P()\) from
Fig. (3-1), film sensitivity S from Hart (1975) and'values of
structure factors Plic1 from table 1 of Appendix I, the inten-
sities ihkl could be calculated. Fig. (5-7) shows the rela-
tive intensities of the diffracted beam from {100} planes-of
.KNiFj'as a‘fgnction of Bragg angle, at 5 Gev electron epergy,
with and without the glass cryostat and nitrogen. As might
be eXpeeted ell wavelengths except those less than about 0.7 A
suffer Very'marked absorption in the glass. For all Bregg
angles there is ah increase in tﬁe expesure time'of roughly

a factor'ef twehty. Using a conventional X-ray generator and
a Lang camera such an increase would be unacceptable but with
.the Very hlgh flux produced by the synchrotron an increase

of the exposure tlme from 20 seconds to 6 minutes caused no

inconveni enc e,

5.5 PolyStyrene Immersion Cryostat

| Thevabsorption of X-rays in glass is relatively high,
and this‘fesults in a considerable increase in exposure time
for topegrephic experiments using tﬁe glass immersion cryostat.
In ordefAte'overcome this problem it seemedlan obvious step
to.attempt to contain the liquid nitrogen in an expanded poly-
styreneicohtainer and again immerse the specimen in the liquid.
The conStrﬁction of the cryostat was extfemely easy, and in
fact; iﬁ-Was fabrieated from scrap expanded‘polystyrene in

approximately ten minutes. Fig.(5-8) shows the schematic
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diagram of the expanded polystyrehe cryostat, and the spec-
imen support»rod clamped in a retort stand. As polystyrene
is opaquéito light, it was nottﬁossible to adjust the positibn
~of the specimen while'immersed in the liquiﬁ, therefore the
.crYStal was aligned iﬁ laser beam brior to bringing up thé
'polystyrene container. Contraction of- the support rod on
cooling did not cause trouble, aﬁd'agéin although bubbiing 4
occurréd“éf‘the'specimen_this did not affectAthe resolution.
‘USihg‘this qryostat, it was provéd ﬁhat the resolutiQn of.'
dislocatibﬁ.lines at 77 K is still good. The inside dimens-
ions of thefpolystyrene container which was used. for this ex-
periment-Wére 40 X'6 b de,.and the thickness of polystyrene
‘was aboﬁt 1.5 em. The boil off rate was found to be quite
low and topping up was only ﬁecessary approximtely every
half hour.

Fig,_(5-9) shows the intensities of {loo} topographs of
KNiF3 as.é function'of Bragg'angle, at 5 Gev electron energy.
Here only nitrogen absorbs.X-rays and the absorption of poly-
styrene iS hegligible. As seen in Fig.(5-9) the removal of
the glass resﬁlts in a gain of a factor of four in exposure
time fof‘alnitrogen path of 3 cm. |

The.naive design of this cryostat proved to be very
suécessfﬁl} _ However, there are only two disadvantages Which
may be-improved as follows,

1. This cryostat operates only at fixed temperaturésA(e.g.
liquidAnitrogen or dry ice methanol teﬁperature) but by
usiﬁgian insert and heater coil -one cén‘overcome this

limitation.
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2. The niffogen SCatters appreciably énd causes a con-
siderable increase in the background. In order to
reduce the scattering,.small Braég angles should be
'avoided and also the photograbhic plate'must be placed

sufficiently far from the specimen.

Bécausé.of thé évailability of high flux:synchrotron
fadiation, the‘cryostét design in topography is not now
diétatéd by‘the‘topographic.camera, and many new experiments
are possible>in which X?ray topographs aré taken simultan-

eously with other measurements.



86 .

CHAPTER SIX

- STATIC DOMAIN STUDIES IN KNiF, AND KCoF
. BY X~-RAY TOPOGRAPHY

6.1 Predicted Domain Studies

The torQue magnetometry experiments.of-Hirakawa et
al. (1961) showed that the spins in KNiF3 and KCon erys-
tals lie in (100> directions. Hirakawa and his co-
~ workers considered the existence of domain (twinned)

stfuctures:in KNiF and assumed the crystal to consiét

>
of three kinds of domains in each of which the direction

‘ cosines 6f‘fhe spin axes relative to.the cﬁbic axes aré
1,0,0, O,i,O, and 0,0,1 respectively. Thus domain walls
lying in the gild} pianes.are to be expected. Using the
pféposed»model for domain wal1s and Nagamiya's (1960) |
ideas cqnqerning‘domain wall-moVement; Hirakawa et al.
concludedlthat the érigin of the;observed 4bo-term ih the
torque Curves‘arose from reversible movement of the anti-
.ferromagnefic domaih walls_in KNiFj. Spectroscopic ex-
periments of Ferre’ et al. (1976) and Petit et al. (1975)
also indicéted the eXistence of domain walls_in KNiF3

and KCoF., and confirmed the domain wall geometry which

3:
was proposed by Hirakawa et al. However, no direct evid-
ence for'éhtiferromagnetic domain walls in KNiF3 existed
prior to this work. -

6.2 Observation of Domain Walls in KNiF,

Es

' At 246K the cubic perovskite KNiF5 undergoes an anti-

ferromagnetic transition but unlike related compounds no
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deviation from cubic symmetry has been detectedhby class-
-1cal X-ray diffractometry (section (1- 69 Although no
dlstortion had prev1ously been observed in the antiferro-

magnetic region of KNiF in the present work, antiferro-

3’
magnetic domain- walls were observed in highly perfect

KNiF3 crystals

Fig.(6jl) shows a topograph of a crystal of KNiF3 4
taken at the temperature T = 100K using the glass cryo-
stat‘with“cold finger. The room temperature topograph
of this crystal was shown in Fig.(4-3), and as seen this
partlcular crystal was a highly perfect KNlF3 sample. A
well defined domain configuration is observed, consisting
of two sets of walls parallel to each of the <<Oll:>ldir—

ections in the specimen plane.

Fig.(6-2) shows an0ll type topograph, where one set
of walls 11es parallel to and one set perpendicular to the
diffractiontvector g- When the specimen was vertical no
walls were VlSlble, but on tilting the crystal approx1mately
15 about the diffraction vector the walls parallel to
‘g became v1s1ble, while the other set remained invisible.
The effect of the tilt angle on the observation of domain
'wall contrast was demonstrated in Fig.(2-11). A§ seen
in Fig.(6%2),.the‘walls perpendicular to g are invisible.
The rule fOr the invisibility of walls based on the coher-
ent twin mociel is AM.g = 0.  Therefore AM is parallel to
the [pll] directlon, and assuming 90° type walls, the sub-

lattice magnetlzation in KNiF3 is parallel to the '/1oo;>



Fig. (6-1)

Lang topograph of a crystal of KNiF3 at T=100K.
MoKal, 020 reflection, recorded on 50ium Ilford
L4 Nuclear Emulsion, exposure time 2h. Anti-

ferromagnetic domains with walls in <11@>

‘directions are visible.




Fig. (6—2) 01l type Lang topograph of the same crystal
as in Fig.(6-1), MoKQ,, radiation. Now the
set of walls parallel to [011] are invisible.
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direction which is in agreement with Hirakawa et al.'s

results.

The:contrast of the domain wall on X-raj topographs
arises from'the difference in magnetostrictive deforﬁ-
ation on,oppositelsides of tne wall. ' Therefore a small
Atetragonalimagnetostrictive distortion accounts for the
observation of domain walls. No splitting of the rocking
curve was observed in the Lang camera, indicating ———-<ﬁ0
: However, qulte strong topographic contrast is found and one
can tentatlvely ascribe a lower 11m1t of —g— ;310 5, corres-
ponding to_the angular reflection»range of the perfect

crystal.’

l Fig;(693) shows4a-topograph of the same crystal at
a temperatnre of around 200K (using the glass eryostat
with cold finger containing dry ice and methanol)A Two
sets of [Qll] and [Qll] domain walls similar to Fig.(6-1)
are observed, ‘but the contrast is rather faint, and this -~

is due to'the decrease of magnetostrictive deformation

at T = 200K.

The‘domain configuration is not reproducible on
successive» cooling below TN After taking the topograph
shown in Flg (6-1), the specimen was warmed above the Néel
temperature and subsequently cooled to T = 100K agaln.
This tlmelthe domain pattern which was obtained, Fig.6-4) , -
differs froﬁ what is seen in Fig.(6-1). .Now two sets of
walls A along <<Qll:> directions and one set oflwalls B
with wide‘lmages lying on inclined {Oll} planes are ob-

served. The small strains 1ntroduced in mountlng ‘markedly



Fig. (6-3)

020 Lang topograph of the same crystal of

KNiF, at T=200K MoK'a1 radiation. Note two

K
sets of <@ld> walls with faint contrast are

visible.



Fig.(6-4)

Domain pattern obtained when the specimen was

warmad above the Néel temperature and sub-

 _sequently cooled to T=100K again. 020

reflection.Momll radiation.
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influence'fhe domain pattern. Figs.ﬂ6-5 and 6-6) illust-
‘rate the influence of mounting conditions for the same
'crysﬁal of“KNiF3 at 100K. When the crystal was mounted
with a small amount of glue on one corner, a low stress
'configuratioh of domains was obtained, Fig.(6-5). Walls
X are shafp‘indibating that they lie close to {Oll} planes
-wﬁen'unstreésed. "Walls Y give wide images as they lie on
‘inclined {Oli} planes. When the same crystal was slighflyr
stresSed-infmbunting;4doméin walls do not exactly lie on
&HJ} planés; Fig.(6-6). o

It isféxtremely important to have a highiy perfect
crystal of KNiF3 for domain studies with X;ray topography.
As the magﬁetostriction is Véry small, if the crystal con-
tains gréWth bands or a high density of dislocations, when
the crystal is cooled through its Néel temperéture the
magnetostricti&e distortion will be muéh smaller than the
distortioné;Which.the.imperfections~introduce and domain ob-
servationéjwill not be successful. To emphasise how vital
it 1is thaﬁnﬁighly perfect specimens be used if successful
domain observations are to be performed; a much less per-

fect crystal of KNiF,, Fig.(4-6), in which the dislocation.

37
density was high and individual defects could not be clear-
ly seén,Waé'studied at low temperatures. Fig. (6-7) shows
the same'crystal at 100K, illustrating that in.mést'of'the
imperfect parts the domains can not be observed and even

in the regions in which domains are seen the contrast is

very weak.. :Again in Fig. (6-8) because of very strong

growth bands - in a crystal of KNiFj, in most parts of the



Fig.(6-5) Lang topograph of the sames crystal of KNiF‘3
at T=100K. AgKal radiation, 020 reflection.




Fig.(6-6) Lang topograph of the KNiF3 crystal at T=100K.
In this experimant the crystal was mounted with

a lot of glue. Ag&xl radiation 020 reflection.



Fig. (6-7)

020 Lang topograph of a much less perfect

crystal of KNiF, at T=100K. Domains can

3

not be observed in the imperfect regions.

'AgKC(,l radiation.



Lang topograph of a crystal of KNiF3 with very

strong growth bands at T=100K. 020 reflection

Agkey radiation. {011 oriented domain walls

are only observed in the regions, X and Y.
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. specimen déhéin walls do not appear and only in the regions
X and Y are walls visible. AThis‘is because the imper-.

: fection distortion dominates the émall magnetostrictive
distortion. |

6.3 Observation of Domain Walls in KCon

At llﬂK, the péfovskite KConhery§tal begomes anti-
ferromagnetic'and classical crystallégraphic’measurements
indicate that:below‘the Néel temperatufe a tetragonal dis-
tortion accompanies this transition. According to Julliard
and Nouet kl975) the distortion at 78K is-ggiz-2.5 X lOij,
and the{tgmbérature dependencé.Of Eéé for KCoF3 was illusﬁ-
rated in Fig.(l-7).

Althbﬁgh.domains were observed in zero field at T8K
by Schlenkér and his cb-workers (1974), the doméin patt-
ern’théy,obtained was not clear and they proposed a father
vcomplicated modelAfor the domain structure. In the pres-
ent work ex%ensiveitopographic éxperiments on different |

samples were performed'to study the antiferromagnetic dom-

ain walls in KCoFy at 77K and 4.2K.

The first observation of dpmains.in”KCon was per-
formed oh,a‘sample Fig.l-7) which contained a high dis-
locatioﬁ density ihlthe_lower region, but was more perfect
- in the ﬁpper part. Fig.(6-9) is the Lang topograph of
the cryStél takeh at 77K using the Merié cryostat. In
this micrograph very sharp domain walls of <:Oll>> orient-
ation wiﬁh strong’ contrast are observed. ‘This micrograph

illustrates the dependence of the contrast on the magneto-



Fig.(6-9) Lang topograph of a crystal of KCon at
T=T7K. (011) type walls are visible.
020 reflection AgKal radiation.
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striction vefy well, and as it is lafge, it easily domin-
ates the imperfection distortion. Therefore strong domain
wall’coﬁtrast is seen even in the deformed part of the
crysfal. j Unlike Schlénker et al.(1974), the author has
never obserVed sﬁbétrucfure within the T domaihs in any
experimeﬁt on différent samples. Therefore it is condlud-
ed that the sublattice magnetization lies aiéng the cube
edgés. This is in agreement with the torqﬁé data,Hirakawa
et al.(1961).

Fié?f64i0) shows a synchrotron topograph of a KCon
crystal'at 7T7K. . The polystyrene cfyostat described in
section (5-5} was used to perfofm this experiment. The
crystalawés'glued at one corner,»ﬁsing a very small amount
of varnish, Rather diffuse images of antiferromagnetic
domains ére visible at A and B, but the bulk of the crys-
'ﬁal is siﬁgle domain. This seems to be a common feature

in KCoF, when it is carefully mounted without strain. The

>
- room temperature topograph of this sample was shown in
Fig.@-9j.? ‘In the low ﬁemperature'topograpﬁ Fig.(6-10) ,
it.seems £hat there'is'much diffuse contrast from inhomo-‘
genous stfains arising'from differential'thermal contract-
ion. Héwe&er, the resolution of the diélocation lines D
is still'duite good and demonstrates thaﬁ the bubbling of
the nitfogén at the specimen does ﬁot lead to unacceptable
vibratian. | |
Expériments_proved that the domain pattern is entirely -

dependent on the way the crystal is mounted, and the length

of the sample in contact with the cement and sample holder.



Fig. (6-10)

Synchrotron topograph of a KCon crystal taken
at 77K using the expanded polystyrene cryostat.
Antiferromagnetic domain walls appear at the top
left and bottom right of the micrograph. 002
reflection, 70 Bragg angle. 5 Gev, TmA, 20

seconds exposure on L4 251 m emulsion.




Fig.(6-11) Antiferromagnetic dohains in the same KCoF3
crystal at 77K with the polystyrene cryostat
and mounted with more glue than in Fig.(6-10).
002 reflection, 8° Bragg angle, 4 Gev, 5mA,

3 minutes exposure.
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The domain ¢bnfiguration is influenced by the strain
introduced on mounting. Fig.(6-11) shows a multi-domain

pattefn in the same KCOF crystal, again using the poly-

>
styrene cryostat, but remounted using more glue. A mark-
edly different domain c¢onfiguration has resulted on cool-

ing through the Néel temperature.

Fig;(6—12) is an optical micrograph of a KC0F5.crys-
tal mouﬁtéd.on a small ring and then fixed in the specimen
holder of the Merié éryostat. This micrograph illust-
rates that a chsiderable amount of varnish was used to
mount thé crystél. ' The.room temperature fopograph of
this crystai was presented in Fig.(4-8). = At 4;2K a con-
siderablé;hﬁmber of domain walls running in 011> dir-
ections'wefé prerved»on the synchrotron topograph of this
crystal, Fig.(6-13). Analysis of the con:trast in 011
type topogréphsshow‘when g is perpeﬁdicular to a set of
walls, they become invisible. The rule for the invisib-
Cility offthé walis based on the coherent twin model is
Au.g = o.{-'* Thus AM is parallel to [oI1] .  This is
to be ée&xpected for 9OO walls between spins parallel to

<b01>,' '»No interaction of domain walls with a pair of

_ dislocations d is observed, Fig.(6-13). - It is noticed
that thé crystal was mounted on the holder in such a way
that thefIOWer side of it, was in contact with a large
quantity of'varnish and sample holder, and ‘it is suggested
that it is'the ihfluence of the cement which deforms the

domain,pétfern in the lower part of the sample. Schlenker

et al. (1974) also pointed out that the domain structure in
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KCoF., was largely influenc¢ed by stresses and when they

5
glued the sample so that the length of the [010] side
in contact with the cement was reduced to about % of its
value in the preceding cése: the domain structure which
was fhen~ob§ained consisted essentially of one T domain
with a few'imbedded lamellae. *ﬁirakawa et al.(1961) did
'not deﬁect'any 4o-term in the torque curves of KCoF3 at
77K in the absence of any external stress. They mentioned
that annyndirectionél stress along one of the edges of
the twinﬁédicryStal, may make the sample sihgle domain.

It séemé*ﬁﬁat the dependence of domain configuration on

the mountiné conditions is very complicated. Although
it.is péSéible to obtain a single domain crystal-by apply-
ing a stféss higher than the critical stress, it seems that

a minimum. stress is necessary to nucleate domain walls in

the sample}




Fig.(6-12) Optical micrograph of a KCon crystal glued

with a large amount of varnish.



Fig. (6-13)

Synchrotron topograph of the same KCon

crystal as in Fig.(6-12) at 4.2K. Now
a multi-domain configuration is observed.
020 reflection, 7° Bragg angle, 5 Gev,

15mA, 30 s=conds exposure.
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L CHAPTER SEVEN

MAGNETOCRYSTALLINE ANISOTROPY AND THE THEORY OF
DOMAIN WALL MOVEMENTS IN CUBIC ANTIFERROMAGNETS

7.1 The Origin of the Yo-term in the Torque
Curves of KNiF5 Crystal

Hirakawa et al. (1961) observed that when KNiF,

crystals wére suspended along a crystallographic cube
edge, their torque curves could be expressed by the formula,
2 4

- T=C,H"Sin2-C, H Sinke (7-1)

‘in the ahtiferromagnetic region. Where H is the magnetic
field intensity, © the angle of.rotation,qf_g relative to
one of the cube axes, and the C's are constants. Later
Parkes (1971) also observed a l4e-term in the torque curves
of KNiij
It was Nagamiya who first investigated the origin of
the MQ-ﬁérm in the torque curves of MnO [Uchida, Kondoh,
Nakazumi, and Nagamiya (19612]. He proposed two possible
mechanisﬁé,'one of which was an intrinsic feature of the

crystal and the other was concerned with reversible move-

ments of antiferromagnetic domain walls.

'7.1.1 Intrinsic Effect

. The total anisotropy'energy per unit volume
of the cubic crystal consisting of a single domain can be
expressedfby formula
22 22 20 222 | )
-E—Kl(afocgﬂ20t3+or§a1)+K2(cxla2q3)+ | (7-2) .

. where théiK's are the anistropy constants and f 's the

difect16n7dosines of the spin axis relativé to the three
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cubic axes.  Neglecting every term except the K1 and
considering the case in which the crystal is suspended
along the [pOl]'axis, the energy expression (7-2) is

reduced to
| S PN a |

'E = 7=Sin"(2¢) - (7-3)
where(p_iS]the small angle of deflection of the spin axis.
from thegegﬁilibrium position of.the X axis Fig.(?-l).

If the magnetic field H is applied in é direction 6 with

respect to the x-axis, the free energy per unit volume

can be written as

F o= --é—xltg‘?‘s::in?(,eﬁLkp)—%X,, HoCos” (6+9) K, S1n"(29) ~ (7-4)
Using th'e_ éénditioris that a@% = 0 and Y is very small.
(X; =X ) ,
¢= ﬁLm—lL H2Sin26 . (7-5)

Then using ﬁhe expression (7-4) and (7-5) the torque T
can be ca;cﬁlated as: |
T = -(%)‘ = %X_'_H?smz(e;&p)-%x” H2S1n2 (9+9)
o= %(XL-X“ )H2(Sin29CosBP+Cos2QSin29)
;%-(Xl- X JH? (S1n20+2 Cos26)
E %.(Xi' XH )H2s1n29+8%;(>&-x” )2u"*sinke
| : ' (7-6)
The contribgtion of different kinds of domains
to the actﬁal torques of the crystal has beeh taken into
acCountnﬁy“Hirakawa et al.(1961) and Parkes(1971). The
crystaleOhsists of three kinds of domains in each of which
the spin-axis is directed along either the. x, vy or z axis.
AIf fhe cfystal is suspended:along the z axis, the z domain

is not éxpected to contribute to the ftorque in-the Xy plane.
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Fig.(?—l) .The'deflection of the spin axis with respect
4 | to the crystal axes in the xy plane by the

 'app1icatiQn of a magnetic-field.

/
<,

Fig.(7-2)  The spin directions in two different kinds
- of domain. The dotted line shows the dis-
placement of an antiferromagnetic domain wall
by the application of a magnetic field.
. After Hirakawa et al. (1961).
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Since in the-antiférromagnetic state the sub-
latfice magnetizations along the *x axes are expecﬁed to
remain collinear, for the suplattice along -x, the same
expressiqn_forkp is obftained on minimizihg the free energy.
' This.indiqates that the total energy is élso a minimum.

'Thereforé‘the total torque for this domain is
')QHA

| -S| .
T, = (Xifix”)H Sln29+ﬁK1(XL-X” Sinke (7-7)

A similaf'treatment could be applied for y domains, but
because of an effective change of 900 in the applied field
direction, a change of sign of the 26-term in the express-

ion of theftorQue results.
' _ s mn, b A 2. 4. -
Ty.= f(Xif XH)H sln29+EKl(xL-x“ ) H'Sinke (7-8)

If e, f and g are the fractions of x, y, and z domains

respectively |
- : 2as e+f 2. 4. :

T, +T, = (e-f)(XL-)ql?H Sln29+EKI(XL-X|[) H Sinle (7-9)

where e+f+g = 1.

:ﬂAs seen the calculated torque based on an in-
trinsic'érystal effect consists of 26 and 46-terms. Acc-
ordiné to (7-9), for a crystal having equal volumes of
the three kinds of domains (e=f=g=%), the 26 contribution
to tgg'tdréue will disabpear. As seen in the calculated
‘torque gipression‘(7f9) the 46-term is of positive sign.
HifakéWé;et al. therefore concluded that the proposed in-
tfinsié ﬁechanism was not responsible for the observed
49-£¢rm:in KNiF. parkes (1971), allowing for the domain

distribﬁtion, attempted to fit his results at low fields
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fo the abo&e intrinsié mechanism and estimated the value of
magnetocrystalline anisotfopy,-Kl=3X10581”8/gm=1-2X1oqei‘€/0m3
_He pointed out that this is an approximation to the equal
distributiéniof three kinds of domains, (e+f=%), and should
be checkéd on an annealed, siﬁgle domain.crystal. Unfort-
ﬁﬂately, there is an error in the calcﬁlations of the torque
expression in Parkes' thesis, and the sign of the 46-term
should be"positive. However, it 1s not clear whether this
éffects thé_conclusion as the Fourier Qoefficiénts are by

_ definitiohlail positive (square root of sums of squares) .
and it is not possible to determine the relative phase of |
the 26 and 46 components unambiguousiy. This criticism
can also be applied to Hirakawa et al.'s work as in the
(001) plane.fhe [;OQ} and {QlO]'directions‘are equivalent.
The torque,data are ambiguous on this point and whén two
types ofjdomains are introduced, (e-f) in the torque ex-
pression (7-9) can have either + or - sign depending on

the relative numbers of x and y domains. One cannot deter-
- mine from the torque data whether or not the intrinsic

mechanism is operating.

7.1.2- Movement of Domain Walls

As we saw in section (1-3), in antiferromagnets
the susceptibility is larger when the spins lie perpendic~
ular to rafher than parallel to the field and henceAthe
total enérgy of the system is minimized for the perpendic-
ular oriéntation of the spins. Néél (1953%) suggested that
in an incféésing applied field domain wall motion occurs iﬁ

such a way that one of the domains whose spin axis is more
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nearly perpendicular to the field will expand by domaiﬁ,
wall movement. On the other hand, the wall will exper-
ience an:elastic’restoring force so that it will settle
af a new eqﬁilibrium position. Thisvkind of restoring

force may result from magnetic anisotropy.

Let us apply Néel's idea to the problem of
movement of the walls in a magnetic field. | Assuming the
direction cosines of spin axes in one domain are (C,3,Y)
with respeqt,to the cubic akes,‘the free energy per unit
volume dué to the‘interaction with the applied field can
| be_writteh gs, | |
P = -%XHHﬁ - 2 H° %(X_L'XH JH o a4Bbayc) -5 X HE  (7-10)
Here (a,b,c) are fhe direction cosines of the applied mag-
netic fiéld with respect to the cube axis. We can assume
that the directibn cosines of the spins in the other dom-
ain are (df,B,,Y/). The domain boundary wall shifts by
a -distance x, enlarging the domain in which the spin axis
is more néarly~perpendicular to the field and-diminishing
the other domain in which the spin axis is more neafly par-
allel to ﬁhé field. Then the variation in the free energy
per unit:érea ié given by

F = %x()(r XH )H2 [(aa+Bb+Yc)2-(a/a+ B/b+Y/c)2) (7-11) -
According to Néel's idea, there is a restoring force re-
sisting domain wall motion due, presumably, to the magnetoé
crystalline anisotropy. This leads to.a force -Cx dn the

wall and a free energy contribution

2 : ' o
P& | .(7-12>.
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where C is the force constant of the restoring force which
acts on the domain walls. Adding (7-11) and (7-12) and

minimizing,the total energy, we have
x = (X=X R @arBodY )= (ol ar B oY 0)?) (7-13)

Substituting this x into the total energy increase per
unié area, we have ‘
Avy = -gE0q - X 12t [ @arBbiye) - (oarB brye)d?  (7-18)
As can be S¢en this change in the total energy is quartic
in a; b, and C. Hirakawa et al. considered that the
crystal cdnsists of two kinds of domains in each of which
the direCtioh cosines of the spin axis relative to cubic
axes are_Q,l‘,O and 1,0,0, Fig.(7-2); The torque equat-
ion around. the [poi}-axis of such a crystal, when movements
of domaip walls are taken into account, can immediately be
obtained'byTSubstituting these numérical values of the dir-
ection cosines into equation (7-14)

T =-%(xl- X“)2H48in49 (7-15)
This equatibn is given in terms of torque per unit area
of domain wgll. In Qrder to compare it with the actual
case, the right hand side of (7-15) should be multiplied
by a coﬁsﬁant A of positive sign, related to the total
area of the domain walls. Thus the torque expression

can be written as:
. A 2.4, .
T = 'ﬂE(XJ_'XH) H'Sin4e (7-16)

Hirakawa .et al. (1961) reported that this equation for
the 46-term was qualitatively consistent .with the observed

torque of-»-KNiF3 in sign (for temperatures<fQOOK). Also
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when they;doplied an incneasing external stress along one
ofkthé cubio:axes, they observed that the amplitude of
the-QQFtdfm'grew large and the 49-term:diminished com-
pletély; ' They suggested that the specimen beoomeé near-

ly a single domain crystal upon applying the stress.

5

7.2 Fufther remarks on Domain Wall Movements

Here we study the 51mple case of H parallel to [Qoi}
~'-ther’efor’e in equation (7-11), a=b= O, c=1. Consider a
displacement x of the wall between a dZ domain and dX or
dy domains, which corresponds to a rotation of the spins
from the @=B=0, Y=1) to the (O(,B/;‘Y;Cos¢) direction.
Then the variation of free energy per unit area can be.

wrltten as

AF = -—x(xl X[ ) ®sin% (7-17)

The ‘spectroscopic experiments of Petit et al. (1975)
and the diréct observations of domain wall movements in

KNiF. and KCoF. in the present work (Chapter 8) seem to

> 3
show that not only is there a restoring force -Cx resist-
ing domainfnall motion (presumably due to the magnetocrys-
talline anisotropy) but there is also a Viscous drag on
the wall due to a coercive force BSln<p - The free energy
contribution due to this coercive force per unit wall area is
then |

stin2¢ o (7-18) .

Then the‘total variation of free energy will be

AF = '_X(X_l. X” H Sln2q>+——+xBS1n2¢ . (7-19)

Stability will occur, . if we minimize AF with respect to
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x andd , that is

fazti

, T ,
=0 —— $=3n (7-20)
30 ‘ :
and,
QAR 1 2
= - 9 ——  -5(X| - X JH"+Cx+B=0 (7-21)
,’ . ! o i . i N v . % . »
iLe. n [ZeB)] s - (7-22)
| o X |
_ 1
Movementtonly occurs when x>0, therefore if H<KXI'X”)2
no movement will occur. We can define a threshold field
given by :
' 1
- (2B )2 (7-23)
Xr'Xu

and substituting the value of B from (7-23) into (7-22)
we obtain -
H-Ho

x =(—5g—) (K- X)) . (7-24)
At the Critical field, HCf’ x=L= the domain spacing,
and therefore the equation (7-24) can be written as:

2 2CL |
HO -HD, = (5o%t) (7-25)
| XX

Using equations (7-24) and (7-25) we find the wall dis-

placement x is given by

x = L3 ) (7-26)

If:wé assume that no domain wall movement occurs and
that at a certain critical field Hf spin flop takes place,

then according to equation (1-28) He is given by
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_ (2K 3 .
¢ (Xr X”) (7-27)

In the case of domaln wall movement, equatlon (7-25) was
| obtalned. For an 1deally perfect crystal (ch- 0) this
, equation‘is formally the same as (7-27) if we replace K
by CL, but it is important to note that the mechanisms
involved in each differ markedly. CL, which must be
somehow related'to the magnetocrystalline anisotropy, can
be called the effective anisotropy. However the actual
relation betWeen fhe restoring force and anisotropy is not

clear.

Applieetion of external stress alongeene of the cubic
axes can aiso cause domain wall movements in cubic anti-.
ferromagnets. Using stress-lihear dichroism, Pisarev et

(1972) and Ferrd et al. (1976) .have investigated the
magnetic orlgln and evidence for domain wall movements 1n
32 KCoF3 and RbCon under external stresses. They
have suggested that stress applied along one of the<<log>

KNiF

dlrectlons'changes the magnetoelastlc energy of the crys-
tal and that re-orientation of spins takes place when the
anisot?epy and magnetoelastic energies are of the same
order ofsmagnitude. In this case the tosal change of
free enefgy due to the displacement x of the wall can be
obtained,by adding the general expressions of magneto-

elastic energy to the restoring energy,
2 xS ’ (7-28)
A2 | |

where G is ‘the magnitude of stress applied along the cube

edge. ‘MlnlleIHg thls total change of free energy with
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respect to x we obtain:

x = 200 - o (7-29)

The sizexof<the dz domains ihcreases at the expense of the
dx or dy‘dO@ains>and therefore the wall moves linearly with
stress. Eventuélly, at the critical stress only d, domains
remain and x reaches the value L of domain spacing, and |

equation (7-29) can be written as:

g - 2 CL
cer 3X;55 ’ A ' (7-30)

Ferré;ét al.(1976) noticed that their‘two sets of
spectroséopic results for the application of magnetic
field and stress were consistent. By using expressions
(7-30) and (7-25) and neglecting Hi, for an ideally per-
fect crystal the following relation can be obtained;

M00%
XL- Xl

i
2

=(w=o) (7-31)

Using thé value of critical stress from their experiments
on KNiFj, ahdlassuming xlOO‘\IO-S (Nouet 1973), from
equation (7-31) they obtained Hcr<ilOKOe.Considering the
fact that they had not taken the threshold field ch into
account;.énd that the two sets of stress and field experi-
ments weré berformed on different samples, they found that

the two sets of experimental results were consistent.
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CHAPTER EIGHT

EXPERIMENTAL OBSERVATIONS OF DOMAIN WALL MOVEMENTS

8.1 The Apparatus

As we saw in Chapter Five, the availability of syn-
chrotron radiation enabled.low.temperature tbpographic
experimeﬁts to be performed in magnetic fieldsAup to
14 KOe.l'ﬁih theseAexperimenfs the applied field was in-
creased'iﬁfsmall steps in‘order to follow the movements
of the'ﬁéiis. - In ordér to avdid health hazards the beam
area muét be searched and interlocked prior to each expbs-
ure. This procedure takeé a few minutes, whereas the
actual éipogure times are typically 10 seconds for a beam
currentléfEISmA,'at 5 Gev. The step by Step experiménts
usuallYféOﬁprised 20 successive exposures in different
fields{fA It was a laborious and tiﬁe cénsuming Jjob to
search aﬁd interlock the beam_area for each topographic
exposure. . By mounting six muclear emulsion plates on a
motor drivén wheel inside a lead lihed.light tight box,
Fig.(8-l);;the_plétes-could be chénged rémotely without
enterihéfﬁhe beam area. Thus:the experimental time was
reduced éignificantly. The current throﬁgh the magnet
was chéngéd from outside\the beam area, thus for each ex-
posure ;hefmagnetic field could be cbntrolled remotely.
Topogrébhs‘were taken in sequence as'the field was faised
in steps of about 0.5 KOe.

8.2 Domain Wall Movement in KNiFy

The magnetic field studies were performed on a highly



Fig.(8-1)

Remote control camera for sequential synchrotron

topography. Six nuclear emulsion plates, F, are
mounted on a motor driven wheel. These can be
rotated by operating the relay box, R, so that
each plate appears sequentially behind the X-ray
window W. The lead plate L prevents the beam

fogging the plates.




105

perfect KNiF3 erystal, Fig;(M-}). It was found that on
cooling through TN'the domain pattern could be influenced
by fields as low as 0.1 KOe. . This is consistent with the
faCt-thét{near Ty the spins-eésily orient themselves per-
pendicular to a small magnetic field. For a field app-
lied alohg‘[Old), walls between domains with spins parallel
to [001) and [100] predominate. The susceptibility is
larger'When the spins are perpendicular rather than parall-
el fo fﬁé;field and hence the total energy of the sYstem A
is mini@ized. Petit et al. (1975) also noticed this effect
in their indirect domain wall studies in KNiFB.

The first sequencé of topographs was téken in steps
of inéreasing magnetic field up to 13 KOé at 100K using
the glass cryostat with cold finger. The residual field
of fhe electromagnet for a gap of 2.5 cm was 0.2 KOe.
The cryétal'was cooled in the absence of a magnetic field
and then the cryostat was mounted on the électromagnet,
The field direction was hofizontal and paréllel to [Olo].
As seen in Fig.(8-2a), the domain configuration comprised
of three sets of walls running in [010] and [011] direct-
ions. viFig.(8-2) shows that as the field is increased, a
significant domain wall motion takes place. The [010)
walls afefﬁetween domains already perpéndicular to the
field.   As expected, they do not move. The<<pl¥>’orien¥
ted walls do not move until a threshold field H,, is passed.
Thereafter they move continuously as the field is increased.
Atva-critical field Hcr these walls disappear completely
~ from thétcfystal. In this experiment the threshold field

was found to be 1+0.2. KOe and the critical;field‘ﬁto.s KOe.






Fig.(8-2)ﬂj

Synchrotron tbpégraphs of antiferromagnetic

- domains in KNiF, at 100K in increasing field

>3

 steps'applied parallel to [OlOJ. Diffraction

- from (OOl)‘planes with a Bragg‘anglé‘of 59,

.bf4 Gev, 15 mA, 10 seconds exposure on Ilford L4,

25Uum emulsion} As the field is increased

‘the <©l§> oriented walls gradually move and

in H. = 4 KOe all of them disappear. No move-

ment‘of [blOJ4oriented walls.
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Fig;(8¥3) shqws another series of tdpographs taken
at 4.2K in-increasing field steps. 1In this series of
A micrographs we can follow the movement of the.two sets
of (011> oriented walls. The data for this run show that.
the threshpld and critical fields were.2.240.2 KOe and
4.5+0.5 Koé"respectively. When all the (011> oriented
walls mo?é@ as shown in Fig.(8-3%e), while the crysfal was
still atﬂ4;éK, the current ﬁhrough the magnet was decreaéed
to zero‘(Héo.l KOe for a gap of 5 cm between the pole pieces
of the elééﬁromagnet). Then in this condition another
topograﬁh .wé,s taken, Fig.(8-3f).  As seen, again the (011>
walls wé}efnucleated only in the region X, and the domain
"pattern:i%}hot exactiy the same as in Fig.(8—3a). Here
one may éuggest that the domain wall movemént up to a cert-
aih distane is a reversible mechanism. While the speci-
men was?stiil at 4.2K, the crystal was rotated through 45°
in the Vértical plane. The field direction was then par-
allel toflbli}. In this copdition, fopographs were taken
sequentiaily as the field was increaséd, Fig.(8-4). Now
the fieldsban exert a force on the [Qlo] oriented walls and
cause.théif movements. As expected the [Qli] oriented
walls which are parallel to the field direofion remain im-

mobile{

Eéﬁaﬂion (7-10) predicts that for the [Qll] oriented
magnetiérfield, the magnitude of the effective field exert-
ihg foréé'on [OlQ] oriented walls Should:be'(Q)% times its
' magnitude in the case of a [Qld] oriented field.. Therefore

we can write

=1.4H 8-1

Heor [011) er [010] -






Fig.(8-3%) Synchrotron topographs of the same crystal of

KNiF, at 4.2K in increasing steps of field

2
applied parallel to [Qld]. Diffraction from
(001) planes with a Bragg angle of 8°.

4 Gev, 10 mA, 20 seconds exposure. Movement

of the.<p1§> oriented walls can be observed.



H=6.4 K Oe .

Fig.(8-4)  Synchrotron topographs of the same crystal of
KNJI.F3 at 4.2K when the crystal was rotated 45°
in the vertical plane. Now the magnetic field

- was applied parallel to [Oll] 5 As the field

increased the [010] oriented walls started to move.
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and

Hen [011] =t e 010) 8-2

Fig.(8—4}_shows that the [QlO] oriented walls started to
move at;Héh;§.330.2 KOe;' Because of the-relatively wide
_tail_of»the Meric_éryostat_(S em), only the maximum field
of.6.4-KOe at the specimén could be achieved. However

: Fig;(8-4c)_shOWS that all the [plo] oriented walls in the
lower péfﬁ of the specimen have moved in this field and
the critidal field could be estimated to be 6.5+0.5 KOe.
This expefihent provides further direct Verification of
Néel's tﬂheo_fy. The values of H,, and H,, in the [011]
and [bio] inented field experiments are in agfeement with
the predictéd results, equations (8-1) and (8-2). Table
(8-1) shéﬁs the values of Hc£ and H,, obtained in different
cooling.rﬁhé.

8.3 Domain Wall Movements in KCoF3

quain wall mo&ements in KCon were followed in fields
up to.lé‘KOe at T7K. A KCon crystal, Fig.(4-8), was
mouhted3Véry carefully with only a very small amount of
varnish?at‘éne corner. As seén in Fig.(8-5) the domain

configuration consists of only one domain wall.

Thé single domgin wall‘configuration is aﬁ interesting
case fo? domain wall motion sfudies. In this case one is
able tdifélIOW the_movément énd the position of the wall in
an incréééing field over é large distance. Fig.(8-5) shows
a serieéiof tbpographs of the KCbF3 cryétal taken in steps

of fieldéjup to 14 KOe.: The field diréction is parallel



H=72KOe




Fig.(8-5) Movement of an antiferromagnetic domain wall in

KCon in different fields up to 14 KOe at 77K.

Synchrotron topographs, (010) reflecting planes,
5O Bragg angle, 4 Gev, 5mA, 7 minutes exposure

~on Ilford L4, 25Um Nuclear emulsion.
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of topographs taken in increasing fieldysteps.
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to [010]. The wall movement is clearly visible.  This .
‘experiment shows that as the field increases,.the volume

of the domain I,increases at the éxpense of the domain II,
aﬁd evénfually at the critical field, the whole specimen
becomesléiﬁgle domain with spins perpendicular to the field
_ directiqh{_? In Fig.(S-Sd) the wall has nearly‘disappeéred
from theféfystal. This topograph was taken at the<maximum
available field.

Using Néel's theory, the displaéement of the wall is

2).

. 2 2 2
given byhgquatlon (7-25), x=L(H -ch)/(Hcr-ch The

positioﬁ_gf.the wall was measured inAall‘tdpographs which
were takéﬁ:in’different fields. Fig,(8-6)ishows the plot
of the doﬁ;in wall displacement Versus‘Hz; This plot shows
very goodvégreement with the theoretical prediction. The
criticai'fiéld and the threshold field are estimated by
extrapoiétioh. 'At'the critical field the wall.disappears,
that is;ﬁihe dispiacement x equals the initial distance (L)
of the @éii-from‘the corner of the crysfal. Domain move;
ment studiés on the same crystal with a multi-domain con-
figuration_revéaled that, within the experimental error,

the maghitudes of the critical field and the threshold field
were indépendent of the domain configuration. The field

magnitudes were approximately the same as in the case of

the one.démﬁin wall configuration, Table (8-2).

8.4 The‘Réversibility of the Domain Wall Movements
in KCon E

In;pfder to investigate the reversibility of the domain
Walls, a series of topographic experiments were performed

in such-é;way that the field was alternatéb -~ raised and



Fig.(8-7)

Reversible movements of domain walls in a crys-
tal of KCoF3 at TTK. Synchrotron topographs,
(010) reflecting planes, 7° Bragg angle, 4 Gev,

10mA, 7 minutes exposure.




H=0-2KOe

Fig.(8-8) Reversible movement of a domain wall in an
enlarged part of the same KCoF5 crystal at 77K.
Synchrotron topographs, (010) reflecting planes,

70 Bragg angle, 4 Gev, 1OmA, 7 minutes exposure.
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switched off. Fig.(8-7a) was taken in H=0.2 KOe, and
Fig.(8-7b) was taken after the field was increased to |
H=14 KOe. As seen the walls X ahd'Y disappear, and the
wall Z @Qves towards the corner of the cfystal; Now the
current éhﬁbugh the magnet was switched off and another
topoéréph;wés taken, Fig.(8-Tc). Again the walls X and

Y appear, .and the wall Z moves back to its opiginal,posi-
tion. 'Fig,(8;8) shows the enlérgement of one part of the
-cryétal;in which the domain wall motion has been studied.
By'épplyihg»a field of H=6 KOe the wall T moves towards the
edge ofAthe crystal, and again on removing the field the
‘wall refufns to its original position. As soon as the
magnetic‘field is switched off, the restoring force -Cx
which fésiéts the wall movement pushes-the wall‘to its
original»pbsition. The reversibility of the wall move- -
ment déméﬁétrate that a long range restoring force is indeed

operatihgi

8.5 Suéqéptibility Measurements on Single Crystal of KNiF3

. Th§1bowder susceptibility ﬁeasurement of KNiF3 by
Hirakawd:et al. (1960) is the only existingbdata, Fig.(1-4).
They oﬁpéined a peak susceptibility of l.§2xlo-5emu/g. in
the paféﬁagnetic region the susceptibility results obeyed
the Curie-Weiss law above 400K with 6=840K and p=4.39 (p is
the effecﬁive Bohr magneton number). They thought that the
obServe&.G and P were unusually large.compéfed with T =275K
aﬁd p=2V§?§:i3=2.82 for free spin value of N12+. In order
to intéfbfet this they tentatively subtracted a temperature

independent susceptibility xc=3.5x10'6emu/g from the ob-

served péramagnetic susceptibilities and obtained the
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corrected values of @ and'p as 300K and 2.80, respectively.
They suggested that XC could be due to the Van Vleck para-
‘magnetism plus a small part of diamagnetism due to the con-

stituent nonmagnetic ion cores.

In the case of KNiFs, having S-1, spin-wave theory
predicts a 13% reduction in )i(o), de Jongh and Miedema
(1974). | One may put Xp(o)_jxi(o){xvv and calculate the
experimental XLU)) from the measured Xp(0)=9x10-6emu/g,
 Fig.(1-4), and the temperature independent Van Vleck term

6

XVV=2.4XlOf_ as determined by Lines (1967). The results

XL(O)=9,9xlO-6emu/g may be compared with. the value for

Cemu/g caleulated with g=2.25 and J/k=4iK.

XL(o)=1i,1xio‘
The appafent reduction is approximately 15%, in reasonable
agreement_ﬁith expectation, considering fhe uncertainties
inVol?ed,,

Sevsral as-grown single crystals of KNiF3 with cubic
shape oflabbut “mm on edge were selected for susceptibility
measureﬁehts; These measurements were kindly performed
by Dr. D. Reed at Leeds University. The field was applied
along éiEiOOJ direction which is one of the antiferromagnetic
axes ofﬁﬁhé crystal. The measurements show that in the
regioh difS;IO KOe the susceptibility starts to rise grad-
ually..'AThe powder- susceptibility measurements of Hirakawé
et al.;aid:not show any field dependence. | The field de-
pendenss in the pfesent work is due to the domain effects
existiﬁgﬂih fhe unstrained single crystal. The mechanism
responsible_for this gradual change in the susceptibility
is the”déﬁsin wall motion. The susceptibility in domains

orientédsparallel to the field is negligible and the ob-
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served macrcscopic susceptibility arises solely from the
fraction’cffdomains oriented perpendicular to the field

As the field is 1ncreased the spins parallel to the field
d1rection will rotate via domain wall motion to the per-
pendicular direction and the macroscopic susceptibility'

: graduall& increases. -Above the critical field the domain;i
with spins*perpendicular to the field direction are favoured.
Accordingly, for fields exceeding this Valne, measurements
in any direction Will yield the perpendicular susceptibility,
since with'tne field parallel to the easy axis the moments
-will haVepswung to the'perpendicular orientation. This is
the claéSic"behaviour of a model Heisenberg system. The
mechanlsm differs markedly from the catastrophic spin flop
in un1ax1al antiferromagnets. In the case of catastrophic
~spin flop, in a finite interval of field near Hf, the anti-
ferromagnetic vector I= MA MB turns from the direction of
the easy 'axis (Antiferromagnetic state) to that perpendic-
~ular to“iﬁ:; Since the spins tilt slightly towards the
field dlrection, a net magnetization M= MA+MB will result.
Therefore_at a critical field Hf a sudden increase in
magnetiiation ocecurs. On the contrary, the measurements
of magnetiaation in KNiF3 reveal that in an increasing
field a:gradual change in the magnetization'takes place,
and‘the_slope of the magnetization curve changes in the
region dfi6 KOe, Fig.(8-9). In other words a sublattice
magnetizacion perpendicular to H, is achieved with a field
-around.6;KOe;  Both direct observations_of‘domain wall
‘motiongand the susceptibility measurements in the present

~ work ccnfirm that there is no doubt that spin flop in cubic
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antiferromagnets occurs via domain wall motion.

Crystals used for susceptlblllty measurements were -
'about Smm- thlck and due to the h1gh X- ray absorptlon,
X-ray topographlc assessment was not poss1ble. Although
the crystals/will be of comparable perfection toAthose
illustrated in Cnapter Four, they will contain more defects
due to the larger volume of material. Domaln walls could
ea51ly be plnned by the 1mperfectlons and hence compared
~with the;d;rect observatlons of domain wall movements in
highly perfect thin slices, higher critical. fields are |

expected.

Preliminary susceptibility measurements (Fig.8-10)
as a function of temperature in fields of 16 KOe yield an
extrapolated value of Xi(o)=lo.7xlo—6emu/g. " This is in
good agreement with Lines (1967)~theoretical value of

XL(O)=ll.lxlO-6emu/g.

8.6 Effective Anisotropy of KNiF, and’KCoF3 crystals

Eqnation (7-25) which relates CL to the critical and
threshold_fields was derived on the basis of Néel's ideas
and cangbe written as:

1,2 .2 ’ |
CL = §(Hcr'ch)(XL7XH ) (8-3)

Hcr.and H were measured in the experiments on domain

, th
wall motion in different cooling runs, and their values for
KNiF, andgKCon are shown in Table (8-1) and (8-2) respect-
ively.".

At low temperaturesXH is Very small compared w1th)&

iﬂuxsXH .can be neglected at low temperatures The value
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ofXL 'for.”}'{NiF3 can be obtained from the susceptibility

measurements in the present work, Fig.(8-10). Unfort-
unatély there is only a powder susceptibility measurement
available for KCon, Fig.(1-S).. TFor a simple Heisenberg

antiferromagnet at T=0,X|{=0 and also XL=X (T=T Al-

p!Tw):

though fhe'actual value of)ﬂ. at low temperatures will be
less than_that predicted by this simple model, it is a

reasonable approximation to assume XL-XH =x1§XP(T=TN).

SubStituting the appropriate values of susceptibilities,

ch and-HCrfinto equation (8-3%), values of CL for KNiF3 and

KCoF 5 capgbe.obtained. Table (8-1) shows the values of CL

for KNiF, resulting from domain wall motion studies in a

5

number of:céoling runs. All these experiments were per-

formed on one highly perfect crystal slice.

TABLE (8-1)

. Field 3
Coollng.?uns direction T(X) ch(KOe) HCP(KOe) CL(erg/cm.)
A, Fig.(8-2)| [o10) | 100 1f0.2|  #%0.5/(3.1%0.9)10°

Fig.(8'-j) [o10] |4.2 | 2.2%0.2 4'.51“0.5 (3.2%1.1)10°

| B,

Fig. (8-4)| [011] |4.2 | 3.2%0.5| 6.5%0.5((3.4%1)10°

C, not shown| [011] |100 wto.5|  7¥0.5|(3.5%1.2)10°

. 2
D, not shown| [010] |100 | 1.5%0.2| = 4%0.5[(2.9%1)10

E, not shown| [010) |4.2 | 1.2%0.2| 2.8%0.2{(1.3%0.3)102

tn’ Hop and CL (the effective anisotropy)

crystal.

Thé_values of H

fQ?‘g.KNiFj
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Note that the relation (8-3) for CL was obtained for the
case of the [010] oriented fields. For the [011] oriented
field'exﬁériments, according to relations (8-1) and (8-2)
the effecﬁng magnitudes of the-critical and threshold

fields have'been used for the calculation of CL.

‘As the topographic ekperiments'were bérforhed in in-
'creasing:steps of fields,'one could not measure the accu-
rate valgesffor Hér and ch. However, by careful inspec-
tion of a?S?fieS of micrographs the range of fields in which
domain wali moVement started (ch) and the range in which
domain wélls disappeared, (Hcr) were measured, Tables (8-1)
and (8-2),‘_ Using a fluorescent screen and ‘an image in-
tensifier a.direct X-ray topographic image‘may be obtained
which.canibQ4Viewed via a closed circuit television sySfem,
Lang'andaﬁeifsnider (1969). Using a‘flﬁbrescent screen
and a very;éénsitive TV camera, (but no image intensifier)
difect‘ViéWihg was attempted in order to see the dynamical

wall motion and hence enable more accurate measurements of

Hcr and ﬁth

resolutibniand high noise level obtained, dynamic topo-

to be made. Unfortunately, due to the poor

graphic observations were not successful. °

vDomgin:configurations in successive'boolings were not
reproduciﬁle. | As seen in Table (8-1) the values of CL for
differenf-domain configurations were more or less the same,
excépt intékperiment E, where there is a marked difference.
-In expefi@ént E only half of the crystal was imaged on the
photogréﬁhic emulsion, it can not be detefmined whether or

not a11 thefdomain walls had disappeared from the whole
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crystal in the measured critical field. Indirect spectro-
scopic studies of Petit et al. (1975) also showed that the
criticél field depends on the crystal shape and ifs thick-
ness and varies from 8 to 22 KOe for their samples (0.2 to

14 mm). 7

Thé;mechanism involved in the spectroscopié studies
| . . o,
of Petit et al. and Ferre et al. is the same as in the pre-
“sent work, i.e. domain wall motion. However they reported

3

higher values for Hcr’ and gave a value of lojerg/cm for

CL which7is_higher than the vélués-obtained by direct meas-
urements, Table (8-1). In order to follow the domain wall
motion and measure the correct Vaiues of Hér and ch.in

KNiF very highly perfect crystals are needed. Topo-

39
graphic observations of domain wall movements in the crys-
tals conﬁaining imperfections such as strong growth bands
revealed that the walls could easily be piﬁned by ﬁhe imper-
fectionsA ' The quality of the crystals used by Petit et al.
have beeﬂ'aésessed by X-ray topography (Baruchel, private
coﬁmuniééfion) and are of much lower perfection than our
crystals;n The imperfections in their crystals will pin
the dohain-Walls and hence higher values for the critical
field éfe expected. . 4

The values of H__, Hy, and CL for KCoF in different
cooling runs are shown in Table (8-2). |

TABLE (8-2) -

Field

: b
direction (Koe)|H, ,(KOe) |CL(erg/cm”)

Cooling runs T(K) Hep

A, Fig.(8-5)| [ow0) | 77 | 3%0.2 |16.5%.5 (2.9%0.2)10"
B, not shown| (010) | 77 | 5%0.5| 16%0.5 (2.5%0.2)10"

The values of Hy, H,, and CL for a KCoF crystal.

cr
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Moch and Dugautier (1973) observed a one magnon line

centred at 4.5 em™ T

or 45 KOe in the Raman spectra of KNiFj.
They suggested that ét,this field spin flop occurs, and de-
duced the anisotropy value of K:lOSerg/cmj. Indirect spédt-
roscopic,ékperiments of Pisarev et al. (1972, 1974) and Ferre -
etval-(i973) Showed that spin flop occurs . via domain wall -
motion atra{éritical field of 7 KOe. After such a trans-
ition theyfdid not obser?e any other change in the shape of
the magnétic circular dichfoism'speétravof KNiF3 up to 48 KoOe.

Therefore the mechanism involved in the experiment of Moch

and Dugautier differs from the domain wall motion.

8.7 Discussion

KNiFB'and RanF3 are most certainly the best approxi-

mations'of the nearest neighbour only Heisenberg model knowﬁ

at present; - Below 82K RbMnF becomes antiferromagnetic with

5
spins alternating alohg cubic edges. From X-ray studies'
Teaney et,?i.(l966) concluded that departures from cubic sym-
metry laréef.than a few parts in lO5 were not present. Wind;
sor and Sﬁévenson (1966) found no detectable next nearest-
neighbouf‘ihteractions, and determined the nearest neighbour
exchangé"%g J/k=-3.4iO.3K. The anisotropy of RanF3 has
been measured and is a minute HA/HE=5xlO_6f Due to the
small value'of fhe anisotropy above 3 KOe the susceptibility
was foUnd-to be isotfopic, De Jongh and Miedema (1974). For
fields higﬁer than this value the spins originally parallel
to the fiéld direction will have rotated to the perpendicular
orientatién; and susceptibility measurements in any direction
will produce.the perpendicular susceptibility. This behav--

iour is 'similar to the present susceptibility measurements

of KNiFj££ 
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Claséipal X-ray studies of KNiF5 below T\ revealed no
distOrtiqh from the cubic perovskite structure, Fig.(1-6).
However fo@>the contrast of domain walls on X-ray topo-
graphs if:was concluded that there is a small tetragonal
distortion 1o'§4;9§§5§10‘4. As a consequence of such high
cubic symmetry of the magnetic lattice, the contribution of
magheticAdipble-dipole'interactions to the®an¥sottropy in
KNiF3 isléxpécted to be negligible. The evidence of low

anisotropy in RbMnF, supports this point.

5

the unit cell of KCoF, crystal undergoes

Unlike KNiF.,
e 5 S5
a considerable distortion (Eé—@-zj-.leO-5 at 4.2K), Fig.(1-7).
Due to this departure from the cubic symmetry the dipole-
dipole interactions'contribute'to the anisotropy energy of

the KCoF, system.  The orbital angular momentum of the

5
Co+2 ion is not quenched by the octahedrally co-ordinated
crystal field, Buyers et al.(1971), and this gives rise to
the poséibility of anisotropic magnetic interactions between
the ions,_A.Therefore the value of the anisotropy energy in.

KCoF, is expected to be higher than in KNiFj.

5
Theffalues of CL for KNiF3 and KCon were deduced from
the data of domain wall studies. Tables (8-1) and (8-2)
show thgt_fhe value of CL in KCQF3 is two QrQers of magni-
tude highér than in KNiFj., Although'the relation between
CL and the!maghetocrystalline anisotrbpy is not clear, a

higher value of magnetocrystalline anisotropy is expected’

for KCoFi‘COﬁpared to KNiFE.

The stress-induced linear dichroism experiments of

Ferré'etjal. (1976) suggést the spin flop in’leMnF3 oceurs
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via domain wall motion. In 'RanF3 the antiferromagnetic
résonané? and susceptibility data (Teaney and Freiser, 1962)
and‘thé'épgctrbscopic data are consistent.A Howeyer, for
KNiF3 tﬁéaéﬁtiferromaénetic resonance data (Curafella et al.,
1976) and one magnon Raman data (Moch and Dugautier, 1973)
are notiédnsisfent with the spectroscopic data of Ferré ét
al;(1976)~and Pétit et al.(1975), and the present experi-
ments o@jaqmain-wall motion and suscebtibility. This |

discrepancy for KNiF3 remains a puzzle.
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SUGGESTIONS FOR FURTHER EXPERIMENTS

The_availability of synchrotron radiation and the
relaXatioh.of-the geometrical 1imitéti6n§ oﬁ X-ray topo-
graphy eﬁéblés many new experiments to be performed.
~ For éxample;'experiments invdlving the application of an
externalvstress to cryStals at liquid nitrogen témperat-
ures beches hardly more difficult to perform than the
equivalent experiment at room temperature. The whole
strainhgj;gucan be immersed in liquid nitrogen in an ex-
panded pdlysfyrene trough, then by applyihg‘stress, dir-
ect obsef?ationAof domain wall motion in KNiF3 and KCon
cQuid be performed. This kind of experiment is strongly

recommended.

Thé magnetostrictive‘distortion of KCoF3 is known
accuratély. Therefore by measuring the critical stress
and usingfthe present critical field data on KCOFB, one
can tesf.thé theory which relates 0., H,, and AlOO’
(equation 7-31). Furthermore attempts could be made to
measure the critical stress in KNiF3 by direct topographic
studies;:. Relating the critical stress to the pfesent data
on critiéél field, one can estimate the magnetostriction
constantffcr KNinl High precision measurements of thel
Amagnetostrictive distortion of KNiF3 by double crystal

diffractdmeter should also be performed and compared with

the estimate obtained from domain studies.

}Similaf domain wall motion studies on highly perfect

RbMnF 'crystals, (another_good Heisenberg system) should

5

be performed. This kind of experiment can determine the
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value ofhthe éfféctive anisotropy CL. Then by comparing
the valﬁe'bf CL with the reported value of the magneto-
crystaliiné(anisotropy in’RanFj, a clue origin of CL.in

cubic antiferromagnets might be obtained.

Théoretically, attempts should be made to investigate
the origin of the restoring force resiéﬁing domain wall
motion.  Also more théoretical work on the configuration of
the spinsjinside an antiferromagnetic domain wall could
provide better understanding of the énergy and thickness -

of the wall.




APPENDIX
The structure factor F(hkl) is defined by
F(hkl)=Y.f. exp 2Mi(hu,+kv .+1w, -1
- Fhkl)= 3485 exp A (hugtky g+luy) A

u,v,w béing‘the fractional coordinates»of~the centre of
the:atom1thse scattering factor is. f times that of a
single é¥é§sical electron, the summation being taken over
all the atoms in the unit cell.
"KMFj_crystals are of the perovskite structure, Fig.(1-3).

2+ s surrounded octahedrally by six

Each divalent metal M
F~ ionsiét‘face-centrES, while at each cube corner there is
a KT ion: - Taking one of the atoms M as origin, in each

unit Ceil'the co-ordinates of K, F and M are:

 M: 000

. F: 003, 300, 030

=

Using th¢ equivalent point coordinates for each kind of

atom, the rélatioh'A-l can be written as:

F(hkl)=fM+fKexp[-rn(h+k+1ﬂ +fF[exp(-inh)+exp(-ink)+exp(-in1)]
c A-2

AThé scattering powers fM’fK and fF were obtained from the
International Tables for X-ray crystallography (1962 )
Thé -X-ray extinction distance gg is related to the

structuréffactor F

gg

g
VCCosG

- P A-3
Crel(FgFé)2 :

where Vc‘ié the volume of the unit cell, r, the classical
electréﬂ_radh»&.' C=1 or Cos26y for ¢ and T polarizations

reSpectiVély.




The'ﬁélues of F(hkl) and Eg for differént reflections
‘were calculated for KNiF, and KCoFy and are shown in Tables
A-1 and A}2. Here the température dependence of the struct-.

ure factor is not included.




TABLE A-1

! '_ MoKQL )\ =0.71074 AKa A=0.5608A

Reflection F - -
L 6p | Wm) og | Elm
100" |17.6 5.07| 58 b 73.2
200 | 51 110.18| 20.3 8.03 | 25.5
300 | 3.3 15.37 | 322 12.1 | 399.5
40O . | 29.4 20.69| 37.8 15.64 | 45.7
120 |29.7 || 7.2 | 34.6 5.67 | 43.5
220‘."";'? 40.73 14.27| 26.2 11.4 32.6
111  ; 1 8.8 | 93.2 6.95 | 117

Structure factors and extinction distances of

KNiFj»crystal for different reflections.




TABLE A-2 .

o MoKet, ,A=0.7107A | AgkaL_,\=0- 56084
‘Reflection| F
| O | EMm) | eg | Eum)

100 |15.7 5.01| 67.5 | 3.95 | 85.95
200 . [48.5 | 10.06| 22.1 | 7.92 | 27.8
300 7| 2 15.2 | 550 11.9 | 685

500 |29 205 | 39.6 | 16 48.3
110 - . |28.9 7.2 | 3.4 | 5.67 | 4.5
220 [39.4 | 14.3 | 27.8 | 1l.24 | 34,7

Structnfé factors and extinction distances of

KCoF
o.3

:nystal for different reflections.
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