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" The hyperfine fields have been measured gt Te,, Sn,‘ Au, Ir and Fe

nuclei 1ocated at 1mpur1ty sites in several Heysler alloys. The value

" .of the hyperflne field at Te impurities on Sb. sites “in PdoMnSb was

found to be 85(3) ?. This result along with subsequent .work indicates .
the existance of a maximum,in the hyperflne flelds meagured  at 5sp

impurjties at Sb sites.in PdoMnSb which is consistant with fhe eharge '
screening modela of Campbell and Blandln gnd of Jena and Geldart but -
.is inconsistant with the vdiume misfit model of Stearns. * The ]
Mossbauer apectfh'of.ﬁnfaku,' end Ir nuclei in PtMnSn and IrMnSn
indicate poorly ordere&j‘?ructurea. The small Sn fields, -2. 9(2) and
3.57(8) T respectively, follow’ general tirends, observed for Hsp
impurities in translxlon nmetal aAd Heusler hosts. The 4. 2K hyperfine
+ fields at' Au 1mpur1tles on Pt sites in PtHnSn and at Ir atoms in
IrMnSn, 77(1) T and 65(2) T respectively, are used to compare the
observed irends in the hypérfine Fields at beriod six “impurities in
Heugler alloys with the fredictions of the charge screening models.
?he hagnitudes' and signs of hyperfine fields measured at Fe impﬁritieé
located ‘on varLous gites in Coznhz (%z=5i,Ge,Sn,Ga)y and CooYSn
(Y=11,2r, Hf) have been measured by doping ' separate samples of each
alloy with enriched 5TFe and with 5709.. In the CooMnZ alloys, Fe was
found to preferentially ocdupy the Mn sites and possess a field value
of abqﬁt‘ -30 T while Fe located :on the Co sites was found to be
=11.5 T for alloys withnGroup IVA Z atoms and -7.5 T-.for Z=Ga. A

strong correlation was found to exist between the isomer shifts at Fe

o

* impurities in theée alloys‘and the atomictnumber: of the 2 atoh. In

the CopY¥Sn alloys, Fe was found to enter both the Y and Sn sites
'givi ‘field values of —35 T and: ~30 T respectively except for Y=Zr
wher:?’ separate S*n-si_;te field wae not resolved. The magnltude of the
Egperféne fields at Fe impurities located at Co sites was foupd fo be
1ess thean. 2. T. These Fe field systematics are compared to thoae found

? in intermetalllc compounds of similar structure.

- . 3
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S1.1 Theory of magnetism.’

»

% N o

been a constant ?gyrce of interest to scholars of natural philosophy

1

because of their peculiar magnetic properties. Howeven, it fas  not

LA

until +this century, during which the crystalline models of solids and

the mathematicdl techniques of quantum°statistics were developed, that
N &

@ 3

any appreéiéble advances” in the understanding of the mechanisms

respdngible for magnetic ordering were forthcoming. »

» ‘a

13 LA
The magnetic properties, of insulators can be ‘reasonably well

understood in terms of Heisenberg eibhange interactions between the

localized magnefic moments on the atoms in the solid. On the other,

®

hand, ’;he magnetic properties of metallic solids are not so well

undergﬁood. Indeed, the origins of msgnetism in one of 'tﬁé most

o .

common of the of the magnetic materials, pure iron, are rather poorly

A » v

understood. Part of the diffculty arises from indirect interactions
between magnetic  ions via the condué¢tion electrons. Anothdy

complication is due to the fact that the moment carrying d electrons
3

4
are not 's6 well localized as, for instance, the f electrons in the
pe \

rare earth metals. This gives rise to a direct overlap of the' wave

_functions for atoms that are suffiently close to each other in the

o

solid. This. overlap introduces an additional mechanism which affects

the alignment of the magnetic moments leading to a particular type of

“

-
magnetic order. Attempts to understand the magnetic ordering

A 0
. ©

f
- ~w . \/ ‘
/ .
'

&

N
Since their discovery in ‘antiquity, the magnetic matgyials{ have

e
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mechﬁnismS' in pure transitidn metals have therefore beeg’limited by

»

the fact that the relative contrfibutions are not well known.

K
7

S1.2 Hyperfine Field Medsurements.

2

3

The origimal purpose , of measuring' hyperfine fields at

B

4 ¥ o, . .
non-magnetic impurities in magnetic metals was

€

“to detema‘iixe the extent

PR
LY

" to which the conduction electrons were polarized by the preseﬁaﬁ of

-

/
magnet;:jmoments. A considerable {ffort_waa therefore directed  toward -

) ‘%he‘measurement of hype?fine fields at non-magnehic impurities™in thg -

+
pure transition metal hosts (Fe, Co, Ni) [R1.2.1]. However, as the

.q’mber of different species " of impurity atoms inc?eased, it, soon: .

‘

L] . <
became apparent that the'hyperfihe field values were more a function

of the particuldr impurit; atom ‘than oZ the host/. As a result of

these findings and the comp}icated at

structure of impurity atoms

dissolved in metdllic environments, ;t'gas desirabie to seek‘arsimpler

host where the magnetic ordering 'was thought to be primarily due to

1]
the polarized conduction electrons.
i

S1.3 Heusler Alloys. .

-

Heusler alloys seemed to provide the ideal environment because in

the X MnZ or XMnZ (X#Co) alloys the nearest neighbour magnetic moments

which are confined to Mn atoms are more separated than those in .the

H

pure transition metal Cferromagnets.

Because of the existence of a

large number of thq‘f alloys which exhibit ferromagnetic ordering,

they offer the 0pportunitylto.ggtqrmine the effects of changing th§

n

-

A}
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various constituent atoms on the magnetic properties. These unique

. properties led to a flurry of hyperfine field ' measurements at

non-magnetic sites in Heusler alld}é during the, last decade [R1.3.1].

Details of the chemical and magnetic structure of Heusler alloys along

with a. summary of their magnetic properties are given in Chapter 2.

I3

S51.4 Techniques fsr Measuring Hyperfine Fiéldg.

Hyperfine fields may be measured most easily by using either ¥he
Mossbauer effect (ME), perturbed angular correlations (PAC) or nuclear
maénetic resonance (NMR). Of these techniques the first two give the
hyperfine fields at one particular type of atom in the alloy because a
specific nuclide is used as a probe. The NMR technique, on the other
hand: is capable of allowiﬁé??t#e detérmination.of field values at
several types of atoms in one Eiferimeﬁt sinée the radio frequengy is
swept through a wide range which may cov;f the nuclldr ieeman o
splittings of several i;otopes. Thus the ME and PAC techniques resd;t
in spectra which can be gn;queiy attributed to a specific nuclear

«

species while the various absg;ption lines'in an NMR spectrum must be
identified with the various codbﬁijuent atoms‘ ig the alloy. The
choice between the use of the PAC and the ME techniques depends upon
Whe‘ type of probe atom of interest, since probe 'atoms suitable for
egch of these techniques do not exist for all the elemen%s. o In this
work the ﬁﬁ_technique only was used to measure hypeifine fields. The

theory and the experimental procedures involved with ME are described

in chapters 3 and 4 respectively.

~
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51.5 Theory of Hyperfine Fields in Metallic Hosts.

In the course of this and other work it becane ppparent that ‘the

€

trends observed in the hyperfine fields measured at non-magnetic’

impuritigs in ferromagnetic Heusler alloys were sim

obtained in pure transition metal ferromagnéts. Three theoretical

I3

3

‘

ilar to those

-

models were developed to account for these trends. Two of -these

models, due to Blandin and Campbell [R{.5.1] and Jena and Celdart

[R1.5.2], are applicable to non-magnetic probe atoms and attribute ‘the

‘:‘ﬁiy

4

change in .the hyperfine field "“values to be due primarily to the
Iy ’ «

screening- of the varying ionic charges by the conductien electrons as

the atomic number of the impurity atom is changed.

o

The third, due to

Stearns [R1.5.3], is more widely applicable in that it may be hpplied

»

to magnktic atoms as well. According to this theory the magnetic,
|

. L ’
hyperfine field trends are due 'to two separable effects: (&) the

overlap between the extended moment Earrying‘d electron wave functions

of the host magnetic ions and the those of the impurity ioms, and (v)

>

the interaction between the spin polarized s-like conduction eiectrons

of the host and the localized electrons on the impurity ions.

%

In this

theory the effective valence of the impurity ions are considered to be

. relatively constant across the sp series.

in Chapter 5 where some attention is paid to the characteristics which

T

distinguish then.

These models are described

v

o
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S1.6 sHyperfine fields measured in this work.’

'ﬁost of the hyperfine field(measurements in Heusler alloys had

B x

been made at 5sp constituent Z atom or trarfsition constituent X atom

»

sites. An important line of work was initiated by Campbell‘gnd Leiper

[R1;6.1] and Séhwartzendruber and Evans [R1.6.2] when they began

-

.substituting 5sp impurity atoms intd Heusler alloys. Uging these

techniques it soon became apparent that for a given Heﬁéler host, the

hyperfine fields were negativeé for low Valence 5sp impurities (Cd,In)
’ .
and became more positive with increasing valance, changing.sign near

valence 4 (Sn). In this work, the magnitude of the hyperfine field at

H

the Te (valence 6) impurity atoms in szMnSb was determined to see if

b

the upward trend would continue. The details of this .experiment are,

*

found in the second section of Chapter 6 (86.2). - s

. Previously the only measuréménts'of hyperfine fields at period *6,

dtoms were on X sites in the Heusler alloy PtMnSn KHX(Pt)) by Malik et

al. [R1.6.3] and Hy(Au) in AuMnSb [R1.6.4] and in Au MnAl [R1.6.5] by

h'Leiper et al, To extend these measurements 'in period 6, the values of

Hi(Au) in PtMnSn and HX(;r) in Iry goMny oq8ny gg Were obtained in

this ‘work. The details of these measurements are found in $6.3% and

56.4 respectively. In S6.5 the values of the period 6 hyperfine field

values measured in Heusler alloys are discussed in the context of the'r

B
theoretical models.

In addition to the measurement of the hyperfine fields at the X
atoms, the hyperfine field was also meaéufed at the Z constiéuent atom
in PtMnSn, and Ir1.O7Mn1‘Q7SnO.86. De}ails of thege méasurembnts

J :

i

? &
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appear in S6.3 and 56.4 respectively. '

Because of the existance of theoretical models-which attempt to

o

account for +the experimental +trends observed in magnetic hyperfine
fields measured at non~-magnetic sites, the bulk of the activity in the

measurement of hyperfine fields in Heusler alloys has involved the use

¢ of non-magnetic probe atoms. Except for fields measured at Mn atonms,
and Co atoms, little attention has been paid to the use of transition
metal probe atoﬁs, particularly those which might carry a moment. It

should be pointed out that the recent theqreticgl models advanced to

v

. account for h&perfine field{éystematics at nonrmagnetic sites followed

1
4

a rather substantial amount of éiperimental data chronologically. A

similar situation is expected to occur for magnetic atoms. Thug, « it

L%
ot 5

, would seem!fghat there is. a negd *to extend the hyperfine field

measurements to atpms carrying magnetic moments.

With this in min&, several measuremenEL oﬁ‘hyperfine fields at ?9
impurity ?toms in szYZ.allois'were ma&ej The Co alléys were choseﬂ
because the ME nuclide 5Te. can be incorporated into the Co sites by
preparing the 'allothith 5700; th; parent nuclide of 57Fe. By using

’ 9

these alloys as ME sources and a single line ME absorbgp»the value of
- i

H, (Fe) can be obtained. Also alloys prepared with small amounts of

enriched 57Fe were used as absorbers along with conventional single

line sources to obtgih hfperfine fields at Fe atoms located at other

-

sites in the alloys. The experimentdl details of this work are found*’
) .

in §5.2 and the ME measurements are described in 57.2 and S7.3.

\ »
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The final chapter contains a summary of the conclusions drawn

L \
from this work and some recommendations for future experiments.

A \
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CHAPTER 2 ) i 8

" HEUSLER ALLOYS °

42.1  Introduction.. .
. The study of the mechanisms responsible for magnetic oragring in
Heusler alloys fs important for several reasons: o
(a) Most Heusler alloys have a simple cubic structure agg tend to be-
well:ordered both chemically and magmetically.
* (b) There are a large number of alloys with which to vary relevant

k3

(e)

(a)

experimental parameters so'as to test the theories of magnetic

¥ i

ordering. !
. &

—

The distance between the magnetic moments for the quﬁz Heusler

alloys is relatively large *and is +thought +o preclude the

4

possibility of direct exchange coupling being the dominant
mechanism responsible for magnetic ordering. Although there is

still some controversy over this point [R2.1§Q, R2.1.2§ R§&£:3],

. Y
the study of Heusler alloys provides for a clearer understanding

3

of the effect of conduction electrons on magnetic ordering.
& 3

Continuous single phase solid solutions of two different Heusler

Ql}oys in the form of quarternary alloys (PdZMnIn1-xsnx’
[R2.1.4]; CogMn,  Ti Sn, [R2.1.5]) provide further experimental

information with which to test current theories. -

(e) The substitution of varﬁfus probe atoms into the various lattice

‘e

sites in Heusler alloys provides a means of determining the

’ v
u

i
‘
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systematics of impurity site hyperfine fields in ferromagnets.

Because most metal atoms tendf/}evgélectively enter only one

* particular crystallographic site (A and C, B or D) [R2.1.6], the

¢ - .-
loc:?k~environment of, the impurity 1s known. Thus the impurity

s .
field measurements may also be used to advantage in the study of

the hyperfine field trends in these alloys.

~

>

Because of these features, Heusler alloys offer the experimentalist a

large variety of ‘possible experiments which can lead to a clearer

understanding of the rbole played by the conduction electrons in

magnetic orderings . . . .

7

. ¢
S2.2 Structure of,Heusler Alloys. °
[ 4

&

Heusler alloys are of chemical composition Xéyz vhere. X is a
transition metai from +the groups to the right of Fe in the periodic
table (Co, Ni, Cu, Pd, Au, Pt, BRh), Y is a transition metal from
groups to the left of Fe (Mn, Ti, V, Zr, Hf), and Z is an sp metal
from groups IIIA, IVA, or VA (Al, Si, Ga, Ge, In, Sn, Sb). ~ In this
work the gelated ternary all?ys, XYZ with vacancies on half of the X
dites were also studied.  Since it ie now common practice to refer to
these -alloys as Heusler alloys, ‘this practice although strictly
incorrect will be adopted here. Not all combinations of these
constituent atoms form the Heusler siructure on alloying.

-

Nevertheless, the number of Heusler mlloys of different composition is
- 3 b

large_"i, a recent list of alloys of the 1[421 structure contains over one

(4
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\
Site -Site occupancy
Structure -— L21 B2 DO3 CTb C1
Composition — xzyz X2YZ I3Z XYz XYz
O 1 X X X x. X
[ J B Y Y,% X Y Y,z -
® ¢ X X X ' - -
@ .z X2 oz z 1,2

The locatioh and occupation of the four inequivalent sites in
the conventional fcc unit cell of the structure for Heusler
and related alloys. Where two types of atoms occupy the same
gite +they are randomly distributed over equivalent sites in
equal proportions. *

~
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hundred entries [R2.2.1].

o
“ .

These alloys are aetually intermetallic compounds in +that they
usually exhibit & high degree of chemical order and exist in a single
phase for only small departures from stoichometry. The XZYZ and XYZ

Heusler alloys order in what is refered to as the-Strukturbericht

types L21 an&\01b respectively. These structural types have in common

the fecc crystalographic lattice. They differ by the basis, of atoms

v

«

located at each.lattice point. The basis may be considered to consist

&

if four inequivalent sites,E:?ually denoted by A, B, C, and D, }ocated

at the positions 0 00, 1A 1/4 1/4, 1/2 1/2 1/2, and 3/4 3/4 3/4

respectively with respect to each lattice point. Thus,’the structure

H

-

T2.2.2 HNearest neighbour configuration of four sites in Heusler
alloys. - '

Shell inn 2nn 3nn 4nn 5nn 6nn

reains” ()12 (02 ()2 L an'2 ()12 (19)1/2

0

A 4B,4D 6c 124 128,120 8c 12B,12D

B 4A,4C 6D 12B 124,12 8D 124,12¢
c 4B,4D 6A 120 128,12D BA *  12B,12D
D 4A,4C 6B 12D 124,12¢ 8B -  124,12C

*
In units of a/4.
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. may be viewed as of four interpenetrating fcc sublattices displaced

2 ~

from each other along the body diagonal by one qﬁhfter of its length.

The L21 structure is formed when the X atoms occﬁiy the A and C sites,
the Y atoms the B sites, and the Z atoms the D sites. The C1b

structure is similar except that the C sitesn are vacant. These

structures are shown in F2.2.1 where they are compared to reiated

structures. The type and number of nearest neighbours to each of the

sites in the Heusler structure are given id T2.2.1.

4
L

»
4

52.3 Structure determination by x-ray diffraction.

X-ray diffraction was employed in.this work in order to determine

¢ #
if the alloys used possessed a well ordered Heusler structure. A
brief outline of the theory behind the analysis of <the x-ray

diffracti®h spectra of fce crystal structures of the Heusler type is
. 4
given below. «

1

The condition for diffraction is given in terms of the wave

vector of the x-rays, %, and the reciprg:al lattice vector, 5, as

v

* 1
oksind = |&| = (h2+k2+12) 25/q E2.3.1

- “

which is equivalent to the.,usual expression for the Bragg - diffraction
- .

' 1
law with G=2n/A and d=af(h2+k2+12) /2, However, not all integral
)
combinations of Akl will result in diffraction because  x-rays
coherently scattered from atoms on adjacent planes of particular

orientations may interfere destructively. ﬁhe intensity of the
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- . .
diffracted x-ray beam is broportional to éhe square of the magnitude
of the geometrical form factor given by:

v . .
: Flhkl) = 3, fne"bz'}n

n=1

E2.3.2

k]
where fi and iiz are, respectively, the the atomic scattering factor

and the positign vector of the nth

atom in the unit.cell. The sum is
over the N atoms of the unit cell. The positign vectors are expressed .
as; .

R = (x 24y j+2 3) E2%3
. , = (@ aty vz 2)a ‘ 3.

This expression can be simplified by first summing over the »

inequivalent lattice sites per,fcc lattice point and then over the
inequivalent fcc lattice points per unit dell by writing ﬁn in the

form:

R =748 . E2.3.4
The ;ﬁ gives tﬂg relative position of e§ch of the sites A, B, C, and D
with rsspect to each fecc lattice point and may be given the values
000, a/4 a/4 al4, a/2 a/2 a/2, and 3a/4 3a/4 3a/4 respectively. The
3% gives +the location of four inequivalent fcc lattice points with
respect to the origin and may assume the values 0 0 0, 0a/2a/2,

a/2 0 a/2, and a/2 a/2 0. This yields:
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A
=
&t
™

~—
i

-+ 13
-3 Q‘E'Tm 5 fﬁetg'sn
m n

.
+
B

-in(k+Z)+e‘iw(Z+h)+e~in(h+Z)]

[1+e X ‘L '

e

(et 1) ~in(hekel)y ~in(hkal) 2 g 5

rpfe T e
The atomic scattering factors fi, i = A, B, C, D represent the average
atomic scattering factor for the‘aﬁoms on sublattice . ‘

The first factor owes its existance to the fact that the lattice
is of the fcc type. It vanishes unless #Xl are all even or all odd
integers in which case it has the value of 4. The sedond factor is
due to the particular arrangement of atoms at each lattice point and
further restricts the values of Akl whiéi lead tor diffraction. The
value of this facfor depends upon whether A+k+l is even or odd and
whether (h+k+Z)72 is even or-odd. The possible values of Hhkl which
give rise to diffraction are listed in T2.3.1 along with the values of

I(hkl) for arbitrary structures comsisting of four fcc sublattices and

the relative intensities for the fully ordered L21 and C1b structures.

As can be seen from T2.3.1 only reflections with (A+k+1)/2 even
have intensities which are independenf of the ordering oé éhe X, X,
and Z atoms on the A, B, ¢, and D sites. The peaks in the diffraction
spectrum which are due to these reflections are’ refered to as
principal reflection }ines in contrast to the others which are refered

to as superlattice lines. In the extreme case, where the crystal is
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\

T2.3.1 Geometrical korm factors and relative intensities for Heusler

alloys.
WKL kel (hekel)]2 F(RRL) /4 (12,) (1)

: ' ' . 2 2 2
odd odd ~ fA" Cil(fB—fD) (fY-fZ) fx "'(fY'fz) 4 L
even even  odd fhffc-fB-fb ‘(2fk=fYﬁf2)2 (fkffofZ)? ’
even even even fk+fc+f3+fb (2fxﬁfrtfz)? (fkffofZ)z

ra

Newa

complétely randomly éigorderedf i:e. 'fAszifcafD, then tie
superlatt%pe lines are abgent in the diffracti;n speé%rum.‘ If
disorder occurs among the atoms on the B and D sites, then the odd
superlattice lines' will be ced whide +the even ones remain
unch;nged. In the extreme case of complete ‘random disorder between
these sites, the L21 and C1, structures become the B2 and Ct
atructures respectively. *Preferential disorder of this type is found
in some of the Co Yz alloys [R2.3.1] and in many €1, Heuslex alloys
[rR2.3.2]. ' . \
The amount of +this type of disorder cannote be accurately’
determined from x-ray diffraction alone. Because the atomic
scattering factors are monatonically increasing functions of the

number of localized electrons on the atoms in the alloys, there are

relatively smal} differences in e atomic scattering factors for

—_— :
By R
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, atoms with similar atomic numbers. Hence, the ;Egﬁﬁities of the

superlattice lines are small compared to those of the ‘principal lines.

This is particularly relevent to the alloys studied in this wvork.

v
v

In this work x-ray diffraction was employed to compare the

gstructure of the alloys prepared for ME analysis to those of previous - -

. L4
orkers., No attempt was made to determine quantitatively the exteft .

b

to which 43 orde;ing may have occurred. This can be justified to some
i

extent by the fact thdat: the resonant absorption lines ‘of the Mossbauer

»

. spectra of these alloys are usually broadened or more numerous if
e )

there exists a variety of .local order in th@k vicinity of ME prgPe

atoms. A ME spectrum consisting of a sigﬁle arrangement of narrow
absorption lines is usuwally indicative of uniform local order in the
alloy. The latiice parameters (oQtained from the relative spacing of
the diffraction lines, see E2.3.1) were ?etermined and compared ;:
previous reported results. Also, ;;re was taken to make sure of the
absence of additional diff;action lines due to gnn—Heusler phases in

*
the \3}1oya. The x-ray diffraction measurements were made by Ben

Fullerton. . ' ¥

52.4 Magnetic Strué¢tures of Heusler Aiioys.

The magnetic atructure of Heusler alloys is best determined by
means of the‘ neutron diffraction technique. (Details of | this
technique applied to the determination of the magnetic structures of
Heusler ‘alloys are given by Veifter [R2.4.1]). Most of the.alloya

containing Co or Mn are magnetically ordered with the magnet%: moments -

. -

it e A s -

-

4

i

o

5 .., gt

.
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‘ A
localized on these atoms only. A recent list%f .Heusler alloys of the

L21~structure indicates that about 50 alleys ekhibit some form of

o

m;gnetic ordering [R2.4.2]. TFor the alldys of composition X2MﬁZ

(XfCo), the magnetic moments range from 3.27 up for NizMnSb to about

-

4.4 ug for NiZMnIn and PdZMnSb, however a value nearer 4 ug is more

typical. In Heusler'hlloys of composition ConnZ the size of the Co

. ?
and Mn moments depends on the particular type of Z atom in the alloy.

The Mn moments are 3.0, 3.6, and 3.75 uy for group IITA, IVA, and VA

r
atoms, respectively. . The Co moments, however, fall into only "two

catagories: about O.5O/UB for éroup IIIA atoms and about O.75 up for
group IVA and VA atom;. For the Co,Yz (Y#Mn) alloys the é&stematics
in the moments depend in a complicated way on the types of both Y and
Z atoms. When Y and 7 atoms are respeétively group IVA and IIIA atoms

L}

or group VA and IVA atoms then the Co moment tends to be rsmall, about

‘0.3 Upe However, wQ?n theuY and Z atoms are respectively group IVB
and IVA atoms or group VB and ITTA atoms then the Co moment tends to
be large, about 0.8 to. 1.0 uge The Heusler alloys of the Clb
structure-are much less numerous that the L21 glloys. As a rule the
Mn moments are smaller in the XMnZ alloys and tend to vary more than
ﬁzfthe P21 alloys, ranging between 2 and 4 nge Because these alloys
« tend to De léss well ordered than the L2, alloys it is difficult to
( see clear trends in the moments in these alloys.

L}

. Most (about 80 %) of the magnetically ordered L2, Heusler alloys

.

are ' ferromagnetic. The other types of order found include

antiferromagnetic order (eg szHnAl) and more complicated types such

-
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( W
as helical antiferromagnetic order (eg Ni MnAl [R2.4.3]).n The
magnetic ordering temperatures cover a wide range: 23 K for PdMnTe to
985 Kn for Co,MnSi. For the X MnZ alloys the Curie ﬁoints 'seem to
. .

depend mainly on the type of -X atom, being highest for X=Co and
decreasing as X in chanéed to Cu, Rh, Ni, Pd, and Ir #n that order.
For the XMnZ alloys the Curie points tend to be higher (by about a
factor of 2) than the corresponding X MnZ alloy with the same X and Z
stoms. For alloys of composition COZYZ (Y#Mn), the,Curi? points cover
a smaller range (119 K for Co,NbSn to 444 K for Cozern). The Curie
.points of these alloys follow the same trends as do the magnetic Co

moments in their dependence on the type of Y and Z atoms.
The chemical and magnetic structure of the alloys used in this
work appear in those sections in chapters 6 and 7 where the ME

measurements are described. *

1
—~
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CHAPTER 3 20

MOSSBAUER SPECTROSCOPY
H

o

?

Yoy 5 ’ ' ~ '
S, "
A » 83.1 Resonant absorption.
f < . !

Gamma ray resonant absorption coag%sts"of the emission of a gamma

ray from a nucleus initially in an excited state and the subsequent

. absorption of this gamma~ray by eanother nucleus initially in 1its

. ground state. This sequence of events is followed by the decay of the
. second nucleus to its ground state by one of several proéesses.' The
gamma éay energy distribution is given bx'the Breit~Wigner or \Lorentz

function:

v Ay o -

4 /2 ’ r/2n

:T(E-Eo) « (E-{?o)2+(1“/272 E3.1.1

‘1

where E’o is the energy centroid and I' is the 'natural width' of the
gamma ray. This last quantity is related to the mean lifetime, T, of

the excited state tﬁrouqh the Heisenberg uncertainity relation,

L

B T =K * B3.1.2

r

For ME excited atatés, the full widths range from 7 x 10"11 eV for

6T2n to 6 x 107 eV for 87Re. Typical values are about 1078 ev.

-

The maximum cross section for resonant absorption is given by
«

.y o

a N

. S {

B
B

B
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T e
L3
Bi2e? 2I'+1 _1}_
% TEZ 2T E3.1.5

i

where E is the energy of the photon, I" and I' are the spins of the

ground sand excited states respectively. FylF is the relative'

probability for a nuclear decay from the excited state by means - of

gamma emission. Where gamma emission and internal conversion are the

principal modes of decay, TY/P is related to the conversion

A

coefficient, o, by

AS 2

l“

T
X = ’
T o E3.1.4.

- =

For ME nuclides, the cross sections range from 3.2 b for 672n to 1.7 x

b

. 106 b for 121Ta while typical'va;uei/q:e abo;t 104 b or 105 b.
\\ . For free nuclei, both the emission and 'the absorption processes

1

. ) must conserve linear momentum. Hence the nucleus must recoil with a

A momentum, HZ, }here'z is the wave number of the gamma ray. For

initially stationary nuclei the energy of the recoil is given by:

1 E - 2 EZ .
= 0 ~.-—-.g-._

-

=
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@

,transition energy between the two nuclear states. Typical recoil

E s

energies for ME nuclides range from 1074 o 0.1 . ev. For

non-gtationary’ sources  and absorbers of gamma rays, the resulting

~ o

gamma ray energy is given by: .

&

E=E’oiE’.+Ef - )

"
g
T

(k)2 i’ﬁZ(%f-%i')Z
~om om -
21, 2. 27 .

_ R . 12k 7€i

_ f
=Bt o m

=F ¥ R~ pcosd E%.1.6

LN .

where g{a upper and lower signs refer to the emission and absorption

R o R 1

processes respectively. £, and zé Céf-aﬁd %f) are the initfal (final) .
values of the kinetic energy and the wave number of the nucleus
respectively. * ] is the initial value of the -velocity of the nucleus
and "o is the angle between Ei and zf‘ For a gas, the initial

velocities of the nuclei are governed by & Boltzman distribution;

. hence, <vcosB>‘= 0, and the following averages result: )

v ' =



&

increase by a factor of 103 to 10

%

{ 23

- ° G’b'
® ’ ot 2 20>
<E 2512 <F >2[ (o) } £3.1.8
Y Ty lr—r — .- B
o - . ¢
n"“‘ 5 :

o
*
@ N

The gamma ray energy is now centered atl%;ﬁand hencé’ for maximum
o, ‘o

regonance abgorption the emifted gamma ray must be |

& ¥

externally

augmented with an energy of 2R. TFurthermore, the width of the gamma

a

ray distribution is increased from the natural width to:

T 1/ ‘ J
5 F. nvod<E 25-<F >2] 2
o]
' L L#]
’ : 1 ‘,
" <EY> [;523]\/2/b . )
] 0’ 2
¢ N <E'y'>bu(kBT./m) g
n VBT ' . " E3.1.9

-

For ME nuclides this corresponds to & range of .005 to .07 eV, an

8 over the natural width. The

effective maximum absorption cross section would be reduced by the

o

n

same factor.



53.2 Mossbauer effect.

N

° When nuclei are bound within a crystal 1lattice, however, the
total energy of the nucleus becomes quantized. For cases where the
nuclei qfé'bound by velocity independent forces within the erystal

. lattice: it can be shown‘the first two moments of the djgiribution of
E are tﬂe game as those for ﬁnb;und ?ucle% [R3.%L1J. Only higher
order moments d;ffer. At high tempe;atures these higher order moments
become negligible because the nuclei are in’ states of high quantuq
‘numbers and the energy distribution approaches a'continuﬁm.

At,lgxﬁtemperatures,these higher order terms become important.
Inlparficular, at I = 0, the nuclei are moving with quantum mechanical
zero=point motion. ﬁecause it is the minimum energy state for the
lattice, &a gamma ray caﬁ ;either be emitted with energies larger than
Eg noi be absorbed with energies less than Eb. ' HoweveY, since the
first two moments for the’gamma-ray energy distribution {re the same
for “bound or unbo;n& nuclei, the probability for emission and
hbsorption of gamma rays with energy equal to Eo must be condiderably
different for bound muclei than for unbound nuclei. It |is this
probability difference which is the basis of thé Mossbauif effact.

The probability thet an atom will remain in the same state\ upon

% ' .
emission or absorption of a gamma ray of wave number Z is given by
~u

%

;
i '

g .
P = |<n|e_1,z-m|n>12 . £3.2.1
[ | . N

» t
.

and is referred to as the Mossbauer fraction. When calculating this
s,k ]
A Y i »

v
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quantity  the { conventional approach is to usé the harmonic
approximation for the forces binding the atoms in the lattice.
However, the harmonic approximation implicitly assumes infinite
lifetimes for +the phonon states by ignoring phonon - phonon
interactions. In réal solid; these Jinteractions and crystal
imperfections reduce the phonon lifetimes tg values much smaller than
the typical lifetimes of the nuclear excited states. This can be
téken into account‘ explici£iy by thermally’ averaging the matrix
elements 4in E2.2.1 before squaring them to abtain the Mossbauer
fraction [R3.2.2]. The result for the harmonic crystal is given by:

f = exp [..k2<x2>T] E3.2.2

/ .

;where <m2>T indicates the thermal average of the displacement of the
Mossbauer nuclei in the direction of gamma emission from the
equilibrium positions in the crystal lattice. For one phonon

o

freguency distribution, we find:

<E._ >
2, =Lep2s = _PL_ A 1 1 ’
L =TT T T T o exp(Aw/kgT)-T *3 E3.2.3

Here kg is Boltzman's constant and T is the temperature. En is the

.
energy of nth eigenstate, One may now wuse a continuous phonon

frequency distribution, g{w) normalized for N atoms by:
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W= | glw) do < E3.2.4

O Y 8

to obtain:
1 ,&7

8

flr) =e S I SR (0) d
B T R A e
[+]
- fik? 1 1| gl ,
= SXP1” 3wm [exp(ﬁm/kBT)Al * 2} - dw ¢ E3.2.5

0

For the Einstein solid only one frequency of oscillatiom, w_ is

E
assidimed, so that
A
glu) = 30 8(w-ug) E3.2.6

where BE = hw/kB is the Einstein temperature. This yields:

: -R 2

T) = + 1
. F(I) = exp kBeE [%xp(eE/T)—l_
= expﬁ-R/ﬁwE) for I<<8, E3.2.7

‘
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For the Debye model
2 P
iN.Q_ O<N<UJ
wp) D
glw) = - E3.2.8
. w>uy) ‘
¥
.Therefore we obtain:
eD/T .
3R W2 | oz
F{T) = expy- 1+ == | —dx
ZkBeD BD e~=1 \
OV
. s «
= exp[-6R x(T,.eD)/keb“] . . . E3.2.9
where :
Yy, =0 ’
X(T,GD) = R E3-211O

T[0p, T28,/2

®
M

L3

Aithough the Debye model reiresents only a crude approximation to

D)

the distribution in the phonon frequency in real solids, it is in
reasonable agreement with the temperafure dependence of the Mossbauer

fraction for most cubic systems where the phonon Ifrequency

£

distribution does not consist pf widely separated bands [R3.2.3]. The

reason for ‘}his is that the\Mossbauer fraction is essentislly a bulk

.

property of the solid due to the fact that the nuclear gamma rays are ,

o s
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emitted during times much longe? than typical phonon lifetimes. More
-details concerning the applicability of the Debye modél to real solids
in determining the temperéture dependence of the Mossbsuer fraction
are given by Disatnik [R3.2.4].

In summary, the probability for nuclear resonance absorption is
increased by chdosing nuclei with low éecoig.energies; i.e. with
smallhtransition energies, and placing them in lattices where they are
strongly bound giving high Debye temperatures, and finally by cooling
the host matrix to low temperatures. For some of the ME nuclides used
in this work measurements at T = 4.2 K wére necessary in order to

obtain sufficient resonant absorption to resolve the individual

absorption lines.

S53.3 Thermal shifts.

It has already been indicated that in spite of the .first ofder

¢

Doppler shiftz tﬂere exists a significant fraction of unshifted gamma
rays for source nuclei bo&gd within a crystal lattice. Because of the
fact that the vDoppler broadened ;amma rays have a much w%der energy
‘distribution and a much lower maximum resonant cross section, these
gamma rays‘ do not contribute to the conventional Mossbauer resonant
absorption spectra. :

However there also exists a second order Doppler shift in all
gamma ray energies. This may be derived by considering the gamma ray

to be a clock whoge period is dilated because of the 'fact that its

source is moving with'respect to the stationary absorber nuclei. This
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shift referred to as the thermal shift, is given by
- .

_ <pl> '
6 = By g7 , B33

»

N @ LN

Because of the velocity distribytion of the emitting nuclei bound
in a solid, <;ne might expect the Mossbauer gamma rays to be Doppler
broadened due to this shift. However, again due ';o ‘the factd that
during the emission of a gamma ray the emititing nucleus is effectively
in a statistical average of photon states, all Mossbauer gamma rays
are shifted the same amount and no brosdening occurs. Thus Mossbauer

' gamma rays have the natural line width given by E2.1.2. .-

In view of fact that

»

. 7 -
2 = 2 2 = . *
<y >.’Z’ <p >T/m <e>T/m E3.35.2

) 3

. the explicit femperature dependence of the thermal shift for a Debye

sg0lid is given by

, - : QD/T2 "
®|“s° 7
: - s5.(r) = - 21 22 4 (L p| X gy
‘ T EI78 T, 5| X,
[o]
. o 9RK_0 b b .
s BDL m T
R A (e)] E3.3.3
Y . D

for T~ 0. Becaugse this shift is dependent upon the equilibrium and

4

e
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[i] ¢ 4]

Debye temperatures of the host it isopresent in.all, cases’ where the

& -

source and absorber nuclei are in different types of matrices and/or

- »

they are at different temperitures. Because the Debye temperatures’
(]

tend to be of the order of room temperature for geod Mossbauer
matrices (see E3.2.10 and E3.2.11) the thermal shifts which are fourth

4
order temperature -effects tend to be .small and can ‘generally be

neglected when compared to shifts due to hyperfine interactions.

- () ?

“r
t

53.4 Lineshapes of Mossbauer absorption curves. \
: =

o " o
There are two basic methods of observing gamma ray response.

A3 . " . 5o ’
Both methods involve the use of two matrices; one containing source

g
nuclei, the other absorber nuclei. ' One of these matrices is usually a.

standard matrix in which the excited and ground leved of the Mossbauer

nuclei remain wholly degenerate. Thus a single X~ray energy is

T

emitted ‘or absorbed. The other matrix is the one of interesat. In the ?

-

1

kY

"first method the emitted gamma ‘rays, x-rays, or conversion electrons

1

o '
following resonant absorption of the absorber nuclei by the Mossbauer

[4 . *

gamma rays from the source nuclei are detected as a function of the

2

source gamma ray energy. This is referred to'aé the séattering

9

geometry. In the second, the attemiation of a beam of Mossbauer gamma

¢

*

"rnys‘ emitted from the source nuclei due t0 resonant absorption by the

absorbing nuclei is detected as a function of source gamma ray energy. -

This is referred to as tie transmission geometry. Since only the
‘e .
latter method was used in this work the former will not be discussed

o

further. .
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resulting shift in the gamma ray energy is obtained to first order in

-
- L]

Usually a relative velocity between source and absorber matrices
v
is externally introduced to vary the relative gamma ray energies. The

o) , f ¢ P .
v/e from the relativistic Doppler frequency shift expression and is

L

giveh by:

E =F %. . E3.%.1
.
where v is the relative velocity between source and absorber (taken as
positive when they are approaching each other), . is the velocity. of
light in vacuo and ED is the gamma ray energy for v ; 0.
It is custoﬁary in the 1literature to refer to shifts and
splittingg of nuclear energy levels iQ terms of this velocity. Hence

N

& \
both the absorber and sources matrices and their temperatures must, be

a

) aaecified, as well as the Mosabauer nuclide if théy are to be ébmpared
¢

to the results of other experiments.

’

4 transmision Mossbauer spectrum may thus be represented by

(S
.

»

-~

. ¥(v) = N(=)[1-n(v)] E3.4.2
where N(v) and N(») are the gamma ray intensities near and far from

resonance respectively and n(v) is the fractional resonant absorptiom

o velocity V.
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For cases where the density of Mossbauer nuclei within the ggurce
matrix is sufficiently smal} so that resonant»absorption' of source
gamma r;ys by source nuclei (self absor?tion) is negligible, and the
nuélear levels are unsplit and indentical for all Mossbauver nuclei,

n(ED) is given by:

oo

ﬁ(ED) = Bf {l—exp[—ﬁeff(E)]} I[E-(Eg+E))] dE E3.4.3

wa OO

where B is the fraction of radiation detected due to the decay of
source Mossbauer states and f g 1s the Mossbauer fraction of the
source. ES is the excitation energy of the source nuclei, ED is the
externally introduced Doppler shift in the en{ission spectrum, given by
E3.4.1 and I (E-(E'S+ED)) is the Lorentzian energy dzistribution given by
E3:1.1. Geff(E) is the effective cross section for the absorber
matrix. For cases where the Mossbauer atoms in the absorber matrix
all occupy jdentical sites, and the nuclei states are unspli;;,

7, ff(E) is given by

I

¢ ¢

(r/2)?
r/2)2 + (E-E'A)2

/ : c’«'s‘f'f(m = oMy ( E3.4.4

“

where fA and n , are respectivély the Mossbguer fraction of , the
absorber and linear density of Mossbauer nuclei in the abgorber .

ma‘Erix, 9, is the maximum resonant cross section given by E3.1.3, and

L
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?A is the excitation energy of the Mossbauer state in the absorber
e \ v

nuclei. . . ' \

"The coefficient of the Lorentzian function in E3.5.4 is #sually

referred to as the effective absorber thickness, T A; which, in this
’ .
case, is . .

N \/ 1y

‘

’TA = GonAfA E3.4.5

E3.4:3,has not been solved in closed form, however, the value of
the maximum absorption has been obtained by Mossbauer and Weidemann
[R3.4.1] and is given by: - X

nEg-E,) = 8fg [1-exp(T,/2)I (T,/2)] E3.4.6
vwhere Ip(z) is the zeroeth order hyperbolic Bessel function of x. "\The

total absorption area has been found by Bykov and Hien [R3.4.2] to b

~

= =t L
4= [n(ED)dE’D ="BF = nk(T,) E3.4.7

~

Here K(x) is defined by:
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K(x) e*X2/2

X (1 (x/2) + I1(x/2)] " E3.4.8

where I1(X) is a first order hyperbalic Bessel function. Becsause for
small 7T, E3.5.3>reduces to a Lorentzian function,

it is standard procedure to replace E3.4.3 with a Lorentzian
function in which the full width at half maximum (FWHM) has been’

"thickness broadened". The effective FWHM is expressed as

' = ol ’ E%.4.9

[N

and the area under a Lorentzian of half width T' is related to the

height of the peak by

>

Ip(rt/2)2
4 = T/a)r + (B )2 dE = nLI'/2 - E3.4.10

‘ P

* v L3

Using E3.4.2 to E3.4.10, one obtains the proportionality constant in

E3.4.9 to be given by .

k(r,) | |
. 1-exp(-T,/2)Io(T,/2) E3.4.11

In the 1limit as TA becomes small, ¢ approaches 2. Thus the minimum
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observable Mossbauer absorption linewidth is twice the widthaof the
excited state of the nucleus. This linewidth characterizes the
resolution capability of the gamma ray associated with a particular
Mossbauer nuclide when usgd in a transmission éesonant absgorption
experimeni. The' Mossbauer widths are listed in T3.6.1 for the
nuclides used in this work. Numerical calculations by Bykov and Hien

+

J
[R3.4.2] indicate\that the Lorentzian function deviates from B3.4.3 by’

4

Although this caleulation assumes identical and unsplit nwclear -

o

states in the.Mqasbauer nuclei in each matrix, these results are still
. L

less than 3 % for T, < 10. o

¥

valid ;f the absorption lines are well resolved, that is, Eeparated by

[}

at least three half widths [R3.4.2]./j&n this.céa@ is mul$iplied by

°

the relative probabﬁlity for resonant absorption occurring betxeen the

3 <

two particular 1levels. Accurate an‘lyses of unresolved spec?ra may
|

~

require the diréct aﬁplica%ion* of E3.4.3 instead of a "sum of
Lorentzians". )

)

Another assumption in the derivation of E3.4.14 is that the

* ° =

soprce and absorber have equal widths. . This mayhnoﬁ be the chse in

¥

gengral because small differehces in the local environment from \site
to ;ite of Moqsbguer nuclei may rrgsult in distributions in thea
strength of the hype;fine jnteractioﬁs. The result is a broadened’
emission spectium and a yfoadened ef%ective‘cross section. The effect
of different widths upon the validity of: the use of a Lorentzian
fitting funo?ion has been investigated by O'Conner [R3.4.5]. Assuming

that the broadened emission spectra and bdroadened effective cross
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w

section remain Lorentzian, then the resulting Mossbauer spectrum
N [

should remain Lorentzian, for T, < 4, with a deviation of less tnan 2%

‘

of the actusl value given by E3.4.3.
It would appear that the use of Lorentzians to,xfi% Méssbauér

spectra is justified, at least for well resolved absorption lines. In

B

view of the computational time required to fit E3:4.3 directly to the

§

experimental spectra, it is -worthwhile to attempt to f1t poorly

resolved spectra with the 31mpﬂb "sum of Lorentzians" as well._ In

\l

=
partlcular, gsince the‘maaon doncern in this work is the determination

-
. N

of hyperfiﬁe'fieldshand hence line positions only it would seem that a

- N . ~ \ . )

sum of Lorentzian approach is reasonable.

. r : | -
. 33.5 Hyper}ine Interactions.

@t S

’

The high resolution of gamma Tray resonance ' techniques allows
A9

small’ changes in the nuclear states due to the_preéence of magnetic

o

,and electric fields %o be‘ieadilf detected. Tﬂere are three important

¥

interactions-hetween the nucleus and its environment:

(a) the electrostatic interaction between the nuclear charge and the

non-zero electrdpic charge at the nucleus, which leads to the so

called isomer shift of the resonant absorption line,

LY
3

f

(b) the interaction between the electric quadrupole moment of the

nucleus and electric field gradient at the nucleus, which leads

to the quadrupole splittlng.\gf the resonantﬁgbsorptlon line,



*

-

(c) the interaction between the magnetic dipole moment of nucleus

and non-zero magnetic field at thq]nucleus, which leads to the
“hyperfine splitt&ng" of the resénant absorption line.
. 5 .

'S .

These three interactions are discugsed briefly below. *
’ fk! v

N t <
» v

. 83.5.1 The isomer shift.

4

Because the nuclear charge is distributed over a finite volume,

& N t

v v

the interaction hetween this charge distribut}on and‘the electronic
charge density“in the seme volume is ‘a function of the nuclear
eigenstates. fhe resulting energy perturbation is dep;ﬂdeny upon both
the electronic charge density at the nucleﬁs and the par?icular state
of éhe nucleus. ‘ Since two nuglear states -are involved dur;ng gamna
emission or absorption, the gamma réy energy shift is prgportiona1~ to
only the difference in the nuclear volumes ‘of the two states. -
Furthermorq, since gammma ray resonance reveals only the 'difference
between the energies of the reso;antly emitted gaﬁmaurays and those of -
the resonantly absorbed gamma r;&s, only the differeﬁce ’between “¥ﬁé
eieétron densities at source nuclei., and ;t the absbfber nuclei is

. @

measured. Assuming spherically symmetric nuclear and ionic charge

¥

distributions, the general form of this eneréy shift %s given by:

( n
, .
4 R ( . °
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! .
where 4 small correction due to relativistic effects has been omitted.

Here Z is the nuclear charge on the Mossbauer nﬁcleqp, <R'25 and <R"%>
are the expectation values of the square of the nuclear radii when the
nucleus is in the excitéﬁ and ground state;brespectivelg, and Jga(o)|2
and IWS(O)[Z are the electron densities (assumed constant) within the
nuclear volume for absorber and source nuclei, respectively.
Neglecting relativistic effects only electrons with zero angular

orbital momentum (s electrons) have a finite probability of being at

the nucleus. ;
o \ 4
However, indirect contributions may result because the s electron

S

density at the nucleus is sensitive to the electrons of non-zero
orbital angular momentum (p, 4, and £ electrons). Furthermore, in
metallic matrices, the isomer shift is sensitive to the local

conduction electron density, both directly forfconduction electrons of
A

[}

s character and ' indirectly for conduction electrons of p, 4, and £

character.-’Thus isomer ashift measurements at the same Mossbauer

9 3

nuclidegvfn the sasame s%}e in a series of Heusler alloys reveal
e

information about the relative conduction densities in these alloys.

Y

-
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53.5.2 The electric quadrupole splitting.

v

Nuclei with non-spherical nuclear charge distributions (spins not

equal O or*1/2) may have, some of the orbital degeneracy of the nuclear

-

energy- levels lifted in the @resence of electric fields.b Therv typical

non-spherical distortions of the nuc}ear‘pharge density are such that

B

only tﬁe interaction between the quadrupole moment (eQ) of an electric

multipole éxpansion of the mnuclear charge distribution and the .

2

gradient of the electric field (EFG) is important. Because nuclear
» charge distributions are the same for orbital s states differing only
in the éfgn of the nuclear magnetic quantum number O@I), these states

remain degenerate.' The Hamiltonian for the interaction is given by:

?

By ® o1 fj V;132,15-8,,(I+1)] £3.5.2
&

Wwhere 12,13 are components (Z,f = %,y,z) of the nuclear spinI. 5ij
is the Kronecker delta and -V, = -a?-V/aiaJ. is the EFG tensor.

¥ g

Choosing the coordinate system so that the V@j is diagonalized

’

and

g

{ . 17,1 o< lVyyl'ﬂ“lezl B35S
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2
. eq“q
= 2 _ Ny 2,472 . 5.
He? © 31(21-1) [313 €(1¥l) * 2(14 *I_ )] B3:5:4

Here eq=Véz ,» and n= (Vix-véy)/véz is the asymmetry parameter. I
and I;V are the shift operators for the nuclear states. Because only
the sphérically symmetric s electrons posseés a finite probability of
occuring at the nucleus, Laplace's equation applies-&nd Osns<i.

There two main contributions to the EFG at nuclei in lattices of
less than cubic symmetry. TFirstly, the surrounding iong gusually
taken as point charges) may give rise to & non-zero EFG at the atomic
‘giﬁg: This contibutes to a EFG at the_nuclear Eiﬁé direc%ly and also
indirectly by distorting -the otherwi’ spherically symmetri? wave

functions of the electrons around the nucleus.' This effect is

referred to as Sternheimer antishielding because the effective EFG is

v 4

enhanced by the distoriion. The éotal EFG-éo produced is referred %o
as the ligand contribution. Secondly, the nuclear spins may orient
the local valence electrons. This results in a direct contribution to
the EFG at the nucleus and in addition‘an indirect contributi;n due to
the distortion of <the spherically symmetric filled electron shells.
Since this distortion tends to opp;se the direct contribution, it is
referred to as Sternheimer shielding. The total EFG. produced this’way
is‘referréd to as the valance contribution. For nuclei in a cubic
environment +the ligand contr;Lution vanishes. 1In metallic hosta the

valence electrons enter the conduction ‘band causing the ‘valence

contribution to vanish when the crystal structure is of high symmetry.



#

S

<

®

S3.5.3  Magnetic dipols splitting.

A magnetic field at a nucleus of non-zero spin removes all of the
spin degeneracy of the nuclear state splitting it into 2I+l sublevels.

The Hamiltonian operator for this interaction is given by .

I

]

“ipE, (x)

-gpl;}-ﬁ [, (1) E3.5.5

-
where H,(X) is the effective magnetic field strength at X nuclides

located on A sites; By is the nuclear magnetic dipole moment; I is''the

nuclear spin operator; g is the Lande g factor for the nucléas; and
=27

-

J/T is the nuclear magneton. The resulting 2I+1

i

My = 5.050951 10

energy. perturbations are: /

, EmI= ..guNHA ( X) mI E3.5.6

o/
=~ v’

where m, = (-1,-I +{,..:I-1,I) is the nuclear magnetic gquantum number.
In addition to being a measure of the hyperfine interaction

strength, E3.5.6 also.provides .the basis for an operational definition

of the hyperfine magnetic field. BN

-

In order to define #,(X), both its magnitude and its orientation
must be conatant for times greater than the characteristic time
associated with experimental technique of measurement. For ME this

time is the mean life time of the Mossbauer state, t.
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S3.6 Relative intensities of resonant absorption lines.

The relative intensity of resonant absoption lines for a variety
of physical situations have been discussed by Misra [R}.6.1], Kundig

[33.6.2], Wong [R3.6.3}, Dehn et al [R3.6.4], and Frauenfélder et al

& [R3.6.5J. What follows dis an outl}ne of the theory involved in the

KN
calculation of }hese relative inténsities.

Because in the resonant emission or absorption process, the total
angu}lr momentum of the ;ystem is conserved, the quantum mechanical
theory of angular momentum plays a dominant role En the discussion.
Several texts have been written on this subject: for examplé, Briﬁk
and Satchler [R3.6.6], Edmonds [R3.6.7j, and Rose [R3.6.8].
Unfortunately thé notation and convention:; used by these authors vary
considerably although cross references are founq in the appendices of
the first reference. These various notations coupled with the rather
complex expressions involved in the éheory provides for some
difficulty in using expressions from different authors to arrive at
the desired result. Rathgr than go through the detailed mathematical
expressions, a.physical® explanation of the derivation is presented in
the following paragraphs.

o According to first order pertugbation theory, the .transit;on
probabilities are p?oportional to the matrix elemeéts of ‘the
_ perturbing Hamiltonian between the initial and final nuclear states.

This perturbation is due to the electromagnetic field in the region of

the emitting or absorbing nucleus. These matrix elements may be

Y
Ed

written as
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<

Hj'lﬂ',j"m" = <a'j'm'[31|a"j"m'> - E3.6.1

\
»

Here 4,m are respectively the quantu% numbers for the total angular
momentum and one component of the angular momentum of the relevent
nuclear states. The single primes denote the excited states and the
double p?imei the ground staﬁp. Other quantum number§ which are
collectively symbolized as are irrelevent to this discussion since
only the angular momentum guantum numbers determine relativé
intensities of absorption lines.

To first order in the vector potential of the gamma radiation

field, the appropriate perturbation Hamiltonian is
: Hy = A7 E3.6.2

where 3 is just the nucleon current dengity.
] .
The use of only this firat order term is reasonable Dbecause the

. second order term which is the diamagnetic term is usually several

orders of magnetude less than the Zeeman term for the magnetic fields

encountered here (Park [R3.6.9]).

»

The vector potential may be regarded as a plane wave with

i

polarization denoted by the unit vector p. Thus

T
By = Z.pe"z'r E3.6.3

where i is the wave vector and > the displacement vector from the

)
(2
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nucleus located at .the origin. For electromagnetic radiation, the
polarization vector is perpendicular to the direction of propagation,

N
B

momentum, this plane wave can be expanded as a series of apherical

~
L3

harmonics which are the angular momentum eigenfunctions.- The

v

coefficents of each term in the multipole expgnsion are s}herical,

L

Bessel functions of & and order £, the angular momentum quantum

number for each term. Since, for nuclear dimensions, 1f”\a‘l0"4 and for

-

transition emergies of about 20 keV, kn v 10'3 mm ~ for any of these -

®

terms (£=1,2,3 ... ); Under these circumstances the spherical Bessel

functions are of the order of (kr)k v 1Ot32.‘ Thus each term is about

a

a factor of 1000 times smaller than the preceding term in the series.

4

Hence only the -first Werm in the expansion which givea rise to a

non-vanishing matrix element of the form of E2.5.1 is sufficient +to

obtain the transition probability.

The total angular momentum - of th; photon duringJ the emissioﬁ
(or absorption) process isvféomposed of two components, the orbitai
angular momentum' due to the spatial dependencg of the plane' wave
jféudétion with resiect to the emitting (or absorbing) nucleus and the
intrinsic spin angular momentum due to the polarization state of the
photon. Since S=1 for photons, these numbers are relat;d by

1

L = 1,231 E3.6.4

.
-

By convention L={ represents magnetic ZL pole &. M: radiation while

i.e. ﬁ'z = 0. To +take advantage of +the conservation of angular *

v

SN

a

[
]

——— e e - 2

o

——— - —
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L=2¥1 represents electric 2L pole or EL radiation. The lower limit
placed upon in the multipole expansion which contributes to the
emitted or absorbed photon is set by E2.5.4 together with the

conser%?tion of 435§1ar momentum and of parity. The former restricts

the val&ﬁf of L to ~

*

Nd=d" < L < g4

&

E3.6.5

and the latter requires the change in the parity gf the nuclear states

during the transition to equal that of the photon which is inen by

s

r = (-0

£3.6.6

i
_These matrix elements for the emission process can be written in

the form of a vector in two dimensional polarization space with k

I

parallel to & [R3.6.1]:’ §

"

9 ‘

@ +
Fo ) ) -
' lem'm"> = e\ ule,> +

em'm"|€-> . . E§56.7

where |e+> and |£_> are the spherical bagsis vectors Eorresponding to
i ¥

) .
right a?d left circularly polarized radiation respectivély. Here the

.. + - R .
dependence of the coefficients & , « and € . « on the J'Mm" and J"m"

?

values for the two loweast terms in the multiple expansion are given by

[r3.6.1]:



+ L. . FY IR T [T} R.‘
e i = exp(ia,) [<f"m"wH|g m'>8],(8 ) ‘
) L6 n 2 . . £+l
t Ry g0 <ML m>s (8 )] - E3.6.8
- N ok .
e = exp(~ta,) [<j"m"w|f'm'>87,, (8 )
id . , 241 .

» = Rl 58 P oL M7 w8 ()] E3.6.9

’

Similarly for the absorption process the matrix elements can dbe

written
: ety = oY -
am'm> = a g wle> t a . ele > E3.6.10
where
+ = . TeqMtte a2 gy sk .
& i = exp(ta ) [<g"m"2-Mlgmt>87, (8 )

-R e't¢<j"z+l;q"}—M[J'm'>52+l (Ba)] ' E3.6.11

41 5% 1M

-

and
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— . . ". \2'
= Mgt Yo 1
a iy = explia) [<g.z m" \-M|J 'm >61nM(Bq)
~L_ s " _pil s g%t .
Ryyy o8 <d"41m", M| m'>8775,(8,)] E3.6.12

, In the above equations L Bx’ and Y, are the Eule? angles which
give the axis of quantization in the source‘(m=€) or absorber (%=a).
The functions Sile(B) are the B-depen&ent part of the matrix
elements of the rotation operator D(a,B,y) between states jmi and dma
[R3.6.10].

‘

<gmy|D(a,B,Y) |dme> = exp(imja) 6;1m2(8) exp(imay) E3.6.13

The quantities <F1midomz|dmy are the Clepsch-Gordan coefficients which °
are the expansion coefficients which give the state ljljzjm> in the
2J+1 dimensdonal space in terms of the Ij1m1j2m2> atate functiogs in
t&e (2d1+1) (29 2+1) d%mensional space. Tables of values for the
functions Sglmz(ﬁ) and the Clepsch-Gordan coefficients can be found in
the books mentioned earlier or in R3.6.11.

¢

The value of R e is the ratio®of the so called reduced

. 41,2
matrix element for the &+1 multipole term to that of the multiple
term. These reduced matrix elements depend only on the total angular
momenta of +the two nuclear states'and of the photon together with

other variables which describe the nuclear states but do not depend on

the values m', m" and the direction in which the photon is travelling.
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The square of this quantity is .referred to as the m%xing ratio for'the

two multipole terms.

s

All physical information regarding each process is contained in

[}

the density matrix for that process which is defined as follows:

Y

. | |2 o a*
- m'mn><m1mnl - + + -
xi.h te_|2

’pm',mV
x

sy X = 8,4 E3.6.14

*

The relative probability for the absorption-of a phdtonﬂBy' trangition
t=ﬁé < m; which was emitted by means of +transition is 6=mé -+ m;
obtained from the trace of the density matrix: . :

S -

_ 8 &y .
h;,a = Tr(pepa) E3.6.15

©
-

i

If the Mossbauer source is a single line unpolarized source ; then
the emission density matrix is proportional to Ehe‘uniﬁ matrix and the
relative absorption lines are dqtermined'entirely by the absorpiion .
density matrix. ‘This waé generally the case for the hyperfine fieid
meagurements in the work. Hdﬁever, the.197Au an@ 125Te workv.involvedn‘
hyperfine field measurements in the source matrix. In these cases a
singie line unpolarized absorber was used so that -the ab;ofption - :

density matrix was proportional to unity and the desired rélative

intensities are given by trace of the emission' density matrix.

3
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The transition probabilities, given by E2.5.15 are for oriented
%

nuclei and are functions of £ which gives the angle between the '
<+

quantization axis of the nuclei and the direction of propagation of

the gamma rays. To obtain the relative intensities for the case where

randomly oriented polycrystalline absorbers or sources are used, this

f
function must be averaged over a unit sphere using:

%
.

-~ 1

\

» 'n. .
<f(g)> = %‘J £(8) sin(g) d8 E3.6.16
]

wa

o

All Moasbaueé nuciides used in this work possessed“»excited andp

ground states of the same parity and |J' -d"| = 1. Hence, the

v radiation was mainly ;f the M1 type. For 1931r and 197ﬁu there was a
gignificant E2 compopeht which has the same parity as M1 radiation.

The intensity ratios_hsed in this work for polycrystalline absorbérs

(or sources) are given in the next section.

S$3.7 Characteristics of Mossbauer isotopes used in this work.

n

*

The pertinent characteristics of the Mdssbguer'nuciides used iny
this wdrk are given in T3.7.1, The relative Posiﬁiona and the
relative intensities of the imdividual absorption lines of thjf
magneticaily split Mossbauer patterns for the five isotopes used iﬁ

this work are given in T3.7.2 and 73.7.3. These valueg are given\ for

.
IxY

J ?
.
b Y

L 4
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T3.7.1 Nuclear propertieswof Mossgager Nuclidgs& “
Mossbau;r Nuclide 57Fe 119Sn . 125Té: , 1“g?gr 197Au‘
Parent Nuclids . 7o 11951 s 1930 197p¢
B (ka¥) 14412 28875 35.48 T30 T34
T (e x 1072) 0.195  0.258.  0.541  1.48 7.63
71, (ne) 99.3 18.37  1.535 6.2 ,1.892
‘R (im/s) « 0.23 | 0.625 5.02 .0.60 ©1.87
AL /2,32 17245020 1723020 302102 3/t /2"
(‘ Radiation type 5 M1 . M1 M1 M%+E2 Mi+E2
(REZ’M’1L)2 - - - . 03 0.11
a, (b) v 2.57 1.40 0.28 - 0.03 | 0.041 °
o N 8.17 5.2 0 . 12.7 6 L 4.0
W (ny)  +0.0904206 -1.04621  -0.8872  +0.1589 +0.14486
v () 20.15491  +0.682 . +0.60" +0.470 - +0.4165
¢ (v) o 0 0 © 0 +1.5 +0.56
@ (v) - 0.2 -0.08 -0.2 0 0
4, (%) \b 247 . 8.58 '6.99 © 615 - 100

vy 7
5

»* Y ‘ . '
For a defin?tion of the above symbols see the List of Symbols.
. \ ..
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?.7.2‘ Magnetic Hyperfine Splitting'Pattern for 57?9, 119Sn, 125'1'9.)

.
)
- !
. '

S

o »

4
v

i

DA

-

Transition ;Mhm" ‘ ﬁélative Relative Position'

' < m"! Intensity 57Fe . 119Sn 125Te
w32 41/2 a4 .3 +0.5000  =0.5000  ~0.5000
/2 +1/2 oy Co2 +0,2514  -0.3625  =0.3650

Sl e o 1% 40.0686  <0.2370  =0.2299
3 . . o )
1 ~ ° 1
K " 1 ?} ‘
“ : ¥ e
. 'y .
; e
. T3.7.3 :Magne'tic ﬁﬁberfine Splitting” Pattern for’193Ir and 197Au v
Transition Re}ati§e Intensity . °  Relative Position
6 . _Afm”--m" i : ; . ‘

m' '+ m" . *\t o' . 19_311‘ 197.&“. 19311. . 197Au .
+1/2 +3/2 -, 1.000 . 1.000 40.5000 -0.5Dp00 *
st/2+/2 1 0 o 066 0.670 ~0.6702 -0:6778
+1/2 ~1/2 + *0.486 ', 0.391 T #0.8405  -0.8556
/2 52 2, 0.235 “ 0.097 ) -0.6767 1.0353

" t
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.pnly one half of the possible transitions becauss a ﬁggnetic hyperfihe‘

splitting pattern exhibits mirror symmetry about the bnspiit level in
the absence of an electric quadrupole interactzbn. ‘This fymmetrx ;p
both the ground and excited states of qossbauer nuclei pfodu&é; .a
'Mossbauer spectrum wﬂ;qh has miréor symmetry abOut‘ the position
centroid of the individual absorption 1in;s. The values for the other
half of +the trangitions are obtaiged by changing the signs of all
exP}icitly signed entries in the*tuamtaﬁ{es. )

-

’ \ >
' The relati&g ppsit] are given in units of +the separation
R ’

between the positiofis of thy two most intense absorption lines. The

gigns are appropriate to the \case where Mossbauer radiation afrom
! " T ES
unsplit source nuclei is “resonantly abgorbed iby-magneticly split

«ramdomly orientéd absorber nuclei. All signs should be changed for

the case where radiation from magneticly split source nuclei is
absorbedAby unsplit nuclei. However, because of theamixror"symmetry,

-the resulting Mossbauer spectrum for EPis latter caa%‘is identical to

that of the former case. . ™, .

The integral 1n?ensi¥ies given ip:T3.7.2 regilti from the fact
tﬁat the E2 component of thé Mosgkauer radi;tion Jf t%fse nuclides is
negligibie. JHence, they are numerically equaf\%o thg square of the
&pﬁ%opriate C%epsch—Gordan -coefficients, In T3.7.3, howe;er, where

n

this is%not the case, the intensities are given relative to. the most

intense lines.

’

[ Ve -
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i 'CHAPTER 4 . 54
\

INSTRUMENTATION AND EXPERIMENTAL PROCEDURES-

-
v

S4.1 Introduction.
This chapter deals with the apparatus ‘and procedures involved in
" the preparation of Mossbauer sources, fabrication of Heusler alloys,

and the accumulation and cdmputer analysis of Mossbauer spectra.’

S4.2 Mosshauer source preparation.

The Mossbauer sources used during this work were, for the most

part, fabricated by the commercial firm of New England Nuclear. These

5700, 1193nm’

include 125Sb Mossbauer sources which were wused

respectively in Fe, Sn, and Te measurements. However, the sources

ugsed to obtain the Au and Ir hyperfine field medsurements were
| A
prepared at the Slowpoke reactor facility located in the Life Sciences

Centre at Dalhousie University.

Because of the relatively low maximum neutron flux (1011_- 10'2

— .
v, neutro /s) of this reactor, only relatively weak Mossbauer sources

s

L ‘could be broduced. This can be seen by observing the following

v
N '

of irradiation time | :

- [ v

Rt
.

1.‘- ° ’ & «
N L ﬂ-"_}’ﬁgf_‘d [m(-qm - exr()w,qr)t] _ E4.241

-

Here N, is the initial number of target nuclei present in the sample
. - &

3

L3

equatfbn wh cg gives the activity of the product nuclide as a function -
R . '



1.p-2

and ¢ is the neutron flux in units of 8" cm™. The neutron absorpiion

cross. sectrons for the target and product nuclide are given by ¢ and

0p respectively and the natural decay constant for the product

nuclides is given by A. For a thermal neutron flux of 10! en~?

and  typical values of ©¢f and Op. ( 10724 cm'2)

3'1,
and of

A= 0.695/4172%10% 57!, where ti is the half life of the excited

state of product 'nucleus of interest, thé‘decay of the' product and

3

target muclides du¢’ to absorption of neutrons can be neglected and

this coefficient #fien turns out to be » 1 mCi of activity per 100 mg
of target nuclei of interest. In order to achieve the maximum
specific éc@ivity or the sources, the relative fraction: of target
nuclide in a given 'isotope wag inqreased by using highly enriched
isotopes >97% for irradiation.

) The preparation of %@e 13305 Mossbauer source was rather
straight-forward since the Heusler al}oy Ir1.07un1.07sn0.86 to be
analysed was the absorber matrix in tﬁis measurement. However in the
measurement? of the Au hyperfine field in the alloy'PtMnSn, it was
necessary to use the Heusler alloy as the Mossbauer source matrix in
\ order to ensure that the daughtef of the 1971’1: -‘197Au r;action woqld
be at the Pt sites of theualloy. ’

Because of the relatively high cross section for the nsutron
capture by Mn atoms, éhe¢rasulting large background radiatioh would
preventathejresolution of éhe Mossbauer gamma rays resﬁlting in very

weak absorption 1lines in the Mossbauer spectra. Hence the 196Pt in

the form of & thin foil was tinggy irradtated and then used to

¢



fabgicate the PtMnSn alloy.
More det@ils about the irradiation procedures and which Mossbauer
. L . k
igsotopes can be made using the Slowpoke facility are given by Judah

[r4.2.1]. o ' .

S4.3 Fabrication of Heusler Alloys.

Heusler alloys cen be prepared by either sin%ering or melting the -
constituents in an inert atmosphere. The former method consists of
compressing stoichiometric mixtures of finely ground powders of the

constituents of +the alloy into pellets and heating at %emperaturea
r
below theéir melting points for a prolongéd period of time. The chief

advantage of +this technique 1is +that +the evaporation of the more
volatile components of the ailoy is kept to & minimum. However,
because the technique relies upon diffusion processes: for a .
homogeneous ordered alloy to be formed, heating times are considerab;&
longer than if the melting process is employed. The melting technique

is the more common method employed in the fabrication of °Heugler

s

+ alloys. Loss of the more volatile constituents is kept' to a minimum

by one of two methods: . .

¢
© -
8 >

(a) Two of the more violatile components are first melted together,

followed by .the melting of this preliminary alloy with the third

A A o

component;

“ -
.

(b) Rapid heating followéd by short melt times.. This technique was

°

> employed to make the Heusler alloys used in this work. ]

Al

»

¢



I3

57

Several types of furnaces are used for melting the constituents

but the two most common are the Argon arc furnace and the rf induction

furnace. Both of these furnaces allow faster heating rates than

I3

conventional electrically heated ovens. However, the rf induction

v

furnace offers the following advantages over the arc furnaced

(a)

(b)

v
The eddy currents induced by the-rf radiation continually stir

the molten mixture providing for more homogeneous samples in one
melting. The samples heated in the Argon arc furnace must be
fepeatédly melted with the ingot being turned over between
meltings to provide the same level of homogeneity. Hence,

shorter melt times are required using the #f induction furnace.

a

By controlling the’rf current in the coils, the temperature of
the sample is more accurately controlled' in the rf fhrnace,
sin;e the heat is generated in the sample directly.' The thermal
fco#duction between bne of the electrodes and the sample in the
arc furnace causes temperature inhomgenetics in the sample when
the furnace is used and hence, temperature control is more

difficult.”

Fdor these reasons, Tf induction heating results in a smaller

fraction of +the more volatile constit\’s being lost due to’

v

evaporation. The rf induction furnace was used to prepare the alloys

‘used in this work. The constituents were sealed in quartz tubes

A
containing one atmosphere of argon (at the melting temperature) and

'
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heated until melting occurred. After about a minutd’the rf current

3

‘was turned off and the sample was allowed fto coal.
Frequently, cooling directly from the melt does not result in
fully ordered Heusler alloys.. This( disorder ma& be minimized or

-

completely eliminated by‘annealing these alloys at temperatu;e near,

but below, the melting points for a day or iwo. - This annealing also

removes any stress caused by grinding the solid samples is?o powders,

for use in Mossbauer spectroscopy and X-ray diffraction.

s

The rate at which the samples are cooled from the annealiné e

temperature also affects the  amount of disorde}. *Usually rapid

cooling by quenching the alloys”into ice vater'or*silibon.oil produces
the best ordered al{?ys, although this depends on the parficular alloy
being prepared. Exceptions are séme of the C1b alloyé, €. g PanSp
[R4 3. 1], whlch seem to be better ordered when slowly cooled.

With thege con51derat10ns in mind, the fabrication of the Heusler

alloys 1nvolved the followlgg procedures:
.~ [ ‘-
(a) Stoichiometric amounts of the constituents of the alf%f were
‘ placed in an glumina crucible which is ;laced iﬁsidé a quartz
tube. The quartz tube is evacuated and backfilled }ith an inert
gas (usually argon) to a pressure sufficient to q;oduce one
atmosphere at the melting point. For samplﬁz which were too
small to allow the formation of induced currents of sufficient
magnitude for heating, the crucible rested. on a cylinder of

graphite which, when heated by rf induction, melted the samples

by thermal conduction.

Y



¥

(b) The samples were quickly heated and held |in the molten state for

a minute or two gndtwere then allowed to rbol or were quenched
into Dow Corning 705 siiicon eil. \.

L ‘e
¢

(¢) Portions of the sample were ground by hand in' acetone into

; powder ( 325 mesh sizé) using a pestle and\morﬁag.

b ! . 0 ¢

~

(d) The powder was annealed in & quartz ampoule . under” an grgbn

&

atmosphere using an eleetrlcally haat d oven. The oven
consisted of a vertical ppen-qnded cylinder \whlch allowed the .
-~

water located beneath the ' oven. Annealing times and
tempergtures for each sample gre given in the latet chapfers. '
- }
e . ’ N v
(&) Xgpay diffraction resulte were obtained for saﬂplas both. prior
f A

¥
v

to and after the samples were annealed for conparlson purposes.
& :
A Phlllps Debye—Scherrer powder camera br a Philips powder

S
d¢iffractometer were ‘used for this purposey . .

‘v w 4 I3

‘ -,

\ . .
In some cases several samples had “to be prepared before a suitable
*’ ’ ) PR
alloy was obtainéd« N , . R )

e

The fabrfbatlon of the ‘COZYZ alloys which weref doped with,

1

1
f

. enriched 57Fe5 Qr .5700 yas a meewhnt morb‘complicated proeédgre.

* ¥

These samples were nadé using those, undopéd sguples which yielded
4 .

»

satlsfnctory x-ray dlfﬂractlon pattarns. To .a solid portion of the

wnannealed sample Vas adged about 0.5 to 1% q wy¥ of- enrichfd 57Fe

. &
’ powdar., ‘The sauple was rcnelted and the heat treatmgnt aa 1n€r;ated

* . -
sample to be quenched by dropping it intd\ a container of icem-
* \

L

s
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above was performed." Onto another portion of “the undoped sample was

-
déposited about 0.1 mCi of °1Co activity dissolved in dilute HCI.

This was done by despositing ‘the solution drop by drop onto the solid

piece offa116} which'was supported by three thin needles. The solvent
in each drop was evaporated using heat from a 150 watt- incandescent

i
light bulb. The °/Co was integrated into the alloy by melting it in -

the rf furnace. The §ubaequent heat treaiment, if necessary, was as

3

described above. ) A

b}

54,4 Preparation of absorber and sources for Mossbauer Spectroscopy.

According to Margulis et al [R4.4.1]) and Bykov and Hien [R4.4.2]

the .shape of the Mossbauer absorption lines will not be Lorentzian if

©

the thickness of the source gpd’absorber is too gieat. This is hue to
resonant self—absof}tion within thick sourcesﬁgnd saturation of the
rescnant gamma rays in thick absorbers. The effect is to broaden the

absérption lines in the Mossbauer spectrum, thereby decreasing the

-

resolution of.the individual lines. .

y . ® B

* Resonant self absdrption was not a problam in any of the sources
2] °

LY

‘used in this work because*thé qumber of Mossbauer nuclei 1h the source

mabrlr was negligible. o )

. 8 ¢ L}
~ - VJ;

To preventv« sa?tion broa’dening in  the absorhers athe

prescrlptlon used previously- [R4,4 3] due to Bykov and Hien’[R4~4 2]

ey

was ultallzed. For the Co YZ alloys!abaprber thickness of the orﬁer

»

of 30 mg/cm2 g1ve thickness broa@pqings of the order of 10% of the.

ideal Mossbiuur’linewﬂdth. However for the 197Au and 19311' work where

' - »

.
A » , N i f . s
P .

#
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relatively weak, short-lived sources were available, larger degrees of

broadening of the order of 80% were allowed in order to gain
sufficiently welliéefined absorption lines in the Mossbauer spectra.

“he 5700 doped CozYZ sources were prepared by depositng :the
powdered material on wet low-temperature varnish (supplied by Oxford
. Instruments} on the flat surface of disk ;haped aluminum source
holders. The material was then covered with ; few more drops of
varnish and éllowed to dry.

The. absorbers were prepared using one of two methods:

v

[

{(a) The absorber powder was compressed into the form of a disk
between the thin walls of a specially designed perspex

. \ .
container. - ,

«

. »

(b) Absorber powderfwas deposited on  the sticky side of geveral
layers of 3M Scotch tape. BSufficient layers of this tape were
then sandwiched together to- provide an absorber of the

appropriate thickness.

-

These absorber holders were subsequently clamped firmly to the Cu
absorber mounting brackets of one of the ‘severpl Mossbauer
spec¢trometers used to accumulate the absorber spectra.

The source matrices used for these absorber experiments were
.

» A4

either . commercially manufactured (5700/Rh, 119Snm‘/V) or were prepared -

"

in the Slowpoké reactor ﬁ1?305/19203,1?7Pt/196Pt). The commercial

sources were secureiy attached to Al source hoMders with epoxy while
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»
¢ -

the 19308 éourc; was clampeq to the source holder using s thin nylon
disk. o T , " L
For the source experiments, tﬁe, absorbers  consisted  of
non-magnetic metallic, - “foils (57Ye}310 ptainless steel foil,
197Au/Au foil) or a non-magnetic powder (1257e/2nTe). The sources )
uged in these ;ipefiments vere in.povdered form vhich was secured to

an Al source holder with low-temperature varnish manufacturéd, by

Oxford Idstruments.:

1

S4.5 Mossbauer Spectrometer. ‘

9

The purpose of a Mossbauer spectrometer is to introduce, in a

carefully controlled manner, la Doppler shift in the Koésbauer gamma
ray energy and to record the intensity of the gamma rays transmitted
through (or resonantly scattered from) the absorber (oizfarget) 83 a

s ‘ ® B
function of the relative velocity. To first orger, the “energy ah;ft

"in the Mossbauer gamma ray K is given by E3sf.1. There are several
types of Mosabauer spectrometers in use, dependiné upon how the
AR

relative velocity is introduced. The syptem used in this work was of

&

the constant acceleration type, ie. the relative velocity was a

LIinear ;unction of time.
¥ossbauer specira can be obtained by either detecting the
attentuation of the gamme. rays due to resggrnt absorption or by,

s 0

N detecting the radiation  emitted upon. the de-excitation , of the
« , resopantly excited nuclei.” The former, which 'ia referred tq'as’

* » ” . L3 “q N ub“ P
. + transmisaion Mossbauer spéctrometry, was the method usedﬁinlkhgg vork, °

. ° b .
L s ' a P
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The Mossbauer sPectrometen,cdnsisted of three basic subsystems:
o e :
‘the drive system, the nuclear detectldh equipment, and the data

©

accumulation and storage eyatem.

~Iwo drive gystems were used in this work, each consisting of two-

components:

¢
b

{4) & linear métor consisting of a drive coil to convert the drive
N »gignal to mechanical motion and a pick up coil which created an

electric signal proportional to the instaneous velocity of the
s

-

’ motor armature, T .
. . . \
. . . . Y

2

(B) a function generator which used the pick up signal to ‘correct

k)

. o
v » N
e, s« . R "
. 2
.
® 1
Q

One unlt was manufactured by Austin Sclence Associates and | the other

»

by Frank Woodhats while at the Unﬁversity of Aberdeen, Scotland. The
7

,1&tter'syetem is described 1n detall elaewhere [34 4. 3] and the theory

behind its operation may be found in Clark ot al [R4 5. ?] The Austim

. & . .
eystem is_ descrmbad by Judah [R4 2, 1] . @ .

t ~

The purpose of tke nuclear detection aubsystem was to be able to

¢ o

detgct and resolve the qudbauera gamma rays egainat background

radlation._ It consilﬁ‘i oI theﬂ fqlTQuing components:* - gamma rf?

ot ’

deteétqf, Q,Preamplifier, an amplif{er an@ a. eingle channel &nalyaer.

“

"ﬂbesolving gamma' rays “of- difrerent energ*éa.‘ Because -the detection,

effzci%ncy and energy reaolutidg of nuclear detectere can be cptrniied

“ . ] ot
. . AR b i g .
) -

.o 2 S
-»the drive signal by means of a feed back loop. ) Lo

. The maih, featurg of the detectors vas’ thet they were capable of

[
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for restrlcted gamma energy ranges, several detectors were uaed to

s

detect the gamma, rays of the different Mossbauer 1sot0pes used in this

work. For ' the higher energy gossbauer gamma raye

.(E(197Au) = 77.34 eV, E('PIr) ='73.0 keV) a NaI' (T1) crystal

optically coupled to a photomuléipler tube (RCAS5TS) was used as the

detector, For ;he _ lower energy . Mosabauer gamma - rays

(8(°"re) = 14.4 kev, . B(''%n) =:23.875 keV, E('?71e) = 35.48 keV) gas
filled proportional counters manufactured by Reuter-Stokes Inc.

. (Model RG-61) were used, For 57Fe vork, the detector gaa was a

« 7

I3

mlxture of 97% Krypton 3% 002. While for work 1nvolv1ng the other :

1satopes Xenon gas was used %Pstead of’ Krypton. U e,

The advantage of uaing Krypton gas . 1natead of Xenon gas for

n

detecting the ’57Fe Mossbauer radiapion is thatgthe X abgorpt;on edge .

for Krypton is at 14.3 kaV just, below the energy of the 57?9 gamma ra}

\

" which results in preferential absorption of Mossbauner gamma raya to

background radiation slightly lower in energy. Henci’ Krypton gas
provides for better resolution of the Mossbauer gamma rays then does

t lr »
Xenon gas. ' . . ¢

-
e

e N N N v )
The Xenon gas filled proportional counter is capable of

' ’ -’Mt" 7 ' v .
adequately ‘reaolving t;;\5213b gamma ray (E =37.15keV) from the Sb K

) Ox-rays centered at 26.4 keV. However, such is not the ‘case with the

tin K X-ray vere pref&reggially filtered ou%‘by a thdx?i!rfoil uhoqe L

ahaorption edge (24 35 kev) was bélow the K. X-ray energies (25 04,,

25 27 xeV). but above ‘the 1198n Mossbauer gamma ray energy (23 88 keV)

< B - s
* . t . . . M ¢

'1198n and 125Te isotopes. For ths 1198n Hossbauer measurenenta, tha ‘

&

LAY

[
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@ N -
This method could not be used to improve the resolution of the 12529.

gamma ray because its gamma ray energy (35.48 keV) exceeds the Ko

LI

(27.4 keV) and Ka (31.8 keV) tellurium X-rays.’ This problem was

] ‘ '
overcome by detecting the 6.0 keV escape peak qhicﬁ is due to the

[
N "

eséape from the counter of thechnon K X:réys emitted following the
" photoelectric absorption of the gamma rays by"thg Xenon gas. ° Further
* ‘improvement in the resolution of this eacépe peak was obtained by

° 2 £

using a_filter:coqsis%ing of Cu foil sandwiched hetwéen two }a&ers of
househblﬂ ‘:i.l~ foil, The Cu with a. K absorpiion edge of 8.0 keV
preférentialyy éttenhated radiation,i;mgdigtely gbove this energy but,
did no% aﬁprerciablx attenunate the gamggrrays.l;%he»purposefof the Al
foiltﬁéth K absorptionredge of 1-% keV”whs'%o a%tenuate the 8.0-keV X
ax-rafs-émitted from the Cu foil. * . ° , '

) The preamplifier, variable-gain amﬁiifier. “and single , channel

analyser served to create pulses whdse amplitude were proportional to

Y

énergy of the radiation absorbed by the detector and to discrimate’

v

out pulses corresponding to energies other than &hoae near the’

Mossbauer gamma ray energies. Details of their operation have been
ce ° : . £

.
B d

described elsewhere [R§.4.3].

’ .

?he data accumulatipn apd storage system consisted of either a -
' ﬁortﬂern Tracéé NS 600 or a No;thern, Tracor N§’900‘multichannel
analyser and has been dispﬁg;e& prgéiodsly [r4.4.3]. f -
Tyg' velééity qpfi%rgtﬂon of ‘thg,’hnalys?r‘ ;;; performed. by

2 -
. a

v

. écéumulatidﬁ a room temperaturélkpectnum uging a‘%oupce of_57F§/Cu dr

. 9Tpe/Rh and'en absorber consisting of foils of‘ Fe:foil gud 310
v ¢ 2 ", - . R r

(s

' A a ¢ . - o
N .
’, R .
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»

stainless -steel. The known difference (in velacity units) betwsen'the

six absorption lines for Fe foil and the known Isomer shifts between

¢ v

Cu and Fe and between Rh and Fe provided information about the

“ o

'. 1ineari€y of the ﬁrive ﬁhve- form and served , to assign - absolute

velocity units t0 each channel. Where p0331blullpa11bratlon spectra

nere performed both before and after each experlment to degect any

changes in the gystem that might have occurred during data

!
-

accumulation. C )
r . P
¥

$4.6 Cryogenic equipment for Mossbauer spectrocopy.

<*.  For those measurements that were carried out at liquid. nitrogen

¢o

+ o and liquid helium temperatures, three different cryostats were used.
The first consisted of 1.25 inch diameter cylindricel - Cu gold,
. . ’ ° . \ » .\ ' nﬂ-
ginger which extended vertically into’liquid nitrogen containeg in a

”
L}

comﬁefcial.liquid nitrogen dewar.' The absérber was mounted above the
L3 [ b
fnltrogen and styrofoam 1psu15t10n malntalned the absorber between 93

to 97 X over a twenty four hour perio&.xwmhe gource was held at room

temperature. This cryostat 1s_plctured in F4.6.1. The picture on the
o * * 8 “ ® . 33

. left shows the cryostat withothé transducer puiled back to reveal. the

[ ““,

ledd shielding: and colllmator around, the Mossbauer source vhiie t e
. » & \_/.b\’ P |
plct re on tpe right bhoysyﬁhq.cy1:idrlcal proportlonalﬁ countbr .and-

’iop £ the Cu absorber, holder co ained in the styrofoam insuldtidxox.

¢

. ,\
Also the aluminum disk,\;o whlch‘the source is mounted i? shown "in /

the. backgrpund on the End of the drlve rodu ) T v .
W ¢ Lo i . ‘ ° -, 5


http://thr.ee

_F4.5.1

y

Styrofoam-insulated nquid nitrogen cryostat, naa-blcd for operstion (le:t't) and
din-unbhd .for source u:d absorber mounting (right).

s v

.
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*

F4.6.2 -The * vaduum-insulated cryostat wused for. :wign
. measurements at liquid nitrogen temperatures.
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The gecond cryocstat was deslgned by C. C. M.  Campbell [R4.6.1]
. and consisted of ‘an absorber holder mounted on the end of a Cu cold

finger, This was suspended from +the bottom of a 1liquid nitrogen

container and the entire asdembly was: anclosed in a vaccuum Jjacket.

L3

Aluninized mylar windows on the tail piece "of the vacuum' jacket

allowed for the transmission of gamma réys through the absorber. The

thermal insulatlog\530v1ded by the vacuum Jacket vag sufficient for .

» ¥
the 1liquid nitrogen to last about 8 hours or so before 1t required

topping up. This was done with an sutomatic filling system built for

this purpose. The cryostat was ﬁsed for the measurements of the sign

of the hyperfine fields because its slepder tail section allowed a
»

L 4

narrow gap between the pole pleces of the magnet and thus max¥fized °
L]

the externally applied magnetic field. In F4.6.2 is depicted éhis,,

oo

" cryostat positioned betwean the pole pieces of %he magnet used for‘a

¢

sign measurements. .

kY »

The third ostat used was a commercial .unit made by, Oxford
~
Instruments, T is(cryostat could bp used with either liquid helium or

liquid nitroge The Mossbauer source was maintained at "the
tgmperature of the cryogenic fluid vhile the Mossbauer absorber could

be maintained anywhere fﬁqm th%é temperature ' to room temperatursd.

_However, for this work the absorber was held at room 7§mperature, .

%

uliqg;é nitrggén and liquid héliﬁh temperatures only. A diagram of
this cryostat, shéwing ita functional componenté, appears in F4.6.3.’

The Mossbauer source was cooled Ly means T'a phosphor bronze spring

E4
n

/
,which provided a thermal Tink with the bottom of the liquid He vessel. . *

< : . ’ J
. . P »
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The absorber was mounted on a Cu heat exchanger below the source. The
temperature of tye heat exohanger was controlled by a needle value
which regulated the flow of, the cryogenic fluid from the liquid helium
Vessel and by a electrlcaij resigtance heater whose current was.
regulated by a feed back system. The photographs in'¥F4.6.4 sghow the
cryostat assembled for operation (on the left) and with the nuclear

-

radiation shield, the outer vacuum can, and the thermal shield lowered
to reveal the heat 'exchanger and the source holder on the end of the
drive wod (on the right).

w» °
The temperature of the heat exchanger relative to the bottom of

the 1iquid ° heliﬁm ‘vessel was -monitored by a Au-0.03%Fe v.s.

coné&ant%plthe;mocouple and the absolute tempegature of the absorber
was mynitored using a calibrated cdrbon resisto;. A superconducting
liquid helium level detector monitored the amount of helium in the”
cryostat. ’
1

The use of this ecryostat at- liquid nitrogen- temperatures was
straight forward. For use with liquid helium the cryostat and fixed
transfer tube were precooled with liquid nitrogen. Altgpughﬂ tﬁg
system was designed t? hold 15 centimeters of liquid heliym usually
about 35 centimeters‘of liquid helium was transferred %o the iiqﬁid X
hflium'vesse}_to increase the fraction ofitimd*auging which data could

be accumulated. Under these conditions the c}yostat could maintain

the source and ,absofber at iiquid helium temperatures for up to 18

*+
' - %

holurs. .
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F4.6.4 Photograghs of the liquid helium cryostat ahowing it
assembled for operation (left) and disasdembled for
source and absorber mounting (right). . "
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54,7 Gdﬂ!&ter anglysis of Mossbatier spectra.

13

’

-

- Spectra were read out 6? the ‘multichannel analyser' by means of.

»

*téletype onto punched papéer tape. This paper tape was subsequently
* Y

y

. read into the Dalhousie University CDC 6400 computer via a teletype

terminal. In Spectra in which the absorption lines were relatively
125e,

*

s

s .
broad and poorly defined die to insufficient statistics (eg.
) - bl : 8 i

e 197Aua 193Ir) the. spectra were t¥eated in one of two ways or'both:
' 4 ¥ @

(a) Consecutive pairs‘of channels were summed so as to increase the

intensity) of the absorption-lines relative to the statistical

AN

background. . *

s
! 4

(b) The double Mqgsbauer spectra were folded about the mirror point

>

- » I
. by sumping the chamnels which were mirror images of each other.
The mirrort iﬁage points were obtained either by fi;j}ng the

unfolded spectra or by fitting the Fe foil calibration épectra.

?hé unfitted spectra were plotte% using "the line printer at the
computer centre. Tﬂese were used to estimate the initial estimates
for the fitting ﬁarameters. The fitting program was then used to fit
the“spectra. The operation of this prOgra& has been previously "
discu?sed in [R4.4.3]. Using the data from the fitted calibration
spectra, the hyperfine field valﬁes/and'isomér shifts were obtained

]

for the spectra.



1

* Each spec{rum could be fi¥ted with any combination "of single’

o

absorption * lines zsinglets): tdo ‘ identical absorptlon lines

(doubiéts); and’_ magnetic hypertine field abéorption patterns

(multiplets). Each slnglet Yad as independent fitting- parametars, e .

position, the ‘area and "the wldth of the absorption line. ' Each doublet .

»
i

possessed four 1ndependent parameters' the position of the centrmoid ofu

>

the doublet the separatlon between the two lines, and the area and
4

the width of each line. , The multiplets consiﬂting of six absorption

lines (57Fe,119Sn 125Te) possessad%up to -seven fibting parameters.‘

These allowed «for the detérmmnatlon of the isomer shift (centroid of
multlplet), the hyperflne field (separation of two of the lines), the

quadrupole sﬁlittlng (the difference betueen the centroid- of the .outer

°

‘ two=lines and th of the 1nner four), the width and intensity of one o

S L

line. and varlable intensity ratios (3:x:y:y: x: 3). The multlplets for

the other 1sot0pes (197Au 1931r) were similar except the "quadrupole ~

spllttlng 'parameter was fixed at zero, and intengﬁty ratios vere not

e

Varlable. This, is reasonable 1q’v1ew of the fact that the Heusler

IS s e

alloys havé cublc atructures ayd should not glvq rise to electxic

field gradients. Algbt since "the ﬁbusle} alloys ,use@ in these
measgpements were. in the form of 4polycrystallige powders, the
dntensity ratios ,were: known & priori., \Details of .the reiatige
. intensities and reiative posi%ions of éhe five Mobgbau;r isotopes used

E 7

in this work are given in .S3.7. T 0

«
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In addition, a proviaion was iﬁcbrporatqg into +the. program 1o
. » r 4 we

" constrdin any humber of fitting parameters to its iniﬁial value. nTiis

- . L4 - < ‘.
was useful when the correlation be‘l;ween two fitting parameters was too
3

high ‘o allow the , fitting routine to cocx%verge on a unique pair of
values. By fixing one of them (usually the one of 1it'hle interest)

unique valpe could be obtained’ for the other (the one oi’ mos%

-

1nterest).

n
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_ CHAPTER 5 a6
P : SR .
THE ‘THEORY OF HYPERPINE FIELDG IN HEUSIER ALLOIS - ]
o8 "- N ~ ] ) . \ ; .
o . - .
» . 851 fIntroduction. /,, v ©

- L}
3

* In this chapter, fhe theoretical attempts %o accoqu for the

P )

. observed MHyperfine fields measured at nuclei located in crystalline

solids are presente&.: In 85.2 the mechanisms by which electioﬁS\'in

O

. the wvicinity of a nucleus give rise to magnetic fields aé the nuclear

v - °

site are discussed. The polarization of the conduction electrons . in
’ »

. metals . is ‘discussed in 85.3:‘2 In the next threehsectiong current

»

a

theoretical models of v&he " contribution of polarized conduction

. . “ o

" electrons to ‘the hyperfine fields at non-magnetic atoms are diacuaagﬁ;
In the final section, thp present status of the theory of hypag?ine

S fields at magnetic atoms is'bri;fly discussed. ‘ =

0 ’ » g

a

I3
L. *

» 55.2 Origins of Hyperfine Maénefic Fields at Nuclear Sites. - )

o The magnetiQ’Qipcle part of the interaction between the hagnetic

s ¥ 1

i momentw of "a inuciéps Kx and an ‘electron can be writtgn as [RS. W1,
R5.2.2]: ' . )
+ N -
’ N - * f . ,
- Y -+ - 3 .
R A - MY B 310 103 ) I TR T
R 25 zp,{ = - + Ly g 5@ E5.2.1

¢

. { .
> . -
where I and S are. thd orbital angular 'momentum and spin of the

electron, Ps the Bohr magneton and ¥ the position vector of the

[

3 b 4
" electron with respect to the nucleus.



T

« By comparlqg this equat;oﬂ‘to the' 1nteraction of Hp with %; local

magnetlc fleiﬁ,gﬁ v g .

. ’ \
» o’ ‘ - ! -
N\ n aE = <fyH | E5.2.2
. T ’ y
® ! 4 » .
@ Ve x - i o

we obtain the gffective hyperfine field due tofone electron - o

* o / # *
, i *%)zp.[—% - §) ] ﬁ§$(ﬂ - E5.2.3

/ B - ?
. . . . o e

* '
- Summing over all ele¢trons in the- vicinity of the nucleus we obtain

[ 'ﬁ by

' ¢
. ! . .
e -2p L1/ + 2y $/¥3-37(3.)/15) - l"FsCE(Sf:S;)) E5.2.4

. - . \ g
- 13 . . <

where T and'g are the total.angular mgmentuh and'splﬂ of the electrons.
] N -

of the parent atom of the nucleus, and.S, and S& are the demsities of

-

the' spin up and spin down electrons‘at the nucleus.
Ce ;

The first term, which is due to the orbital nonent of the aton.’

is always positive. It is frequently’negligible becaqso qt anguldr
Y

momentum quenching at atomic sites located in an env}ronment with

ngn-cubig  symmetry., Even for cubic environments “a Jahn-Teller

«f

distortion may cause a complete quqﬁching of the angular momentum.
The only , reported evidence of significant contributions from

unquenched orbital ‘moments in these alloys is for Co sites in. Co,Y2Z,

. . - -y . ’
(Y#Mn) [R5.2.3]. At these sites the hyperfine fields are exn‘cted to

¢ . . S 0
&

! a
. N
» ~
.
o

", .

ey et g
E
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’ be negative, However, small positive fields of about 10F 2 T have’
. @ ' * a ’
been "obsepved. . i :
2 '0 :' * ,
5 . The second term is the contributioyyhue to the dipole field of

. %
“the® total spin S on’ the atom. In a cubic metal, in the absence of

spin-orbit coupling, this- contribution vanishes [R.5.2.1, R5.2.4].
: v /
- ’ i;Thus. in Heusler alloys the contribution to the hyperfine field at the
0 . Lo T AN
. nuéleus due to the spin of the pareant atom can be neglecteq:

o

. It is the" third term’ which is thought 'tq- be predominately

- ' - ) 4 * -
C- regpongible ‘for the hyperfine :‘i"ielgls measured at nuclear sites in

- Al

":; . ﬁeuéler'alloys. This is referred ta as tﬁé Fermi cqptact interaction
o a; ; and it is the ‘inter;ction petwéen the nuéie;r ;oment and the spin
R [ poiarization o} the éi?d%rons contained within .the nuclear volume.
Jo } " Since only s éi?ctroﬁé have~pon-véhishi probébiiity of being located
- “ °  within the ,nuclear  vélume, 9nly ‘”s.e ectron ;pin poldﬁ;zation
/ ‘:7§ bogtgibutes directly ;o the'hyperffne‘field.

&

d{reqjly“to the Fermi contdct interaction, ungéired d (or £ eled
ip‘transitign (or rave earth)’me%ﬁls‘can,'v;a an 8d Goulsmb’ exchange
interactisn, cause the s electron wave funé}iong to become spin
tTe dépendent. The spin up (down)" wave functions are pushed toward
(pulled ﬁwéy yfrom) the nucleus Dinc(x‘eaging (decreasing) the spin up

(down) ‘electron &ensity at the nucleus. This so called core
i d .

- polarization of s eﬂgétrons ‘givds * Tise *to .a negative fieid at ’
- N - _ . . - ’ N N
oo transition metal muclei relative to the magnetic’ field due to the

¢

atomic moment. This field is typically of the order of 20 to 70 T.

@ PN -
. , .
-

.
a b
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In metals a further contribution to the contact term may arise

from polarized s-like conduétion electrons. In this ‘situatioch either .

6 . - u

a. positive or negative contribution to the hyperfine field 'at fhe

“ s

nuclews is .obtained depending, on the local polarigation of the
. 3 v

. P Ak
- - L o, M N
conducf}?n electrons.” If the conduction electron polarization- (CEP)

is due to magnetic moments on neighbouring atoms, this contribution is

’

usually referred“to as a tranfefred hyperfine field. In this manner,

¢ ’

PO . . .
"hyperfine fields’/;&y exist at the fuclear  sites of atoms not

k4 “~
>

possessing local atomic moments. ) s
’ # Y
Thus, the measurement’ of transferred hypérfine fields at

nop-magnetic atomic sites gives information about the CEP in metals

r -

:

4

and provides ¢rucial testé for the various theo%ies' which attribute
Pl -,

.magnetic ordéring in metals to CEP. This is, in part, relevant, to the

= v

Heusler alloys X,MnZ, and XMnZ (X#Co) where the Mn moments are second

nearest neighbours and are thought to be too widely separated for the

‘direct interaction due to the overlapping 3d orbitals of neighbouring

Mn atoms +to be strong enough to cause ferromagnetic alignment. For
' »
.~this reason, various theories involving _the exéhangé interaction

~
£

between the localized d électron of Mn atoms and s-like conduction

> -

« electrons were developed. ) -

’
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S5:% Pokerization of the Conduction Flectron Bamd.  ° -

Thage theorieéﬂrelﬁ on the offectéﬁo{ the screening of the ionic

. $ . 3

,positive charge of. impurity ion by conduction”electrons to preserve
a 2

charge neutrality ui%hin the metal. While the. ionic charge is

1

typically screened in thﬂ order of watomic distances, long range
ginugoidal oscillations’ in the tonduction electron density relative %o

that of = pu?é metal are produced. The ﬁgg?totic ezpressioh for these

v

oscxllat;one for distances large compared to atomic dimensions is;

o \

» given by~ [R5 3. 1] ) o® ® %
» . B ’ - F Voo
. - 5““_) o ==y cos(2kprsey) -, ) E5.3.1
¥ . = ) {
. ( T
~ 'where 3 T, .
i . . A
wsind o E(e1) (2ts1)sint]ny (kp)] © a2
and | ’ v )
. ‘-
3 . "y
L
U v xc0sy = 5(-1) (2!“)““['&1( F)]"‘[Ylg “F)] c o E5.3.3
R . v A} - 4

Rere k; is the free electron Fermi wave vector for the conduction

.
a
w e

electrons, { is the total phase shift of the scgttergd ;1ectrons, and

nl(k ) aré the phase shift of the part1 | waves of angular momantum 2

- The 1nteract10n'strength is proportlonal to X, ~a

- »

*
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" If thé iﬁphritf‘~atom“'posseeses & magnekic smoment, then " the

»
2 2, N

unequal spin’up and spin down localized d-electron densities giﬂf rise
i ° @ ' 2. o -

' »

&

to different phease shifts Tor the spin up and spin' down conduct::.on° "

electrode. This’ resﬁf%s in a ahift in the spln up ogb1llat10ns

relative ‘to the. spin down oscillations and, gives rise to a ne% CEP +-

3

&
Qwhich is the difference betieen two expressions of the form df E¢:3.1.

) QThis spin polarizatioﬁ«{é also sinsusoidal, and has an amplitude yhi@h: .

a - q

is proportiohal to the inverse cube of the'radial digtance from the W

23 ° o
:

magnetic ion in the asymtotic limit -of large distances.

o . . .
The two gqearliest models of CEP to \Ee used for predicting

Y

hyperfine field valueg in . Hé}hsler alloys were based on the-work of

[y
“

Ruderman and Kittel [RS5.3. 2], Kasuya [RS 3.3], and“'Yoelda [35 3 4]

(RKKY) and 6f . Caroli and Blandin [Rr5.3.5] (CB). ‘They dlffer in the "

. hanner in'which the megnetlc moment is formedaon the Mn impurity lon. o

- [ @

JIn, the former, the 3d electrons are considered to occupy bound states

on the Mn ion and the spin polarigatidn is due to & Coulemb ;?Qhange‘.
- interectioe_ beﬁﬁeenn these loéalized 3d’electr;ng and the conduction .
D electrons. In the case of ;he:CB theoyy, the Mn moment is due to the ’
" 3 o

3d electrons occupying virtual bound - stages or: equlvalently to- d-wave

©

feqonaﬁce scattering of cqnduct;pﬁ electrons. In the asymtotic llmlt

L4

at large r, ‘hoth theories pred&ct fheﬁ: the -~ CEP jis & sinusoiddl

[N
q ¥ o

fdhction of kf} with"éadial amplitu&e wi¥h l/r3 ‘de}endence. ﬂhe

hyperfine fields are assumed to be primarily due to the Fermi contact
-
interaction between é%ese polarized conduction electrons and the

s
4 L] o Wt

nuglear magnetic moment. The)resulting asymtotic expre931oﬁs for the

.

a

o
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«’electron polarization induced by one Mn atom at a distance r from the

N ’X * . Mn atom are.given by: - -

S S ‘ «

. . X e : $a)t cos (2kyr)
. | . - dn(r) & - T(e) s2 iﬁéle?;T(ZF;;Tri ES.3.4

.

. W N . . . 5

~
s N . °

°

*

o for the RKKY theory and

T

. ‘ .
. s
- . s

3 . ,
In(r) + 1M sin(y,) Soaltieron) . E5.3.5

\ e ' N (Zk,v)’

«
v g M ?

‘ for the CB theory. . . .

~
’

! e

« In these expressions, V and N-are “the total volume and number of

I .- .

Vo -lattice 31tes in the sample, 2n ='n,+n, is the total number of

PN

5>
A )

‘”/y\ * conduction electrons, J(0) is the value of the s~d exchange integral
agsumed to be ;onstant, n and w, are, respectively, the phase shifts
s K : . R

ot

- fdffthe“séatteping of spin up and spin down electrons at Mn iohs and r
E1Y P
§ is the radial, distance between the Mn moment and the point at which
l ‘ ‘i“'. & @ *
the polhri%gtfgh is determined.

- g .

* ¢ In both theories, the sign of the CEP depends on the argument of

the c051ne function and the gign of J(O) or the magnitude of n . In

! T et ° Heualer alloys not conta;nlng Co, - tﬁe Tocal moments on the Mn ions all
/1 , tend ° to be very close to 4 pB The value of n and J(0) which is
- - 4 aF i

determined primarily by-the magniyude of this moment are not expected

to change from one ‘Heusler alloy to another by a large amourt.

LS
3 L

Furthermore, the lattice parameter, which is agaln relatively constant

r *,
v ¥ hd

~a



-

isostructural alloys.

ks

from one, alloy to another ( 6.08), only indirectly affacé& ‘these
i . . .

values through the’dependence of k

.~y

vfield aepegds priﬁarily on k_p

! A
on a.

Hence,

\thé sign of , the:

This qnant;ty is dndependent of the

oae.
slatticeé -parameter for a given neqrest

«néighbour

dlstance

in

Thus, these theoriéq éssentially predict that

tﬁébsign of %he hxperfine field mpasured at g particulq; ;site in a

Heusler alloy does not change “from one alloy to" the next, ‘In

Qfartiyular, if several impurity sp elements are substituted for the 3

.atom in the same Heusler host matrix, the hfberfine fields measured at

t

2

.

these sites would, according to’ these theories,

value.

all have +the same

However, éxperimental evidence shows that the hyperfine field

measured at dlfferent impurities. in tran31tion ferromagnetic hosts

depends predomlnately on the 1mpd§:ty atom (See Rao [R5 3 6] for a

aummafy of the hyperfine fields measured in tranaitlon metals).

Slmilar trends were‘a153\§hown to.gxist when ﬁhe 8p impurities Sn and’

Sb were substltuted in Heusler alloys (Campbell and Leiper, [R5,3.7]f

»

and Swartzendruber and Evans [RS.3, 8])

Heusle? alloys were found to’ change from negative; to positive és a

)

‘function of the

“valance"’

-

sign change occuring near Sn.

]

&

[y

The fields at the Z-sites in

N

L]

. of the impurity ngxhe Ssp aeries, this

/

o

v

-,
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s5. 4 The Danlal—Frledel Model. . 7 ./

Glearly, if- fhese models of CEP ar; correct’ then the locallzed
electrons n th; 1mpur1ty atom must strgngly perturb the CEP at the
atgmic site. The Daniel-Friedel (DF) .mgdel (Dgniel and Friedel

- o

[R5.4.1j§ is a model which examines the screening of the excess ionic

charge on a nbn—magneti% impurityt by means of a pblarized. 6bnduction

~

band. The model wagdproiB ed }o-account for the trends of hyperfine
Qy d .

fields measured at non-magnetic, sp impurities in concentrated

S

. ferromagnetic frans;iion metals such as Fe. Here the hyperfine field

/
is negative for the Ag impurity and approaches: zero as the atomic

9,

" pumber of ‘the. 5sp impurity ‘“increases becdming positive for Sb and
. » 2 * *

i

reaching a maximum positive value for the I . impurity, then finally

[0

. ) M i . -
decreasing toward,zero again ‘for the Xe impurity.

4 . *

Accordiné'tb the ‘model, the presence: of, ferromagnetic order

creates two distinct polarization statés for the conduction electrons,

\
one with electron spins parallel to the “Spln ‘on the magnetlc 1ons

denoted by t and the other with the spmns antl—parallel and denoted by

J." An sd Coulomb exchange 1nteract10n betyeen localized 3d spins on

Fe atoms and the conduction band manifests 1tself- as a uniform

positive spin polarization®of *the coriduction ' band. The conﬁuctign

band ’ i 4

is" viewed as _ two free electron sub-bands of opp051te*

B

pOLﬁle&tlonS with energies given by-

N S
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\ ¢ "

oo ¢ . : 3 f
. \* N k ) & ¢ ’ ‘"5 E5 A 4:' 1
’ . ‘ T p

S0

- &

i
4, o

where the + and - signs refet Jto the spin 4 and lpin J» aub—bandn.
Hence,  ’ the aplitting betveen the’ snb-bands s 26 Thn spin £

~

polarization per Unit volume is given by: . A .
] . P \ I ¢ P -
- . o R . f—» - ) -
» Ay . F:;# P
™ b LY Y ”
. ’ ek ¢! R
‘I\ E 4 —i-;lfk ¥ EY - @ E5-4-2 .
g oot 3 v T oy
Y « ! 2 e

When a non—magnetlc 1mpur1ty is substl%uted for one ‘of the,
A

magnetlc ions, it is- represented by a Spherlcally symmetric squéra Yo /fv

!
Q L3

well(ﬁﬁbse depth is determlned by the amount of 1oulc charge, AZ’ 2
{ e *

which must be screened ‘relative to that of the host 1ons.“gBecause
8, " . i e

L

there is no magnetic moment on the ion the s-d exchange interaction is 5

[y

suppressed within the atomic shell of the impurity. This is.taken.

into accoult by making the Vell depth spin dependentﬂso that %hed wells g
¢
is the same depth below the Fermi energy for both polarization B%atﬁs:“

M L)

*

The depth may be represented by:

«
. L

: V() = viamrze © 'L ES.43
oo ) . ® , . . \

*

where' V{AZ) is the well depth in the ahbsence of\a polarized conduction

band. The radius, T, of the well i# taken to be the Wigner-Seits

radius of the impurity in its elemental matrix. The potential well

A
'
* - ’ r
"' . )2
- , e
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‘J\iﬁiitheiefore, less attractive for the more numerous spin | electrons
® .

N ES . . o,

 than for the spin |} electrggg. ' :

Two 1£ﬁit%ng cases illustrate the physical processes involved “in ~

this mogel: . -t "_ or " ;

s
* -
s ~ @

. (a) When thq;&alence of the impurity is the same as the magnetic

-~

»

A
ions, then V -+0 and the difference ih the depth of the two - |
, . w e » o . .

potential wells 2€ becomes dominant. Thus, the majority . spin

“« o

_cdrriers are preferentially repelled Ziving rise to 'a -local CEP -

¢ W L . @ & I » ¢
opposite to that of the background CEP in the matrix.
- L]
% " . * ) P ‘ ) P
~ (b)) On the other hand, as AZ becomes larger, the scattering well

3

. depth becomes increasingly less dependent upon the slsctron spin

-

. and, if the condgction electron density remains small enough, |

the local CEP becomes parallel to the background CEP. °

.

N /
#. .+ Thus, it is possible for the sign of <the hyperfine field to

€
¢

become valence dependent. The« local CEP is given as a sum of two

'%ontributions, one due to the positive background CEP and ‘a negative
» L Y * ‘ ~;

' @EP. dde to bound s electrons resulting from charge screening. Each of

.

these terms is of the form:-
. -~ ' .

-

Coo. dnlo) = -2 282 E5.4.4
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h,(o) = ';‘T’RUVH i‘ TS YIAY) . E5.4.5
and '
2 2 (F“)l : ’ .
- (SC(O) = ﬁ'u(°)l 1-{tan(ra)]/pe E5.4.6

¢
4

-
-

LY

. Here, u(r)'is normalized to a sphere of radius a, the binding energ&

)

is h212/2m, and the well depth, V, in the absence of CEP is h2k§/2m.

These - quantities are further ' related by: k'2 = ki + kz,
xz + u2 = kz and Aa = —uaytan(ua)-n«Usiné this model, Daniel and

\Friedel.were able to account for  the observed trends in the 5sp

impurity hyperfine fields in an Fe hos€5 ’ )
One imporéant criticism of the SF modelxis that a positive* CEP
was assumed in order to account for these trends. This is contrary to
the fact that a negatise CEP is necessary in order to explain the
obser;éd resistivity minima wﬁbn' transition metal impurifies are
subatituted into ferromagnetic hosts. Campbell [R5.4.2] has shown,
however, that the géaumption of a positive CEP is not necessary in
this model in order to predict ’the observed +trends in hyperfine
fields. He sugge;ts that a negative CEP due to virtual d-resonance
s%ates on the Fe atoms can 1lead, using the DF model, to better

predictions if smaller contributions to the conduction band*from Fe

atoms are aasumed.



55.5 The Blandin-Campbell Model. . "s

¢ - “

To account for the observed strong dependence of hyperfine fields

on the local gproperties of, ,the probe atom, Blandin and Campbell

[R5.5.1] considered an electron gas into which was placed #wo' impurity,
B R ]

atoms, odne with and the other without a localized magnetic moment. A

. 1 k]

zg:d exchange interaction between the magnetic atom and the electrons,
. N . 3 .
induces a spin polarization in the electrons of the RKKY type. Q}nce

-
)

the spin polarization is only required to be known at a specific’%oiht

(ie. at .fhé pucleus of the non;magﬁet%c°'atom), the efﬁéctive
potential'whichiproduces this spin polarization is  represented by a
potential which® is spherically symmetric about the impurity atom apd
has a radiél‘dependence given by a delte function located at Ry, the
separation distance between the atoms. The total potential at‘fﬁe

. “ N '", @
non-magnetic ion is thus given by: ° ; 4

-

v

’ AT EENAAEE (LU i E5.5.1
4

¢ - .

where Vo(r) is the spherical symmetric sguare well potential of radius

BO and dépth'vo describing the unshielded &%cess. positive :charge at

the non-magnetic impu;ity atom. The spin éepehden% part of the tdtal

popghtial is contained in the second term where ¢ = +{ (-1) denotes
; \ .

¥4 (V) spin states and 2€ is a measure of the energy separation between

L]
the two spin states in the absence of;the ionic potential.
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H
]

Y

r -
o . N
F%r situations where € s small, the total spin densify at the

aucleus of the non-magnetic ion will be given exactly by: |

i

9

‘

" 0 ~

ve (¥ 2 . ,
Sng_(0) = ,,g i‘fk(O)‘ sin(2kR 424, hdk E5.5.2

) 3 ‘

. , .
. . g p / -

-

where Tk(O) is the wave function for the s component of the scattered

waves with waée vector k. In leading powers of R°'1, the asymtotic

=» kS

" expression for J"R (0) is given by:
1 D

- .

AN

§ay, 1)

i - »

L

: .
2 g Ity (o)) s Cheba2ll) L
e Sty R E5.5.3

[y

)
4
o

In this expréssion, valid for R, large compared to Tp, J is the value

=

-t
of the s-d exchange integral, p, is the atomic ngume of the magnetic

iom, <SZ> is the average value of the spin on the mgz;etic atom and

is the phase shift+in the s-compogent of the gcattered wave. . '

. The hyperfine field at non-magnetic ion is agssmed to be due to
t%;k Fermi contact “interaction only and is calculated by summing the

contributions of the CEP from the nearby magnetic ions. The hyperfine

3

field is then given by:' ,

.

‘

“¢‘4 ’: %fﬂ.§snﬁﬂt') » E505--4

s ¥ 0

._’\ ° \
Uging the fact- that the Knight shift for the same non-magnetic

,
»

ifpurity in a non-magnetic, but otherwise similar, host is given by:

7
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2§

e#F Scpg g (R, 1) ‘ ’ :

N ~
®

When VO = 0, which implies that f =0, this eXpresslon ig - 1dent1ca1
that of the RKKY theory. g 1 .
’ e
Y In practlce, this expression is applied by assuming the

3

conduction band is adequately‘describea by’ the free electron theory,

in which case: . ) '
A/ 73 !
: ook v (3t (et n)7a E5.5.7

‘

—

Here n is the number of conduction electrons per unit volume,‘ﬁc the

number ofsatoms‘pe} unit cgli of the structure of the host (12 for C1b

and . 16 for 12, structures), a is the lattice parameter, and n, is the

- average number of electrons donated to the cpndhction band per atom.

The s~phase shift ‘o is determined by requiring the excess ionic

charge on the non-magnetic ion*to be completely screened wiyhiﬁ the

atomic volume in which case the Friedel Sum rule [B5.5.2] is

satisfied N

2 -~
© \w,;) .
. r ‘ .
‘/ ’ k]
- ]
» 90.
: K=t (te/0) 1, 00 . £5.5.5
“ x
_ .
* the hyperfine field ‘may be written as , ' . ,
‘ -
. « . L4
¥ © ' 3
Hoge 3 - o “z(s (n )y Soslike “*2") F5.5.6

-

-
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gp conduction band where [1 is assumed to be egual to

For an
-

gives:

-
e
»

0

Z the effecéive

eff, 18

2

%
L

o

¢$f

/4

¥

?

vy

LY

ES

Rob

J this

\’\

E5.5.9
3!"

A

charge of the impurity atom and is given in

terﬁé of the valence g%ate of the sp impurity Zv and NO by: .

It is +the uncertainty in determining n, that

' L

Ty

application’ of this theory difficult.

Blandin and Campbell [R5.5.1]f

E5.8.10

mekes  the

originally employed the model to predicgﬂthe hyperfine fields measured

at Sap impurity ‘atoms substituted for the In atom the Heusler alloy

In atom contributed 3 glectrons to t?e conduction band.

7

-

[

CuzMnIn.by assuming Cu and Mn each contributed one glectron while the

4
\

Thisuresults

in a constant k value of 2.87a 1,w1t@)the hyperfine fleld dependlng

only ,on Z_eo- QEQ.,J/// The resulting predictions agreed with the

obsertpd trends in the hyperfine field values although numerical

agreement was poOT.
A

¥

]
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The major diffjiculty in ch0031ng_no arises when one attempts to

L3

o . ¢
o determipe hyperfine fields at .Z atoms for different Heusler alloy

‘ ' -
hosts. In this case the %yperfine fiei&s systematics now depend on"kF
and 2§ through this, dependence on the value ofﬂ;b. Thus, the choice

of ny becomes critical. The conventional approach is to assume that

. o 3 0

. . ~ -
noble metals contribute 1 electron/atom, the sp impurities contribute

L]

* Z electrons/atom. For magnetic dons™ the contribution to  the
conduction band n, is déter&inad frqg.%hé.numbé} 9% outer e}ectrons on
the free atom affgr alldwing for the magnetic momeﬁ; on the ion in the
Heusler, %lloy (Carori and Blandin [R5.3.3], Blandin and Cahpbell

[R5.5.1]). If n, and n, are the nambers of bound 34 electrons of spin
. t = '

»
@

up and spin down re’sp'ectively, “t_;he'n: : .

-
- . -

Ry =W 2 pt/pg ! E5.5,11
{ : 7 N L L \
' ' /- N - L}
. t ; ' _
and * ¥
oorm— i '
‘<, ’ F Sev Hn v v
Ng + R, ¢ny 3 { - . E§.5.12
A ﬂ Ssv C’ N :. nl
. 2 - . 1

3

Y

| If, for <the Mn atoms one assumes tﬂ£% the number of bound =spin up.
L »

'electro;s is 4.5 electrons this giYes about 2 electrons ‘per atom for
Mo in X MnZ (X#Co) alloys and 1,0 to 185 electrons per atom in-éoéMnZ\‘
alloys. F;; Co atoms, if one assumes ns = 4.7, then 0i1 to 0.6
electrons per Co atom in the Co,MnZ alloys and -0.1 to -0.3 electrons ‘
per Co atom in Co,YZ (Y#Mn) alloys are contributed to +the conduction

’

J -

.
o

&

Ay

e

E )
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band. Toa Cde
‘ ‘ . Problems are encountered when trying- 1to "estimate the
° contributiuha of Ni and P4 atoms to the conduction band. Generally,
it has been found that Ni and Pd must make only smaiz contfi@utgon‘

o . (about 0.1 electrons). 4Ha§ogand Dunlap [R5.5.§3 found it necessary
to use this low value ify the change in sign of HZ(Sn) was 1o~ be

® Ll

obtained ¥n the solid series of (Ni P4, ),MuSn alloys. The results

«

. are consistent with those of Price’et al [R5.5.4] where the values of
* ‘u . ~ BN "
E HZ(Sb) in the Ni,, MnSb alloys are essentially independent of x.

od [N

b | g Howéver,‘such is not "thé cése of the Pd,‘ +an'Sb alloys. [R5.5.4,,

R513.6], where the Sb Mosgbauer spectr&aindicate one hyﬁerfine field
for low x values but two hyperfine fields ?or°higher %  values. Thiis~
suggests that.a free electrdon model of the conduction band is nbt’
applicable to the Pd based H;usleé afloys.
These values of‘n weré used by Dunlap "and Jones [R5.5.5] to
estimate hyperfine fields a%ﬂ Sn si%eé in the °°2ano.983no.02’
)y (z*A1,Ge,5i,Ge,50). The assumption of constant n * values for these
alloys implicity assumes that the Fermi level at the magnetic ions is
)reflqcted only by the variation in the magnetic moments from one alloy
V// host to another. This implies "that there exié%sééome correlation
between the magnetic moments on Mn ions in X2an and the " free atonm
valence states of the Z atoms, particularly if the 3d spin T and spin

‘ { -orbitals on the Mn .atoms are completely separated.
LY . DI -

t Y
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'There appears to be
. - B N s
general.

Vg
-,

are 4 3, 4.23, and 4.4 Ry respeptmxely, Since Ni has the same

. 4 N
) v, Foa B s

°electronlc -conflguratlon as Pd, one #ouig dfpect_a gimilar trend for

< v

’

Ni, Moz alloy%. However, for Jéhe' isg!%ructurhlw NiZMnZ alloys, the-®

* moments decrease with incréasing valenéé of the .Z atom.' Thus, it
swould appear that ;his rigid band mgdel doss nét‘aéplylto the Heusler
allofs in general. In view ofv this, 8
caleulatio ; ar necessary for the ' Heudler alloys.

3

L]
determine

2 -

recent}y have such calculatlons been pe;formed and then for only six
Heusler alloys, namely COZMnSn, Colesn, ColeAl, OuzMnAl N11MnSn and

PdZMnSn [RS 5. 61 Hovever, no theoretlcal model of hyperfine fields

in Heusler alloys has yet made use of thesge calculatlons._ Hénce, the
<o, . T ‘ "
empirical methods of obtgln%ng the contributions to +the comduction

e

band will be employed here.
¥

T addition $o’ the dif'ficulty in choosing reasonsble, m;

»

-

¥

£l
values, .

there .are several other shor%comlngs of thls tﬂeory (Jena and Geldart

-~ -

/[3557]) - o : ’

o

o $ -
{

(a) If expedimental values for n, vere available they would have to
. ., R

be véry accurately kngwn because the value of the hyperfine 4

v

fields is determined by‘a periodic’.function-of n, whieh leads to

more distant magq&tic moments. . ~

For example, in the alloys szMnZ {Z=In, Su;Sb) the moments -

defailed band sfrpctuge .

in order to .

no such correlatia& for the Heusler alloys in * .

°

the contrlbutlon “of each atom to the Qpnductlon band. . Only ”

B

°

increasingly larger uncertainties in the cqptfibutions from the '.

Ny

¢
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- » () Thé scattering of conduction electrons from the magnetic lons ik
“ ?

hY

’ -

o

(a)

(e)

«

agsumed to be comiletely incoherent since the contributions from

the CEP due to . individual atomic,.. moments are summed
5 . - .

irdepéndently4 It is Rot c]lea:‘%;o that this is“valid (See Daniel

©, 6@

a o o
N -
LY

[r5.5.8]). &7

(e¢) '0Only the scattering of the*s-like cogpoﬁen£s of the conduction

A Y

band is considered im the formation * .CEP.,  Although only

. ®

. s‘electron' wave functions have a finite pXpbability of -existing

9 v ’

at nuclear sites, and+hence, can influence th& Ryperfine field,

<
Pl Y

they then be indirectly‘\pérturhed by polarized electron§'of

9

higher character. Hence, the scatter%ng of these partial

waves should not be ignored.

- 4 *

.8
In practice only the.moments on first, second, and third necan
' * x
best neighbours ¢an be considered in determining the total CEP
(because of the problems given in the first eriticism) even
1

though the weﬁk 1/R3 dependence does not result in rapid

Q
¢ . 4
4

convergence of E5.5.6. .

3
»

Pinally, the expression'E5.5.6 is only an asyhtotic expression

valid for separation distances between the impurity' atoms much
A Y - ¥
larger than atomic dimensions. Since the Mn afd Z atoms ‘are
‘ ‘
only second near neighbours in Heusler alloys, this condition is

ar

not satisfactorily fulfilled.
b, ) g

»

o

i‘

-

o
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The 1last condition has been remedied by including an

N

ghenominological adjustmen% of i/2i;h the phase of the argument of the
cosine function §or first and second neighbourﬂaistancés (Campbell and
Bian?in [R5.5.9])u‘ This has been d&ﬁe following the more detailed
calculgtion okahe CEP around a magneti¢ impurity in a non-magnetic
metallic host matrix by Eena and Geldart [R5.5.10] and Allout
[R§:5.11]. In  this work they suggest that | this preasymtot;c
cprrection should ye inversely proportional to.kFr. Uging this i; the
BC theory then gives for the CEP at nuclear_sites:

oM

§al0) % Epcos(zkerels ve/kev) © E5.5.13
i ‘

i il
. o R
A3 ’

‘where C .dis usually chosen so that C/kF£_= 1"/2‘5601: the second neareat

neighbour distancés«*in .the Heusler alloys ({Campbell and Blandin

(R5.5. 9]).,"" 'This is the form of the BC theory as it is currently

applied to®the study of ﬁyperfine fields at non-magnetic sites in

‘ ’

Heusler alloys.
In spite~ of the shortcomings of this theory, it has two

advantages over other theories: :

(a) The spatial oscillatory CEP is explicitly qdetermined from the
scattering of .conduction electrons from both the magnetic ions °
and the charge screened non-magnetic ions. Thus, in?ormation
about the.'sgatial dependence of the effective CEP at various

sites in Heusler alloys can be obtained by substituting the same

-
3

4
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’ impurity in different sitgd:in the same alloy. 7 ‘ . ‘ ‘
(b) The resulting uncomplicated expressions provides -4 simple - . ¢

4

physical interpretation- of the empirical trends found to exist

in the Heusler alloys.

'

'S5.6 The Jena-Geldart Model. , o

The Jena Geldart (JG) theory is & refined version of, the DF v

E

.

theory which was developed explicitly for the purpose of explaining

the hyperfine field at non-magnetic ions in Heusler alloys (Jena and

¢

Geldart [R5.6.1]) 1In _principle the fwo models are identical. They
ﬁiffer only in the manner in which the wave functions for the
conduction electrons at the nuclear site are cai;ulated.. In the DF
theory SIane waves were used while in the JG theory the Bloch wave
functions were deéermined by orthogonalizing them to_the localﬁzed
atemic.wave functions. This was done %0 correctly reproduce the

>

highly 1local &haracter, of the valence electrons at the nuclear site

which is neglected by the use of a square well potential. ’

* o

Also in computing the appropriate well depth VO, the phase shif{g

for the [ = 0,1,...7 partial waves were included in order to satisfy
PR

the Friedel sum'rule (E5.5.8) in contrast to the DF and BC models.

where only the. =0 and tue { = 0,1 partial waves were employed,

respectivelx. Thus, in the K JG theory an attempt is made to allow for

—

the indirect contribution to the hyperfine fields due fo spin



v K

. « 9 'Y
dependent scattering of conduction electrons of sp charactey. Inh

\the spirit of the DF model the hyperfinme ‘field/at the nucleus is then

&etermined from the local CEP. via 'the Fermi @ntact interaction: -

i {/
' R

’ _ - R <) ) W 5.6l

R S :

-~ @

’.

Here §n(0) is the local CEP as calculated by the DF model and depends

on A/EF, the spllttlng of the conductlon band relatlve to the Ferml

energy in the-absence of splitting, and the value of kF o where ) is

)

the ngner-Seltz radius of the‘lmpurlty potential well. ‘The Bloch

- enhancement factor “2(kF) is the above mentioned correction to the

- s

square well potential and’ depends upon the Fermi wave number~’kF as

©
L4

3 well as on the atomic numbérs of the impurity atom. Values of
'Jn(o)/kF3 are plotted by Jena and Geldart [85.6.2] as & f¥ction of
,the valence of the impurity atom for various values of'kF assuming

. -A/E = 0.001 Values of &Z(kp)rbaie plotted in Jena and Geldart

"
[RS 6. 3] as a function of k for different impurity atoms and as &

functionr of the impurity atom with kF = 0,62 as 1. These parameters Q

1

‘. are ‘obtained by egtimating kF f;om the average’numben:of conduction
electrons usﬁng the free electron model as foé the BC theory. Tﬁg '
valye of the Wigner-Seitz radius ry is detornined 2% the impurity ion
in its pure state. The potential well depth is fixed by the relative

valence of the impurity relative to the Nmrage number of conduction )

a
3

electrons per atom. §uitable values for A/EF are obtained by fitting

this value %o in an experimental field value (for Sb in PdMnSb) and

M 4
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.,,-/g\* "

- N

then  scaling this value in proportion to the magnetic moment per

* .molecule in other Heusler hosts. In this manner hyperfine field

n

values at the 5ap impurftyﬁatoms for seversl hosts XMnZ and xaunz

:

(X#Co) have ‘been calculated Yy these workers [R5.6.3].

bl
.

From a theoretical point ‘of view, this theory is superior to- the
5§ 4 s ° . N of . . v

. . ‘ ! ) -
BC theory because it 1is specifica}ly devised for giconcentraggy

ferromagnetic host into which nonemagnetid“impurities have been
. . # -
‘ substitugfd. Thus, effects of doherent scattering from individus
.“. , - . . _,,_._J )
magnetic moments and the various exchange interactions are  explicitly -

-

3

4[‘ taken into account by means of the empirically determined‘sblitting .
pé‘gmeter A/E,. Also, this theory allows the use of -more realistic
L] . t &

impurity ‘potentials ‘in order . to ‘calculate the hiperfine fields. A v

majpr disadvantage of the theory is Jthat there 1is no explicit
« ,

ependence on the distance .between the probe atoms and the magnetic

.

host atoms. Such a spatial dependence has been found in isostructural «
L] » a
Heusler alloys diffeﬁ%ng only in lattice parameters (Delyagin et al
[R5.6.4] and Mayo and Dﬁnlag [RS.S.S]). Also the problems associated
with the determination of suitable values for kF and:zeff plague this

theory for the same reasons as-they do the BC thei&y.

o
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. 85.7 ‘Stearpg' Volume Misfit Model.

“ This model was originally devised <to account for the trends

¢ v

observed- in the hyperfine fields at dilute non-magnetic impurities in
/. L4

Fe, Co, and Ni [R5.7.1]. However, she has recently employed it 1o

3

explain the hyperfine fields observed at Z impurity»atoms in Heusler
.t alloys. (Norbeck and Stearns [R5.7.2]).

This model in contrgst to the previous models discussed assumes
that the impurity atom has‘litile affect on the CEP for electrons of’s
character (s-CEP). The major advantage of this asgumption is that the
contribuiion to'the hyperfine field measured on non-magnetic aites in
ferromagnetic hosts can then be considered to be a sum of two

independent contributions; one due to the s-CEP in the host matrix and ;
. f
the other due to the local properties of the impurity ion. That ia:

¥ ta
4

oo B 71

' o

K2y = W () + Ril2)

b3
£ 53
5

» «

* -

"

»
¥Where H (Z) is the incoherent sum of the s-CEP contributions to the

field‘at probe atoms-due to the‘surrlunding magnetic moments énd,Hi(Z)
is due to the interaction between the host electrons and the impurity
atom. .

In practice H (Z) is calcﬁlated by assuming that s-like
conduction ‘electrons adopt the character of local's-like valence

[

electrons when in the vicinity of a particular nucleus and hence, the

ratio of HhGZ) to the hyperfine coupling constant A is’constant for -~

different iﬁpurities at the same site in & given host and is given by:
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' ¥
' COH@ = () B5.7.2
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e

Implicit in this assubption is that the sp atoms all contribute about

the same rfumber of electrons to the conduction band as do the X and ¥

« ~

»

atoms, i.e. approximately one‘eslectron per atom: ,

The value of Hi(z) is considered to be due to the overlap E:ﬁween

[a—_— .

. the 3d electrons of the host atoms andg the inﬁer cloged 8 orbitals of

[

the impurity atoms. This results in" distorted orbitals and, thus
Sl . , « -
T . :

perturbs the condugtion electron density at the nucleus giving rise to

a positive contribution to the hyperfine field at the nuclear site.

4

By examining the Hi(z) values calculated from experimental values of

*
. sp impgrit%:s in Pe using E5.7+1 and E5.7.2 Stearns [R5.7.3] found
that this |so called "volume misfit" contribution was approximately

. | .
proportional to the difference between the volume of the impurity atom

<

in its pure state and that of the host and approximated it by

.

~

3

hy(a) = CA(Ve-Vy) E5.7.3
"
where C and Vy are constants determined by fitting Hy to H(Z)-Hh(Z) as
a -function of the atomic number of the impqriti atom. AZ and VZ are
respectively the hyperfine coupling constant and atomic volume for
the impurity. | )
In calculating hyperfiﬁe fields in Heusler alloys the hosé .

contribution is determined by scaling the hyperfine field measured at

Cd impurities (which are assumed to be too small to have a significant
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volume overlap contribution) using the hyperfing coupling constants:
i\ “ . ’\
l C @ » (c) |
) le.. Ad .
N
Values of the hyperfine coupling constants have to be calculated
by several workers (Watson and Bennetf [R5.7.4], Campbell [R5.7.5],
Norbeck and Stearns [R5.7.2]. This results in contributions which

becoiie more negative as the valence increases in the Z impurity atom.

«

The total change inQHh(Z) across the S5ap series-is by a factor of 4.
LS .

In order to account for the observed change of sign in hyperfine

fields at the middle of the 3sp series using E5.7.1 then the values of

Hi(Z) must be small positive values for gz(Cd) and rapidly increase

with the atomic number of the atom.

4

Sondhi [R5,7.6] calculated Hv'fof the 5sp series of impurities iﬁ,l
Fe using atomic Hartree-Fork Fe+(3d7) radial wave functions for Fe. *
Hi; results were an order of magnitude smaller than +the experimental

Hi(Z) values and hence, he concluded that the volume overlap :

;ontribution was relatively unimportant in the .determination of
hyperfine field in Fe. This r;sult supports the view (eg. Campbell
and Vingze [B5.7.7), Price et al [R5.5.4]) that the Mn atoms in
'ﬁeusler alloys are too distant from the 2nn i sites to allow overlap-
between Mn 3d orbiﬁéls and Z s orbitals. However, Norbeck and Stearns .
[R5.6.2] using less localized 3d orbitals on the Mn ioms, and inclﬁding

1 2

second and third nearest néighbours have been able to obtain.values of

v ! ‘l! .
Hi(Z) which are comparable to the experimental values of HV(Z) for the
. 2 .

5sp substitutional atoms in Heusler.alloys. .
l/ ]
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The main advantage of the volume misfit model over the charge
perturbation models of BC and JG is the fact that the contributions

from the host matrix due to s-CEP and from the loca”l properties of the

12

impurity atom due to volume overlap are separable. Thus, by measuring

hyperfiﬁ% fields at small atoms such as Cd, Cu, Pt and Au where volume

overlap contributions are expected %o be small, then one obtains

4 .
information about the s~CEP at various gites in Heusler alloy hosts.
In addition, information about the electironic structure of different
impurities in a single host is obtained from the volume overlap

contribution and the measured hyperfine fieldsz

-

The main~disadvantage in‘}his‘thgory is fhat!a large number of

hypérfine field measurements' are .required in order to define the

empirical quantities in the,‘emperibal equations (E5.7.1, E5.T.2,

ES.7.3). These include a hyperfine field measurement at a small aton

#
o s

(eg. ©Cd) locaked on;the site of interest in order to determine H, and

hyperfine field measurements on at least 2 ore sp impurity atoms on

5

the same site where overlap is significant .in order +to. obtain ghe
R y

constants C and Vh in E5.7.3. As a result, this theory can be

usefully applied to only those experimental investigations where a

large number of impurity atoms are-substituted onto thegﬁp%e site in

. i
the same host matr}x. Studies where one impurity atom is substituted

into a series of host matrjces cannot bg analysed in terms of this

theory. This is a serioys'shfrtcoming since it is this latter type of

-

“investigation which is currently the more popular of the two.

]

»
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55.8 Hyperfine gields at Magne@ic Sites.

Theoretical attempts to éalqglate the hyperfine fields measured

g ® . - '
at the nuclei of atoms oprocessing a magihetic moment are even less
fruitful‘than for'non-magnetic atoms. fﬁis 1% largely due to the fact

o

that the unpaired spins inthe localized d electrons greatly perturbd

- -
) 3

the core s electron densities at the nuclear site. This caore

polarization . dominates other mechanisms (such as s-CEP and volume

overlap with unpéired d orbitals on neighbouring atoms) which g%vé

" rise to polarized electron densities at- the nuclear site. Since this

<

core polarization is opposite to the spin on thé outer unpaired

orbitals, the hyperfine field is usually negative at magnetic atoms.”#

" - i . » 3
Exceptions occur when the core polarization contritbution is dominated. .

1

b& the positive orbital cdntribution“in'thé absence of qﬁenching of .
the orbital moment. T£is effect is assumed to hold for the local
contributi?n to the Co hyperfine fields in Heusler alloys where there
is no moment on the Y atom (Khoi et al [R5.2.3]).

. In view of the difficulties <involved in caleculating hyperfine |
fieldg form first princip}es, the usual approach is to separate the
local contributions from the transferred contributions and determine
the former by taking the difference between the)total h&ferfine f;eld
and the latter which is determined by substituting a non-magnetic
impurity at the site of the magnetic ion. Khoi et al [R5.8.1] use the
foliowing empirical re}atibnship to account for the observed hypgffine

N
magnetic fields at Co and Mn ions in Heusler alloys!

v

¥

o wwE
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Mere FO“f*1' and Ka ete. are respectiveiy the magnetioc moments
on the probe ion, first neareqﬁ neighbour idL,Aand theose?ond nearest
neighbour ions and hé, h?, hé are coefficients to be determined. The
contributions to the hyperfine field due toglocal properties of %he
prove satom ;is ‘contained in the first,‘%erq,while the transferred
contributions due to the ‘s-C‘!EP induced at the ijobe site by the
neighbouring magnétic"ions are giveh by the otier terms. ‘Those
transferred contiibutions were assumed té scale ‘wi%h %he hypérfine
coupling constants so that the induced s-CEP could be cﬁ;npargd for‘

gifferent probe atoms,,

b= /Ay E5.8.2

&
®

Where Ai is the hyperfine coupling consténﬁtfor thé§;r0b§ atgm.ggzgnd
the Pé is the effective s~CEP in units of pélarized s electrons per
atom per FB induced by the jﬁh neighﬁzsr atom. Consisternt values of
the partial contributions were obtained by obser;ing the change ;n the
hyperfine fields when a non-magnetic t;tqm x;'as substituted for either
the probe‘atom or one of its magQGtio neighbour atoms. However, the
magnetic moments of the magne%ic ﬁio&é atoms must be-known a priori if
this empirical approach is be dsed to determine the approximate

contributions to hyperfiné'fié%ds on the magnetic atoms. In the work

By = hi‘rz, + hjizl.t‘) * h‘;_EFt ¥ oo ' E5.8.1
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"CHAPTER 6 108

« HYPERFINE FIELDS MEASURED AT NON-MAGNETIC SITES

~

o

9 ° n * i

6.1 Introdugtion.
_ This chapter/ deals with the erfine fields measured at the
nuglei of atops not carrying magngtic moments in Heusler alloys.

These measureme,;g include Hy(Te) in Pd,MnSb, Hy(Au) and HZ(Sn) in

PtMnSn ?nd Hx(Ir) and Hz(Sn) in Iry ooMng oS0y ge-

56.2 Hyperfine Field ‘at '2>Pe Nuclei on Sb Sites in Pd.NuSb.

As indicated previously| the "trends in the hyperfine fields

measured at 5sp metals Cd to in Heusler alloys are very similar to

*

" those found in ferromagﬁetic transition metal hosts. The fields at

Fl
all these atoms had previously been measured in the PdgMnSb alloy with

the exception of In. The purpose of this experiment was to extend the
hyperfine field measurements to the Te atoms and compare the result
with the predictions from -the JG and BC models.

.

JThe simplest approach to making this measurement would be +to

substitute Te as an impurity into the D sites of the szMnSb alloy in

place of the Sb following the practice eatablished by Campbell and

Leiper [R6.2.1] and Swartsdruber and Evans [RG.Z.?]. However, unlike

Sn which was used as-a impurity atom in theae works,'ho Heusler alloys

exist which contain Te. Hence, it was not clear that Te would enter

. the Sb site. A liguid ﬁelium temperature Mossbauer spectrum of a

&
sample prepared in this manner contained only a single paramagnetic

absorption line.

>
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* The procedure adopted to overcome this problem was to prepare a’

a

Pd,MnSb alloy using radiocactive 1255y which decays to '29Te by
ﬁLemission and to perfcrm & source experiment. Bevause of the low
recoil energies (<0.} eV) involved in this process, the Te is not
expected to bé dislodged from the site thereby “ensuring that the
resulting hype;fine " fields would be measured at the D sites.

‘ Furthermore, since,éhe half life of the 144.9 keV level of 125fem,
which~ is the excited state from which ‘the Mossbauer state is
populated, Has a relatively l?ng half 1life (7}/2=58 days), after
offects due to the '25b(p,7)2Te reaction have long since relaxed.
Thus, .the observed hyperfines field splitting pa;tern would be
identical 1o that Sbta{ned by incorporating JTe directiy into the
Pd, MnSb structure.

THOlszMnSb alloys, one with and ome without 10 mCi of 1255y
electroplated onto Pd foil* were prepared by rf induction melding
stoichiometic quantities of high purity Pd, Mn and Sb in an ;rgon
atmosphere. Both alloys were powdered an%bgnnealed in argon for three
d;ys at 650 °C and sho§l; cooled. The non-radicactive  sample
exhibited less than .0.5% weight loss on prepapat;on. An,;-ray
diffraction pattern of this sample was consistent witg a singlefqphase
alloy with the 12, structure and %édicated a lattite parameter of
6.420(6) &. This value agrees with the values reported Ibyﬂ other

, workers: 6.419(10) 8  (Swartzendruber and Evans [R6.2.3]) and
6.413(8) 1 (Webster and Ramadan [R6.2.4]). Since both alloys were

prepared in an identical fashion, it was assumed that these results
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VELOCITY (cm/s)

$6.2.1 giﬁtzdzsllzectmm’cf ’255b/Pd2un3b v.s.\ZnTe, both at

were applicable to the radioactive alloy és well.

Using the 1253b/Pd2Mnéb alloy as a Mossbauer source and a ZnTe
(s mg/cmz) absorber, both at 4.2 K, i Hosshaﬁer spectrum was
accumulated. The statistics were improved by folding the two specé;um
halves and pair summing the result to yield the -spectrum shown in

) '

F6.2.1. The solid curve through the data points was obtained by
fitting a singlet and a sextet with intrinsic-Mossbauer parameters
appropriate for 12\5'133. Such two component apect;'a for PGZMnSb have
also been obtained by Boolchand et al [RG.E.S] and de Waard and
Lakshminarayana [R6.2.6].

The origin of the singlet absorption line has not ﬁeen definitely
established. One explanation involves the two stege decay of 125Sb to

)

the Mossbauer excited state. Because of the relatively long half life



f

of the intermediate state, '29Te™, an appreciable amount of '29Sb

which had already decayed to this state prior to the ‘fabrication of

/%he alloy still remained in this state at the time that the spectrum

was accumulated. Since Te is not easily incorporated into tHe D sites

of P4 MnSb the 125m atoms would give rise to a second component in

the Mossbauer spectrum. However, calculations reveal that the
intensity of the singlet relative to the sextet should be about 0.22
while the spectrum reveals a ratio of about 0.5. A  further
contribution to the singlet might have arisen if some of the 121,
which was in the form of 1000 % layer eléctroplaéed onto a thin Pd
. foil may have evap&rated on heating and later condegsed on the surface

?

of the cooling alloy. Attempts at comparing the isomer shifts of the

singlet to that found in Pd2MnSbo.9Teo‘l were not successful because

of problems encountered with the calibration spectra for the latter.

©

The hyperfine, field which corresponded to the sextet was,

determined to have a magnitude of 85(3) T. The sign of the field,

although not measured, was presumed to be positive and . was

subsequently found to be so by other workers. This result compares

favorably witﬂ subsequent measurements by other workers. These
results are given in T6.2.1.

The error ié méstly’due to the fact that large Doppler velocities

(!5 cm/s) were required to exhibit the complete hyperfine absorption

+ pattern for lzle/PGZMnSb compared to those required for tie Fe foil

calibration (27 mm/s). This lead to a large uncertainity in the

velocity calibration constant for the 125‘1‘e spectrum. .For this reason

“

PRPRE =
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_T6.2.1 Hyperfine Field Values at Te nuclei. substituted on Sb "

gites in‘PdannSb.

1
)

112

{ )

H,(Te) Teﬁperature Source Absorber Reference
() - * (K), '
. \
—
85(3) . 4.2 'Psn/Pamsy ZnTe this work
+85.7(9) iz '®sp/Pamsy e R6.2.5
86.4(5) 4.2 . 'Psb/Pa,Mnsh ZnTe R6.2.6
86.0(5) 42 'Preramasy  znte R6.2.6
85.6(9) 4.2 121e"/Paunsy  zaTe R6.2.18

A

the isomer shifts were not determined.

L]

' Because the field yalue obtgi&g§ at the Te impurity in Pd,MnSb
(85.0 T) was the largest ébtained to dat;, an attempt was made to
obtain_a more accurate value for the 'magnitude of magnetic dipole
moment of the excited Mogsbauer state. The current measured values
for p' and K" had been +0.62(2) py and  -0.88235(4) Jy respectively.
By allowing g'/g' to be an unconstrained parameter to be fitgga, a

value of 0.207(16) was obtained from the experimental spectrum. This‘\

5

- [
value corresponds to M = g'I'M"/(g"1") = 0.55(2)}ﬁr The large error

and deviation between these results again was attributable mainly to

4
non-linearities., and instabilities in the Doppler velocity wavefornm.

These values of g'/g" and MU' are comparable to the values of

~0.2270(15) and 0.604(4) Jy» respectively, which were obtained by

\
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100

H (P).

Cd iIn Sn Sb Te . |

. F6.2.2 7 site 5sp impurity hyperfine .fields measured in
Pd MnSb (e) and PdMnSb (o) plotted as a function of
Z. The solid curve represents the predictions of
_Jena and Geldart [R6.2.22]. The yertical lines
represent the total range of impurity 5sp hyperfine
fields in all Heusler hosts. References for the
™. Pd,unSb host are: Cd - R6.2.19, R6.2.10; Sn -
R6:2.20; Sb ~ R6.2.3, R6.2.21; Te = This and other
work (See T6.2.2); I - R6.2.6, R6.2.18., References

for the PdMnSb host are given in R6.2.8.

®
14

Boolchand et al [R6.2.5].

" The results of this and other more rec?nt work in the meaaureme%t
of the hyperfine fields for Cd to I sites in P4, MnSb appear in F6.2.2.
‘These trend; toward increasingly more Yositive fields as the atemic

number of the impurity increases is common in ferromagnetic hoaté,(See

A
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Rao [R6.2.7] for summary of hyperfine field values for impurities 'in

non-Heusler hosts). However, in these casegfzg;‘hyperfine fields do
. . . ‘ . } . * N
not exhibit a saturation value and them decrease before iodine. A

* @,

similar curve is obtained for the PdMnSb host, as is shown in P6.2.2,

However, the whole curve app@érs to be shifted toward the right to,

L)

I impurity and no saturation effects are obsqrved in the 5sp series.

i ; l

The solid curve in the figure is calculated by Vhe JG theory. They

calculated the Fermi wave vector ki using the fréé electron model from
the average condu;tipn electron density using the method described i;
éS.4 except that Pd atoms ‘were each assumed to contribute 1;2
electrons to the conduction band. The band splitting parameter A/EF
was chosen to normalize[ the theoretical result to the experimental
velue for the hyperfiné field measured at Sb nuclei PdMnSbh and then
scaled according to the magnetic momeﬁt on the Mn atoms in the host
alloy:/ Thus, the curve is the result of an attempt )to éiplain the
“'téends of hyperfine' fields at sp impurity sites in all Heusler alloys.-
Hence, although Figure 6.2.2 would seem +to indicate otherwise, the
Qntitative ‘agreement between experiment and the JG tﬁeory i3 quite-
{good. The éualitatfve trends, namely, fields increasing from negative
to éositive values and then decreasing as the valence of the\prébe
/éézgjincreasas ff@m Cd to I, are correctly produced by this theory.
.( Using the JG theory, Boolchand’et al [R6.2.8] haYe attempted to
’ ( reproduce the ;hift in the 5sp impurity hyperfine field curve as the

Pd concentration is increased in the Pd-Mn-Sb Heusler alloys in going

1

from the .C1b to the L2y structure. The found essentially little

+
-
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chan;e in the theoraiital®curve predicted by the JG theory. Hence,
they concluded that the JG theory was not applicable to the Pd-based

Heusler alloys.

The BC modelt with its explicit sinusoidal dependeﬁce oﬂ the.

impurity charge of non-magnetic ioms in ferroﬁagnetic hosts, can
automatically acconn& for the change of sign and the saturation of

«”

hyperfine fields measured at the 5sp impurities with reasonable values
of kp and Zgpep (see E5.5.6 and E5.5.9). However, quantitative
agreement is poor (Schaaf et al [R6.2.9]). When the kg values are
(adjusted 80 as to cause the saturation point on the curve to coincide
with experiment the theo;etical field values were found to be 30% too
low. o ﬁ
This result ia‘ not surprising because Blandin. and Campbell
[R6.2.10] originally applied their theory to the CuMnIn host where
they were able to obiain gualitatively good agreement with the fields
impurities wup to Z=Sb. However, when In is changeéd to Sb this would
increase conduction elsctron concentration, n, from 1.25 to 1.75
electrons per 'atom, consideraﬁl} reducing the size of the ;creening
phase shift 2 ) for a given impurity atom. Blandin and Campbell
[R6.2.10] suggested that Pd atoms contrihufe Qery fow electrons to the
‘ conduction  band (about 0.12) thereby restoring n, to the value used
for +the CuZMnIn host. However, this does not'account for thg rapid
increase in ‘the hyperfine fielh measured at the Sb atoms when the
number” of Pd atoms is changed in the Pd,, MnSb  alloy system

(Swartzendruber and Evans [r6.2.2], Price et gl [R6.2.11]; where the

I
4
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76.2.2 Calculation of the hyperfine fields at sp impurities in
the Pd, MnSb host using Stearns' Volume Misfit Model.
: )

L3 tu

- ¥

A : B (2) vy o Hy(2) H(z) i

z A :

exp

(1) m &) () () (1)

Ga 470 -23 12,7 -+ 0 23 -23

In . 680 33, 149 T 29 -4 -
Sn 900 | -4 167 "V 65 21 21

. 3

Sb 1130 -55 18.5 . 115 +60 . +6Q

Te - 1330 ' -68 20.5° 187 & 5?19 ' +85
1 1680 82 (25.5)  (364) | (+282) 50 °

. e b
. o . FQ; a{“)' 'y .

-
-

field changes from 30 T for “the C1b dtructure t6 60 T for the L2, -

structure. Since suclh a large change does not occur in the rhi1+an3b
system (Swartzendruber and Evans k6 2. 12], Prlce et al [®6.2.11])
where the electronic structure of the constituent stoms is the same as
in the Pd based system, it is possiple that Pd based alloys ;re
exhibiting an anomalous hyperfine field\dependence on Z.

According to Stearns' volume misfit model ' (See S5. 7) the
hyperfine field a? the Z site atom ought to be given by E5.7.1. The

1

volume overlap contribution at the Cd impurity nucleus is considered

‘negieidble. Using the experimental values of HZ(Cd) of -23 T

(Lindgren et al [?6.2.13], Schaaf et al [R§;2.9]), and the A, values

of Stearns” [R6.2.14], the values of Hh are found as indicated in
'Q.J

e 2

4
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T6.2.2. The values of V, uged to determine Hy(Z) were the "smoothed"
$

values of Stearns [R6.2.15]. which"%ake into account differences in

crystal structures of these atoms in their natural state. The value
for Vi was obtained by schiing the value“of Vpe With the atomic
concentrations in the Te and I solids. “The value of H(Z)—Hh(z),
2 f Sn,Sb were used to determine the valdés of C and Vh in E5.7.3.

These were found to be 0.164 3'3 and 12.30 33 regpectively.

. ,
The overall trend in the hyperfine fields measured at sp.impurity

atoms are reproduced in the volume misfit model except for the lack of

\
The anonamously large

+

'a saturation in the field values for Z=Te.

‘value for * the iodine field is due to the large value of Vi. If this

"

ngQe is obtained by the extrapolation of Stearn's "smoothed" values
r

of V, = the resulting field value is still about 200 T. It would seem

that Stearns model is incapeble of accounting for a saturation in

&

. »
field values before the end of .ah sp series because of the

¢

monctomically increasing dependence of the atomic volume on atomic

number. This 1lack of saturation is reflected in the detailed

theoretical cé%culations of HV by Norbeck and Stearns [R6.2.16].

There appears no obvious way to account for this saturation effect
*
within the volume misfit mo&el‘unlesslanother external mechanism is

.
[

incorporated into the mode& which might lead %o a décrease in

hyperfine fields measured at high valence sp impurities.

" It-would appear that 'all three models can account qualitatively

at least for the increasing hyperfine fields measured at 5sp

impurities on the D sites in the PdZMnSb' alloy. However, only the

»

. . 2 o
.

“



*e 118

® o

charge perturbution models of BC ang, JG reproduce dpe saturation in ./

the field value measured at the Te probe atom.

¢ 4

S6.3 'Hyperfine Fields at Au and Sn Nuclei in PtMnSn.

¥,

Y

Although hyperfine fields had beenki§asured at a large numbef of ~

nuclear sites belonging to elements in the fourth and fifth row of the

O

»
periodic table fewer hyperfine fields had been measured at period six

sites in, Heusler alloys. Among these were the hyperfine fields

'S

measured at Au atoms in AuMnAl [R6.3.1] and inAuMnSb [RG.3.2].  The
first measurement of a hyperfine field at a Au impurﬁ%y atom i? a
Heusler alloy, Au substituting the Pt iﬁ Pt{MnSn, is, presented hege.
Becaﬁse,of the large X-ray atomic ,scatte;ing factor for Pt
réﬁative to those of Mn and Sn, it is difficdit to dzstinguish between
C1b and C1 structures using this method (Masumoto and Watanabe
[R6.3.3], Gorlich et al [R6.3.4]3.» Masumoto and Watanabe [R6.3.3]

have reported the PtMnSn alloy, when water quenched from 1250 °C, +to
: . )

be ferromagnetic with =a Curie-temper?;ure of*354 K and a saturation

magnetic moment per Mh atom of 3.37 Pg. However, these values depend

upon the precise heat treatment of alloy.
In the Au hyperfine field measurement deantage was taken of the
fact that '97pt is the parent of the "97Au Mossbaver nuclide. Thus,

the Au hyperfine field in PtMaSn was obtained by using '2/Pt in a

PtMnSn matrix as a gource and a single line Au foil as an absorber in .

a Mossbauer spectroscopy measurement. . .

©s
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The source was prepared By irradiating a 97mg Pt foil,?ﬁenriched
to‘%W-S% with 198pt for six hours with a neutron flux of 1012‘neutrons
in the Slowpoke reactor at Daltousie University. Thé '°/Rt
nuclide was produced by the reaction‘t?GPt(n,f)197Pt. Details of the
irradiatior procedure have been given by Judah [R6.3.5].  The
radioactive 197Pt was incorporatéa into a PtMnSn matrix by melting the
Pt foil with stoichiometric quantities of higﬁ purity Mn and Sn under
Ar at one atomsﬁhere pressure in’an rf induction furnace. The glioy
was kept molten for greater[ tha9 two minutes "to ensur? ,complete

melting and homogeneity. The alloy was cooled from the melt by

turning the rf power off. Because of the short half life of 197pt (18

hours) no subsequent heat treatment ﬁas performed on this sample.

The source and a 200 mg/en® thick Au foil were held at 4.2 K
while Qghe spectrum was accumulated: The statistigs of this spectrum
were improtfd by folding one half of the spectrim onto the other half'
as described in S4.6; The point ahoué vhich the spectrum wae folded
was defined by the centroids of ‘the absorpéion patterns of th?
individually ritted spectrum halves. The resulting spectruﬁ is shown
in F6.3.1. The solid curve répresegﬁs the least squares fit- to the

hyperfine spiitting pattern appropriate-to 1973040 a polycrystalline’

powdprhd sample. This pattern consisted.of the eight absorption lines

in 197Au as éiven in T3.7.3. It was assumed that because of the cuﬁ;c*

symmetry of the lattice thé¥' the electric. field gradient at the
* 3 0w -

nuclear site was zero. The hyperfine field .corresponding to this

fitted curve was found to be TO(1) T. The isomer shift of - 9Tau in
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F6.3.1 Fitted spectrumof '97Pt/PiMuSn v.s. Au foil, both at
.t . T=402K- :'o . . ‘7 NS

k4
- ' -~ v

bop

¥

the PiMnSn matrix relative to '9Tayw in a Au foil matrix was found td
' C\\be -4.66(4) mm/s when referred to the same source matrix. This figuTe

was arrived at by using the, known isomer shift (+.226(10) mm/s) of

IS I

>7¥e in Cu with respect to Fe in Fe to determine the absolute

velocity scale from the 57Co/Cu v.s. Fe foil calibration spectrdﬁ.

The width of tFe indivi&ual absorption lines constrained to, be equal,

was found to be 4.3(1) mm/s which is about 2.3 times larger than

natural Moassbauer width. This width is consistant wi%h the rather

thick absorber and the short source~to-detector distance used during

data accumélation.
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F6.3.2 Unfitted spectrs of ''9sn™/SnV v.s. PtMnSn, both \at
T.= 77 K, with (A) and without (B) an applikd
transverse field of 1.0.T.

@

» - L
_After the intensity -of the '9/Pt activity had died away,.
o . -
hyperfine field at the Sn site was measured in the 197p4Mnsn sample Ry

the

“

using a 119,mSn/VSn sourée and the 197PtMnSh sample as an abgorber.

>

The spectrum°.was acéumu}ated vwhile the absorber was held at 77 K.

g .

This spectrum was obtained with and without =an externally applied

field of 1.0 T. These-spectra are shown in F6.3.2. As can be seen in

g » . LR o
. v

s *

+ &
.
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the/%igura, the %&eld is negative. This agrees with +the result of
Leiper et 4l [R6.5.6] and Arbique [R6.3.7], but is in conflict with
the”previously reported results of Rao and Iyengar [R6.3.8] and
Campbell [R6.3.9]. '

Several attempts to fit the experimental spectra with a sextet
appropriate to a Mi (3/2t+1/2+)'1198n trangition were not successful.
This was presumably due to a distribution of hyperfine fields 'due to
disorder %n the PitMnSn alloy.' This 119Sn spectrum is consistant with -
that obtained by Dunlap et al [R6.3.10] where the distribution of
hyperfine fields was included in the fitting function using a program

-

due to Window [R6.3.11]. These hyperfine field measurements at

4\Kiifferent probe sites in the PtMnSn host and those of other workers in

the PtMnSn matrix are given in T6.3.1.

v

) Examination of these results reveal a wide vgriety of values in
the experimental results obtained for the hyperfine fields measured at
Sn atoms. This is not surprising if one assumes that there is a
varyiﬁg amount, of Mn-35n disorde;‘ between the samples used by the
'va;ious workers. Work by Dunlap et al [R6.3.10] and Gorlich et al
[R6.3.4], where ;ttempts were made to find some measure of the
hyperfin® field distributions at the Sn sites, indicate & relatively
5rgad . distribution in hyperfine fields w£ich is consistant with the
fact that the Mn sublattice may contain non-fagnetic Sn atoms. More
surprising\is the fact‘that‘essentially no broadening occurs in the Au

hyperfine fields. This would suggest that the hyperfine field at Au

s  J
on Pt sites is either insensitive to the local ordering of the Mn

~
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T6.3.1 Hyperfine Measurements in PtMnSn

Probe Atom « H H/H T Technique Reference

Site Eype (1) (%) (x)

X Pt 80 | - 4.2 MR R6.3.12
X Au '71\ 1) - 4.2 ME This work
Y Mn 20.5 - 7 NMR "R6.3.13
Y Mn 33.2 - 77 NMR R6.3.12
P Sn 0 - %94 ME R6.3.4,
Z  Sn +0.7 - 295 } " HE " R6.3.8
Z sn . O - 293 ¥E R6.3.10
z Sn 3.0 310 80 ME R6.3.10
Zv Sn -4.2(1) - 80 ME R6.3.7
Z Sn 3.0 - i ME This work
2 % w23 - 77 M R6.3.9
Z  Sn -4.3 L5 77 ME R6.3.4
Z Sn ¥3.3 - 77 ME R6.3.8
2 sn -6(1) - 4.2 ME R6.3.6
Z Sn -6.2(1) - 4.2 ME R6.3.7
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atoms or tﬁE% the local short range of Mn atoms around the Pt atoms is
relatively uniform. The former explanation is consistent with the JG

theory; where no mechanipm exists for egonsidering the effects of
| .
?ields measured at a particular probe atom.

This suggests that the total CEP seen at -each Pt site is influenced by

disorder on the h&perfine

fairly distant Mn atoms sg’that each Au atom sees essentially the same
CEP even though the.iocal order around Au atoms may vary.

}céording to the CB thepry, “the hyperfine field measured at a
particular site is sirongly dependent upon the distance to the Mn
atoms around this site. Thié is consistent with the wide distribution
observed in the hyperfine fields obsergid. at the Sn.sites if one
assumea the presence of preferential Mn-Sn disorder. This can be seen

by examining T2.2.1 which gives thé first six neighbours to the A, B,

C and D sites in Heusler alloys. .

4 o

In the presence of perfect C1, order-Mn is confined to the
B sites, while Sn is confined +to the D sites and Pt and also Au
impurity ;tomé are confined to A ‘sites, .the C sites being vacant.
Clearly ig preferential Mn-Sn disorﬁef,occurs, then the average number
of Mn atoms on the geco;d and fourth nearest neighbours to Sn atoms on
the D sites decreases while it increases in +the third and fifth
nearest neighbours. - The variation of the number of Mn dtoms on
neighboug?ng sites form one Sn site to another would give rise o

distributions in the CEP and hende hyperfine field at Sn atoms on

b sites.‘ The sfme effect occurs|for Sn atoms on the B aites. -

Pl
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On the other hand, for each of tﬂe A sites only half &f the atomsm.
at “the first, fourth and sixth mearest neighbour distances are Mn
atoms in the fully ordered C1, structure, the other half being /én
atoms. For certain amounts of Mn-Sn disorder and radisl dependencies
of the CEP, the value of the CEP, and hence the hyperfine fleld may
not vary appreciably from one Au site to the‘next. Also, if some of
the Pt atoms and hence Au atoms migrate to C s@tes, as Es suggeated by
Masumoto and Watanabe [R6.3.3] for certain heat treatments of PtMnSn,
the hyperfine fields would be identical to those of Au atoms on the A
;ite. This is because thesé two sites have éhe some configuration of
Mn and Sn neighbours. Thus, it is possible that Mn-Sn disorder would
not greatly influence the Au hyperfine fields at Pt sites in P{MnSn
even though the Sn hyperfine field at the Sn sites is strongly

perturbed. C ~ i

It does no# follow however that the hyperfine field at all p;obe
atoms on X siégq in Heusler alloys of composition XMnZ will be immune
-~_,/’/t° Mn-Z disorder. The radial dependence of the CEP depends on the
‘charge screening phase ‘angle, 26, which depends on’ the local
propertiés of the probe atom. This would éxplain why Malik et al
'[R6.3.12] observed broad NMR iines for the '97Pt resonances in PtMnSn.

The hyperfine fields of Pt atoms may be sensitive to the Mn~Sn

disorder while the hyperfine fields at Au atoms are not.



126

a

S6.4 Hyperfine fig;gs at Ir and Sn nuclei in Ir1.o7xn1.o7sno.86,

The measurement of the hyperfine field at the iridium sites in
the Heusler alloy IrMnSn was performed to extend the number of‘
hyperfine fields measﬁred at atoms from the aixth series of the
periodic table which up until this tim; had only included’ measurements
at Pt an Au sites. '

Masumoto and Watanabe [R6.4.1] have performed X—fly diffraction
and magnetization measurements on the Ir-Mn-Sn ternary system. They
found that the equi-atomic composition formed a polypha;e mixture.
However, the alloy of stoichiometry Ir1.07Mn1.07sn0.86 formed a single
phése Cly structure with a lattice parameter of 6.182 k. If
particuiar interest is the fact that they ?eported the‘Ir, Mn, and Sn
atoms to respecdtively occupy the B, D and A sites instead of the usual
A, B sand D sites respectively. This is equivalgnt to the Mn atoms,
being located on the C sités instead of the B aitea if Ir and Sn are
assigned the A aﬁd D gites respective}y. It would appear that this
result is in conflict with the structure of IrgMnAl vhich, in the same
paper, they indicate has the usual L21 Heusler structure. klso, as in
the: case for PtMnSn, the atomic scattering factors are such that it is
éifficu;t to distinguish between the C1b and C1 structures (Gorlich et
;; [R6.3.4]). Thus, the structure indicated by Masumoto and Watanabe
should‘be v;ewed with caution. The Curie temperatures reported by two
groups of workers, 265 K [R6.4.1], and 204 K [R6.3.4], were in

disagreement. However, the‘ two reported values for the magnetic

moment per formula were in agreement at 2.2 Pg-
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For this work a 500 mg sample of Ir1 opMny O7sn0 8¢ was prepared

é;om high purity components. using rf induction melting. The heat

ot

treatment consisted of anneallng at 900 °C for 95 hours fdllowed by
(2]
slow coollng at a rate of about 100 ¢°/hr. X-ray diffraction reveaied
oy L
a single phase structure compatable with the C1B’°r 01 structures and
1

a lattice parameter of 6.201(5) R in agreement with 6.199(12) obtained

(1}

by Gorlich et al [R6.3.4].
K o A !

To measure the hyperfine field at the Ir nuclei an 1931, source

was ﬁrepared by irra&iating 100 mg of 0Os, enriched to more than 95%

with 19203 y in a neutron flux of about 1012 neutrons cm %e -1 for 16 .

hours [R6.3.5]. The 19203 was in the form of a metallic spongg In ”

order to prevent the Os from vibrating with regpect to the source

’
LJ

holder during data accumulation, the Oq, contained in a thin sealed

A

polyethxlene envelope, was clamped to the source holder with some Q .
; compound using a 1mm thlck nylon disk. This enabpled the 19263 to be

removed for reirradiation should insufficient statistics be obtained

- . -

after wne irradiation. Using 190‘mg en™2 of Ir1.dfnn3.07sn0.86 as an

apsorber, the Mossbauer spectrum shown in F6.4.1, was accumulated with

[}

both the source and absorber at liquid helium temperatuTes.

i
-~

Each spectrum half was independently fitted using an &ight. line
hyperfine  pattern compatible with the 1/2% - 3/2" nmixed E2/Mi

transition betwaen the Mossbaueg and ground state of 193Ir for a

* L4

mixing ratio of 0.31. The relative heights and positions were

constrained according to the ratios given in T3.7.3 while the widtha

i

of the “absorptisn lines were constraingd to be equal. Since the
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F6.4.1 Fitted spectrum of 19308/08 veg. Ir Mn Sn
both at T = 4.2 K. 1.07 1 07°"0.86"

structure is cubic, the gquadrupole splitting was fixed at zero.
N,

Hence, the spectrum was fitted using‘only six parameters: (1) the

\

yidéh of one of the absorption lines; (2) the intensity of ont of

them; (3) the position of their centroid; (4) the splitting parameter

'proportional to the separation of a symmetric pair of lines and (5)

the height and (6) curvature of ‘the baseline. The fitted parameters
“ .

are given in T6.4.1.

The byperfire field in Iry ,oMn, osSn, gg has been subsequently
remeasured by A:ﬂggue-¢[R6.3.7] where the sign was determined to be
negative. The magnitude of his result 71.0(1.2),T differs from the
result 65(2) T obtaiqu in ‘this .work. However, in viey of the

conniderabiy inferior statistics in the .spectrum of this latter work,

it is believed that the field value is closer to 65 T than %1 T.

[
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T6.4.1 Fitted Paramsters for the 4.2 K spectrum of- 19305/03
s VeSe Ir/I!'1 O?Hn1 o7sno 86 X, .

t, .
Speactrum Half Line Width Isomer Shift* Hyperfine Field

1

‘ (nn/s) (mn/s) (1) v
© First 3.06(16) < 1.16(5) 64.3(12)
é Second ) 2.78(16) 1.25(5) 65.8(12)
Average 2.92(11) 1.22(4) - 65.1(8)

* vith respect to an Os metal source.

Two spectra using 30 mg em™2 of Iy opMny, o75np. g6 2t 77 K as an
absorber and a 119Snm/SnV ‘source at T7 X were accumulated. These‘
spectra differed only in'tﬂat a different maximum veloéity setting was
used for each spectrum. The fitted specira with the two velocit;
settingarare sﬁown in F6.4.2. The fitting model conaisted of 6
absorption }ines compatable witﬂ the 3/2+ - 1/2f pure M1 transition
of the ''98n nuclide. As in fitting the '9°Ir spectrum six, free’
fitting parameters we;e used. The data for the high velocity aspectrum
is given in T6.4.2,

- It is#interesting to note that the low velocity spectrum resulted
in d"HitEﬁj\?t 2.8(4) T as reportgd in Leiper\et al [R6.4.2]. The
larger uncertainity is.prgsumably due to the fact that at this low

»

velocity setting the curvature of the baseline is poorly defined and
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F6.4.2 Fitted spectra of ''9sn®/snv v.s. Ir, oMy 07Sny ger both at
T =77 K. The upper (lower) spectiim was obtadhed at high
(low) maximum Doppler velocity.setting. In each spectrum the
heavier lines represent the computer-fitited total absorption
curve. The finer lines represent the absorp?%gn for each of
the individual hyperfine transitions in the Sn sextet. The
curvature of the baseline in the 1low velocity specirum is
clearly exaggerated. Hence, the fitted intensity and
hyperfine splitting parametera are too small in this specjrum.

-

»
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T6.4,2 Fitteg parameter?1gor”the high velocity spectrum of
Sn™/snV v.s. Sn/lr1.O7Mn1.O7sn0.86' .

Spectrum Half Line Width Isomer Shift* Hyperfine Field

(mm/s) . (mm/s) (T)
Firet . 4.25(13) 0.22(3) 5.58(6)
Second 4.06(13) 0.07(3) 3.56(6)
Average 4.14(9) 0.15(2) 3.57(4)

*
with respect to the SnV source matrix.

hence may adopt a variety of values without appreciably affecting the
"goodness of fit" pardmeter 22, Changing the basel&ne curvature
affects +the fitted intensity pdftameter in +turn would affect the
spacing of the individual absorption lines. In general, spectira

a

should be accumulated at a velocity setting so that the‘base line is
well defaped to minimize the correlation beiween the baseline fitted
parameters and the resonant absorption fitted pa;ometers. This is
particularly important for spectra where the individual absorption
lines are poorly resolved such as in spectra obtained using the 119Sn
and 121Sb Mossbauer nuclides where the.individual iine widths can be
pomparable to typical hyperfine splittings. .

The value of Hy(Sn) in Iry goMny o750y gg has been measured at
liquid helium temperatures and was found to be 5.9(1) T by Gorlich et

al [R6.3.4] and +6.0(1) T by Arbique et al [R6.4.3]. This value is

-

-
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too large to be compatible with the value obtained in this work if

these values are gcaled according to the magnetization curves obtained
by Masumoto and Watanabe [R6.4.1]. However, this may be accounted for

by the fact that Iri.07mn1.073n0.86 is very sensitive to the heat

»

treatment on preparation.
' L3

Among the Heusler alloys examined by Dunlap et al [R6.3.1p] for

hypeffine field dtstrlbutlons at Sn atoms was the Ir1.O7Mn1.OTSnO.86

alloy. At a temperature of 80 K, they found the maximum in the

distribution curve occurred at 3.0 T which is consistant with this

result.’ They also found a full width at half maximum Value of 6T in
i, ' . P
the field distribution peak. This wide distribution, twice*the field

vaiue, is consistant with the large lin‘é}widths found in the 19%n
i . : L v
spec?rum. . f ) . N

Unlike the 9Tay gpectrum 'ird PtMnSn,  the 19311'\\ in

‘

! i
Ir1.o7Mn1.97Sno'86 .Was foung ¢ to , exhibit brqadeng@ lines rhich we?e

five times their natural line width. ‘This may be attributable inspart

- 3 i
to the 19303/03 source whose physical structure was not optimized to

,produce minimum line widths. « . . {JRN
Y 4 -

. The theoretical célculations“pf He(Ir) are discussed in the

following section in relation to the gredicted values of Hy(Au) and

Hy(Pt) found in several Heusler alloys containing period six atoms at

the X sites.



=5

e

, _ . 133

§6.5 Calculation of Period Six Fields in Heuslex Alloys.

In this section the JG and BC theories are used 'to” account . fgr
the trends obsefved .in period six hyperfiné fields: The Stearns'
volume misfit model is not used here because thefe is" insyuffigient
field measurements at the X sites to obtain the empiI:iAchally fitted

" constants used in this model (See 55 7)

In these calculatlbns, the valence of the X atoms is assumed to
be one in all cases (See 55.5). éhe valance of Sn and Sb are asqpmed
to be 4 and 5 respectively. ‘The fontriﬁgtioh $f | each atom  to ‘%ﬂe

)

' N o
conduction ' band is assumed”™ to be equal to the valance of the

h »y

non-magnetic atoms and to be E—ﬂ for Mn atoms &8s .discussed in §5.5%

The hyperfine field values are normalized «to Hy(Au) = 70.5 T in

PtMnSn. " '

-

o

for the CEP given by E5.5.10 over the first 25 Mn shells for each of
the Heusier alloy hosts. These values were then Jmaitiplied by the
hyﬁerfine coupling constants given by Campbell [R6.5.1] and value of

the magnetic moment per Mn atom. The results of fhese calculations

~

' , appear in T6.5.1.

- The calculations for:the JG theory were somewhat "more involved

since in E5 6.1 the valué of ky affects in a complicatad jenner both
the Blocdh enhancement, factors, « (kF), and the CEP at the nuclear
site, P(0). 1In addition, the value of (kF) depends on\the type of

“inpurity' atom as well. The Bloch enhancement factors for the period

. » T
six atoms are determined by e§1r0polatihg\fff~values for. the 4sp and

. . s
t
S
Ne
.

2

The BC® theory was applied by summiing the preasymtotic  expression

e
.
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T6.5.1 Comparison of experimental and theoretical values of
! Hyperfine Fields at Period Six Atomas. ~

]

Hyperfine Fields [Hy(P)} (1)

P Host Theoretical Experimentsl
g ' WG BC Value Reference

Ay AugMnAl =16 117 121 R6.3.1
A ‘ .
Pt PiMnSn ~70.7 =60 -80  R6.3.12
" Au PtMnSn ' -70.5 ~70.5  <70.5 This work
Ir If1.o7Mn1'O7Sno.85 -55 -1} ) -85 This work
Au  AuMnSb . 42 ~43 -24  R6.3.2

o 1

5sp elements given by Jena and Geldart [r6.2.22] to the 6sp series as
a function of atomic number and then by extrapolating the values
obtained for Au through Pb, back to Ir and Pt. These extrapolations

give the”rvélues of the Bloch enhancement factors for kF = 0.62 aO:1’

A crude correction for the kp dependence is obtained by. extrapolating

a plot of the values of {A[u (kF)]/AkF}/[az(O 62 a '1)] for the Group

IIIA elements given in Figure 2 of Jena and Geldart ~[R§.2.22] as a

function of 7 to the period six element. This results in a value of

/ , .

approximately ~2a, for this quantity. ‘This value is lsed to adjust

the Bloch enhancement for thg Ir, Pt and Au atoms for small changes in °

the ky . The P(0) values are “obtained from Figure 1 of Jena and

‘heldart [36.5.2], and scaled according to the magnetic moment assumed

-

. ¥
- \ -

<
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to localized on the Mn ions in these alloys. Using these methods, a
approximate expression for the hyperfine fields is giver bj:

s . .

f

He(x) = k92062 ay™") {i-2047 [kp-(0.62 ag™)]} 4 PLO) E6L5.1

*

Ve

where K is a normalization constant, The results of these

*

calculations are also given in T6.5.1. 5

The overall trend in the.exberimental values is reproduped by the

)

JG theory, although quantitative agreement is poor. However, the BC

calculation fails %o reproduce the relative magnitude in the Ir field

Ir1_o7Hn1_O7Sno_86 and the relative magnitgdes of the Pt and Au fields

in PtMnSn. The latter discrepanc& may be due to inaccurate values of

the hyperfine coupling constants. However, the former disagreement is

due to the anomously low value for the spin pblarization obtained at

o
the Ir micleus in Iry ooMn, -Snj g alléy. On the other hand, the BC
theory gives better numerical agreement with the experimental values
for the Au fields in these alloys. In ‘this case, the use of

a

inhccuratelyalues for hyperfine coupling' constants has no effect on
th; relative field values obtained from the Bé theofy since they
affeét‘only the relative fields calculateﬁ for different pr;be atoms. °
In summaryﬁhthe JG‘ theory is able to reproduce the trends
observed inaifhe experiménta%vvalues of the various hyperfine fields
fferent probe atoms. ‘fﬂowever, the BC theory better

reproduces - the range of values found experimentally for HX(Au). But

measured at

it does not repro&uce the observed trends of the hyperfine fields at

.
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other impurity atoms relative to the values of By(Au).

86.6 References.

R6.2.1
R6.2.2
R6.2.3
R6.2.4
Ré.z.s
" R6.2.6

¥

R6.2.7
R6.2.8

R6.2.9

R6I2.10
R6.2.11
R6.2.12

R!.2.13

R6.2.14
R6.2.15

(

Campbell C.C.M. and Leiper W., A.I.P. Conf. Proc. 18 (1973)

319. o

Swartzendruber L.J. and Evans B.J., A.I.P. Conf. Proc. 10

A1972) 1369. -
Swartzendruber L.J. and Evans B.J., Phys. Lett. A 38 (1972)

511.

#

Webster P.J. and Ramadan M.R.J., J. Mag. Mag. Mat. 5 (1977)
51‘ M

. Boolchand P., Tenhover M., Jha S., Langouchée G., Triplett

B.B. and Hanna S.S., Phys. Lett. 4 54 (1975) 293:

De Waard H. “and Lakshimarayana V., Phys. Lett. A 69 (1968)
219.

Rao G.N., At. Data and HNue. .Data Tab. 15 (19755 553.

Boolchand P., Tenhover h., Marcuso M., Blizzard M., Kim
C.S., Langouche G., van Rossum M., and Coussement R. Hyp.
Int. 4 (1978) 388.

Schaaf J., Pagquevich A.F., Schreiner W.H., Campbell C.C.M.,
Fraga E.R. and Zalislak F.C., J. Mag. Mag. Mat. 21 (1980)
24.

Blandin A. and Campbell I.A., Phys. Lett. 4 31 (1973) 51.

Price D.C., Rush J.D., Johnson C.‘E., Thomas M.F. and Webster
P.J., J. de Physique 37 (1976) C6-317.

Swartzendruber L.J. and Bvans B.J. A.I.P., Conf. Proc. 5
(1972) 539.

A

Lindgren B., Pernestal K., bedi S. and Karlson E., J. TPhys.
F: Met. Phys. 7 (1977) 2405.

Stearns M.B., J. Apy. Phys.. 50 (1979) 2060.

Stearns M.B., Pri¥ate communication to W. Leiper (1975).



"R6.2.16
R6.2.17

R6.2.18
R6.2.19
R6.2.20

R6.2.21

R6.3.1

R6|3|2

R6.3.3

R6.3.4

R6.3.5
R6.3.6
R6.3.7
R6.3.8

R6.%.9
R6.3.10

R6.3.11

137

Norbeck J.M. and Stearns M.B., J. App. Phys. 50.(1979) 2065.

"Boclchand P., Tenhover M. and Jena P., Phys. Rev. B 18
(1978) 3393. o

Campbel™C.C.M. and Cameron J. A J. Phys. F: Met. Phys. 6
(1976) La2t. .

Boolchand P., Tenhover M., Jha S., Laﬁgouche G., Tripplet
B.B. and Hanna S.S., Sol. St. Comm. 21 (1977) 741.

"Langouche G., Dixon N.S., Yahmud Y.', Triplett B.B., Hanna

S.S. and Boolchand P., Phys. Rev. C 13 (1976) 2589.

Jena P. and Geldart G.J.W. J. Mag. Mag. Mat. 8 (1978) 99.

QLeiper W., Blaauw C., MacKay G.R. and Woodhams F.W.D., J.

Phys. F: Met. Phys. 6 (1976) 2191.

’ N

Leiper W., Rush J.D., Thomas M.F., Johnson C.E., Woodhams
-F.W.D., Blasuw C. and MacKay G. R., J. Phys. F' Met. Phys. 7

(1977) 533. .

Masumoto H. and Watanabe K.,‘ans. Jap, Inst. Met. 14
(1973) 408. .

Gorlich E.A., Kmiec R., Latka K., Matlak T., Buebenbauer K.
Szytula A. and Tomala K., Phys. Stat. Sol. (a) 30 (1975)

- 331,

. Judah J., M. Sc Th931s, Dalhousie University, Halihax, N.S.,
" CAN. (1978). .

Leiper W., MacKay G.R., Judah J., Blaauw C and Rush J.D.
Can. J. Phys. 50 (1978) 877. .

’

Arbique G., M.Sc. Thesis, "Dalhousie U ivergity, Halifax,
N.S., CAN. (1980). I

Rao K.R.P.M. and Iyengar P.K. Phys. Stat. Sol. (a) 59 (1973)
297. ,

Campbell C.C.M., J. Phys. F: Met. Phys. 5 (1975) 1951.

LY

Dunlap R.A., March R. and Stroink G., Can. J. Phys, 59
(1981) 1577.

Wirdow B., J, Phys. E: Sci. Instr. 4 (1971) 401,



e e e s s

138

R6.3.12 = Malik é.K., Demle S.D., Vijayaraghavan R., Le Dang K. and
Viellet P. Sol. St. Comm. 15 (1974) 953.

RG.3.13 Watanabe K., J. Phys. Soc. Jap. 28 (1970) 302.

R6M.1 . Masumoto H. and Vatanabe K., J. Phys. Soc. Jap. 32 -(1972)
281 .

R6.4.2 Arbique G., White C.G., Blaauw C.and Leipar W. Inst. Phys.
Conf. Proc. 55 (1981) 603.

R6.4.3 - Leiper W., Blaauw C., Judah J. and HacKay G.R. J. App. Phys.
50 (1979) 2072.

R6.5.1 Campbell I.A.; J. Phys. C: Sol. St. Phys. 2 (1969) 1338.

R6.5.2 ¢ Jena P. and Geldart G.J.W., Sol. St. Comm. 15 (1974) 139.

[



. ,, 139
CHAPTER 7

HYPERFINE FIELD.AT Pe I!PURITIBé TN HRUSLER ALLOYS Co, Yz

*
2 L 1

LY

57.1 Introduction. L

. *With the exception of hyperfine fieldas measurgd a; Mn sites
*(Shinohara [RT7.1.1, R7.1.2], Le Dang et [R7.1.3], ~Shinogi et a1
‘ [R7.1.4]), few attempts have been nade to‘measure hyperfine fields af
transition metal 1mpd;ity site; in Heusler alloys particularly, at -
magne‘t’ sitea. The primary reason for this lack of interest is due
to the fact that .theoretical models have not been developed which
accurately estimate t;e core polarization effects due to the maénetic
moment on the probe atom. However, by measuring the hyperfine fields
at impurity transi;ion metal atoms, infoqgation can be obtained
regarding the sites in the alloy which these atoms preferentially
occupy. Using off-stéichiometrié‘ sample§ can be useful in
determining the effect of changiné local order on fields measured at
these probe atoss. The resulting hyperfine field shifts can then’
provide experimental estjmates of the relative contributions to the
hyperfine from the péobe atom itself and from the neighbouring atoms.
Extensive work along these lines has been done using the NM%
techgiéue for the Fe3Si alloy. (For review see Burch et %1
[87.1.5]).

Another inter;ating point is that the hyperfine field measured

at various impurities in Fe, Co, and Ni hoats follow a rather smooth

trend across a series in the periodic table whether or not the atom

carries a magnetic moment (Balabanov and Delagin [R7.1.6]). These

©

odrs ¥ wor omer o w eedeblabdiadeddee.
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authors have presented an empirical formula which, wheﬁ fitted té the
experimental data, leads to doviations of less than 20% in the worst
cases. Burch et al [R7.1.5] have extended the use of the
Balabanov-Delyagin relation in discuss;ng impurity fields in Fe3Si.
‘The‘use of this formula requires knowledge of the moments on the 1inn
atoms to the g;obe atom.

Despite these difficulties, the measurements of hyperfine fields
at transition métal sites in Heusler alloys is of interest to
determine if the trends observed across the transition series follow
those observed for Fe, Co, and Ni hogts. Fields measured at Fe sites
in Co,YZ Heusler alloys are particularly suited for Mossbauer
spectroscopy using the 57Fe nuclide since the 5700 parent used to
fabricate the alloys guarantees that the hyperfine field will Dbe
meagured at Fe nuclei located on A and C sites. Also the spectra
obtained using Plloys with dilute impurities of 57Fe wyen compared
with +the "source” spectra give information rag;rding the sites which

Fe atoms oécupy in these alloys.
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3

-S7.2 Hyperfine Fields at Fe Sites in CoMnZ (% = Ga,Ge,Si,5n).

37.2.1 Sample Preparation.

Y

?he sample preparation procedures were described in S4.2. For °
. o .

the Co,MnSn and Co,MnSi samples those containing 5Tco  or 2Tre
impurities were annealed at 800 C for 10 to 65 hours followed by
quenching into ice water, The doped ‘samples of COZMnGa and COZMnGe
were not annealed since X-ray d&ffraction analysis on the undoped -’
samples both prior to and after heat treaiment shoved littde change.
These latter tzo samples were sloyly cooleh.from the melt. The x~-ray
diffraction résui?s indica}e& that tﬂese alloys ‘were single bhase and
consisﬁ?nt with the L21 structure. The lattice parameters obt;ined
in this work'dre given in T7.2.1 along with the magnetization X-ray -
and neutron diffraction data of Webster [R7.2.1].
In addition ;o these stoichiometric alloys anotyer alloy of the "
compoaition 002Hn0 85F°O 158n was prepared. The 5Tgo doped alloys ,
/yere prepared by evaporating about tmCi of 5700 in dilute HC1
solution on about 75 mg of each sample and remeliing the doped “sample
by rf induction. The 57Fe-dopod alloys we{? prepared by adding about
2% Tpe by weight of the Mn to the undoped alloys and remelting them

by rf induction.
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77.2.1 Magnetic properties of CoMnZ (Z=Ga,51i,Ge,Sn) alloys.

.
"

Lattice parameter T ' Heo Fitn
Host wﬁ) ® (p) (#5)

This work R7.2.1 R7.2.4  R7.2.1 R7.2.1
CoMnSi  5.649(5)  5.654 985(5)  0.75(8)  3.57(16)

CoMnde » 5.735(5)  5.743"  905(3)  0.75(8)  3.61(16)
CoMnSn 7 5.994(5)  6.000 829(5)  0.75(8)  3.58(16)

Co,¥nGa 5.766(5)  5.770 694(3)  0.52(8) ' 3.01(16)

!

S7.2.2 Data Accumylation and Analysis.

Using a 20 m thick 310 stainless steel qbsorber for the source

experiments with the 5Too ' doped 'illoys and a 37Co/Rh or 27Co/Cu
. )
source for the absorber experiments with the 5Tye doped alloys, room

ﬁtanperiture‘ apectra were accumulated for Z = Si,Sn,GQ,Ge and for the

C°2Hno.85F°o.853n alloy. The resulting spectra are shown in ¥7.2.1

anduﬁr7.2.2. Each spectra was fitied using the assumpiipn-that all

absorptiop lines were of equal width and of intggsity ratios
Btxsitiex:3. The .quadrupole splitting phrameter was unanstrained in
the fitting model as well. The signa,of the hyperfine fields were
measured by applying a 1.0 T transverse external field to*thqkalloy

<

!
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CoaMnSi

FT.2.1 ga

Velocity (mm s-1)

tted room <temperature spectra of 57Co/Rh V8.
Po/CoMnZ (Z=S1i,Ge,Sn,Ga).

during accumulatiod of another spectrum and visually comparing the

2

found to be negative.,

-«

spectra to those without an externally applied field. They were all

Using the value of Ta given by the magnetization data of Webster

. [R7.2.1], the hyperfine field values weré extrapolated to T = O K.

The results appear in 177.2.2 along with the yalues measured at Co

¥
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S IRV |
2\

Absorption (%)
Oy

Velocity (mm s}

F7.2.2 PFitted room temperature specira of 5700/002an
{Z=51,Ge,5n,Ga) v.a. 310 stainless ateel foil.

4

atoms on .the A and C sites (Hx(co))aat Mn atoms on the B sites
(HY(Hn)) and at Sn impurity atoms measured on the D sites (H,(Sn)).
The hyperfine |/ fields measureé in the alloiaﬂggz MnAl, Cu, MnSn and

CUQHnAl have also been included for comparison purposes.

r

A

L4

2y R

-
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T7.2.2 Hyperfine fields measured in Cannz Heusler alloys.

Hyperfine fields (T)
Host = | Hy(x}  Hy(Fe) Hy(Fe)  Hy(Mn) Hy(Sn)
Co MnS1 14,62 -11.9(2)°  -33.1(3)° -337® t.56T
Co,MnGe S48 -11.2(2)° =33.1(3)° -33.9% . +o0.62f
CogMnSn Y - 11.6(3)° #830.0(3)° -34.1°  +10.2f

\

Goz“no.esreo.1ssn - el —30.2(3)c bad -
Co,nAL - - - - +4.05%
CoMnGa T a73® -1.5(2)° -20.9(3)° -28.0%  +3.52T
0u2HnSn “17.5b - -1 90 6d -231 *b 4’21 048 l
Cu oAl -21.4P - 20,08 . 214 -

o

®R7.1.3 PR7.1.1 ®This work R7.2.10 ®r7.1.2 TR7.2.7 337:3931

87.2.3 Site Preferences. ) \
‘ . .
Burch et al [R7.1.5] have shown that transition metal impurities
dimsaolved in F‘}Si praferentialiy enter one of the_inequivalen; sltes
}n fhis alloy. Because there are t;o inequivalent’@e sites in which

the Fe moments differ, :?9381 nay*be regarded as & pdendo-Heusled

alloy of composition Fe,FeSi. These workers have found that the same -

types of atoms that enter.a particular site in a Hemsler alloy diso

-

3

~

~
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v

preferentially occupy the eguivalent sites in FeZFeSi. Transition

metals to the left and below Fe tend to occupy the B ;ites while the
@ransition metals to ‘he right of Fe tend +to _occupy the Q and C
sites. However{ Fe ia known to enter either the (4,C) or B sites as
is evidenced b} the existence of FeBZ (%Z=Si,A1,Ga). Since the Teo
samples glve different field values than the 57Fq‘samplea§’this seems
to inﬁicate that Fehpreferpntially enters the'B or Mn site in 'Coeunz
ailoys. ' ‘

B

£7+2.4 Isomer Shifts. : : .

~ *

The isomer shift data has been referenced to an diron foil

absorber. The °/Co source shifts have bqpn‘converted*to absorber

]

shifts 80 that a direct comparison can be made bbtw::;}%he source and
in~F7.2.% as a

function of the isomer shifts found a?‘ge atoms in Fe metal with one

of the firat nearest neighbour Fe atoma replaced by the corresponding °

S5sp impurity atom. These values were obtained from Van de Woude and
Sawatzky [R7.2.2].

The straight liné% are least squareé fittgd to thd data for TFe
on.tbe two inequivalent gites in thebHeualer alloy. The data clearly
indicatea a strong correlation between the effect of bhangigg 8p

%

impurity atoms and the insomer shifts measured for Pe in the two
i

hosts. This suggests that the sameé~sort of mechanism is respenaible

\

for Eha isomer shifts in bothﬂggatems. The Etropger dppendence of

the isomer shifts for Fe on X sités then for Fe on Y sites is
. R - , . x 1

e

A

~
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" F7.2,3 Isomer shift correlations between ﬁeus;er CCOEan
) +hosts and dilute FeZ hosts.

L4 Al
1

»

. N . )
consistant with the fact (See T2.2.2) that the X sites have four

»

firat nearest neighbour Z atoms while the Y sifes have no first.

neghbour Z sites but six second naares% neighbour Z atoms. Hence,

B

this corrélation supports the assumption that Fe atoms in the alloys- - -

[

coniaining ‘57Fe,"occupy the ¥ sites instead' of the Z sifés vwhere the

L2

‘nearest Z atoms are third nearest neighbours.

3
N

PV
e T

s



+2.% The Magnetie Hyperfine Fields. \

)
Examination of T7.2.2 clearly indicates that the hyperfine fielo}
. -?

measured at X sites in the Co.MnZ alloys is about -10 T while that at
» Y aites is about -30 ?. The trends for a more negative field at Y

sites ia céneisxent with the results found by Kawamiya et al [R7 2. 3]

in . the "pseudo Hpusler" alloys of the 3 structure, (Fe3z,
Z=A1,Ga,51), vhere the Y site fields are more negative without .

exception. - \ | O -
~ ' / ¥ " )
If one usee E5.8.1 o separate the contribution to the hyperfine

field measured A% a magnptic slte due to magnetic moments ln the
* . (]

neighbouring atoms from the coLtribution due to thes local atomic
electrons, then  the e is experimental evidence which suggests that
only.the first nearest eighbour need bhe considered, the. effect of
the other neighbours, especially those fore- distant {han the. second

!

nearest neighbours, beiiz negligible. Evidence for this ‘conclusion

is given by Drijver “and Van der Woude [RT. 2 4]\who found that the !
yariations of the hyperfine fields‘meaaured at Ni, po and Fe' in
binnri alloys;*uith .12-eoordinatipn‘ first nearest neighbburs‘are
linearly’ieiated to the everaée magnet{c momént on thie»first ne?reog
neighbour atoms alone:n A eimilar conciusionahaa‘been rpached'br*
Burch’ et al [R7.1.5] for tremsition metal—impurityvfiéla; nessured in

’ Fe3Si. Work alon€~/3heae linee “by LeDang et al [R7.2. 5] for the -

Heusler alloy COZHnSi indicate that the contribution _of the third

. ,;yﬁigrast neighbours to the traneferred component of the Mn hyperfine )

fields was only about +0.07.T. . .

9

i
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.f r
. These conclusions are consistant with the fact that the value of
Y(Fe) in Co,MnSn 1is the same as the value obtained for Hy(Fe) in
CozunO SEFQO 158n. Here about an average of two 3nn Mn aﬂoms to each
Pe atom are changed to Fe atoms. Also the Palue obtained by Jaggi et
al [R7.2.6] for H (Fe) in éogFeGa is -31"T which is very close %o the
value obtained r Hy(Fe) in CooMnGa. These results again seem %o
indicate +that Fe selectively occupies the Y sites. Thus an
undera?dhding of t?e QQ?perfine f!elgg,mﬁesured‘at Fe atoms in the

>

d by considering core polarization

g
effects and the tranaférred tdrm due to only the nearest neighbour

atoms.

Comparison of the va%?es"°§ HY(Fe) and HY(hn) fo‘rﬂoéﬁnz alloys
with the corfesp0§hing values for CuZMnZ a110ys.indicates the former
are about 12 T more negative than the latter values. This is
presumably due ‘to ‘the’ 1038w of * the moments on the:firgt nearest
ne;ghhour atoms whien Co is changed ‘tom Cut The lesger moment

( 4.1pp), on the Mn atoms in fhe‘ Cu baaed.alloyys would have little
effect on the different Fe field values because Mn atoms are third
oy ]

nearest neighbours to the Y atoms. However, the moments on the Fe
[ ]
atoms may differ in .the two alloy eystems and thus also contribute to
.2
changes in the core polarization ‘component of the Fe hyperfine

a

i;elda. “Witthout a knowledge of these moments, it woulqkpe difficult

to separate the local and transferred componénta of the hyperfine

~

»

fields measured at Y sites. .
A ] P -
. . ,
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?nlike the values of HY(Fe) the values Lffﬁx(Fe) show a strong
correlation wlth the valence of the Z e}emeﬁt. In alloys where Z
atom is from Group 1VA of the periodic tabﬁ@ (si;Ge,Sn) the value of
Hy(Fe) is about -11.5 T while it is about/-7.5 T for Z atom from the
group IITA of the periodic table. (Sinée/ this work Dunlap et al
[R7.2.7] bave found that the alloy Co nA1 can be made without the
extensive disorder originally reported by Webster [R7.2.1]. It ;ould
be interesting to see if Hx(Fe) in tqis alloy is comparable to.the
value in Co,MnGa.) &

Thi{ trend is opposite to that fouLd for Hy(Co) where the value

for 2 = Ga is more negative for 2 Ge or Si. Hovever, the local

" contribution to the hyperfine field has been found to be positive by

\
"LeDang et al [R7.2.5] who suggest the negative core polarization is

4

;ompenqated for by a larger positive contribulion due to an
unquenched orbital momené on the Co atoms. Thus the hyperfine fields
at Co sites may not follow the same systematics as those measured at
other magnetic atoms. Experiméntal evidence for this ig found in
dilute Pd-Fe and Pd-Co alloys whene Co is believed to posse;s an
unquenched orbital moﬁent while Fe doeslnot (éenouasi [R7.2‘8]).

The only other atom at which hyperfine fields have been measured

3

in the Co,MnZ alloys is the Sn atom (Dunlap and Ritcey [R7.2.9] and
Dunlap and Jones [R7.2.7]). As can be seen from -the T7.2.2 there

appears to be no obvious correlation between thesee field values and
* . I
the field values measured at magnetic atoms.

local Gontributions 1in hyperfine field make a significant component

.

8
N

. .
ol by I i s o or el Ot @,

This indlcates that the ‘
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of the total fields at the magnetic sites.

S7.3 Hyperfine Fields at Fe Sites in CozYSn (Y=14,%r,HE).

Thease measuremenis were made to determine the influence of the Y
atom on the Fe hyperfine fields at the various sites in the Co,Ysn
n ' : /

alloys where Y =Ti,%r,Hf and Mn. (\

S7.}.1 Sample Preparation.

_The samples were prepared in a manner similar to. those for the
Coannz ;iloys according to +the mathod used Py Ziebecq and Webster
[37.3.1]. However, the spectra for +these a}loya were initially
obtained without prior annealing of the samples. Subsequent specira

swere obtained for the 57Fe éoped alloys after annealing f&r 24 héurs
at 900°C, to, obtain information as to which site the Fe atoms prefer
to enter at high temperature. The results o; magnetizatidn data,
* X=PAY andr;ggptroﬁv diffraction’ by Ziebeck and Webster [RY.3.1] are

o

. éi\(an in T4 3.1.

&

87.3.2 Data Acctmulation and Analysis.

Uﬂinswa 6o /Rn sourcé’hndu57Fe/002xsn absorbers, spectra were
accumulgfpd with the absorber at both room'tempefature (RT) and at
liqﬁgd;ﬁitfbgen temperature (iﬁT). After the Heusler alloy ;bsorbers

" wera annealed at 906 ¢ for 24 hours, the absorber spectra were

- accumulated at bdth~temperatures.

B
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T7.3.1 Structural and Magnetic Properties of Co,YSn,
(Y = 4,2r,Hf).

.
»
Lol N -

Lattice parameter Ty I‘Co

Host (&) ) .o )

This work R7.3.1 RT.3.1 R7.3.1
. Cogmism .. 6.055(5)  6.218 359(4) 1.03(10)
CoyZrsSn 6(.\215(5) 6.249 444(4) 0.80(10)
Co, HESn .6.202(50  6.218 394(4) 0.80(10)

s

By doping about 75 mg of the CozYéxi alloys with about 1 mCi of"
ij7!'3:) activity Heusler alloy sources were obtained. These sources
were used with 310 ‘stainless steel absorbers to accumulate RT s%)ectra
for thess alloys. e

ce spectra consisted of a broad single absorption 1line

Y

to a sextet with aréa ratios constrained to
and &qual line widths. The magnitude of the resultlng

fitbed_fikld values were less than 1.5 T.

'The absorber spectra for these Co,¥Sn alloys were .much more

N ~

complex than those found for the Co'zunz alioye as can be. seen in

F7.3.1. To check' the local order and homogeneity of these samples, a
»

119511 spectrum of COQTiSn doped with 57Fe was obtained. Thls

spectrum contained, in addition to an ex&ted sextet, two cent’ral



153

impurity singlets similar to those found by Endo et al [R7.3.2],
Brooks and Willi;;ls [R7.3.3] and Gorlich et al [R7.3.4].

All sbsorber spectra required, in addition to sextets, one or
two singlets -din order to obtain a satisfactory fit +to the
experimental data points. These ainglets are presumably qde to
non-magnetic impurity phases into which the iron atoms have entered.
The existence of such phases is supported by the presence of the
. additiona} ginglets in the 119811 spect;um of CozTiSn. The COZZrSn, .
COZHfSn, and Co,TiSn required one, two and three sextets,
respectively, and two, two and one singlets,, respectively, in order
to be fitted. For the case of Cozern, because of the relatively
broad, weak lines, it is possible that there are two similar
components present which cannot be diatiuguished by c6/;uter fitting.
(The MOSFIT fitting program cannot fit two sextets corresponding to
slightly differ%ng hyperfine fields and isomer ghifts because fhe
relative intensities are not sufficiently well defined.) In the ca§e
of GOZHfSn the two sextets corresponded to hyperfine fields :;nd'
isomer shifts sufficiently different to allow the fitting §;Ogram to

distinguish between them. The third aeitet found in ‘the CoZTiSn

»
)

alloy had a small splitting, corresponding to 3.3 T at!ET. This
hyperfine field might correspond to one of the _singlets which was

observed in the other two alloys, although there seeiled to be no
;)
internal correlation between the ;somer ‘shifts of +these central

absorption components in the three alloys. The values d? these

hyﬁ;rginé fields extiapolated'from the 77 X spec%ré to 0 X using - the

3
4

% . -
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77.3.2 Hyperfine fields measured in Co,YSn (Y=T4,%r,Hf).

Host Hyperine Fields (7))

CooYSm  Hy(Co) Hy(Fe)  Hy(Y) Hy(Fe)  Hy(sn)  Hy(Fe)

‘n

Coplisn  +2.12% 2 - -34.3(5)  +8.5° 28.5(5)
GopZrSn  +4.46° T 2 - 35d(3) +10.4° -
Copifsn  +5.0° 2 -47(2)%  -35.9(5) +12.0°  -31.1(10)

References: This work except %R7.3.6 bR7.3.7 ®R7.%.4

»

magnetization data of Ziebeck and Webster [R7.3.1] ‘are given in
T7,3.2. In addition, the hyperfine field data at Co, Mn, and 5n

gites in the three alloys are also given.

87.3.3 Pe Site Preferences.

’

The absorber spectra indicate Fe impuritiea enters at least 4
inequilavent sites in the Co,YSn samples, at least one of which, must
be due to the presence of an impurity phase in the samples. This is
in contrast to the Co,MnZ alloys where Fe preferentially enters the Y
sitea. Due to this complexity in the spectra it 'onaiderably more
difficult to determine which crystalographic sites of 57Fe are

reaponsible for the various components of the ;pectra. The sites

designated in T7.3.2 are deterhined as follows. &
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ABSORPTION (%)

Y s'-
LI I 1 i 1 1 s

. 6 3 0 3 6 :
. VBLOCITY (mm/s) .
F7.3.1 F%tted room temperature spectra of 2/CofRh v.s,
?Tre/Cos¥sn (YeMn,14,2r,H1). .
# : ™

{

The aource spectra are due to Fe occupying the X aites since the

°TFe nuclides are produced in aitu from the 9760 nuclides before the

Mosshauer transition takes place.

¥
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Tho high fiald components of the abanrber ggbotra are ascribed
to\ Fe ' entering the Y aitea baoause on anne 1ing the absorption

intensities . of these componqnts increasqd \relative to the

* s

intermsdiate yhyperfine field value in 002TiSn and\cozﬂfsn. Since Fe

‘is expected to enfbr the tranaition metal ér Y site in preference to

entering the sp metal or 4 aite on azmealin ’ frha high field
components are prbﬁably due to Fe on. tha Hr or (T4 sitea. o Thia N

designation is alsb applied to’ the 00231%11 allay ‘even though “the

ainglo high ‘field componcntvdeoraaéad upon annoaling in’ this alloy. .
The dnternediate field vaipes in the absorber spe tra of CozTiSn -

and COZHfSn are attributed to’Pe entering thd Z sitosr Thia is done*
» because the local arrangdnent of *the komant carrying ¢ atoma around

-

the Y and Z aites ia the same in the inn shell. It ia eoncaivable
that this t&eld is due to Fe being on»I aites uhere;pne of the fitat
- nearést Co atoms have been replqced.by P non—magnatic aﬁom However,

« .+ x-ray and ﬂautron dati [ﬁ? 3. 11 indicate that thare is insufficient
- h
diaorder “in-4he alloy to produca such a relatively atrong absorption
_ \
for this oompon«nt in the>appetra ' Iq\the case of Co ern, At might:

-

be poasible that ' there ar; two very nearly equal aqﬂ unreaolved high

S

g finld ooqpnmts, and’ henge HZ(Fe) = nr(re) L .'

v

. - LA

Exauim\ticm of the isomer shift data in’ 7. 3 .5 indicateq "that '
Y

- -they axv approxinately oqual for Ee oooupyins.a parttoular site in . -

A e three alloy:.~~This ;prthcr aupyortn the abovn site designations. -

’ »
.
» > » - .

- . e



. V b 157

» Y

77.3.3 Isomer shifts measured at Fe impurities in

Co Y8n, (Y-’I.‘:il..Zr,Hf). . .
host . Isomer 3hifts (mm/s) '
. " X Bite Y aite 7 Site
Co,Tisn +0.35(4) +0,25(10) 0.07(10)
) Co,ZrSn © +0,33(4) +0.24(10) © . - ~h' -
Co‘z}gfs.n ~0.3%(4) +0.20(10) 0.10(10)
C ' T2

' As.indicated previoimly’, the central conpononta. including (the
low field value in coz'l‘iSn) revealed no internal correlations between
their isomer shggta norivith those of the 'sourge spectra.  This
sugges’cg‘ th:t two qinglets are due to iFe occupying sites in impurity
non-Heusler phaug. o / ‘

4

. .87.3.4 Hyperfine Felds. ‘ .

[y

] . : - +
The values of Hr(f't)' in the Coo¥3n (T = Ti{.\gr,ﬂr) are about

5.0 T more negative than .ihe value of ~3.0 co .
R0t B } L e of By(re) (-3.0 T) in CopMnSn

Sinse the Co lmnta are app"l'oxiﬂﬁh equal (if  the ‘exporimntal

“'! )

unoertnini.ties are ~taken into account) in all CoYSn alloya, this

: suggohta that m diffemce in theu ﬂluos is due to tha presence

of the.¥n atcm whiqh hamargt mg’cu 3o 58/4.]3 as 5nn to t};e Y;ite :

Pe utosu Thia in\pl:tea that tha tmnjfgzhﬁ ﬁeid par B&hr m.gmtism , =

) ”» - . A
3 “ PO . ..o »
* -~ 1 . ]
- N “ R “
vty AR ' ’ K . w
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N

\

per Jmm atom is +0.12 T/ 4 for total of +5.0 T. This agrees with the
conclusions of LeDang et al [R7.3.5] wha, using the NMR technique on ‘
“non-stoichiometric Heusler alloys conclided that the component of the
hyperfine measured at Mn atoms which was transferred from aurroundiﬁg
Mn atoms was positive. AKnother point is that this transferred field
is relatively small in comparison to the total field, sugg&siing that
the fan Co moments, even though much smaller than the Mo moments, are
prfdouinantly responsible for the hyperfine fields measured at
magnetic atoms 'pn’thn !Vaittt. This conclusion is consistent which
the assumptions caploy;d in the previous discussion of the hyperfine
field systematics of the Coznnz alloys.

The megnitude of the value of yx(r,) in the Co¥Sn (Y =
Pi,2r,Hf) - alloys is conaidurably génllur than the HX(FQ) value
(-11.2 1) found in CoMaEn. . This is &omatent with the fact that in
these former alloys thie’arut atoms c/ : ing moments to the X sites
ars the 2nn Co atoms while in 002&5 the nearest ntons carrying a
momentl are the 1nn nn. atoms. Hinoe, the hypotheris that the inn
magnetic moments dominate the transferred hyperfine field seems to be
suppgpte& by the hyperfine field syst;natios of the X\site ag wéll as
" the T site Fe hyperfine fislds. '

" Because 'of the fact that the Y site atoms and the Z site atoms
" have ‘the samé local arrangement of Go atoms and the values of HI(Fe)
and HZ(FQ) do not: difi'er by a 1arga amount in thess alloys, M would
appear that the magngtie mmmeata on' the’ Fe~atoma in both siten in

-~

these alloys are similar. Thcrn is no obtious explanation aa to. why '
A T .

- - -
. a -
. . 0
- \ . . . {
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’ v,
a dimtinct value for Hz(ro) in Co,ZrSn was not obasrved, llthough it

ia possible that the values of Hy(re) and Hz(ro), which have the samé

) 100:1 arrangunent of Co atoms, are not resolvable in tha apoctrun

However, if this im the case, it then rcprt:cnta an &nonaly in that
the magnitude of a hyperfine field msasured with reasonable accuracy
at a given probe atom increases with the atomic number of the Y host
atom irrespsstive of the probe atom or the site on which it is
located. The Co fields and the Sa fields became moré ‘positive while
the Mn and Pe fields on the Y sites became mare negative ;s Y varies .

from 1 to Zr to Hf. A aimilar trend occurs Yor the Mn and Sn fields

*

in the Co.Mn7 (Z=8i,Ge,Sn) alloys. Exoept for.the Co and Sn fields

* the change in the field values is quite small and may not be of any

"

L]

physical significance. - j? '
5 ¥

4 »
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CHAPTER 8, N 162

¥ CONCLUSIONS AND RECOMNENDATIONS

¢ N

1 - s
.

88.1 3ystematics in the 5ap Sbriéy Hyperfine Fields in Pd,MnSb

* . ' A

The magnitude of the hyperfine field“maaaured‘at the Te impurity
atoms on the Z site in Pd,MnSb ‘was 'found to be 85(3) T at a
teuporaturo of 4.2 K. The uublequcnt aign lcnuurnndht by Boolchnnd ot
al (8.1.1]and by, de Waard and Lakahimarayans [88.1.2] indicates that
_this i: the 1argnst positive value cbtainea for a Eap impurity in the

the szﬂnsb alloy indicuting a saturation in the hypcr?ine fiolda for

. Z ='Te, The nodeln of Jena and Geldart [38.1 3] qyd Cnmpblll and

Blandin [88.1.4] are’ able to raproducy &hia Jsaturation effect.

4

'Hovevor,ltho former provides better nuncrical qgroenant with the
oxporinantal values. The volume misfit model of Stearns {38.1.51 was
unable t6 i!produce ﬁhih saturafion in the hypérfine field curv;' for

‘ i \ ,
5ap impurities. .

.
.
r

has besn suggested that Pd MnSb, becapse it contains Pd

atoms, exhibits san anomalous behaviour in the hyperfine field

" systematics .[R8.1.6]. In order ta 'verify this suggestion, the +

hyparfin; ields at' Te' atoms substituted in other Heuslér'hoats*

should be’ @atermined. Recent work by bunlap and Strgink Ir8.1.7]
suggests that neither the JG and the CB‘theory corrootly predictéf;he
“trends observed at -Sn inpg;ities in the Co based Heusler allgys I?
wbuld be &interbuting to seé if theue th»owia; also fail to predict

the hyperfiie fiald trends observed in tna 5sp impuritica i% dne ef

* fo
theqo allogi fﬁor@fons, ib is aucgcatud that a 125T¢ hypcrfina t{e1d
l, ’ *
"{ ' ’ - "‘v& MR - .
L - e 4 . e, -
. M Il ° ‘.’ .‘ .. “‘{,"
r L2 . f ‘: 0‘:i Ip” +, ’\‘

-~

~

[
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_ near the Sn'in the series.

uhile that of the hyperfine fiel&u

- R R L T w5 e
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neasurement be undertaken in a Co,MnZ or a CopYZ alloy. Because .of

the difficulties of iﬁcoiﬁorating Te into moat Heusler matrices, a

*

source “experiment in which '2'Sb is incorporated in a Z=Sb alloy may.

be .the only viable method of making this mepsurement. ,
' -

' 31

58.2 Hyperfine Fields at Non-Magnetic .Sites in 01, Heusler Alloys.

The ''98n absorber spactra at the Z asites 'in ‘the Cl_ alloys:

R : . h
3
" ..
PtMndn |, and Ir1.07nn1.078n0.86 tend to exhibit broad absorption lines

- indicating a lack of homogeneity in’the local environments of the

1198n atoms. The values obtiined for theae,hypeffine fiel&e at liquid
nitrogen temperatures ‘were found to_ be -2.9(5) T for PtMnSn and

3. 57(8) T f;;\\Ir O7Hn1 O7sn0f86 ﬁheee small Sn hyperfine fields

\
1t the goneral trend of the Ssp aeriee hyperfine fielde in -the * L21' .

Heusler alloys where the change in sign in the fields tends. to occur'u

]
.

L

The eign of the Sn hyperfine fielq in PtHnSn was found to. be

\*.

negative in‘dieagreement with the reeults dT\Raa,and Iyengar [RS 2. 1]
and Campbell [r8.2. 2] but in agreement with the reeults of Leiper et

al IRB..z 5]} and Arbique [BS. 2. 4]. . o

197 !
The magnitude of the hyperfine field meagured at’ Au impurity
\\\,,/““~

)
atoma in - the "PtMnSn. allmy atgd.2. K wss deternined to be 71(1) T,
!

'the* Ir- eites in

. \—; .
’ Irt o2y . o7980.86 ¥as found, ~to _be, 65(2) T at 4.2 X: These lues

along vith the values of Hx.(Au) in Au!(nﬂb [ﬁB. 3], Hx(Au;) ia AuZMnA} _

o~

Ll

- .
‘&.!WL{&-& W o gl e

2.
-

7,

- \.._
- r
."‘M@_
e . ¥

£

-
Tt & w Eemdes

-
»
P

-~




S : .4 . \

"CB models to see if the goﬁertl experimental trends of the hyperfine
» fields at th;ao SQries siz atona could be reproduced. Although
- . X fumerical agreement was, rather poar, genebal experimental trends were
reproduced using -the JG :odel. However, the CB mode] which is

’ . ] . sensitive to the lodal enviromment of the' probe atoi failed to

» . . reproduce - the obsprvdd trends. This is particularly evident in the
g'_.~ Ir, oMy, 073110 86 alloy where the oft-stoichionetry of the sample

greatly affects the resultant value of HI(Ir) The voluna nisfit

. model Stearns was_ not used becaus& of lack of enough experimental -
- ,_.m.. EPUEE U -
' K hyperfine fi d values at X sites in thege; alloys necessary to )
' evaluate the required numerical constaatis. . -
. P ( - - 4 4

t L i .
. 0 ‘< ;o . "‘ i L
.

. , 8.3 Hyperfi%e Fields at Magnetic-Tmpurity Sites in Co,Yz.

Sy
~

, . In thg//glloyb~ Coznnz (z = 8i,Ge,Sn,0a), Te preferentially

Le o occupies the Y Bitea vith a hypérfine field value of about -30 T. The L
» 7 s,

f hyperfineufield at the Fe atoms on the X 'site, on’the other hand, is

« , . {
. o ' ot typically - about -11 57T for a Z'ﬁtom from Group IVa of the periodic
,{1.f : table® and -7.5 T for Z = Ga. The iaomer shifts meaaured at . the Fe -
atoms on both aitgs indicate that there is a strong correlation with
a0 thg atomicrnpﬂyer of the Z-site atoms near the Fe probe atoms.
T ‘ : In the series of alloya Co,YSn (Y = Ti,2r Ht) the'\ia Yvsorber )
lﬂ'* : apectrn %Fe very conplex consiatins of three or feur componqnts' The ’\

o Ee gtona appear $o entar both tbe Y and Z sites in these alloya. .The .
. g ‘site fields were found to be sbout -35 T -haap the Z site fields

4 h
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- . \ -
poa‘itiwlq -28.5 T and ~31 T mpactiv«].y. Fe atoms located on the X

a_iteu give unruolnd f:hlds in the range of -2 T tow2 T,

. I o

Beoausa of tho 1ack of knoﬂec’!gc of the ugnctic momenits on the

Fe atons, it is not pansibla to aoparate thn tranuterred and locnl
compbnents to the total hyperfine fielda neuured. In tho Gob_unz

alloys where the spectra consist Jof‘a.single component, a series of

.7Tfe Mossbauer measurements using off-stoichiometric’ samples would

-~

provide information regarding the relative asize of these two

contribut{iona and p'oasibly some information about +the- sigze of the'

moments on the Fe atoms. It is recommended that this experile;nt be

undertaken for one or several of these Coznné alloys.

» )
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