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S T E L L I N G E N

1. Abragam en Bleaney suggereren ten onrechte dat onder invloed

van uitwendige electrische velden de aanwezige symmetrie van

verontreinigingen in een kristalrooster niet verandert.

(A. Abragam en B. Bleaney, Electron Paramagnetic Resonance of

Transition Ions, Clarendon Pi^ess, Oxford 1970).

2. Het (ongewild) gebruiken van twee verschillende definities

voor de lange-afstandsordeparaneter in binaire niet-stoichio-

metrische legeringen geeft aanleiding tot verwarring en moge-

lijk onjuiste resultaten.

(K. Aoki en O. Izumi, Phys. Stat. Sol. (a) 32, 657 (1975)).

3. De door Adamski en Dylik-Gromiec gevolgde procedure ter bepa-

ling van de polariseerbaarheden in een cholestericum is on-

juist.

(A. Adamski en A. Dylik-Gromizc, Mol. Cryst. Liq. Cryst. 35,

337 (1976)').

4. De conclusies van Grandjean en Gerard betreffende het hoppen

van electronen in ilvaïte zijn aanvechtbaar als gevolg van

het grote aantal vrije parameters dat is gebruikt om de qua-

drupoolsplitsing aan te passen.

(F. Grandjean en A. Gerard, Sol. State Comm. 16j 553 (1975).

5. Het resultaat, dat de susceptibiliteit voor een 1-dimensiona-

le keten, zoals door Soos berekend, naar nul gaat voor T = 0s

is niet in overeenstemming met exacte berekeningen.

Z.G. Soos, J. Chem. Ihys. 43, 1121 (1965).

P.I. Kuindersma et. al., J. Phys. C: Solid State Phys. 8_,

3005 (1975).



6. In tegenstelling tot de bewering van Stoppels is er geen g-ver-

schuiving in het systeem van alleen exchange gekoppelde iden-

tieke spins.

D. Stoppels, proefschrift (Groningen 1976).

7. De houding van Stearns is tweeslachtig, door een bepaald fy-

sisch model te htrroepen maar niet de resultaten bereikt met

dit model.

M.B. Stearns, Phys. Rev. 36, 3326 (1972).

M.B. Stearns, Phys. Rev. BT3_, 1183 (1976).

8. Het maatschappelijk nut van academici wordt in de publieke

opinie niet zozeer bepaald door de kwaliteit van een geleverde

prestatie als wel door het al dan niet bestaan van een directe

relatie tussen het leveren van een prestatie en de bekendheid

daarvan.

9. De gevolgen van het optreden van een zgn. "rampen-kabinet",

d.w.z. een kabinet op brede basis, zoals dat tijdens de kabi-

netsformatie in bepaalde kring werd voorgesteld, zou volledig

in overeenstemming zijn met de naam van dat kabinet.

K.W. Maring

Groningen, 7 oktober 1977



C O N T E N T S

CHAPTER I MOSSBAUER EXPERIMENTS

1.1. Introduction

1.2. The Mossbauer effect

1.2.1. A short survey of the principle and

the main features

1.2.2. The hyper fine interactions

1.2.3. The magnetic hyperfine field: origin

and the different contributions to it

1.3. Experimental procedures

1.3.1. Sample preparation

1.3.2. The equipment.

1.3.3. Spectrum analysis

1.4. Experimental results

1.4.1. Room temperature measurements for dif-

ferent impurity concentrations

1.4.2. Average hyperfine field calculations

1.4.3. Temperature dependent Mossbauer effect

measurements

1.4.4. Curie temperature measurements
119

1.4.5. Measurements on Fe Sn
1.4.6. Discussion

page

1

2

2

6

9

12

12

14

15

18

18

43

46

53

58

64

C H A P T E R II XPS MEASUREMENTS

2.1. Introduction m 75

2.2. Experimental procedure 76

2.2.1. Principle of the XPS technique 76

2.2.2. The XPS-equipment 78

2.2.3. Sample preparation 79

2.3. Experimental results and discuss^an 83

2.3.1. Introduction 83



page

2.3.2. The valence-bands 85

2.3.3. The core levels 92

2.3.3.1. Multipletsplitting 97

2.3.3.2. Relation between charge transfer and

ESCA shifts 97

2.3.3.3. Volume effects in the alloys 99

2.3.4. Auger1 electron speotroscopy 103

C H A P T E R III

C H A P T E R IV

C H A P T E R V

MA

3.

3.

3.

3.

3.

3.

3.

3.

ibNbll.

2.

2.

2.1.

2,. 2.

3.

S.I.

3.2.

3.3.

iAllUN MfcAbiJKfcMfcNlb

Introduction

Experimental results

Sample preparation

The Foner Balance

Experiermtal results and discussion

Room temperature magnetisations

Temperature dependent magnetizations

Curie temperature

HARDNESS MEASUREMENTS

4.

4,

4,

.1.

.2.

.3.

Introduction

Experimental methods and results

Conclusions

ALLOY FORMATION

5

5

5

.1.

.2.

.3.1.

Introduction

The Miedema model

Imvliaations of the Miedema model

116

117

117

118

121

rai
129

131

137

137

141

144

144

for alloys of iron with other tran-

sition elements 148

5.3.2. Implications of the Miedema model

for alloys of iron with sp-elements 156



page

5.4. The Miedema model related to impurity

hyperfine fields in iron base alloys 166

5.5. Conclusions 169

S A M E N V A T T I N G 172

A C K N O W L E D G E M E N T S 174



CHAPTER I

MOSSBAUER EXPERIMENTS

1.1. Introduction.

The resonant absorption process of recoil-free emission and ab-

sorption of Y-rays in iratter was discovered by R.L. Mossbauer in 1957

[l] and for that reason this kind of resonant absorption has been cal-

led the "Mossbauer effect" ever since. Mossbauer Effect Spectroscopy

(MES) provides us with a tool to study hyperfine interactions in so-

lids. Comparable (experimental) methods to study these hyperfine in-

teractions are Nuclear Magnetic Resonance (NMR), Electronic Nuclear

Double Resonance (ENDOR), Electron Spin Resonance (ESR), Perturbed An-

gular Correlations (PAC), nuclear orientation and neutron scattering.

Each of these methods has of course its own advantages and disadvanta-

ges with respect to the other methods [2,3]. Some of the advantages of

the MES are: the relatively high resolution (which is however a few

orders of magnitude worse than can be obtained in NMR work), the sim-

ple instrumentation needed for MES measurements, the large number of

standard isotopes, sources and absorber materials and the fact that

the isomer shift can be measured.

Some disadvantages can be found in the circumstance that MES is

inherently restricted to solids. Another limitation is that MES mea-

surements can be performed only in isotopes with a transition energy

between ground state and excited state less than about 100 keV, i.e.

50 Mossbauer transitions.

Nowadays, some 20 years after the discovery of the Mossbauer ef-

fect, most of the growing pains have been overcome, and MES has esta-

blished its reputation as standard tool in various fields of research,

e.g. physics, chemistry, biology and archeology.

Especially in the understanding of magnetism in metals, particu-



larly the question of the role of the conduction electrons in the ex-

change interaction between 3d electrons in iron, MES, besides NMR and

neutron scattering, has been applied on a large scale. It is along

this line that we performed MES experiments, at room temperature as

well as a function of temperature (70 - 1050 K), on dilute FeX alloys

with various concentrations of the sp-elements Al, Si, da, Ge, As, Sn

and Sb.

1.2. The Mossbauer effect.

1.2.1. A short survey of the principle and the main features.

After the discovery [l] of resonant absorption of recoil-free

emitted Y-rays in matter numerous authors have occupied themselves with

the theory and applications of this effect, resulting in a number of

comprehensive books and review articles [4-7]. For that reason we will

omit an exhaustive description of the Mossbauer Effect and confine our-

selves to the main features.

Consider an isolated atom with mass M and velocity V (one dimen-

sion) of which the nucleus is in an ex.cited state with an energy E^

above the ground state. At a certain moment the nuclear transition be-

tween excited state and ground state, coinciding with the emission of

a Y-ray photon, takes place. After emission the y-ray will have an

energy E and the nucleus a velocity (V + v). From conservation of

energy, we get for the difference between the energy of the nuclear

transition EQ and the energy of the emitted y-ray photon E :

<5E = EQ - Ey = ~ Mv
2 + MvV (1.11

6E = E R + E D (1.21

where ER is the recoil energy and E D the Doppler effect energy. In the

case of a free atom in a gas with random thermal motion E~ can be ex-

pressed, using non-relativistic mechanics, as

(1.3)



where E,, is the mean kinetic energy per translational decree of free-
ly

dom. Using conservation of momentum Iî  and E., can be expressed in 1̂

EZ _ 2 E
ER = — ^ (1.4a) and I' = F £ (1.4b)
R 2 Me 2 U Y Me"

As a result we obtain a y-ray distribution which is displaced by 1:R ;nt

broadened by 2 F.,..

Applying similar arguments to the y-ray absorptio. process we fi-

nally end up with an emission and absorption peak, separated by 2 lî

and broadened by 2 £„.
57 1 \q

The decay schemes of the Mossbauer isotopes 'Fe and "Sn, used

in our experiments, are shown in fig. 1.1.

For the 14.4 keV transition in 5?Fe at 300 K we get V:Q = 1.95 -
-3 — -210 eV and Ej= 10 eV. These values are some orders of magnitude

larger than the natural linewidth r. of the excited state, which is

determined by the mean lifetime T of that state according to the Hei-

senberg uncertainty principle

(1.51

where t, is the half life of the excited state (the ground state of

the nucleus is assumed to have an infinite lifetime and hence a zero

contribution to the transition linewidth). For the 14.4 keV level in
57Fe with t, = 97.7 ns we get r = 4.67 * 10~9 eV.

2 s

Let us now turn to the more realistic case of atoms bound in a so-

lied. The vibrational energy of the lattice is quantized and can be

changed only by discrete amounts 0, ±w, ±2 m, etc. The energy "nu in

real solids is characteristically of the order of 10" eV, i.e. the same

order of magnitude as the recoil energy. If E« < Tw then either zero or

4Wi units of vibrational energy can be transferred, i.e. there will be

a fraction of the y-photons which will be emitted without transfer of

recoil energy to the lattice (zero-phonon transitions). Consequently

a fraction (1 - f) will transfer one phonon, neglecting multiDle tran-
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sitions to a first approximation. Averaging over many events we may

write according to Lipkin [s]

ER = (1 - f) V (1.6a)

or f = 1 --£ (I.bbl

Triu

in a simple model. The fraction f, the recoil free fraction or Moss-

bauer fraction gives rise to the Mossbauer effect, because in that

case the mass M of the individual atoms, as mentioned in the free

atom case, has to be replaced by the mass of the whole lattice, i.e.

about 10 M, making En and E~ negligible small and consequently ma-

king resonant absorption possible.

Working out in more detail, f can be related with lattice proper-

ties, specifically the phonon-spectrum of the lattice

-t2 x2
f = e K • x (1.7)

where x is a random vibration vector and k the wave vector of the Y-

ray. Now f can be rewritten as

2 *Z E 2 <x2>
£ = exp (- ^ ?

<X *) = exp {- \ ? } (1.8)
XZ Cn-c)Z

where x has been replaced by <x > the component of the mean square

vibrational amplitude of the emitting atom in the direction of the Y-

ray.

Depending on the particular model for the vibrational modes of

the crystal (e.g. Einstein model, Debye model, Born-Von Karman model),

f can be expressed in parameters characteristic for the used model.

An equally important physical quantity as the recoil-free frac-

tion is the cross-section. The total corss-section for resonant ab-

sorption is given by

, 2 1 + 2 1 ,
a = h e 1 n q,
0 (1yJ=h
0 2u 1 + 2 I 1 + a

g



where I. and Io are the nuclear spins of the excited state and the

ground state respectively, a is the internal conversion coefficient

of tnc transition, X is the wavelength of the gamma quantum.

The energy dependence of the absorption cross-section, i .e . the

line shape of the absorption peak, is given by the Breit-Wigner formu-

la and must be convolved with the spectral line shape of the emitted

gamma ray resulting in

s a ->

for thin absorbers, where r and l\ are the linewidths of the absorber

and source respectively. We see that the Mossbauer effect line shape

is Lorentzian and the linewidth is the sum of the linewidths of the

source and absorber.

By applying a Doppler velocity v to the source the energy P. of

the emitted y-ray can be modulated according to

EY = EQ (1 +£) (1.11)

To get insight into the order of magnitude of the characteristic velo-

cities, we have to realize that the width at half height of the reso-

nant absorption curve (i.e. approximately twice the natural linewidth)

corresponds to a Doppler velocity of 0.192 mm/sec for ' Fe (14.4 keVl.

By doing so we are able to scan a small energy range around E^, what

may permit us to observe possible level splittings and/or level shifts

of the excited state and ground state of the nucleus as a consequence

of the interaction of the nucleus with its environment, i.e. the hy-

perfine interactions.

1. 2. 2. The hyperfine interactions.

As was already indicated, MES can be used to study the hyperfine

structure of the nuclear levels originating from interaction of that

nucleus with its electronic environment. Evidently the suitability of

Mossbauer isotopes to study these hyperfine interactions will denend



on the nuclear parameters. In this respect the ' Fe nucleus lias proved

to be a favorable one. On the one hand the relatively large hyperfine

interactions compared to the linewidth, on the other hand not so larr.c

causing trouble in designing Mossbauer drive systems. Further good sta-

tistics can be obtained in a rather easy way because of the high re-

coil-free fraction, the little interference with other y- and X-rays

and the long half life time of the parent nucleus ( Co: 270 days).

The advantages mentioned above for ' 'i-'e, do hold for Sn, but

to a more less extent, i.e. the linewidth is larger than in ' ' Fe and

more interference with X-rays does take place.

We can distinguish the following hyperfine interactions.

1. The isomer shift.

2. The magnetic hyperfine interaction.

3. The quadrupole interaction.

ad. 1. The isomer shift is an electric monopole (i.e. Coulomb) inter-

action between the nuclear and electronic charge. In this kind of in-

teraction it is not allowed to use a point charge approximation for

the nucleus, but one has to take into account the finite nuclear vo-

lume, because s electron wave functions do result in electron charge

densities (unequal zero) within the nuclear volume. During the tran-

sition between the excited state and the ground state of the nucleus,

coinciding with Y-emission, this nuclear volume will generally change

thereby effecting the interaction between nucleus and electrons. This

change in electron-nucleus interaction is also dependent on the che-

mical environment of the nucleus. Therefore in the literature the ad-

jective chemical is often added to the name of this interaction, i.e.

the chemical isomer shift, which is expressed by

IS = ^ L Z e2 R2 ( « } { j^C0)|2 _ |^ ( 0 ) |
2 } (1.12)

where Ze is the nuclear charge, \i* (0) | and |i|i (0) | the electronic
3. S

charge densities at the nucleus in the absorber and source respective-

ly, <5R = Rg - R the difference in nuclear radii of the excited and



ground state respectively, in is expression for the isoiner shift has

deen derived on the basis of a hard sphere model in a non-relativis-

tic way. Taking into account relativistic effects implies the addition

of a correction factor S(Z) in eq. 1.12.

For I:c Re < Ro whereas for "Sn RQ > R Q. This implies that fo~

'l-e the isomer shift increases when \t> (0)|" decreases and vice vers.i.
119 a

The opposite holds for Sn.

ad. 2. The magnetic hyperfine interaction denotes the interaction of

the nuclear magnetic dipole moment v with a magnetic field H at the nu-

cleus. The magnetic field H can be of either external (applied magnetic

field) or internal (magnetic materials) origin and its direction defi

nes the principal z-axis.

The Hamiltonian for this nuclear Zeeman effect is

II = -u . H = -g u N t . H (1.13)

resulting in the energy levels
uH m.

Em = j - - = -g HjjH mj mj = I, I - 1 -I (1.14!

where M,, is the nuclear Bohr magneton, I is the nuclear spin, g = j—

is the nuclear g-factor, nu is the magnetic quantum number representing

the 2-component of I.

So in the presence of a magnetic field a nuclear level of spin I

will be sp l i t into (21 + 1) equidistant sublevels. Mossbauer t ransi-

tions between different nuclear levels are governed by the selection
r i

rules Anu = 0, ±1. The consequences for 'Fe, including isomer shift,

are shown in fig. 1.2.

ad. 3. The quadrupole interaction denotes the interaction between the

nuclear quadrupole moment and the electric field gradient at the nu-

cleus as a result of a non-cubic charge distribution around that nu-

cleus. Because quadrupole interactions are negligibly small in the in-

vestigated b.c.c. iron alloys, the effect will not be discussed in

further detail.
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Fig. 1.2. A very well known simple and schematic repre-
sentation of a MSssbauer spectrometer. Bottom left: tran-
sitions in a single line source and magnetically split
absorber, leading to a six line pattern.

1.2.3. The magnetic hyperfine field: origin and the different contri-

butions to it.

The hyperfine interactions between the atomic nucleus and its sur-

roundings can be written as an interaction between the nuclear magnetic

moment and an effective magnetic field.

The various contributions are

1. The contact field H indirectly produced by the permanent 3d moment

through s electron polarization

(1.15)

ns

where u~ is the Bohr magneton, g is the electronic g-factor, $ is

the total electron spin, ty (0) and * (0) are the wave functions

of the ns-electrons with spin up and spin down respectively. Summa-

tion over the closed s shells yields the core-polarization H
.



The 4s conduction electrons give rise to a contribution deno-

ted as H™,p, which however can be split into two parts: a local

part H™p , induced by the central atom, i.e. polarization and hy-

bridization effects, and a non-local part H ™ ... due to spin pola-

rization by the surrounding atoms.

H™ is estimated to be between -220 and -280 kOe.

2. The field produced by the orbital magnetic moment on the parent

atom

HL = ~2lJB < rd~3 > < L > (1.16a)

= -2uB < rd~
3 > (9 - 2) < S > (I.Uib)

The orbital momentum in iron and dilute iron alloys is almost quen-

ched so g is close to 2 in these materials. An estimate of g - 2 %

0.1 results in a value of ̂  60 kG for H. in Fe. Since H. is not ex-

pected to change considerably upon alloying, H, can be ignored in

analyzing magnetic hyperfine field changes upon alloying.

5. The dipolar magnetic field produced by the dipolar interaction with

the spin moment on the parent atom

HD = -2uB < iir (3 • r) r"
5 - S r"3 > (1.17)

In a cubic metal in the absence of spin orbit coupling this contri-

bution is zero. Upon alloying the cubic symmetry may be disturbed

to some extent, yielding a small anisotropic contribution {-- 10 kOe)

This will be neglected for our purposes.

4. Finally there is a non-local contribution to the magnetic hyperfine

field caused by overlap distortion of the core s orbitals and by di-

pole fields due to localized moments on surrounding atoms. Both con-

tributions appear to be of minor importance and therefore will be

neglected too.

In conclusion we can say that the effective magnetic field acting

on a nucleus in a solid can be regarded as the sum over a number of

distinct contributions

H = H0 - m ~ T M + HH0 T M + HCP + HCEP + HL + HD + "NL

10



where HQ is an externally applied field, DM is the demagnetization

field [depending on the shape of the sample), -y M is the Lorentz

field (the coefficient ̂  only applies for cubic symmetry) the other

contributions were already defined in the text. Neglecting the minor

contributions we finally can approximate eq. 1.18 by

After the determination of the magnetic hyperfine field at a Fe

nucleus in pure iron at -333 kOe at 0 K [9,10], various calculations

have been performed to get an insight in the mechanisms causing hyper-

fine fields. The negative sign of the magnetic hyperfine field indica-

tes an opposite direction with respect to the magnetization and led to

the recognition that the dominant contribution to the effective magne-

tic hyperfine field must come from polarization of the core s electrons

through Fermi contact interaction.

Table 1.1. Hcp and #C£,p as

tions. : extended 3d wave

Goodings and Heine [ l i ]

(3d)6(4s)2

(3d)6(4s)2 *

Watson and Freeman [12]

(3d)6(4s)2

(3d)8

(3d)6

(3d)5

Bagus and Liu [13]
Mn2+/Fe3+

Wakoh and Ymashita [14]

Duff and Das [15]

obtained from various

functions.

^ P [kOe]

-355

-420

-320

-350

-550

-630

-617

-355

-400

theoretical caloula-

H^p [kOe]

120-300

195

488

-52

33

11



Various authors have performed theoretical calculations to esti-

mate the hyperfine fields due to core polarization and conduction elec-

tron polarization. The results are summarized in table 1.1.

1.3. Experimental procedures.

1.3.1. Sample preparation.

The alloys were prepared by melting together the pure elements

(99.999°o) in the desired composition in a high frequency furnace or in

an arc furnace.

In the case of the arc furnace pills were pressed of the thorough-

ly mixed constituent powders in order to avoid sample material to be

blown away in the melting process. These pressed pills were placed di-

rectly on the water cooled copper plate which served as the anode. The

copper plate anode together with the tungsten cathode xvere situated in-

side a container filled with argon during the melting process. An ad-

vantage of this melting process is the rather rapid cooling after the

alloy has been molten because of the water cooling of the copper plate

which has a relatively large heat capacity. This rapid cooling implies a

high degree of homogeneity and reduction of possible segregation. Ano-

ther advantage of this procedure is the short time in which it can be

done. This will be of importance when one of the constituents has a

high vapour pressure in the temperature range up to the melting point

of the alloy.

In the case of the high frequency furnace pressed pills could al-

so be used, but powders as well. The sample material was placed in an

alumina crucible, situated together with the induction coil, inside a

glass container. This container could be either evacuated or filled

with e.g. hydrogen gas. Generally the alloys w r e molten twice. The

first time in hydrogen atmosphere by indirect heating via a cylinder

of graphite around the alumina crucible. Evidently the advantage of

this procedure is the reduction of possible oxide contamination. Af-

ter the actual melting the alloys were homogenized in situo for appro-

12



ximately one hour at about 800 °C. The temperature could be determined

by a pyrometer.

The second melting process was performed in vacuum by direct hea-

ting, i.e. without a carbon cylinder around the alumina crucible. The

advantage of this procedure is the good mixing of the alloy because of

the magnetic stirring effect of the high frequency field and the fas-

ter cool-down, relative to the case in which a carbon cylinder was

used.

From weight losses upon alloying deviations from the nominal com-

positions could be established, but in most cases the actual composi-

tion appeared to be the same as the nominal one.

The structure of the alloys was checked by X-ray diffraction.

Dependent on the kind and the concentration of the impurity the

alloys may become too brittle to be rolled (see also chapter IV). In

that case the alloys were powdered by filing and sieved to a maximum

grain size of approximately 25 um. Otherwise foils of 20 to 25 urn thick-

ness were prepared by rolling.

Subsequently the samples were homogenized for several hours at

about 800 °C in a quartz tube filled with hydrogen and, finally quen-

ched to room temperature in water. In this way a good random distribu-

tion of the impurity atoms was achieved.

Various temperature treatments, i.e. different temperatures for

different periods of time, were aDplied, but the Mossbauer spectra

(recorded at room temperature) did not show any significant deviations

as a function of this treatment.

From the FeSi alloys powder samples as well as foils were made in

order to determine possible differences in Mossbauer data as a conse-

quence of these two different preparation methods. These differences

appeared to be of only minor importance (e.g. a small change in the di-

rection of the easy axis of magnetization).

An Fe-4.0°6 Sn alloy was prepared with an enhanced concentration

of Sn in order to be able to measure at Sn sites using a Ba SnO,

13



source. The starting material for this FeSn alloy was Fe sponge, Sn
119

sponge and SnO-,, the latter was enriched up to 84.51 Sn. The resul-
119

ting Sn abundance of the FeSn alloy was approximately 60& Sn, where-
119

as the natural abundance amounts to 8.6° Sn. The melting process was

performed in hydrogen atmosphere and the subsequent treatments were si-

milar to those mentioned above.

Finally some remarks on our attempts to make a solid solution of

iron with about 5 a/o indium. Despite various experimental techniques

these attempts were not successful. In the literature only very dilute

alloys (up to 0.5 a/o In) have been reported [16,17]. These two facts

are in agreement with the predictions of a phenomenological model of

Miedema (see also chapter V) based upon the heat of formation for such

an alloy.

2.3.2. The equipment.

A natural consequence of the rather long period of time passed

since the discovery of the Mossbauer effect and the construction of

the first Mossbauer drive system is the evolution in designing and con-

struction of these drive systems. All the drive systems used in our ex-

periments are home made, a co-production of the electronic and mechani-

cal workshops, and can be divided roughly into three generations:

Characteristic for the first one is the suspension by means of

diaphragm springs. A disadvantage of this construction is the presence

of harmonic forces, caused by these springs, resulting in a non-linear

time dependence of the velocity, assuming the spectrometer is used in

the constant acceleration mode.

In the second generation this non-linearity has been avoided by

changing the suspension of the drive rod. Van Overbeeke [is] designed

a Mossbauer drive system with springless bearings. Because there is no

distinct natural equilibrium position in this construction, in contrast

with diaphragm springs, an electronic circuit with a photodiode had to

be used in order to keep the oscillating drive rod in a fixed average

position.

14



As was mentioned above the Mossbauer spectrometers are generally

used in the constant acceleration mode, i.e. a linear behavior of the

velocity as a function of time, only in the case of "thermal scanning",

i.e. determination of the Curie temperature, the constant velocity mode

was used.

The triangular reference signal was generated by adding clock pul-

ses in a digital-to-analog converter. Because the same clock-pulses

were used in the multi channel analyzer (Intertechnique Didac 4000)

synchronization between velocity and channel number was established.

Via a buffer memory (designed by De Blois, Interuniversitair Reactor

Instituut Delft) the Mossbauer spectra were stored in one of the 4

groups of 1000 channels of a MCA.

The sources used were 25 to 50 mCi Co, diffused in a Cr- or Rh-

matrix and 15 mCi Ba SnO, (N.E.N. Chemicals and the Radiochemical

Centre, Amersham).

For velocity calibration natural iron foils (6 and 25 \>m) were

used.

The transmitted y-rays were detected by a Nal (Tl) (Harshaw Che-

micals) scintillation counter (with a crystal of 0.2 mm thickness and

37.5 mm diameter) in conjunction with an Elron amplifier and single

channel analyzer, and stored subsequently in the way mentioned above.

The facilities for temperature dependent measurements consisted

of an oven, for temperatures above room temperature up to about 1050 K

and a liquid nitrogen cryostat for temperatures down to about 80 K

[19]. The temperature was regulated and stabilized by a temperature

control system as described by Schurer [20J, yielding a temperature

stability within 0.1 a 0.5 K per measurement, dependent on the set

point of the temperature.

1. 3. 3. Spectrum analysis.

When in a b.c.c. iron lattice a small number of iron atoms is ran-

domly substituted by impurity atoms, i.e. in our case sp-elements, dif-

15



ferent iron sites are created, characterized by their different envi-

ronments. Considering only nearest and next nearest neighbors, these

sites can be labeled as (m,n), a central Fe atom with ID impurities in

the first shell and n impurities in the second shell. Each Fe site gi-

ves rise to a six line pattern, i.e. the resulting Mossbauer spectrum

will be a superposition of six line patterns.

Evidently the purpose of the computer analysis must be the decora-

position of the measured Mossbauer spectrum into its constituent six

line patterns.

This has been done by fitting the experimental data, using a

least square procedure, to a sum of p Lorentzians

P A
F(x) = PCx) - 5: " B s (1.20)

n=1 *• " n J 2

Si
where P(x) is a background polynome, A the linedepth, B the line po-

sition, C the linewidth at half maximum. In principle the different

parameters, e.g. A-., , A e tc . , can be determined independently

but in practice there are some limitations.

In our analysis we have assumed a correlation between intensities

(i.e. linedepths A, , A ) of the various six line patterns, gi-

ven by a binominal distribution. In the case of a random distribution

of the impurity atoms, the probability of finding an iron atom in a

particular configuration (m,n) is given by

P(m,n) = (J) £ ) cm + n(1-c) 1 4-m- n (1-21)

where m and n are the number of impurities in the first and second

neighboring shells respectively (the maximum for m and n is 8 and 6

respectively), c is the impurity concentration. In table 1.2, P(m,n)

has been tabulated for different concentrations.
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Table 1.2. The probabilities P(m,n),

the different impurity

P(0,0)

P(1,0)

P(0,1)

P(1,1)

P(2,0)

Total

as

concentrations

0.

0.

0

0

u

869

070

053

992

0

0

0

0

0

0

obtained by

1%

.653

.162

.121

.030

.017

,983

eq. 1.21, for

5!

0.488

0.205

0.154

0.065

0.038

0.950

The number of Lorentzians p in a Mossbauer peak ranges form 3 to

5 (in a few cases even more) dependent on the impurity concentration.

As can be seen from table 1.2 for dilute alloys (impurity concentra-

tion % 1 a/o) it is sufficient to account for the configurations (0,0),

(1,0) and (0,1), whereas for higher impurity concentrations more con-

figurations, i.e (1,1) and (2,0), have be to included. This has been

done in the actual analysis.

When penks with small intensities, e.g. c2,0), have to be fit by

the computer, small changes in the background of the Mossbauer spec-

trum may result in a rather large change in the position of such a

small peak. For this reason background measurements were performed,

using the same geometrical conditions as in the actual experiments.

This experimental background was used as a contraint in the analysis

of spectra recorded under equivalent conditions.

Besides the constraints for the linedepths An, the linewidths Cn

were also constrained, viz. the linewidths of the Lorentzians corres-

ponding to the same nuclear transition were chosen to be equal.

Using only these constraints good computer fits were obtained.

Some authors however assume another constraint in their analysis,

the so called additivity, stating

H(m,n) = H(0,0) + m AH(1,0) + n flH(0,1) (1.22)



and also

I.S-On.n) = I.S.(O.O) + m Al.S.(1,0) + n Al.S.(0,1) (1.23)

where AH(1,O) denotes the change in magnetic hyperfine field with res-

pect to 14(0,0) by the addition of one impurity in the first shell and

AH(0,1) the change by the addition of one impurity in the second shell

and analogous to this the isonter shift I.S. The additivity is general-

ly assumed to be valid for small impurity concentrations (< 5 a/o). It

is our impression however that the validity of the additivity depends

rather strongly on the kind of impurity elements as well.

In our reported results we did not assume such additivity unless

stated explicitely. When Mossbauer spectra are analyzed both with and

without additivity the hyperfine field data obtained do not differ ve-

ry much though the actual curve fitting of the experimental data points

may be quite different. This is shown in the case of FeSi in fig. 1.11

and 1.12.

1.4. Experimental results.

1.4.1. Room temperature measurements for different impurity concentra-

tions.

In order to get an insight in the possible differences between hy-

perfine field data obtained from powders and from foils, both powders

and foils were prepared in the case of FeSi alloys. As can be seen

from table 1.3-1.5 only minor differences occur, e.g. the intensity ra-

tio of peak 1 and 2 changed somewhat (fig. 1.10 and 1.11). The theore-

tical intensity ratios for the peaks 1 to 6 are:

| (1 + cos2o) : 3sin20 : | (1 + cos20) : | (1 + cos2G) : 3sin2o : | (1 + cosZ0)

where 0 is the angle between the magnetic field and the direction of

emission of the y-rays.

From the observed intensity ratios in powders and foils it is ob-

vious that the direction of magnetization in foils lies in the plain of
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0
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- 0 .

31!).

- 1 0 .

30S.

-20

0

(1

0

0

0

H (11

2 (2)

0 (7)

8 (8)

!> (4)

0 (5)

003

( i )

008

I I )

005

050

(?)

047

(8)

Go

3 7 1 . I S ( 1 1

-0.4 (2)

312.6 (1.(11

-17.0 (1 .1)

305.0 (?)

-24.6 (8)

0.003

(1)

0.034

(16)

0.031

( I" )

0.0 78

l ib )

0.1)75

d7)

As

32'-). 6 1 U

-0.4 (2)

320.1 (14)

-9 .5 (15)

303 . " O

-25.9 (8)

0.007

ID
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0.039
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0.039
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Table 1.4

The hypsrfine field data for Fe in Fe - 3 a/o X alloys. Si (1) denotes a Fe - 3 a/o Si paudered sam-

ple, Si (2) a foil. H in kOe, I.S. zn mm/sec. The values in parentheses denote the errors.

X

H(0,0)

H(O,O)-Hpe

H(O,1)

flH(0,1) °
H(O,1)-H(O,O)

HO.O)

AH(1,O) =

H(1,0)-H(0,0)

I.S.(0,0)

I.S.(0,1)

41.S.(0,1) =

I.S.(0,l)-I.S.(O,O)

I.S.(l.O)

4I.S.(1,U) =

I.S.(1,O)-I.S.(O,O)

Al

328.8 (11

-1-2 (2)

317.9 (3)

-10.9 (4)

305.3 (2)

-23.5 (3)

0.004

(1)

0.000

(5)

-0.004

(6)

0.027

(4)

0.023

(5)

Si (1)
Si (2)

333.1 (1)
334.4 (1)

3.1 (2)
4.4 (2)

319.2 (3)
321.1 (3)

-13.9 1)
-13.3 i4)

30S.0 (3)

307.5 (3)

-28.1 (4)
-26.9 (4)

0.004 (1)

-0.002 (1)

0.023 (3)

0.018 (6)

0.019 (b)
0.020 (7)

0.072 (4)

0.069 (6)

0.068 (5)
0.071 (7)

Ga

330.2 (1)

0.2 (2)

320.7 (3)

-9-S (4)

309.9 (5)

-20.3 (0)

0.012

(1!

0.015

(5)

0.003

(O

0.0h6

(7)

0.054

(8)

Ge

331.2 (1)

1-2 (1)

320.1 (!)

-11-1 (5)

308.3 (2)

-22.9 (3)

0.012

(1)

0.015

(6)

0.003

(7)

0.079

(4)

0.067

(5)

As

329.1 (1)

-0.9 (2)

338.9 (3)

9.8 (4)

304.8 (2)

-24.3 (3)

0.019

(2j

-0.003
(10)

-0.022

(12)

0.108

(5)

0.089
(7)

Sn

331.1 (1)

1.3 (2)

319.3 (5)

-12.0 (6)

308.4 ( ')

-22.9 (5)

0.024

(D

0.057

(9)

0.033
(10)

0-<00

(7)

0.076

(8)

Sb

329.t, (1)

-0.5 (2)

337.3 (8)

7.8 (9)

309.9 (8)

-19.6 (9)

0.019

(2)

0.050

(13)

0.031

(15)

0.107

(8)

0.083
(10)
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Table 1.5

The hyperfine field data for "' Fe in Fe - ii a/o X alloys. Si (It denotes a Fe - S a/o pondered sample,

Si (2) a foil. H in koe, 1.5. in ma/sec. The values in parentheses denote the eri'opa.

X

Hlll,O)-HFe

H(0,1)

iH(0,1) =
H(0,1)-H(0,0)

11(1,0)

4H(l,0) =

H(l,0)-H(0,0)

I.S.(O.O)

I.S.(O.I)

41.S.(0,1) =
I.S.(O,1)-1.S.(O,O)

I.S.(l.O)

41.S.(1,0) =
I.S.(1,O)-1.S.(O,O)

Al

i>a.s in

-1.? (2)

317.2 (3)

-11.3 (4)

304.8 (2)

-23.7 (3)

0.007

(D

0.019

(5)

U.012

(6)

0.037

(3)

0.030

(4)

Si (1)
Si (2)

334.4 (1)
335.9 (1)

4.4 (2)
5.3 (2)

•523.0 (3)
323.0 (1)

-11.4 (4)
-12.9 (2)

307.5 (2)
309.2 (2)

-26.9 (3)

-26.7 (3)

0.008 (2)
0.001 (1)

o.oie i6)
0.023 (2)

0.008 (8)
0.022 (3)

0.067 (3)
0.063 (3)

0.059 (5)
0.062 (4)

Ga

330.9 (1)

0.9 (2)

323.0 (3)

-7.9 (4)

312.6 (2)

-18.3 (3)

0.014

(1)

0.019

(5)

0.005

(6)

0.059

(3)

0.045

(4)

Ge

332.2 (1)

3.2 (1)

322.1 (3)

-11.1 (4)

310.2 (2)

-23.0 (3)

n.022

(1)

0.002

(5)

-0.020

(6)

0.084

(3)

0.062

(4)

As

330.8 (1)

0.8 (2)

343.7 (5)

12.9 (6)

309.0 (2)

-21.8 (3)

0.028

(2)

0.004

(8)

-0.024
(10)

0.091
(3)

0.063

(5)

Sn

331.7 (1)

1.7 C2)

322.8 (6)

-8.9 (7)

309.5 (4)

-22.2 (5)

0.02f

(2)

0.032

(10)

0.006

(12)

0.076

(7)

0.050

(9)

Sb

330.2 (2)

0.2 (2)

339.0 (8)

8.8 (10)

309.7 (3)

-20.5 (5)

0.028

(4)

0.009

(13)

-0.013

(17)

0.107

(6)

0.079
(10)
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H(1,0)-H(0,0)
H(O.D-HIO.O)

Fe-1%x

Al Si (P) Ga Ge As (In) Sn Sb

Fig. 1.3. The change of the hyperfine fields H(03l) and H(l,O)

relative to 11(0,0) as measured at Fe in Fe - 1 a/o X alloys

with X the sp impurities (all hyperfine fields have been given

positive signs).
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Fig. 1.4. The change of the hyperfine fields H(0,l) and H(l,O)
5 7

relative to H(0,0) as measured at Fe in Fe - 3 a/o Fe alloys

with X the sp impurities (all hyperfine fields have been given

positive signs).
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Fig. 1.5. The change of the hyperfine fields H(0,l) and H(l,0)

relative to H(0,0) as measured at Fe in Fe - 5 a/o X alloys

with X the sp impurities (all hyperfine fields have been given

positive signs).
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Fig. 1.6. The change of the isomer shift I.S.(O,1) and I.S.(1,O)
57

relative to I.S. (0,0) as measured at Fe in Fe - 1 a/o X alloys

with X the sp impurities.
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Fig. 1.7. The change of the isomer shifts I.S.(O,1) and I.S.(1,O)

relative to I.S. (0,0) as measured at

with X the sp impurities.

5?Fe in Fe - 3 a/o X alloys
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Fig. 1.8. The change of the isomer shifts I.S.(0,l) and I.S.(13O)
57

relative to I.S. (0,0) as measured at Fe in Fe - 5 a/o X alloys

with X the sp impurities.
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Fig. 1.9. The outer lines of the Mossbauer spectra of FeAl

recorded at room temperature. The full lines connecting the

data points correspond to a computer fit. The straight lines

correspond to the components associated with the different

configurations, i.e. 1:(O,C), 2: (1,0), 3: (0,1), 4: (1,1) 5:

(2,0) and 6: (0,2).

28



Fig. 1.10. The outer lines of the Mdssbauer spectra of FeSi

(foils) recorded at room temperature (see also fig. 1.9).
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Fig. 1.11. The outer lines of the Mossbauer spectra of FeSi

(powdered samples) recorded at voom temperature (see also

fig. 1.9).
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Fig. 1.12. The outer lines of the MOssbauar spectra of FeSi

(powdered samples) recorded at room temperature. In the com-

puter analysis additivity was assumed, resulting in a less

satisfactory fit of peak 1 of e.g. F& - 5 a/o Si (see also

fig. 1.9).
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Fig. 1.13. The outer lines of the Mdssbauer spectra of FeGa

reaorded at room temperature (see also fig. 1.9).
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Fig. 1.14. 7/?e owter iines o/ t/ze Mossbauer spectra of FeGe

recorded at room temperature (see also fig. 1,9).
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Fig. 1.15. The outer lines of the MSssbauer spectra of FeAs

recorded at room temperature (see also fig. 1.9).
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Fig. 1.16. The outer lines of the Mossbauer spectra of FeSn

recorded at room temperature (see also fig. 1.9).
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Fig. 1.17. The outer lines of the MSssbauer spectra of Fe_5b

recorded at roon temperature (see also fig. 1.9).
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the foil, which is probably a result of the large demagnetization fac-

tor, whereas the intensity ratio of the peaks in the powdered samples

appears to be in agreement with the theoretical predictions for noly-

crystalline samples: 5:2:1:1:2:3.

Different samples were given various heat treatments, i.e. at

different temperatures, for different periods of time and with diffe-

rent cooling rates.

Analysis of the Mossbauer spectra recorded at room temperature

yielded only very small differences, though some alloys, e.g. FeSi,

are known to order quite easily. Ordering would mean a deviation from

the random distribution of the impurities in the alloy and consequent-

ly would result in a bad computer fit, because of the constraint in

the computer analysis concerning this random distribution. In fig.

1.10, 1.11 can be seen that the computed spectra for FeSi fit the ex-

perimental spectra quite well from which we concluded that these FeSi

alloys can for our purposes assumed to be disordered.

In a few cases, e.g. ¥eAs and FeGe, we had some problems in fit-

ting the experimental data, possibly caused by some ordering in the al-

loys but other mechanisms may play a role in this too. IVe shall return

to this later on.

The results of the MES experiments at room temperature for FeX

alloys, with X = Al, Si, Ga, Ge, As, Sn and Sb and impurity concentra-

tions of 1,3 and 5 a/o, as shown in the tables 1.3-1.5 and fig. 1.3-

1.17 can be compared with the results obtained by other authors. In

these tables and figures the hyperfine fields have been given positive

signs because in this case a larger splitting in the Mossbauer spectra

corresponds to a positive AH(m,n) and vice versa.

The data for FeAl and FeSi are the most numerous, which can be ex-

plained by the general idea that these impurities dissolved in iron be-

have like ideal magnetic holes and consequently are considered to be

the best testcases to study ferromagnetism in iron.
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FeAl: Our results for FeAl agree very well with those of Mary Beth

Stearns [21-23], Rubinstein et al. [24], Schurer [20], and Wertheim et

al. [25]. The analysis of the experimental data varies with author.

Stearns included in her analysis neighbors up to the 6th shell of a

central iron atom, Rubinstein et al. included three neighboring shells,

Schurer, and Wertheim et al. two neighboring shells. Considering the

distance between the various neighboring atoms [N1: j aV3 = 0.87a, N2:

1.00a, N3: a/2 = 1.41a, where a is the lattice parameter) we see that

the first and second neighboring shell are relatively close together

in distance, whereas the third neighboring shell is at a much larger

distance. Also considering the rapid reduction of the amplitude of in-

teraction as a function of the distance seems to justify the choice of

only two neighboring shells of a central iron atom, at least in the

case of MES. NMR, which has a better resolution than NES, provides us

with the possibility to include more shells.

Besides the authors mentioned above a number of authors, i.e.

Vincze et al. [26], Cranshaw [27] and Griiner et al. [28] do obtain the

same value for AH(1,0) in FeAl but different values for AH(0,1). Vinc-

ze and Griiner assume AH(0,1) to be zero, whereas Cranshaw obtains

AH(0,1) = -2.6 kOe.

Although less numerous than the hyperfine field data the isomer

shift data of the authors mentioned above, i.e. Al.S.(1,0) and Al.S.(0,

also agree with our results. Vincze et al. do obtain the same values

for Al.S.(O.I) and Al.S.(1,0), whereas their value for I.S.(0,0) %

0.160 mm/sec totally differs from our result being approximately zero.

Possibly this can be explained by the use of different references,

though pure iron which we used as reference is the most common stan-

dard.

FeSi: The values of AH(0,1) and AH(1,0) for FeSi are somewhat

larger (in absolute sense) than for FeAl, in agreement with the re-

sults of Stearns [21,22], Rubinstein et al. [24], Schurer [20] and

Wertheim [25] . Analogous to FeAl a different value for AH(0,1) has

been obtained by Vincze et al. [26] , Cranshaw [27,29] , Grtiner et al.
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[28], viz. iH(0,1) = 0, and by Cser et al. [30] and Mendes et al. [31]

who find a small positive contribution for AH(0,1).

The isomer shift data reported by these authors are in agreement

with our results, again with the exception of the strongly deviating

value of I.S.(0,0) from Vincze [26].

FeGa: A decrease of AH(0,1) and AH(1,0) with respect to FeAl and

FeSi is observed for FeGa, as reported by Vincze [[26,32] and Newkirk

ct al. [33]. Wertheim et al. [25] obtain somewhat larger values, i.e.

\H(l,0) = -21.4 kOe and AH(0,1) = -16.5 kOe, whereas Cranshaw [2.7]

finds a small positive value for .•JH(0,1), viz. +4.5 kOe.

Our isomer shift data are in agreement with those of Vincze. New-

kirk et al. find larger values especially for Al.S.(0,1).

F&Ge: Our hyperfine field data for FeGe correspond to those of

Vincze et al. [34], Cser et al. [30] and Brossard et al. [35]. Vincze

et al. however obtain rather constant values for ,\H(1,0) as a function

of the impurity concentration, where Brossard et al. observe a concen-

tration dependency of AH(0,1) and AH(1,0) especially in the small con-

centration range, i.e. up to 5 a/o impurity concentration. Our results

show a similar behavior as reported by Brossard, although less pronoun-

ced.

Again Cranshaw [27] obtains a positive value for AH(0,1), viz.

6.9 kOe.

FeAs: The same features as for FeGe emerge for FeAs. Vincze et al.

[34] again observe a rather constant behavior of AH(1, 0) as a function

of the impurity concentration. Huguelet et al. Qre] report results for

AH(1,0) and AH(0,1) which do change as a function of the impurity con-

centration, i.e. AH(1,0) becomes more negative and AH(0,1) less nega-

tive as the impurity concentration increases. Cranshaw [27] reports a

value AH(0,1) =7.9 kOe.

Our results for FeAs show an increasing, i.e. less negative, be-

havior for both AH(1,0) and AH(0,1), whereby AH(0,1) changes sign be-

tween 1 and 3 a/o impurity concentration.
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The isomer shift data of the various authors correspond to our re-

sults.

FeSn: For FeSn our results for AH(1,0) show again a rather con-

stant behavior as a function of the impurity concentration in agreement

with Wertheim et al. [25], Vincze et al. [34], Trumpy et al. [37j , Cser

et al. [38] and Mendes et al. [31], whereas our results for AH(0,1)

show an increasing, i.e. less negative behavior with increasing Sn con-

centration, also in agreement with the authors mentioned above. The re-

ported isomer shift data show a rather constant behavior for Al.S.(1,0)

as a function of the impurity concentration. In our analysis .M.S. (0,1)

is rather constant, whereas Al.S.(1,0) decreases with increasing Sn

concentration.

F£Sb: For FeSb Vincze et al. [34] report again rather constant

values for AH(1,0) (no values are reported for AH(0,1), whereas Huguelet

et al. [36] observe a concent ration dependency for AH(1,0) and AH(0,1)

as well, viz. a maximum for AH(1,0) and a minimum for AH(0,1) at 3.9 a/o

Sb concentration.

Our results for AH(1,0) do also show such features but less pro-

nounced. For AH(0,1) we observe again a change of sign between 1 and

3 a/o impurity concentration, i.e. increasing AH(0,1) with increasing

impurity concentration

Summarizing the comparison of our experimental results with those

reported in literature we may conclude that here is a high degree of

agreement though exceptions occur.

At first Vincze et al. [32] analyse their data including the

first and second neighboring shell of a central atom. After that they

state that the second and fourth coordination spheres generate the cen-

tral line and cannot be resolved because the change of the hypsrfine

field in these cases is too small [26]. In third instance they perform

calculations of three different types [34], i.e. type I: only first

neighbor effects are resolvable, type II: only first and second neigh-

bor effects are resolvable, type III: only first and third neighbor

effects are resolvable. From these calculations they conclude that
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only the results for the first neighboring shell are physically signi-

ficant

Cranshaw [27,29,39] performed Mossbauer experiments with mainly

single crystal specimens and subsequently applied very complex compu-

ter calculations including hyperfine field changes, isomer shifts,

electric field gradients and apparent dipole moments on the impurity

atoms. In our opinion such computer calculations including so many pa-

rameters can not reveal unambiguously the physical quantities preten-

ded by the author, the more so as he reports rather poor resolution

and possible contamination of his samples with Si (because of heat

treatments). It may be mentioned that even in our work, with relative-

ly few parameters, ambiguities exist.

Returning to our analysis of the spectra, we also tried computer

fits with AH(1,0) and AH(0,1) with positive and negative signs in va-

rious combinations, resulting in:

a) FeAl, FeSi, _FeGa and FeSn yield quite straight forward negative

signs for both AH(1,0) and AH(0,1). It appears to be relatively easy

to fit Mossbauer spectra of these alloys.

b) FeAs and FeSb yield unambiguously a negative sign for AH(1,0), where-

as for AHC0,1j both positive and negative signs can be obtained de-

pending on thf starting values for AH(0,1) used in the computer cal-

culations. On the basis of a comparison of the x tests for the diffe-

rent computer calculations, those computations, of which the results

are given in table 1.3-1.5 and fig. 1.3-1.8 emerge as by far the best

ones. This involves a change in sign for AH(0,1) between 1 and 3 a/o

impurity concentration.

It should be mentioned that our x -values range from 1 for the good

computer fits to 2-3 for the less satisfactory fits. A difference of

0.1 in x value is considered to be significant.

c) The same features as indicated for FeAs and FeSb hold for FeGe, i.e.

AH(1,0) is unambiguously negative, whereas for AH(0,1) again two va-

lues can be obtained. However for 1 a/o Ge these values are both ne-

gative but different in absolute value, for 3 and 5 a/o Ge one value

has a positive sign and the other a negative sign. From a comparison
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of the x tests for the different calculations, a preference for the ne-

gative sign of AH(0,1) can be extracted though this preference is less

pronounced than in the case of FeAs and FeSb.

The results for FeGe summarized in table 1.3-1.5 and fig. 1.3.-

1.8 are extracted from calculations using additivity and showing a mi-

nimum value of x for a constant number of parameters. As can be seen

from fig. 1.14 this yields less satisfactory results for Fe - 5 a/o Ge.

Looking at the isomer shift data of fig. 1.6-1.8 certain trends

can be observed, Al.S.(1,0) = I.S.(1,0) - I.S.(O.O) is relatively insen-

sitive to the impurity concentration, i.e. the same features occur for

all three impurity concentrations. This in contrast with Al.S.(0,1) =

I.S.(0,1) - I.S.(0,0) which shows to be dependent on the impurity con-

centration rather strongly.

The isomer shifts Al.S.(0,1) for FeAl and FeSi are small and in-

crease with increasing impurity concentration.

For FeGa the isomer shift Al.S.(0,1) is approximately zero for

all three impurity concentrations, whereas Al.S.(0,1) for FeGe and

FeAs decrease with increasing impurity concentration, especially FeGe

ir. going from positive to negative values for Al.S. (0,1).

The behavior of Al.S.(0,1) for FeSn and FeSb is similar to FeGe

and FeAs, i.e. Al.S.(0,1) decreases with increasing impurity concentra-

tion, especially FeSb.

For the hyperfine field data in fig. 1.3-1.5 similar features can

be extracted as for the isomer shift data. Again AH(1,0) = H(1,0) - H(0,0)

shows to be rather insensitive to the impurity concentration, in con-

trast to AH(0,1) = H(0,1) - H(0",0). AH(0,1) for the different impuri-

ties and impurity concentrations shows a behavior analogous to Al.S.(0,1)

except for FeGe, i.e. AH(0,1) for FeGe does not change sign with increa-

sing impurity concentration

Finally we compared H(0,0) of the various alloys, i.e. the magne-

tic hyperfine field at a central Fe atom without impurities in the first

and second neighboring shell, with the magnetic hyperfine field in pure
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iron Hp = 330 kOe. Without exception H(0,0) increases with increasing

impurity concentration, specifically from a value smaller than 330 kOe

at 1 a/o impurity concentration to a value larger than 330 kOe at 5 a/o

impurity concentration. Only in the case of FeSi H(0,0) also increases,

but from a value which is already larger than 330 kOe at 1 a/o impurity

concentration.

Different explanations have been put forward to account for varia-

tions in H(0,0), viz. a) changes in the iron moments around an impurity

which would be reflected in changes of H(0,0) and b) the influence of

more distant atoms causing unresolvable satellites.

We believe comparison of H(0,0) of the various alloys at different

impurity concentrations with the magnetic hyperfine field of pure iron

yields information about the question whether the interactions if FeX

alloys are long range, i.e. delocalized, or short range, i.e. localized.

If the interactions would have a mainly localized character, we would

have expected H(0,0) to have an approximately constant value correspon-

ding to the value in pure iron.

1.4.2. Average hyper fine field calculations.

Stearns describes a model which accounts for the difference in be-

havior of the average moments and hyperfine fields in FeSi and FeAl al-

loys [40]. She comes to the conclusion that average moment measurements

are incapable of giving any information as to the distinction between

localized and nonlocalized d electrons, but average hyperfine fields do

give that possibility because of their different nature. We will briefly

discuss the lines along which the model is developed.

Assuming solute atoms without moment and without volume overlap

with the host atoms, the hyperfine field at an Fe atom can be expressed

as the sum of two contributions

H = HCP + HCEP <1-24)

where H^, stands for the hyperfine field due to core polarization and
HCEP ^or t n e nvPerfine field due to conduction electron polarization.

43



When impurity elements are dissolved in iron the average hyperfine

field will in general become less negative than in pure iron. The two

extreme models for ferromagnetism in iron, namely the complete itine-

rant model and the localized moment model, predict however a different

behavior of the hyperfine field as a function of the impurity concen-

tration c.

If it is assumed that the magnetic moment is localized then the

average hyperfine field will be given by

HTcJ = H p e - iHTcJ (1.2S)

where AH(c) is the change in hyperfine field averaged over all impuri-

ty configurations. From a detailed analysis of FeAl and FeSi Stearns

[21,41,42,43] obtained AH(c)/Hp = 0.42 c and consequently

^ i = 1 - 0.42 c (1.26)

Fe

If on the other hand the magnetic moments are assumed to be com-

pletely delocalized then the average hyperfine field will be given by

H(c) = (1 - c) Hpe - (1 - c) W H T (' 2-a)

or H(c) = (1 - c) (Hpe - AH(c)) (1.27b)

In case of an intermediate situation, i.e. partly localized and

partly itinerant electrons, the average hyperfine field will be given

by

H(c) = (1 - fc) (Hpe - MTcJ) (1-28)

where f denotes the fraction of itinerant electrons.

We calculated the average hyperfine fields at Fe nuclei at room

temperature in the FeX alloys with X = Al, Si, Ga, Ge, As, Sn and Sb

and impurity concentrations of 1,3 and 5 a/o.

The average hyperfine field decreases linearly with increasing im-

purity concentration so the experimental data points were fit by a

least squares procedure to H(c) = a^c + aQ. The values of aQ and a^

are given in table 1.6. Subsequently f was calculated by eq. 1.28 as-
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suming an = 330 kOe (table 1.6).

Table 1 . 6 . The coefficients aQ and flj,

rage hyperfine fields with H(c) = a,c

of itinerant electrons^ calculated by

FeAl

FeSi

FeGa

FeGe

FeAs

FeSn

FeSb

a
Q [kOe] £

328.0

331.8

331.8

328.5

327.6

328.6

527.2

obtainea by fitting the ave-

+ a*, f denotes the fraction

using eq. 1. 28

i1 [kOe]

-213

-188

-206

-127

-69

-158

-41

f

0.23

0.15

0.20

-0.04

-0.21

0.06

-0.30

With reference to table 1.6 some remarks can be made.

a) Our values of f for F_eAl and FeSi, though not corrected for

saturation effects which however are small xn this concentration range,

are larger than those reported by Stearns [40] and those obtained by

the modified Zener-Vonsovskii model, viz. approximately 51 delocali-

zation of the d-electrons. It has to be mentioned however that the

Zener-Vonsovskii model is not very sensitive to the local moment value.

From this model the nearest neighbor exchange was determined to be 5&

of the total exchange, which however need not be correlated with the

electron localization.

b) From the left to the right in the periodic system f decreases

and even becomes negative, clearly indicating tha': the physical reali-

ty is beyond the scope of this simple model, i.e. saturation effects

and especially overlap effects are not longer negligible. The results

of table 1.6 would imply a very strong dependence of the itinerancy in
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iron on the sp elements which is highly improbable. This indicates the

unphysical results of this model.

In a more recent publication Stearns [44] comes to the same con-

clusions because the polarization of the itinerant d electrons is not

uniformly distributed throughout the alloy, as was assumed in this mo-

del, but is very atomic-like in spatial distribution. Although she re-

pudiates her model she does not repudiate the results obtained with

this model.

1.4.3. Temperature dependent Hossbauev effect measurements.

Through temperature dependent Mossbauer effect (fig. 1.18) measu-

rements on Fe - 5 a/o Ga, Fe - 1 a/o Ge, Fe - 3 a/o Ge, Fe - 5 a/o Ge,

Fe - 5 a/o As, Fe - 4 a/o Sn, Fe - 1 a/o Sb, Fe - 3 a/o Sb and Fe - 5

a/o Sb we have obtained the hyperfine fields H((m,n)T) at iron nuclei

in different surroundings (m impurities in the first shell and n impu-

rities in the second shell). Except for the FeGe spectra, the only con-

straints in curve fitting were the relative depths, given by the bino-

mial distribution and the linewidth corresponding to the same nuclear

transition, which has been chosen the same. For fitting the FeGe spec-

tra the extra constraint of additivity was used.

By doing so the local "magnetization curves" could be determined.

The behavior of the different hyperfine fields H((m,n)T) is most easi-

ly expressed by introducing

nlTl - H(Cm>n)Tj - H((0,0)T)
,n)T) - H ^ n j Q ) H((0,0)0)

where we have to realize that the temperature dependence of the Z-com-
ponents of the iron spin is assumed to be proportional to the reduced
hyperfine field,

The quantity h((m,n)T) is a measure for the deviation of the magnetiza-
tion curve of the (m,n) configuration from the (0,0) configuration.
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Fig. 1.18. MSssbauer spectra of Fe - 3.9 a/o Sn measured at
57

Fe sites at various temperatures.
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Depending on the different theoretical models used to describe ex-
p

change interactions in iron, different curves for <S2(m,T)> and h(m,T)

emerge (for simplicity only nearest neighbor interactions are conside-

red) [20,45]. We assume the impurity atoms to have no localized moment,

in agreement with neutron diffraction measurements. If moreover a local

near neighbor exchange interaction between localized iron ^pins is assu-
p

med , the kind of curves for <S7(m,T)> and h(m,T) result as shown in fig.P
1.19a, i.e. <Sz(m,T)> depends on m and h is negative.

If one the other hand the exchange interaction is long range or
p

"itinerant", <S»(m,T)> is independent of m and h is always zero as is
shown in fig. 1.19b.

The experimentally determined h((m,n)T) for the various alloys of

iron with sp elements are shown in fig. 1.20-1.22.

In the context of a study of dilute iron alloys with 5d-transition

elements as impurities, where h can deviate considerably from zero, the

effect of the non-magnetic impurities Al and Si was also investigated

[20,46,47]. The results could be explained satisfactorily by a modified

Zener-Vonsovskii model, which will be discussed in more detail in sec-

tion 1.4.6. Using a molecular field approximation the h curves can be

fitted with this model. A result of the calculations with this model

is that 951 of the exchange coupling is itinerant and only 51 is nearest

neighbor exchange.

The values of h((1,0)T) and h((0,1)T) from liquid nitrogen tempe-

rature up to 1000 K for the various alloys are all very small with a

maximum of about one percent. This shows that in alloying iron with

those non-transition elements the itinerant aspects are dominant and

the local disturbance small.

Although the values of h are small some subtle differences can be

observed. For FeAl, FeSi, FeGa, FeAs and FeSn h(1,0) and h(0,1) show

the same slightly decreasing behavior as the reduced temperature increa-

ses. For FeGe and FeSb, which also show a deviating behavior of Tc as

a function of the impurity concentration, the h curves are somewhat dif-

ferent. At 1 at.I impurity concentration hO,0) and h(0,1") are diver-
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gent, h(0,1") being slightly positive and h(1,0) slightly negative. At

3 at.% impurity concentration h(0,1) and h(1,0) approach each other,

and at 5 at."a impurity concentration h(0,1) and h(1,0) show the same

slightly decreasing behavior as FeAl, Fe_Si, FeGa, FeAs and FeSn.

Using the modified Zener-Vonsovskii model h((m,n)T) can be rela-

ted to the change in the Curie temperature dTc/dc [20,46,47]. The dif-

ferences in Curie temperature for the various alloys are much more

pronounced than is the case for h. Evidently the modified Zener-Vonsov-

skii model has shortcomings in explaining the experimental results of

these alloys. It has to be realized however that this model is rather

insensitive to the moment value but sensitive to exchange parameters.

This might imply that the ratio of itinerant exchange and local exchan-

ge is dependent on the kind of sp-impurities dissolved in iron.

There also appears to be a global correspondence between the be-

havior of T and H(0,0) of the alloys with respect to pure iron, i.e.

the magnetic hyperfine fields in alloys at an iron site with no impu-

rities in the first tw° shells at elevated temperatures (800-1000 K)

are higher than the corresponding hyperfine fields in pure iron when

the Curie temperature of these alloys is higher than for pure iron. Si-

milarly a lower H(0,0) with respect to pure iron corresponds to a lower

T with respect to pure iron. However this correspondence is not

straightforward because of some ambiguities (table 1.7).

The fact that a rough correspondence between the behavior of T

and H(0,0) exists, emphasizes the importance of the non-local interac-

tions because H(0,0) is determined mainly by non-local effects.

1.4.4. Curie temperature measurements.

Additional information about the origin and character of the in-

teractions in ferromagnetic materials can be extracted from the Curie

temperature, i.e. the transition temperature between the ferromagnetic

and paramagnetic state. As the temperature of a ferromagnetic material

increases, the exchange interaction, causing the Weiss field by which

the individual moments are oriented, and the hyperfine field decreases
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because both the exchange interaction and the hyperfine field are pro-
P P

portional to <SZ>- At the Curie temperature T <SZ> becomes zero and

consequently the exchange interaction and the hyperfine field as well.

So as temperature rises the splitting of the 6 lines MSssbauer spec-

trum reduces and passes into a single paramagnetic line at T .

The description given above is essential also the basis of the

"thermal scanning" method, a technique frequently used in MES to de-

termine Curie temperatures. Doing so the spectrometer is used in the

constant velocity mode. The temperature is raised above the Curie tem-

perature and the amplitude of the constant velocity is adjusted at the

position of the paramagnetic peak. At that position the counting rate

as a function of the temperature is determined. The result is shown in

fig. 1.23.
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Fig. 1.23. Ths counting rate as a function of temperature in

a "thermal-scanning" experiment. The Curie temperature is de-

noted by T .

55



This "thermal scanning" procedure also provides us with a tool to

check the quality of the sample. Normally the transition between the

ferromagnetic and paramagnetic state takes place within a small tempe-

rature range (% 5 K). If the homogeneity is poor, precipitation has

occurred or ordered structuies have been formed, this will result

in a distribution of Curie temperatures, i.e. the temperature range

between the ferromagnetic and paramagnetic state increases.

Besides the "thermal scanning" method other methods to determine

Curie temperatures exist. In chapter III the "Kink" method is descri-

bed, which makes use of a transition in the sample from uniform to

non-uniform magnetization as measured by a Foner balance. The agree-

ment between the data obtained by applying these two different methods

is very good.

Performing the "thermal scanning" method some difficulties have

arisen with the calibration of the thermocouple of the Mossbauer oven.

This problem has been solved by measuring simultaneously the Curie tem-

perature of pure iron and the FeX samples, i.e. the Curie temperatures

of the FeX samples are measured relative to pure iron.

The results are shown in fig. 1-24 and obviously the behavior of

the Curie temperature of the FeX alloys as a function of the impurity

concentration is quite different for the various impurity elements.

No systematics along the rows or columns of the periodic system can be

seen, yet a certain trend can be observed. The T curves for FeAl,

FeGa and FeSn approximately coincide. When we pass through a row of

the periodic system we begin with one out of that group, e.g. a) FeAl

and subsequently FeSi for which the decrease in T is very large, b)

FeGa and subsequently FeGe which shows a small maximum in T as a func-

tion of the impurity concentration, and FeAs, which shows again a ra-

ther strong decrease o£ T , c) FeSn and subsequently FeSb which shows

a maximum in the T curve which is much more pronounced than in the

case of FeGe.

Looking at fig. 1.24, indeed the most striking feature is the ma-

ximum in the T curves for FeGe and FeSb. Except for those two alloy
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Imp. Cone. (%)

Fig. 1.24. The change of the Curie temperature of the
various dilute iron-base alloys, with respect to pure
iron, as a function of the impurity concentration. The
experimental values have been determined by a thermal
scanning procedure. hTa = T^LX - T^; FeGe oj FeSn m;
FeAl *; FeAs u; FeSi A andFeGa T. The solid Tine re-
fers to pure dilution.
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systems, the FeX alloys rhow a nearly linear dependence of the Curie

temperature as a function of the impurity concentration.

Stoelinga [16,17] also measured the Curie temperatures of a num-

ber of alloy systems, among \Mhich the ones we are dealing with in this

thesis, although up to much smaller impurity concentrations (a maximum

of 1.0 to 1.5 a/o). Stoelinga refers to the work of Ru^hbrook, who ob-

tains for magnetically open lattice sites, i.e. for non-magnetic impu-

rities, an expression for the relative reduction R of the Curie tenroe-

rature, where

The values for R in the Heisenberg model are in the range of 1.25-1.40

for the three cubic lattices both for s = 1/2 and s = 1. For the Ising

model he derived R = 1.

Deviation from R = 1.3 should then be due to the effect of the

changed iron moments and to the modified indirect coupling.

In the case of iron alloyed with sp impurities the value R = 1.5

would agree with the experimental results for FeAl, FeGa and FeSn, i.e.

the impurities in these alloys behave like magnetically open lattice

sites. For the other alloys R deviates strongly from 1.3. Moreover R

refers to zero impurity concentration so that non-linear behavior of

T as a function of the impurity concentration is beyond the scope of

this parameter R.

119
1.4.5. Measurements on Fe Sn.

Important additional information about the origin of magnetism

and the mechanisms of the various interactions in ferromagnetic mate-

rials can be obtained by measuring not only the magnetic hyperfine in-

teractions (as a function of temperature) at the host atoms but also

at guest atoms. In practice this brings about some difficulties because

most sp impurity elements are less favourable Mossbauer isotopes than
57Fe except for 119Sn.
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As was discussed earlier the hyperfine fields at atomic nuclei in

magnetically ordered materials are generally composed of two contribu-

tions, i.e. core polarization and conduction electron polarization,

which are not separable from each other. In this respect it is of in-

terest to study the distribution of hyperfine fields at impurity atoms

which have no localized moments e.g. sp elements.

In pure metallic ferromagnets (Fe, Co, Ni) the temperature depen-

dence of the reduced hyperfine field and the reduced magnetization is

almost identical, but when impurity atoms are dissolved in the host

lattice, significant discrepancies have been observed in some cases.

If the impurity atoms have localized magnetic moments in the ferromag-

netic host, these deviations can be explained on the basis of the mo-

lecular field model. For non-magnetic impurity atoms other solutions

have to be sought.

We measured the average magnetic hyperfine field and isomer shift
119at Sn sites in Fe - 4 a/o Sn as a function of the temperature, the

results are summarized in table 1.8. Some spectra, recorded at diffe-

rent temperatures, together with the obtained computer fits are shown

in fig. 1.25.

Table 1.8. The average magnetic hyperfine fields and isomev shifts
119 119measured at Sn nuclei in Fe - 4 a/o Sn.

T/Tc

0.086

0.283

0.432

0.577

0.669

0.769

H [kOe]

82.6
(D

77.8
(3)

71.7
(3)

62.0
(6)

54.0
(13)

46.3
(12)

I .S . [mm/sec]

1.570
(10)

1.527
(21)

1.478
(22)

1.438
(41)

1.386
(89)

1.361
(86)
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119rFig. 1.25. MSssbauer spectra measured at Sn in Fe - 4 a/o
119

Sn at different temperatures. The solid line is the compu-
ter fit to the data points.
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When the reduced average magnetic hyperfine fields H c n S n

as measured at Sn sites are compared with the reduced magnetic hyper-

fine fields HFe((0,0)T)/HFe((0,0)0) as measured at Fe sites wihtout Sn

impurities in the first and second neighboring shell, a difference up

to 30«o is observed (fig. 1.26).

Several explanations have been proposed to account for this devia-

tion:

a) On the basis of the Heisenberg model the magnetization of the

matrix atoms in the neighborhood of the impurity is expected to decrease

faster than that of the unperturbed matrix atoms because of the smaller

exchange field. This would lead to a decrease in the conduction elec-

tron polarization contribution from the neighboring matrix atoms to

the hyperfine field at the impurity and ultimately to a faster decrease

of the hyperfine field at the impurity as a function of temperature

than this is the case for unperturbed matrix atoms [48,49] .

As a consequence of this model the reduced hyperfine fields as

measured at perturbed host atoms, i.e. H((1,0)T)/H((1,0)0) and H((0,1)T)/

11((0,1)0), should deviate from those at unperturbed host atoms, i.e.

H((0,0)T)/H((0,0)0). Actually this is the case (fig. 1.22) though much

less pronounced than for the tin hyperfine fields.

Using the NMR technique Riedi [50] determined the hyperfine fields
27 57at Al and Fe in Fe - 1 a/o Al as a function of temperature, assuming

27

that the Al hyperfine field is a good probe of the conduction elec-

tron polarization.

The results of his measurements show that a) at constant pressure

the normalized hyperfine field at Al decreases more slowly with tempe-

rature than the hyperfine field at iron b) after an estimated correc-

tion to constant volume the Al hyperfine field would have an identi-

cal temperature dependence to that of iron. These results suggest that

a possible difference in the temperature dependence of the conduction

electron magnetization from that of the loral moments cannot complete-

ly explain the apparent temperature dependence of the hyperfine coup-

ling constant.
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b) The possible occurrence of a small localized moment on the im-

purity site, arising from the polarization of s- and p-electrons, cau-

sing the difference between the reduced magnetizations of the host ma-

trix and the reduced hyperfine fields at Sn sites [48] . Both neutron

diffraction measurements and our XPS experiments however did not yield

evidence for such a localized magnetic moment at Sn sites, i.e. within

an experimental error of approximately 0.1 uR.

c) Cranshaw [51] proposes a very strong distance dependence of

the transfer contribution to the hyperfine field at the impurity due

to overlap of the impurity and host atoms. This also would imply a dif-

ferent temperature dependence of the hyperfine fields at Fe atoms next

to an Sn atom relative to unperturbed Fe atoms.

d) A different approach is obtained by assuming a temperature de-

pendent hyperfine constant [52,53]. Though for pure iron the tempera-

ture dependence of the reduced hyperfine field h(T) and the reduced

magnetization o(T) is almost identical, a small difference does exist.

Benedek and Armstrong explained this difference by assuming a tempera-

ture dependent hyperfine constant

1
H

C
in

X

P
o
o"

o
'c
CO

X

o
o
o"

0.4

0.2

n
••

0.2 0.4 0.6 0.8 1.0
T/"L

Fig. 1.26. The difference betueen the reduced hyperfine fields
57H ((0sQ)T)/H ((0,0)0), measured at Fe nuclei without trnpu-

rities in the first two neighboring shells in Fe - 4 a/o Sn,

and Hc (T)/ha (0) measured at Sn nuclei in the same alloy.
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T2(x10~4)(K2) •

Fig. 1.27. The deviation from unity of the ratio of the redu-
119

aed hyper fine field, as measured at Sn sites in Fe - 4 a/o
2

Sn, and the reduced magnetization as a function of T". A li-

near relationship is observed up to 800 K.

h(T) = A(T) o(T) (1.31)

where A(T) = 1 - aT and a = 0.77 1O~7 deg. up to 300 K. Applying the

same procedure to ow results, we obtain a linear dependence of

{1 - (h(T)/a(T)} against T up to 800 K with a proportionality constant

a = 4.7 10~7 deg"2 (fig. 1.27).

This would imply a higher sensitivity to the change in lattice pa-

rameter, as a result of thermal expansion, for tin atoms relative to

iron atoms.

Vincze and Kollfir [54] and Le Dang Khoi et al. [55] try to explain

the hyperfine constant by the effect of lattice vibrations. By treating

the experimental results of hyperfine fields at sp impurities in iron

as a function of temperature in a rather unconventional way Le Dang Khoi

et al. suggest that the effect will become especially evident for heavy

impurities in iron.
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Another way to look at the problem of the difference between the

reduced magnetization and the reduced hyperfine fields is to consider

the band structure in the alloys.

If the d band density of states is rather constant at the Fermi

level the balance between spin up and spin down electrons is nearly

temperature independent, and no serious anomalies are expected. The

local density of states at an impurity site may however be sharply

peaked because of the formation of victual bound states. The position

in the Land as well as the width of the virtual bound state will de-

pend strongly on the kind of the impurity atom. If for example the

virtual bound state is centered at the Fermi level and is quite narrow

one would expect a strong temperature dependent deviation of the lo-

cal magnetization from that of the host.

1.4.6. Discussion.

Although several authors have been dealing with various aspects

concerning sp impurities dissolved in ferromagnetic hosts, one all-

embracing view accounting for all the experimental data has not been

developed yet. In our opinion an onset to that overall view can be

found in a combination of Steam's ideas about the oscillatory polari-

zation curve of the conduction electrons and itinerant 3d electrons,

and a modified Zener-Vonsovskii model5 in which the exchange interac-

tions are also taken care of by a fraction of itinerant 3d electrons.

We will discuss both models and its implications for sp impurities in

iron in some more detail.

The Stearns model.

In explaining ferromagnetism in metals two kinds of interactions

are of major importance

1) The s-d indirect exchange coupling, which is a RKKY (Ruderman,

Kittel, Kasuya and Yosida) type interaction, yielding an oscillatory

behavior of the spin polarization of the itinerant electrons because

of a Coulomb exchange interaction between the localized and itinerant

electrons.
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2) Interband mixing of the conduction and the local-moment elec-

tron orbitals.

Stearns [43,44] also considers the magnetic hyperfine field at an

iron nucleus H_ as due to a sum of different contributions

HFe = HCP + HCEP ( 1 > 3 2 a )

_ M ,11 + H f 1 ^ "* K 1

CP CEP,L CEP,NL

where again H^p is the hyperfine field arising from core polarization

(Is, 2s and 3s), H.™ , from conduction electron polarization by the

atom itself, Hppp ... from conduction electron polarization by the sur-

rounding atoms. From hyperfine field data of FeAl and FeSi (Al and Si

are assumed not to disturb the iron lattice and to behave like magne-

tic holes) she estimated H WT ̂  "145 kOe. From measurements of mag-

netic moments and hyperfine fields for Fe in non metallic compounds

a rather constant value of -(110-120) kOe/ug emerges. Extrapolating

this to the metallic state would result in FLn ̂  -250 kOe and because

Hp = -540 kOe, H,™ , % +55 kOe. These values can be compared with

estimates from band structure calculations (e.g. Duff and Das [is]).

Because a Fe atom in a Fe lattice has both a charge and a spin,

substitution of a Fe atom by an impurity atom will give rise to both

charge and spin density oscillations.

The polarization of the 4s electrons has been determined by a de-

tailed analysis (up to the 6th-8th neighbouring shell of a central Fe

atom) of hyperfine field data of FeAl and FeSi. The resulting polari-

zation is schematically shown in fig. 1.28. The net polarization is

slightly negative (-0.5 ± 1°&), but the polarization at the first neigh-

bors is strongly negative, i.e. opposite to the Fe moment and so this

mechanism ultimately would lead to antiferromagnetism in iron. Clearly

this is not the case therefore another mechanism has to be taken into

consideration to account for ferromagnetism in iron. This mechanism

was found in the indirect exchange interaction of the localized 3d

electrons through a small fraction (% 5°o) of itinerant 3d electrons.

In order to be able to perform RKKY type calcula;ions, these itinerant
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3d electrons are assumed to behave like s electrons at distances of the

nearest neighbors and beyond. From the condition that, if this mecha-

nism should be responsible for ferromagnetism, the first node in the

oscillatory polarization curve must be beyond the N, ,1\L distance, an

estimate of the fraction itinerancy can be made, resulting in the value

of SI mentioned above.

Stearns uses the well known RKKY formula for the 4s conduction

electron polarization curve

Q 2kcR cos(2kcR) - sin(2kcR)
AP r^ _ arm T „ t t __ 1__ ^ ^

where n is the number of 4s conduction electrons per atom, S is the

spin of the magnetic ion (̂  1) and J is the exchange integral.

The consequences of the replacement of a Fe atom by an impurity

atom can be split up as being due to spin perturbation and charge per-

turbation. Assuming all the sp-impurities to be non-magnetic when dis-

solved in iron, the spin perturbation caused by the substitution of a

Fe atom by a sp impurity atom will be the same for all the sp elements

and is described by eq. 1.33. The resulting changes in the hyperfine

fields at Fe atoms which are nearest and next nearest neighbors of the

impurity atom roughly estimated are 20 kOe and 10 kOe respectively,

i.e. a decrease of |H| at these sites.

The observed different effects of different impurity atoms are

caused by different charge perturbations.

The charge perturbation will result in a transfer of both 3d and

4s electrons onto the neighboring Fe atoms (The balance between the 3d

and 4s electron transfer will be discussed in more detail in chapter V).

Going from left to right in a row of the periodic system the charge

transfer from the impurity atoms to the neighboring Fe atoms decreases.

As a consequence of this charge perturbation the total spin, and there-

fore the magnetic moment, of the Fe atoms next to an impurity atom will

increase in agreement with bulkmagnetization measurements (Chapter III}.

The increase of the magnetic moment leads to a higher value of the hy-
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Fig. 1.28. Relative (percent) shifts of the internal
S7

magnetic field, measured at a Fe atom, as caused

by putting Al atoms in various neighbor shells, de-

noted az. Nj, Ng eta. The shifts are identified with

a spatial variation of the 4s conduction electron spin

polarization. The dotted curve is obtained from RKKY

theory (From Stearns [43] and Van der Uoude and Sauatz-

ky [45];.
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perfine field Hj,p at Fe nuclei, due to core polarization.

Looking at the isomer shift and hyperfine field data (fig. 1.3-

1.8) the general feature is that an increasing isomer shift, i.e. a

decreasing 4s electron density, corresponds to a decreasing (absolute)

value of the hyperfine field. This indicates that the hyperfine field

due to conduction electron polarization H-™ governs the observed

trends. As was discussed before H-™, which is negative, consists of

a positive part, viz. ^rpp T and a larger negative part, viz. H™-p ... .

A decrease of the 4s electron density results also in a decrease of

lHCEpl' givin§ a smaller value of |H t o t a l|.

Apart from some peculiarities the global features of the room

temperature Mossbauer data can be accounted for by the mechanisms des-

cribed above, although other effects like volume effects may play a

role in this too. As has been shown an essential part of this picture

is the change in the number of 3d and 4s electrons as a function of

the impurity element.

The change in the number of 3d conduction electrons appears to

play a role in the modified Zener-Vonsovskii model, especially in ex-

plaining the behavior of the Curie temperature as a function of the

kind and the concentration of the impurity elements.

The modified Zener-Vonsovskii model.

As experimental data concerning ferromagnetism in transition me-

tals and alloys was accumulated by means of various experimental me-

thods, different models were proposed to explain ferromagnetism and to

account for the experimental data.

Schurer et al. [20,46,47] iî ve parameterized the modified Zener-

Vonsovskii model. Because of the applicability of this model to our

experimental data we will summarize this method.
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Starting point is a dilute iron alloy. A schematic picture of the

spins and the exchange integrals is shown in fig. 1.29, s and s. are
b P 1

the iron and impurity spin respectively, s is the z component of the
band or itinerant electrons per iron atom (the difference between spin

/JPb

/ r *

S>A I I I
f t'

MM ^

Pig. 1.29. Schematic representation of the spins and
exchange integrals as used in the model for fevromag-
netism in FeX alloys (from ref. [45JJ.

up and spin down electrons), J1111 and Jrmn are the direct nearest neigh-

bor and direct next nearest neighbor exchange integrals respectively be-

tween two iron spins and analogous to that J. and J. between an impu-

rity and iron spin, J , and J., the exchange integrals between the band

electrons and the iron and impurity spin respectively. The impurity-im-

purity exchange coupling was neglected because of the small impurity con-

centration. Also J111111 appeared to be neglectibly small.

The temperature dependence of the z-components of the iron spin

<sP((m,n)T)> and the impurity spin <s1((q,r)T)> are calculated with

Brillouin functions in the molecular fielJ u; .••uxi.im.tion. The notation

m and n is as usual the number of impurities in the first and second

neighboring shell respectively of a central iron atom and analogous to

this q and r with respect to a central impurity atom. So

<SP((m,n)T)> = S B (Y ) (1.34)
P P

^ V s H + 2Jpb<s*> } £

(1.36)

(1.37)
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<sjC(q
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From this model the schematic picture fig. 1.19 can be derived in

a simple way, i.e. fig. 1.19a corresponds to s- = 0 and J >> J and

fig. 1.19b corresponds to s^ = 0 and J , >> J .

In the context of a study of dilute iron alloys with 3d-trarsition

elements as impurities, where h can deviate considerably from zero, the

effect of the non-magnetic impurities Al and Si was also investigated

by Schurer et al. The results could be explained satisfactorily by this

modified Zener-Vonsovskii model, i.e. using a fixed set of parameters

the various h curves of a particular alloy can be fitted. A result of

the calculations with this model is that 95°& of the exchange coupling

is itinerant and only 5*o is nearest neighbor exchange.

Using the modified Zener-Vonsovskii model h((m,n)T) can be rela-

ted to the change in the Curie temperature dT /dc. By fitting h a va-

lue of dTc/dc = -1.3 K/at.$ has been calculated for Fe - 4.3 a/o Al

as an example of iron with non-magnetic impurities. As we have seen

this value is in agreement with the experimental results for FeAl, FeGa

and FeSn leaving a discrepancy with FeGe, FeAs, FeSi and FeSb. Although

the h curves for these alloys are very similar, the Curie temperatures

diverge considerably, indicating that the same set of parameters can not

be used to account for this behavior of these non-magnetic impurities

in iron, and therefore raises some questions about the applicability of

this model to these alloys.

Bartel [se] applies the modified Zener model to calculate the

Curie temperature T of transition metals and alloys as a function of

bandwidth, exchange interactions and the number of itinerant d elec-

trons per atom where a f.c.c. tight binding density of states was assu-

med. A result of his calculations is shown in fig. 1.30 where n repre-

sents the number of itinerant electrons, the number of holes is given

by 2 - n. The non-degenerate d band is capable of holding two electrons,

one for each spin direction. From fig. 1.30 can be seen that a maximum

in T as a function of impurity concentration can be explained by a

change in the number of itinerant electrons.
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Fig. 1.30. Calculations of Ta as a function of n, the
effective number of itinerant d electrons per atom, for
different values of J, the coupling parameter between
the itinerant electron spin and the localized spin
(from Bartel [56] J.

It has to be noted however that n = 1.5 would lead to a fraction

of approximately W% itinerant 3d electrons which is considerably hig-

her than the 5a found by Stearns. Schurer performed computer fits with

s = -= and s = 1. Both values worked reasonably but s = I was slightly

better. The model appeared to be sensitive to the exchange coupling

and rather insensitive to the spin value.

The physical basis has been further investigated by Edwards £57]

and Arai and Parrinello [58] using a Hubbard split d band [59,60] . The

theory essentially predicts that for a d "r configuration, where r is

an integer (for Fe r = 2), the d band is split into two bands, the lo-

wer containing 10-r and the upper containing r states per atom. Itine-

rancy is introduced by describing a metal with 10-r-n electrons per

atom in the d band, where n < 1, as having n itinerant holes in the

lower band. Hund's rule is obeyed by treating the holes in the upper

band (r per atom) as localized and coupled such that s = i r. The iti-

nerant hole band is exchange split due to interaction with the locali-

zed spins as well as due to interactions between the itinerant holes.
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If i t is assumed that for iron n = 0.9 and r = 2 the relat ive mag-

netization c must be chosen as 0.33 so that r + nz; = 2.3 in order to

be in agreement with the observed Bohr magneton number at T = 0.

In conclusion we can say that in our opinion the key to the so-

lution of the problems encountered in th i s chapter l i es in the balance

between localization and itinerancy or more specifically the number of

4s electrons and the fraction itinerancy of the 3d electrons.
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C H A P T E R II

XPS MEASUREMENTS

2.1. Introduction.

In order to probe the electronic structure of matter, i.e. atoms,

molecules and solid material, different kinds of spectroscopy have been

developed. In this chapter the emphasis will be on ESCA (Electron Spec-

troscopy for Chemical Analysis) and to less extent on UPS (Ultraviolet

Photoelectron Spectroscopy), SXS (Soft-X-ray emission Spectroscopy) and

Auger-electron sp^ctroscopy. Nowadays the name XPS (X-ray Photoelectron

Spectroscopy) is generally used instead of ESCA, in line with the more

general physical aspects of this spectroscopy. The three techniques

mentioned above give complementary information in the study of tht

electronic structure of matter.

In the XPS technique localized and itinerant electrons are exci-

ted and it is assumed that the XPS spectroscopy measures a quantity cor-

related with the band density of states. In the SXS technique, the ini-

tial state consists of a hole in an inner shell which will be filled

very rapidly by an electron localized near the ion, so one may expect

to measure a quantity closely related to a "local density of states".

With UPS one measures a "joint density of stales" containing effects of

both the filled and empty states within a few eV of the fermi energy.

Using the XPS technique we investigated the dilute iron base al-

loys FeX with X = Al, Si, Ga, Ge, As, Sn and Sb. The impurity concen-

tration amounts to 4-5 at.°s. The valence bands of the various FeX al-

loys were measured and compared with the valence band of pure iron. A

second point of investigation was the position and the linewidth of the

core levels of both the impurities and iron iTi the alloys again compa-

red with the pure elements.

A change in level position may be related to a change in the elec-

tron population of the particular atom. In this way the so called ESCA-
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shift can be considered as complementary with respect to the isomer

shift as determined with the Mossbauer effect spectroscopy.

Other possible effects which may occur on alloying iron with the

non-transition elements are filling of not completely filled d-bands,

screening effects caused by a difference in valency of the constituents,

hybridization of electron levels lying close to each other. A last point

of investigation on the FeX alloys was the possible presence of a loca-

lized magnetic moment at the impurity sites.

2. 2. Experimental procedures.

2. S.I. Principle of the XPS technique.

Since the principles of operation have been dealt with in several

books [1,2,3,4] and review articles [5,6] only the basic features will

be summarized to give an insight in the technique. This will be done

on the basis of fig. 2.1. There are different ways to excite electrons,

namely by X-rays, u.v. light and electrons. The advantage of X-ray ex-

citation is that the inner shell electrons as well as the valence elec-

trons can be excited. A disadvantage of X-ray excitation with respect

to u.v. excitation is the larger inherent linewidth. With u.v. light it

is only possible to excite the outer electrons (Ei,;nJ-
 < 30 eV). Elec-

tron excitation at last is mainly used for gases, metals and alloys

(not on compounds).

We will restrict ourselves to X-ray excitation. By interaction be-

tween X-rays and the sample, electrons will be ejected (photoelectric

effect) with discrete kinetic energies, corresponding to the electron

binding energies. With an electron spectrometer the number of electrons

as a function of their kinetic energy is determined. Energy conservation

for the photoemission process is expressed by

where E, is the X-ray energy, E, is the measured kinetic energy of ^hc

electrons emitted from the sample. E i and Er -re the initial and final

state energy respectively and E. is the work function of the material.
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h\> X-ray

I ELECTROSTATIC
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sample

anode (Al, Mg)

X-ray source

Fig. 2.1. Schematic view of the experimental set-up

for XPS.

Using the "one-electron" description, this expression is schemati-

cally reflected in fig. 2.2.

AlKa (1486.6 eV) or MgKa (12S3.6 eV) radiation was used as X-ray

source, with an inherent linewidth of approximately 0.9 eV and 0.7 eV

respectively. This linewidth essentially determines the resolution of

the XPS technique.

On their way out of the sample the photoelectrons will be scatte-

red elasticallj and inelastically. The latter causes -.h^ XPS technique

to be essentially a surface technique, in which contributions from a

surface layer of approximately 100 A [5] give rise to sharp peaks in

the photoelectron spectrum whereas contributions from larger distances

from the surface only give rise to a diffuse background.
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Fig. 2.2. Chie-eleatron energy level diagram oonvential-

ly used in XPS. The symbols are discussed in the text.

2.2.2. The XPS-equipnent.

The XPS-spectra were recorded with an AEI ES-200 spectrometer at

the Physical Chemistry Department of the Materials Science Center (Uni-

versity of Groningen). This investigation was carried out using equip-

ment of the Netherlands Foundation for Chemical Research (SON) with fi-

nancial aid from the Netherlands Organization for the Advancement of

Pure Research (ZWD).

-9
Inside the sample chamber a vacuum was maintained between 10 and

10~ torr. The temperature of the sample was controlled by a tempera-

ture control device ard could be varied from 80 K up to 700 K. The sam-

ples could be etched in situo by bombardment with argon ions.
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As the XPS technique essentially is a surface technique, this me-

thod is very sensitive to contamination o. surface oxidation. Two of

the most common contaminants are carbon and oxygen which have electron

energy levels at % 284 eV (C. level) and % 531 eV (01s level). By et-

ching with argon ions or by heating surface contamination.can be redu-

ced. This is demonstrated in fig. 2.3, showing a XPS-spectrum recorded

before and after etching.

Besides atomic oxygen, oxygen may occur in chemical compounds, i.e.

oxides, at the surface. Fig. 2.4 shows that surface oxidation is reflec-

ted in the appearence of satellite peaks due to GeO next to the Ge 3d

peak of pure Ge. By oxidation, electrons are removed from the sample

atoms resulting in a change of the atomic potential which in its turn

results in a shift of the core levels towards higher binding energies.

The intensity ratio of the shifted and the unshifted levels is not the

same for the various core levels. The contributions to the Zp peak for

instance will arise from atoms closer to the surface, than the atoms

contributing to the 3d peak, because of the higher kinetic energy of

the photoelectrons emitted from a 3d level compared with a 2p level.

For this reason the valence band is expected to be less sensitive to

surface conditions like oxidations than the more tightly bound levels.

By using an evaporation chamber it was possible to evaporate ma-

terial directly onto a sampleholder under good vacuumconditions. In

this way it is possible to obtain very clean surfaces.

2.2.3. Sample preparation.

The alloys were prepared in the same way as described in chapter

1, i.e melting together the pure elements in a high frequency furnace

in liydrogen atmosphere or in an arc-furnace in an argon atmosphere.

Doing so the following alloys were obtained:

Fe - 5.0 a/o Al (high frequency furnace)

Fe - 4.0 a/o Si ( " " " )

Fe - 5.0 a/o Ga ( " " " )

Fe - 4.9 a/o Ge ( " " " )
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Fig. 2.3. Illustration of the effect of etching the scn-
ple with argon ions (in situo) on the resulting XPS spec
trum; a) before etching of the Fe - 5 a/o Sb sample
b) after etching.

80



<n

UJ

La

5

F
E

i

1 1
DD'U DD*09

1
aa'Ls

i
ao-*s
t 2 t

1 
G

e
-o

x
id

e

— • —

i
OO'IS 00'Bt

n • 1 SiNnOD

c

—

1
no'5*

>

£ -

1 1
00 "2* 00 "EC DD'3E

3

\

96
. O

D

3

g

si

%UJ

8

26
.0

0

8

8

20
.0

0
IB

.0
0

Fi^. 2.4. The uppearenae of satellite peaks due to GeO
next to the Ge 3d peak of pure Ge.

81



Fe - 18.0 a/o Ge (arc furnace)

Fe - 4.8 a/o As ( " " )

Fe - 4.0 a/o Sn ( " " )

Fe - 8.3 a/o Sn ( " " )

Fe - 4.7 a/o Sb ( " " )

From the alloys FeAl, FeGa, FeSi and FeGe (5 at.I) foils of about 0.5

mm thickness were obtained by cold rolling. The other alloys were too

brittle to be rolled. For that reason thin slices (0.5 - 0.8 mm) had

to be sawn from the bulkmaterial. Using a diamond saw this could be

achieved in a period of time ranging from 4 hours up to two days de-

pendent on the kind and amount of material. To reduce surface oxidation

and to achieve a random distribution of the impurities in the alloy,

the samples were heated in a quartztube, filled with hydrogen, for

about one hour at 800 °C and subsequently quenched in water. After

that the samples were polished mechanically, using diamondpowder, and

attached to the copper sampleholder.

Since pure Fe, Al and Sn were not available in foils, powders of

these elements were molten in the high frequency furnace and treated

similarly as the alloys.

Because of the low melting point of Ga (32 °C) this element was

only cold rolled.

Arsenic and antimony were evaporat d directly onto the sample-hol-

der using the evaporation chamber which was an integrated part of the

XPS equipment as mentioned before.

The investigated germanium was a very brittle slice (0.3 mm thick-

ness) of n-type material, the dope was presumably antimony with a con-

centration of 5.10 at/cc. In order to prevent accumulation of charge

on the germanium sample, which would influence the energy of the emit-

ted photoelectrons, this sample was attached to the copper samplehol-

der with an electrically conductive glue.
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2.3. Experimental results and discussion.

2.3.1. Introduction.

In order to be able to compare the peak positions in the XPS spec-

tra of Fe, FeX and X with each other the binding energy scale has to be

calibrated. The point at half height at the low binding energy cut-off

of the conduction band of iron has been taken as the zero point of the

binding energy scale. This point coincides nractically with the posi-

tion of the Fermi level in iron [7,s] and can be accurately (± 0.05 eV)

determined. Immediately before or after XPS measurements on each alloy

FeX or pure element X, pure iron was measured as a reference.

Some corrections to the measured XPS spectra should be considered

and therefore will be discussed briefly.

a) Satellite-correction.

The electron exciting MgKa- or AlKa-X-rays consist besides the

main peak of some smaller satellite peaks at the high energy side. These

satel l i te peaks give rise to a subspectrum which has been shifted to-

wards higher kinetic energy with respect to the main spectrum. When the

exciting X-ray spectrum is known it is possible to correct for these

subspectra (E. Antonides, Physical Chemistry Department, University of

Groningen).

b) Scattering-correction.

A consequence of energy loss due to inelastic scattering of the

photoelectrons is a rising background, towards higher binding energies,

in the XPS spectrum. Because of this rising background XPS core levels

seem to be broadened asymmetrically (fig. 2.5). Assuming a particular

energy distribution of the inelastically scattered electrons a correc-

tion can be made.

For an energy range of about 20 eV it is reasonable to assume that

the intensity of the scattered electrons is independent of their energy

loss. The effect of this assumption for the experimental spectrum of a

5-peak is shown schematically in fig. 2.6. By considering each channel
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Fig. 2.5. :'Asymmetrie" line broadening of a core level,

caused by inelastic scattering of photoeleatrons.

Int.

6-peak

INELASTICALLY
SCATTERED ELECTRONS

Fig. 2.6. Contribution of inelastically scattered elec-

trons to the background, assuming the intensity of the

saattered electrons to be independent of their energy

loss.
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of the experimental spectrum as a 6-peak, the corrected spectrum can

be calculated using an iteration method (E. Antonides, Physical Chemis-

try Department, University of Groningen).

c) Analyzer correction.

The electrostatic system of focussing the electrons at slits in

the analyzer, results in an energy dependent transmission, which can

also be corrected for. These corrections can be applied with the

computer program "ESCA" written by E. Antonides (Physical Giemistry

Department, University of Groningen).

2.3.2. The valenae-bands.

The measured valence bands of Fe and FeX (4-5 at. "a) alloys* are

shown in fig. 2.7. At approximately 1 eV the Fe-3d band ran be seen,!

with a width (at half maximum) of about 3 eV. In order to see whether-;

changes have taken place in the valence band spectra upon alloying, %,

the subtracted spectra of the FeX alloys and Fe have to be determined.

This has been done by applying a normalization procedure in which the

maximum intensity has been defined as 100°s and the' miniimum intensity

as Os, within a certain energy range, which has to be the same of course

for the two spectra considered. Examples of spectra obtained by subtrac-

tion of normalized valence band spectra are shown in fig. 2.8 and 2.9,

the difference of Fe and Fe - 5 a/o Ga and Fe and Fe - 18 a/o Ge res-

pectively. Both spectra are rather flat from 0 up to 6 eV. In the sub-

tracted spectra of Fe and Fe - 5 a/o Ga a rather broad level is loca-

ted at about 10 eV, which can be identified as a Ga-3d satellite line

caused by the Mg X-ray source. In the subtracted spectra of Fe and Fe -

18 a/o Ge also a peak can be seen at about 10 eV. This however is not

a satellite line but probably adsorbed argon (Ar 3p) and/or oxygen

«v-
The subtracted spectra of the other FeX alloys and Fe essentially

show the same feature as the two cases mentioned before, i.e. no sig-

nificant changes can be seen in the valence bands of the FeX alloys

with respect to pure Fe within a binding-energy range from 0 up to about

8 eV. This energy range covers the Fe 3d and 4s bands.
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The effects of the various "smoothing"-procedures and corrections,

as mentioned in 2.3.1, on the normalization of the spectra and on the

subtracted spectra need to be discussed in some more detail. Both the

spectra of Fe and FeGa (fig. 2.8) are corrected (satellite-, scattering-,

and analyzer correction) and smoothed as well. The spectra of Fe and

FeGe (fig. 2.9) are only smoothed.

The "smoothing"-procedure consists of the fitting of a polynome

of the order N to M (M an odd number) points of the spectrum. The va-

lue of the polynome in the middle of the interval of M points becomes

the new value of the spectrum in this point. By doing so we intended

to average the statistical fluctuations, which may be of importance for

our method of normalization, i.e. at maximum and minimum intensity,

because without smoothing normalization is carried out at the two ex-

trema of the statistical fluctuations.

The consequences of smoothing on the normalization and therefore

on the position of E p - defined as the energy at half maximum at the

low binding energy cut-off of the valence band, i.e. at a relative in-

tensity of 50°s - are demonstrated in table 2.1 for two different spec-

tra of FeSn and Fe. We see that, within the error of 0.05 eV, the va-

lues of Ep agree better x"or the smoothed spectra than for the spectra

which are not smoothed.

N

0

3

3

M

1

5

9

Table 2.1

FeSn 35.2

EF (eV)

-0.11

-0.15

j - 0 . 1 5

Fe

EF

-0

-0

-0

9.0

(eV)

.20

.18

.19

FeSn

EF

-0

-0

-0

41.2

(eV)

.24*

.24

.21

unsmoothed
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One of the aims of the XPS experiments was to investigate whether

the results of the bulkmagnetization measurements arc related to chan-

ges in the valence bands of the various iron alloys. Vincze [9] worked

out a model of Marshall and Mott [10] assuming that the outermost ns -

levels (n = 3 for Al and Si, n = 4 for Ga, Ge and As, n = 5 for Sn and

Sb) of the impurity atoms are well localized in first approximation and

lying below the Fe-3d band. A further assumption of the model is that

the binding energies of these ns -levels are approximately equal for

the same value of n, and decrease significantly, so approaching the Fe-

3d band, when n increases. In this concept the 5s levels of Sn and Sb

are close to the Fe-3d band and mix strongly with these Fe-5d states,

whereas the 3s levels of Al and Si should have no substantial mixing

with the Fe-3d states.

Obviously Vincze estimates this sd-mixing to be of importance in

explaining bulkmagnetization measurements.

In the subtracted XPS spectra of the valence bands of FeX and Fe

we do not observe distinct peaks resulting from localized ns~-levels of

impurity atoms. In order to get an impression of the contribution of

these localized ns levels, we calculated the total intensity of the

contribution of two Al-3s electrons and one Al-3p electron to the va-

lence band of Fe-5 a/o Al. This was done by normalizing the total in-

tensity of the Al valence band (fig. 2.10a) to the total intensity of

a core level of Al in pure Al. From the total intensity of this Al core

level in FeAl we can calculate the total intensity of Al (3s sp) elec-

trons in FeAl (fig. 2.10b). When we assume a certain degree of localiza-

tion, e.g. a full width at half maximum of 1.5 eV, the height of this

peak just exceeds the statistical error. As was mentioned before, no

such peaks were observed in the valence bands of the alloys.

Further doubts about the validity of this model are found in the

expected positions of the ns peaks. It is found experimentally that

the atomic energy levels of the guestatoms in the pure elements and in

the alloys are almost equal, with a maximum difference of approximate-

ly 1 eV. This means considering table 2.2, that in an alloy the Sb 5s"

level lies 6 eV deeper than the Sn 5s level.

89



OF Al (3s 3p) IN THIS SPECTRUM

(PROM COMPARISON WITH Al; NOR-

MALIZED AT Al 2p)

BE(eV)

Fig. 2.10. An estimate of the contribution of two Al-Zs
electrons and one Al-Zp electron (a) to the valence band
of Fe - S a/o Al. (b) As can be seen, the height of this
peak Just exceeds the statistical error and no such peak
is observed in the valence band of Fe - 5 a/o Al (see al-
so the discussion in the text for the applied normaliza-
tion procedure).
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Table 2 .2 . The

Fermi level in

Si -

Ge -

Sn -

Sb -

binding

the pure

3 s 2

4 s 2

5 s 2

5 s 2

energies of

elements.

the

8.

8.

8.

1

-7

9

ns"

9

0

7

eV

eV

eV

eV

eV

levels relative to the

[11]

[1]

[H]

w
[1]

Our results for the valence band of iron (fig. 2.7a) agree very

well with the results of other authors, especially the more recent da-

ta obtained with a better resolution anu cleaner samples compared to

earlier publications e.g. Fadley et al. [12J and Baur et al. \j\. Fad-

ley [12] investigated the valence bands of Fe, Co, Ni, Cu and Pt, sub-

sequently compared these data with the data obtained by u.v. photoemis-

sion spectroscopy CUPS), ion-neutralization spectroscopy (INS), soft

X-ray emission spectroscopy (SXS) and one-electron theory, leading to

the following conclusions.

1) XPS results are in good agreement with those of INS, SXS and one-

electron theory

2) the agreement between UPS and XPS is fair for Pt and Cu but poor

for Fe, Co and Ni which might be caused by surface contamination

and poor resolution.

These arguments may also be used to explain why Fadley did not observe

any multiplet splitting of the Fe 2p1 ,2> 2p3<2 and 5s core levels and

the similar Co core levels. An interesting detail of his study is that

no significant changes were detectable in the distributions near the

Fermi-level of Fe and Co in the range 550 - 925 °C from which he con-

cluded that XPS is unable to detect the effect of the ferromagnetic

transition on the density of states.

Hiifner et al. [s] and Szalkowski et al. [13] also measured the va-

lence band of iron using the XPS technique yielding agreement with the
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predicted density of states (DOS) curves of Conolly, applying the LCAO-

[14] and the APW-method [is] , and Duff and Das [ie] using the LCAO-OPW

method. However this agreement holds only for energies between the Fer-

mi level and a binding energy of 3.5 eV. The main peak at about 1 eV

and the shoulder at 2.5 eV can be correlated to the calculations but

the predicted shallow minimum between these peaks is not perceivable.

Between 4 and 10 eV theory predicts a number of tightly bound valence

levels in obvious disagreement with the experimental results at least

as far as relative intensities are concerned.

Hochst et al. [17] removed the distinction between open d shell

metals, like Fe, Co, Pd and Pt, and the noble metals, like Cu, Ag, and

Au, in relation with theoretical DOS curves; i.e. XPS valence band spec-

tra of noble metals were reported to be in good agreement with theore-

tical DOS curves whereas open d shell metals were not cr at least less

satisfactorily [18,19]. By applying a number of corrections they were

able to establish satisfactory agreement with theoretical DOS curves

also for the open d shells.

2.3.3. The core levels.

When we compare the width of the core levels of Fe and X in the al-

loy FeX with the corresponding core levels in the pure elements Fe and

X, only differences of 0.1 - 0.2 eV are observed i.e. within the experi-

mental error broadening of the core levels does not occur. Sometimes

however a good determination of the width of core levels appears to be

rather difficult, because contributions of surface contamination to the

background prevent us from a reasonable estimate of that background.

As was mentioned before the change of the charge at an atom may

influence the position of the XPS peaks corresponding to the different

electron levels. This shift is called the "ESCA-shift".

For this reason the positions of the core levels of Fe and X in

FeX have been compared with the corresponding core levels in the pure

elements. The observed ESCA-shifts are shown in table 2.3.

A<; far as Fe is concerned the ESCA-shift is zero In all FeX allc/s.
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A low lying Fe core level, very suitable for the determination of ESG\

shifts because of the small linewidth, is the Fe 2p_,? level at 70b.4

eV BE (binding energy) as can be seen in fig. 2.11. For Fe-,0, the ESG\

shift amounts +3.8 eV [20]. Assuming Fe to be trivalent positive in

Fe^O,, we derive an increase of the binding energy of 1.2 - 1.3 eV per

electron which is removed from the iron atom. This means that the ma-

ximum change of the charge at Fe in ft?X with respect to pure Fe can be

±0.2 electron.

Table 2.

"hi in
red. x

X

Al

Si

Ga

Ge

As

Sn

Sb

3a. Binding energies E,^

Fe (4 - 5 a/o)

is the Pauling

level

2s

2s

2P3/2

3P3/2
3Pi/2

3d3/2
3d5/2
3d3/2
3d5/2

X alloys,

in pure

for the

electronegativity,

Ebl
(eV)

118.0 ±

150.5 ±

1116.1 ±

125.6 ±

121.6 ±

145.9 ±

140.9 ±

493.0 -

484.5 ±

527.9 +

537.3 ±

0.1

0.2

0.1

0.2

0.2

0.1

0.1

0.1

0.1

0.1

0.1

X, and binding en

deepest core leve

for Fe,

AEb1

(eV)

-0.9 ±

0.0 ±

-0.6 +

-0.3 ±

-0.3 ±

-0.3 +

-0.3 ±

-C.I ±

-0.1 ±

-0.3 +

-0.5 +

x =1.8
P

0.2

0.3

0.2

0.5

0.3

0.2

0.2

0.2

0.2

0.2

0.2

erjy

Is mt

•

X

1

1

1

1

2

1

1

shifts

asu-

P

5
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As far as the impurity atoms are concerned, we do find ESGX shifts.

For Al and Ga these shifts are significant, for As and Sb the shifts

are only small. However for Sn, in Fe - 4 a/o Sn as well as in Fe - 8.5

a/o Sn, we found zero shifts. Am example is shown in fig. 2.12 with the

Sb 3d,/2 and Sb 3d /2 levels. The semiconductors Si and Ge give rise to
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Table 2.3b. Binding energies EVg

Aff in Fe (4 -
06

valence band. A

X

Al

Si

Ga

Ge

As

Sn

Sb

5 a/o) X alloys,
E = ^FeX _ ^

level

2p

2p

3d

3d

3d

4 d3/2
4 d5/2
4 d3/2
4 d5/2

i'i pure

for the

h

X, and binding energy shifts

core levels just below the

2

(eV)

72.9 i

99.4 i

18.7 d

29.5 :

42.0 d

25.1 :

24.0 :

32.2

33.3

0.1

: 0.2

t 0.1

t 0.2

t 0.1

t 0.1

t 0.1

t 0.1

•• 0 . 1

AEb2

feV)

-0 .7 ± 0.2

-0 .1 ± 0 .3

-0 .4 i 0.2

- 0 . 2 ± 0 .5

-0 .1 ± 0.2

0.1 ± 0.2

0 ± 0.2

0.2 ± 0.2

some problems in determining unambiguously the core level positions in

the pure elements, because of charging effects and the position of the

Fermi-level. We will refer to this later on.

The ESCA shift AE^ for the impurity atoms in FeX as tabulated in

table 2.3 are y^aHr.ed in fig. 2.13, where AEfa1 corresponds to inner

core levels, AEb2 to outer core levels, i.e. directly below the valence

band. The main feature of fig. 2.13 is that AE,- is systematically more

negative than A E^ and moreover AE, 1 exceeds AE, , in absolute value.

Different ESCA shifts for different core levels have been reported in

literature. In a large number of iron compounds Johansson et al. [20]

observe systematically a larger ESCA shift for the inner core level Fe

2p3/2 ^ 7 ° 6 eV BE;) than for the Fe 3P level & 53 eV B E) • From this
Johansson concludes that the 3u level is not an inner core level.
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Fig. 2.11. The Fe 2p .„ level as measured in iron

9miH.IM.r9- B

Fig. 2.12. The Sb 3d .„ and ̂ d,/2 levels in pure anti-

mony ( • intevconneated by solid line) and Fe - 4.7 a/o

Sb (solid line).

The peaks in the energy range 630 - 535 eV are due to

surface contamination i.e. the 0^ level of oxidesj

HgO and 0H~.
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;•!. 3. 3. 1. Multipletsplitting.

Kowalczyk et al . [21] investigated mutipletsplitting of X-ray pho-
toemission spectra core levels in magnetic metal?, using Van Vleck's
theorem [22]

where AE is the splitting of the nS. level, Gll~ is the appropriate ato-

mic exchange integral, n and n' are the principal quantum numbers and •

and V the orbital angular momentum quantum numbers of the level measu-

red and the level with the unpaired spin respectively. By applying this

theorem to systems with unpaired spin, information about the spin s of

the initial state can be obtained from the measured multiplet splitting

of a core level, preferably an s level. Kowalczyk et al. performed this

for iron and manganese. By measuring the multiplet splitting in ionic

systems, in which s was well defined, they determined a calibration

curve (a linear behavior of 2s + 1 versus AE J, which in its turn can

be used to establish s when AE has been measured, e.g. on the same

kind of atom in a metal or in an alloy. For iron a multiplet splitting

of AE,. = 4.5 eV was observed, in agreement with our measurements,

yielding a magnetic moment in iron of u = 2.2 vR.

In order to determine whether p-elements when dissolved in iron

do carry a localized moment oi not, s levels of Al, Si, Ge and Sn dis-

solved in iron were checked on multiplet splitting. However r-3 multi-

plet splitting could be observed, although the s levels were broadened

somewhat with respect to the pure elements, e.g. the linewidth of Sn

4s in FeSn was 5.2 eV against 4.4 eV in pure Sn. From these results we

conclude that no localized magnetic moments are present on the impuri-

ty atoms in iron, in agreement with neutron diffraction measurements.

2.3.3. 2. Relation between charge transfer and ESCA shift.

First of all we want to mention some difficulties which may arise

in interpreting XPS spectra of semiconductors, i.e. in our case Si and

Ge. Recording an XPS spectrum, charge may be accumulated at the sample.
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In order to prevent this as much as possible the conductivity of the

samples has to be increased. For this reason doped Ge and Si samples

have been used instead of pure ones and secondly the samples have been

st:ached to the sampleholJer by thermoconductive glue. Another point

of discussion is the position of the reference level. For conductors

the Fermi level in particular is used as reference level, like we have

done. For (doped) semiconductors the position of the Fermi levels is

rather questionable. Vesely et al. [ll] conclude from a number of mea-

surements on semiconductors, using the XPS and UPS technique, that the

Fermi level lies in the middle of the band gap. In the case of Ge and

Si we measured the top of the valence band at 0.7 and 1.1 eV respecti-

vely, corresponding to the band gap in these materials, leading to the

conclusion that in these cases the Fermi level is situated near the

bottom of the conduction band. The position of the top of the valence

band however appears to be dependent on the kind and amount of the done

material, causing a larger uncertainty in the XPS results of Si and Gc

relative to the other elements.

When we want to interpret the ESCA shifts in terms of charge at

a particular atom, we need a kind of calibration in order to know how

much the binding energy of a certain level changes if for instance

one electron i: removed from the atom. We have obtained this quantity,

denoted as 4 e > from a linear extrapolation of the ESCA shifts in oxi-

des of the elements. In these ionic compounds the charge at the diffe-

rent atoms is more or less well defined. The general feature of table

2.4 is that a change in binding energy of 1 eV corresponds to a charge

transfer of one electron, approximately independent of the element or

level.

Applying the results of table 2.4 to the measured ESCA shifts of

Al and Ga in FeAl and FeGa respectively, yields an extra (negative)

charge of about one electron at Al and Ga atoms in the corresponding

iron alloys.

Obviously this is in contradiction with the charge transfer as

might be expected on the basis of the electronegativity scale of Pau-

ling ([25], table 2.3a).



We will return to the subject of charge transfer in alloys within

the context of Miedema's theory of alloying (chapter V).

oxide

Fe2O3

A12°3

S i 0 2
Ga2°3
Ge-oxide

Ge-oxide

As2O3

As-oxide

SnO

level

2p 3 / 2

2s

2p

2s, 2p

2P3/2
2p3/2

3s

3s

3d

Table 2 .4

ESCA-shift relative

to pure element (eV)

+3.8

+2.4

+2.7

+3.8

+2.7

+2.4

+2.3

+3.0

+3.0

+2.0

oxidation

state

3+

3+

3+

4+

3+

2+(?)
2+(?)

3+

3+(?)
2+

V

+ 1 .2

+0

+0

+ 1

+0

+ 1

+ 1

+ 1

+ 1

+ 1

eV)

a 1.3

.8

.9

.0

.9
_ 7

.2

.0

.0

.0

Ref

[20]

[o, 24]

[p, 24l

w
[o]
[1XJ

[0]
[23]

M
[o]

Ref. [o] : this work

Ref. [«]: private comm., Physical Chemistry Dept.

2.3.3.3. Volume effects in the alloys.

The binding energy of electrons in core levels might be influen-

ced by pressure effects. This can be shown qualitatively by conside-

ring a thin spheric shell with a total negative charge of -q (q •> 0)

at the outside of the atom with a radius r^ Suppose this radius is

decreased by pressure effects to r2 (r.? < r j . The change of the po-

tential at r < r2 will therefore be -((q/r2) - Cq/r^) < 0, resulting

in a change of the potential energy of an electron (charge -e) within

the radius r2 of +e((q/r2) - (q/rj) > 0. This increase in potential

energy is reflected in the XPS spectrum as a decrease of the binding

energy of the core level considered.
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For this reason it may be interesting to compare the measured

IiSCA shifts with some parameters in which the atomic volumes are in-

volved.

First of all we have calculated the expectation values <r> of the

outermost electron orbitals of the free atoms, so for the impurity

atoms <r> and <r> and for iron <r>. and <r>,, (table 2.5). Thisnp ns 4s Ju
has been done numerically using Herman and Skilman's tabulated values

of radial wavefunctions [26] . Fig. 2.14 shows the ESCA shifts of the

impurity atoms as a function of <r> , for iron <r>,. has been taken.

We see that for atoms to the right of iron AE, becomes more negative.

This effect can be explained as a volume effect, since Al, Ga and Sn

are larger than Fe and consequently undergo a positive pressure in the

iron lattice. For the elements to the left of h'on which are smaller

than iron and consequently should undergo a negative pressure in this

picture, the effect on the ESCA shift is difficult to predict.

-0.8-

-(U-

ix)

(U

1 ,As

(

1

'Si

Sb
Ge

#Fe ]
i .

Go,

, Sn

i

. Al

1 .

U 1.6 1.8 2.0

Fig. 2.14. Binding energy shift Afî j of the core levels
of the X-atoms in FeX (table 2.',ia), versus the expecta-
tion value <r>p of the rr lius of the outermost free atom
orbital.
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On the other hand arguments can be raised which are not in favor

of volume effects. For instance when we compare the molar volumes V

and the nearest neighbor distances n.n.d. of the impurity atoms (in

the pure elements) with the corresponding values for iron we see that

just Sb and Sn are relatively large and as a matter of fact all impu-

rity atoms have a larger molar volume than iron. However in comparing

molar volumes and nearest neighbor distances we•should consider the

different crystal structures of the elements.

From table 2.5 we learn that indium, with a large n1 lar volume aiu:

a large value of <r> , should be a good testcasc for the suggested vo-

lume effect. An estimated value of approximately -1.5 cY for the ESG\

Table

tvon

tals

2 .5 . The

ovbitals

have been

expectatiot

of the free

taken, n.n.

i values <!•> and <)'

impurity atoms.

d. denotes

the pure elements, V stands for mo I

change iy\. the

element

2 6Fe

13A1

1 4 Si

31Ga

32Ge

33As

4 9 I n

50Sn

5 1Sb

(3d64s2)

(3s23p1)

(3s23p2)

(4s24p1)

(4s24p2)

(4s24p3j

(5s25p1)

(5s25p2)

(5s25n;>)

lattice parameter of i

<r>

1.66

< r > 4s

1.89

1.44

1.87

1.55

1.55

2.04

1.74

1.55

•r>

[°A]S

0.57

< r > 5d

1.34

1.14

1.26

1.15

1.00

1.27

1.23

the

ir VL

"on i

l

i "•

1

i

i

1

i

i

1

1

i
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> or' thr
S '
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cuterrri

•iS ar.d
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'' ume

pon
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2o

.23

.18

.44

.41
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and (da/
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1.4
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shift AEfoi of indium as an impurity in iron can be extracted form fig.

2.14. However we did not succeed in making a proper Fein alloy, in

agreement with the predictions of Miedema et al. [32,33,34], based on

the heat of formation of a large number of compounds and alloys.

Also the changes of the lattice parameter as a function -f the im-

purity concentration da/dc in the FeX alloys reveal a behavior in con-

tradiction with the suggestion based on the <r> values. Using the ta-

bulated values of da/dc (table 2.6) half of the nearest neighbor dis-

tances have been calculated for the various FeX alloys and subtracted

from the corresponding <v> values. These differences Up .. are plotted

in fig. 2.15 and only minor changes can be seen.

alloy

(+ iron)

Fe

FeAl

FeSi

FeGa

FeGe

FeAs

FeSn

FeSb

a) Dp

da/dc*102

[A/at.l]

0.159

-0.064

0.193

0.175

0.42

0.65

1.4

= <r>4s " I n-n'd-

Table 2.6

j n.n.d.

1.2498

1.2533

1.2487

1.2540

1.2556

1.2586

1.2619

1.2783

DFeX = <r>

0.

0.

0.

0.

0.

0.

0.

0.

- y n.n.d.

41 a )

64

19

62

30

09

48

27
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Fig. 2.15. Binding energy shift Af^j of the sore levels
of the X-atoms in FeX (table 2.3a), versus VpeY^ - <r>P -
h n.n.d. (table 2.17. — ' :

2.3.4. Auger electron speatrosaopy.

The XPS measurements of the preceding sections have been discussed

in terms of the "one-electron" model. Doing so one assumes the final

state of the photoemission process to be the same as the initial ground

state minus one photoelectron. This "frozen-orbital" approximation

which is the basis of Koopman's theorem [35] can be refined by reali-

zing that the prepared state will relax in time, to eigenstates causing

the so-called "final-state" effects [36,37,38]. These final state ef-

fects are essentially many body relaxation effects in which can be dis-

tinguished intra-atomic relaxation, i.e. recombination of electrons

within the atom, and extra-atomic relaxation, i.e. relaxation of con-

duction electrons towards the core hole states shielding the positive

charge of the hole.
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The characteristic time of Xl'S is ̂  Iff (i sec, so dependent on

the relaxation times of the processes mentioned above the effects may

he relevant. In practice these "final-state" effects do show up cau-

sing e.g. asymmetric line broadening of core levels. As a consequence

of relaxation effects the energy of the various electron levels, as

measured by XPS, does not coincide exactly with the electron binding

energies as determined by Koopman's theorem. The energy difference of

a particular electron level in an alloy compared to the corresponding

electron level in the pure element, as discussed in the preceding sec-

tions, may be affected by different relaxation effects in the alloys

relative to the pure elements because both metals and semiconductors

are involved. If, on the other hand, the relaxation effects arc the

same in the alloys and the pure elements, the energy differences as ob-

tained in the preceding sections do correspond to the exact differen-

ces in electron binding energies.

A method to determine relaxation effects in X-ray photoemission

is Auger electron spectroscopy. One way of describing an Auger process

is to consider it as the algebraic sum of three simple steps, which

may be written, e.f,. in the case of Ga, as

(2.2a)

(2.2b)

(2.2c)

where E denotes the energy involved in the different processes, X the

term designation of the two hole final state, L and M.- the electron

levels from which the electrons are ejected. (L2, L, and M.- corres-

pond respectively to 2p1 .^, i-Vy2
 and 3d> Because of the small spin-or-

bital interaction of the 3d electrons, 3d,,, and Sd,-^ are combined in-

to 3d i.e. M«p).

So in an Auger process the initial state is a single ionized atom

with for instance a hole in an L level, the final state is a double io-

nized atom with for instance two holes in an M level. This process, cal-

led an LNM-Auger process, is shown schematically in fig. 2.16.
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The kinetic energy of LM.pM.JUigei electrons, which is independent

of the incident X-rays, can be written as

45M45;X1 = E(L) - E(M45) - E(M45*;X) (2.3)

where E(L) and E(M.g) are simply ionization energies of an L and M.r

electron respectively, as determined by XPS. Step 2.2c is more compli-

cated than steps 2.2a and b. E(M-S ;X) is also an M,,- binding energy

but now the initial state contains already a hole in the M.,. shell (3d

shell) in contrast to step 2.2b. We assume that the holes are localized,

Ekin

3 d — M^5 p d 3d

M23 T 3 P

3 / F ^ ~ L3 —

(a) (b)

Fig. 2.16. a) the initial state with one hole in the

2p .„ (L,) level, b) the final state with two holes

in the 3d (M.r) level, caused by filling of the Zp^/z

level and emission of an Auger electron. The process

described above is an LM^M^r-Auger process.

so that we end up in step 2.2c with two holes located on the same atom.

Then the binding energy E(M45*;X) of 2.2c can be related to E(M45), the

one electron binding energy of step 2.2b, when we consider two additio-

nal terms. The first denoted as F(M45M45;X) accounts for multiplet coup-
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ling in the final state X and is essentially the Coulomb energy of two

holes created in the M.^ level at the same atom. F can be expressed as

the sum of Slater's direct and exchange integrals [39] . The use of F

alone would be equivalent to making a kind of "frozen-orbital" approxi-

mation. Therefore as second term a relaxation term must be intioduced.

Many authors distinguish between two kinds of relaxation: dynamic and

static relaxation [40-49]. By dynamic relaxation energy is meant the

amount by which the binding energy is lowered relative to the orbital

energy, as estimated by Koopman's theorem, through relaxation of the

remaining electrons during the photoemission process. The dynamic re-

laxation energies are accounted for implicitly by using experimental

binding energies in eq. 2.3 as obtained by XPS.

Besides the dynamic relaxation energy a static relaxation energy

can be introduced, that is the amount by which the binding energy of

the second 3d electron (step 2.2c) is lowered relative to the first

3d electron (step 2.2b), because the potential is made more repulsive

when the passive electrons relax towards the first 3d hole.

Naturally the distinction in static and dynamic relaxation ener-

gies is an artifact of describing the Auger process. If for instance,

the relaxation is assumed to be very fast, all relaxation will be of

the static type. In the following part we will make no distinction

between static and dynamic relaxation.

In summary of the preceding discussion we conclude

E(M45*;X) = E(M45) + F(M45M45;X) - R(M45M45;X) (2.4}

which gives, substituted into eq. (2.3)

E(LM45M45;X) = E(L) - 2E(M45) - F(M45M45;X) + RCM45M45;X) (2.5)

R is essentially the difference in relaxation energy of the two-hole

final state and the two one-hole relaxation energies, which are inclu-

ded in E(M45). Combining F and R in

Ueff(M4SM45;X) = FCM45M45;XD - R(M4SM45;X) (2.6)

we get a quantity which can be determined experimentally namely the

effective Coulomb interaction of the two holes on one site reduced
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from the free atom value by extra-atomic or band polarization effects.

Substitution of eq. 2.6 into 2.5 gives

E(LM45M45;X) = E(L) - 2E(M45) - Ug£f(M45M45;X) (2.7)

U ff.(M45M45;X) expresses the total additional energy required to excite

two holes M 4 5 on the same atom for the final state term X above the

two one-hole excitation energies.

Antonides et al. [so] performed Auger electron experiments on some

non-transition elements, e.g. Ga en Ge. They were especially interested

in Ly 3M45M4C Auger processes, i.e. an initial state with one hole in

the 2p, ,. or 2p,,2 level and a final state with two holes in the

3d,,7 rif band, because of the physical implications for transition me-
J)/ L ,0/ Z 1

tals. They calculated the atomic value for F(M45M4S; G), using Mann's

integrals [51] and determined RfNLrNLj-; G) from the experimental data.

This value of R consists of an (intra-) atomic and an extra-atomic

part. The former has been estimated by substituting
E(L3M45M4S;

1G) = E ^ - I ^ 2 + • E(L3) (2.8)

and

into eq. 2.5, resulting in

" a t V W ^ * *k " W " 2(EME " W > + FCM45M45^G^ ̂ -10)
Their results concerning Ga and Ge are summarized in table 2.7, indica-

ting that the Coulomb interaction between two M 4 5 holes is strongly re-

duced by relaxation, of which the atomic relaxation R is only a minor

part.

Using Antonides' [50] results for Ga and Ge we additionally inves-

tigated the L? M.rM.r Auger processes of guest atoms in iron alloys

and in elemental form, i.e. FeGa, FeGe, FeAs and As. In FeSb and Sb the

NLN.rN.r Auger process was investigated, i.e. the initial state has a

hole in the M 4 C3d,,2) level, the final state two holes in the N 4 5 (4d)

level in Sb. A typical Auger electron spectrum is shown in fig. 2.17.
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Table 2.7

RCM.j.Mjr, G)

Rat ( M45 M45' i G )

F(M45M45;
1G)

U rrCM^M.^^G)
eti 45 45

(From ref.

Ga

22.2

6.2

33.3

11.1

[so])

eV

Ge

23.3 eV

6.0

36.2

12.9

The important experimental results are tabulated in table 2.8.

From these Auger electron measurements we find that the effective Cou-

lomb interaction U re between two holes located at an atom of the sp-

elements has decreased in the iron alloys relative to the pure elements.

Assuming that the atomic relaxation is approximately the same in the

alloy and the pure element, this decrease of I) ££ in the alloys rela-

tive to the pure elements can be explained by an increase of the extra-

atomic relaxation or band polarization in the alloys relative to the

pure elements. The polarizability will depend on the density of states

at the Fermi level, i.e. the number of conduction electrons.

In the preceding sections we have been dealing with shifts of core

levels of sp-impurities when dissolved in iron relative to the pure

elements, expressed by

= EJp - E* C2.11)AEb = T, " ̂ b

As we have outlined before part of this difference may be caused by dif-

ferent relaxation in the alloys and the pure elements. In the simple

picture of fig. 2.18 we can try to estimate this difference in relaxa-

tion energies

x (2.12a)

(2.12b)

AE R (2.12c)

AUeff ~ X " Ueff
RX - R^X

109



Table 2.8 (the kinetic energy KE of the Auger electrons)

material

Ga

Fe-S a/o Ga

Ge

Fe-5 a/o Ge

As

Fe-4.9 a/o As

Sb

Fe-4.7 a/o Sb

KE in [eV]
LAsM45

1095.1

±0.1

1095.1

±0.1

1261.2

1261.1

KE in [eV]

L3M45M45

1068.2

±0.1

1068.2

±0.1

1144.9

1146.2

1225.6

1225.4

KE in [eV]

M4N45N45

464.7

464-5

Ueff

11.1

±0.5

10.9

±0.5

12.9

11.1

14.0

12.6

7.5

7.0

[eV]

AUeff

-0.2

±1.0

-1.8

-1.4

-0.5

[eV]
AE R

0.1

±0.5

0.9

±0.5

0.7

±0.5

0.3

±0.5

In this description the difference R between one two hole-state
relaxation energy and two one-hole state relaxation energies equals 2ER)

where E R corresponds to the one-hole state relaxation energy. In an XPS
experiment the relation between the observed energy E , the binding
energy Eg and the relaxation energy E R is expressed by

no



(a)

= 2 E
R

(b)

or

Fig. 2.18. Schematically is shown the relaxation ener-

gies of two one-hole states (a) and one two-hole state

(b). The difference, being 4Ep - 2E = 2E corresponds

to the relaxation energy term R in U .. - F - P. (eq. 2.6)

pFeX pFeX
exp B

Eexp

^FeX

,FeXfFFeX - F X 1 = rFreA - FA1 - fErt1 exp bexpJ lhB hB J LtR
FeX

A EB " iEexp 1ER"

(2.13a)

(2.13b)

(2.13c)

(2.13d)

So far we had assumed AER = AE .

C

The values of AEn are tabula-

ted in the last column of table 2.8. Combining these results of AER

with the values of AE in table 2.3, according to eq. 2.13d, we get

the differences in binding energies which are now corrected for diffe-

rent relaxation the alloys relative to the pure elements. These correc-

ted values are shown in fig. 2.19.
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3d
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Fig. 2.19 a,b. The shift in binding energy for the dee-
pest core levels, i.e. A£J,J (a), and the core levels
just below the valence band, i.e. A££g (b), as shown in
fig. 2.13, but now aorreated for relaxation effects, i.e.
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Because of several arithmetic operations the errors are rather

large. However in a certain trend with respect to the position of the

sp-elements in the periodic system does emerge.

In chapter V we will return to these results, especially the re-

lation with other experimental results and models.
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C H A P T E R III

MAGNETIZATION MEASUREMENTS

3.1. Introduction.

Until recently the non-transition elements, when dissolved in

iron, were thought to act like simple magnetic dilutents, i.e. the so-

lute atoms are assumed to carry no magnetic moment and not to disturb

the moments of the surrounding iron atoms. This simple dilution model

was suggested by the magnetization results for FeAl and FeSi [1,2,3]

in which alloys the magnetic moment change per impurity atom is -2.2 Ug,

i.e. equal to the magnetic moment of a Fe atom in iron. More recent

experiments using the neutron diffuse scattering technique seemed

to support the simple dilution model for these alloys because no loca-

lized moment was found at the impurity site and the change of the mag-

netic moments of Fe atoms surrounding an impurity atom nowhere exceeds

1 or 2% [4].

The same simple model may be also valid for Sn and Au [l] , Zn [5]

and Be [6]. However Aldred [7] suggests that Fallot's results for Sn,

Au and Zn are of no significance because of poor sample prepration me-

thods.

Aldred's results for Ge, Sn and Sb [7] combined with his results

for Ga and As [s] and those for Al and Si [1,2,3] as impurities in

iron do show a rather perculiar systematic behavior, viz. along the

rows of the periodic system rather than the columns as would be expec-

ted if the excess charge (s and p electrons) would play an important

role. Al and Si, when dissolved in iron, give rise to a change in the

bulkmagnetization of du/dc = -2.2 u^/at. For Ga, Ge and As this change
is

i s -1.4 Ug/at. and for Sn and Sb -1.0 Mg/at.

Especially Ge appeared to be rather conflicting, e.g. Aldred

dp/dc = -1.4 Ug/at. , Lecocq and Michel -3.7 Pg/at. [9] , Kanematsu and

Ohoyama ^ -2.2 Pg/at . [10].
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Because of the discrepancies discussed above and the peculiar sys-

tematics reported by Aldred we decided to perform bulkmagnetization

measurements at room temperature and moreover as a function of tempera-

ture up to the Curie temperature. Finally these Curie temperatures were

determined by the so-called "Kink"-method.

3.2. Experimental results.

3.2.1. Sample preparation.

The alloys were prepared in the same way as described in chapter

I. From the alloy material spheres with a diameter of approximately 3 mm

were manufactured. At first these spheres were made by sawing a piece

from the bulkmaterial, using a handfile this piece of material was made

"spherical-like" and subsequently was put into a glass tube of which

the open end was just above a rotating diamond file i.e. the sample dan-

ced in the glass tube on the rotating diamond file. In this way it usu-

ally took a few days to manufacture one spherical sample.

In order to reduce this period of time, necessary to make one snhe-

rical sample, more effective methods were derived.

After some trial and error we developed a system in which the sphe-

rical like sample was ground between two plates, the top plate rotating

excentric relative to the ground plate. This method however did not ap-

pear to be a substantial improvement relative to the system with the

rotating diamond file.

Finally we tried spark erosion [ll] with success (fig. 5.11. The

sample is placed between two copper electrodes, i.e. an anode and a ca-

thode, in which conical savings have been made. The elrctrodes are clam-

ped together by bolts, using nylon jackets to avoid electrical contact

as well as nylon washers. This system as a whole is placed in a bath of

paraffin. By rotating the system (60 r/min.) the sample between the

electrodes will move randomly, provided the nylon washers protrude into

the working volume sufficiently. Sparking occurs when the sample is suf-

ficiently close to both electrodes and spherical samples will finally

be obtained.
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Fig. 3.1. Part of the spark erosion equipment, viz. the
electrodes, used for the preparation of spherical sam-
ples, a) nylon Washer b) nylon jacket a) inlet for was-
hing fluid.

3.2.2. The Foner Balance.

The experiments were performed with a Princeton Applied Research

Model FM-1 Vibrating Sample Magnetometer which was essentially first

described by Foner [12]. The system can be divided into a mechanical

part and an electronic part (fig. 3.2).

The mechanical part consists of a long rod (1) brought into verti-

cal vibration (82 Hz) by a transducer (2). A pair of circular metal pla-

tes (3) is attached to the rod, which together with a pair of fixed me-

tal plates form a vibrating capacitor. The sample (4), which is atta-

ched to the lower end of the rod, is situated between sample pick up

coils (5). Both sample and pick up coils are in an externally applied

magnetic field. In operation an AC signal will be generated in the pick
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Fig. 3.2. Schematic picture of the Foner Balanae equip-
ment, i.e. the mechanical part as well as the electro-
nic part. The separate components, labeled by numbers,
are discussed in the text.
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uo coils the amplitude of which will be proportional to the magnetic

Moment of the sample. As reference signal (7) is used the signal be-

tween the fixed plates of the vibrating capacitor the amplitude of which

is proportional to the DC voltage applied to the moving plates (9). Af-

ter passing through a pre-amplifier (10), a variable phase shifter (11)

and a variable attenuator (12), this reference signal is combined wit'.!

the sample signal (8) in a transformer primary (13). If these two sig-

nals are equal in magnitude and phase, the transformer secondary out-

put will be zero. The output of the transformer is fed via a variable

^ain amplifier (14) to the phase sensitive detector (15). The output or

this detector is a DC voltage proportional to the output of the trans-

former. The polarity of the DC voltage depends on the phase of the

transformer output. This DC voltage is fed back, via an integrating air-

plifier (16,17), to the capacitor plate assembly (9) and will be adjus

ted automatically to make the transformer output zero. This DC voltage

is proportional to the magnetization of the sample.

In the transducer circuit finally we have a power amplifier (19)

and an oscillator (18). This oscillator serves (via a shifter (20)) as

a reference to the phase detector (10).

Evidently the pick up coils assembly is of crucial importance. In

the literature cases are reported in which a movement of the sample in

the z direction of only 0.5 mm produced a change of 0.8o in the output

voltage from the pick up coils. In general the z direction is defined

as the direction of the rod to which the sample is attached, the y di-

rection as the direction of the externally applied magnetic field and

perpendicular to z and y the x-direction. It has to be mentioned that

the system as it was bought had rather poor characteristics, but con-

siderable improvements have been made by J.W. Dx'ijver, J. van Overbeeke

and C.J. Bos.

After Bowden [13] we have chosen for a system with good saddle

point conditions and moreover applied facilities to adjust the sample

position easily and unambiguously at the saddle point. In this system

the sample is at the centre of a cube at the angular points of which

8 pick up coils are situated in the x direction. All 8 pick up coils
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can be commutated and by choosing the proper planes of symmetry the x,

y and z direction of the sample position can be adjusted subsequently.

For the room temperature measurements a Bruker magnet was used,

giving a maximum applied magnetic f:eld of approximately 15 kG at the

sample position and for the temperature dependent measurements a Sys-

tron Dormer (Alpha Scientific) magnet was used, giving a maximum f- Id

of approximately 10 kG.

For the high temperature measurements, i.e. up to about 1050 K, a

home made oven was used in connection with a similar electronic tempe-

rature control as mentioned in chapter I.

3.3. Experimental results and discussion.

3.3.1. Room temperature magnetisations.

Using iron or nickel as calibration the Foner balance supplies us

with the total magnetization M,, as a function of the applied magnetic

field Ha- Using a computer program this is transformed into the magne-

tization per unit weight o as a function of the internal field H- of

the sample. Here is

H i - ^ - H j , (3.1a)

= H - DM (5.1b)
a v

= H - Deo (3.1c]
a

where Hr, the demagnetization field, D the demagnetization factor, M

the magnetization per unit volume, r is the density of the sample.

The demagnetization factor D is essentially a geometrical factor

and amounts 4n/3 for a spherical sample. Apart from this, D can also

be determined from the plot of M- as a function of Ha, i.e. in the in-

terval where H- % 0 the slope of the curve corresponds to D (apart

from a known constant factor). The value of D calculated in this way

deviates somewhat from the ideal value 4TT/3.

In order to trace the consequences of a non-spherical sample for

the resulting magnetization, we performed an experiment with an elliptical
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iron sample. Fig. 3.3 shows the magnetization of the sample in a small

applied magnetic field as a function of the sample rotation, i.e. the

sample is rotated in the xy-plane. Subsequently the magnetization was

measured as a function of the applied magnetic field in two different

sample positions, viz. the long axis parallel and perpendicular to the

applied magnetic field. As can be seen from fig. 3.4 two different

magnetization curves emerge but the saturation value in both cases is

the same. This last feature is of crucial importance and implies that

small deviations from the ideally spherical sample form do not affect

the saturation value of the magnetization.

.Another interesting point we observed was the relation between

the mass (or volume) of a particular sample and the output voltage

(i.e. magnetization) measured by the Foner balance. We checked this

correlation by measuring iron and nickel samples of different mass.

110r

Sample Rotation

Fig. 3.3. The Foner Balance output (FBO) as a function
of the rotation of an elliptical iron sample in a small
applied field (see also fin. 7,.4).
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Fig. 3.4. 'ine magnetization curves of an elliptical
iron sample; A: the long axis parallel to the applied
magnetic field; B: the short axis parallel to the ap-
plied magnetic field. As can be seen, the saturation
value is the same in both cases (FBO stands for Foner
Balance Output).

There appears to oe a linear relationship between the output per unit

mass as a function of the mass in the case of iron as well as nickel.

Extrapolated to zero mass the ratio of the intersections of the output

per unit mass axis for iron and nickel amounts to 3.91. Considering

the saturation magnetic moments per gram at room temperature, viz.

218.0 emu for iron and 54.59 emu for nickel, this should yield 218.0/

54.39 = 4.01. If the errors in the data points are taken into account

the agreement is good. For this reason the results of the saturation

magnetic moments as measured in the various alloys were corrected to

zero mass.

In this way the average magnetic moments per atom at room tempera-

ture were determined from the saturation magnetization values of the

various alloys as a function of the impurity concentration. In a few

cases, especially the FeSb alloys, some problems did arise because the

samples were not completely saturized. By taking the magnetization at

maximum field we approximated the saturation magnetization. Doing so
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an error ii, introduced which however is thought to be small.

From fig. 3.5 an essentially linear behavior of u(RT) as a func-

tion of the impurity concentration can be observed for the various al-

loys. The slight deviation from linear dependence for jFeSb can possi-

bly be attributed to not complete saturation.

In order to be able to compare these results with those of Aldred

[6,7,8] a correction has to be made because Aldred extrapolated his re-
V7

suits to zero temperature, assuming a T'" dependence. Inis dependence

of magnetization on T '" is explained by spin-wave theory though addi-

tional terms in T of higher order than T can not be excluded. Be-
3/1cause a T dependence fitted his data equally well as inclusion of

higher order terms Aldred chose for a T dependence. In this way we

converted Aldred1 s results at zero temperature to room temperature

(fig. 5.5).

The average magnetic moment per atom at room temperature as a

function of the impurity concentration was fitted for the various al-

loys with the equation

~ = aQ + a ^ (5.2)

using a least-squares procedure. Here is u the average magnetic moment

per atom, a^ a constant being the intersection of the u axis at zero

impurity concentration, a, a constant being du/dc and c the impurity

concentration. The fitting to eq. 5.2 was done in two different ways

a) no constraints for aQ and a^ b) the curves were constrained to go

through the point for pure iron, i.e. ag = 2.18 uR was used. The re-

sults obtained in these two ways are shown in table 3.1 and fig. 5.6,

and as can be seen no systematic behavior along the rows of the perio-

dic system can be observed, although our results for FeAl, FeGa, FeAs

and FeSn are in good agreement with Aldred's results.

Actually only FeGe and FeSb give different results. Here we like

to mention that Terakura [li\ performed band structure calculations

in connection with an impurity atom of a non-transition element, viz.

Al, Si, Ga, Ge and Sn in ferromagnetic iron. The results also show a
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212

208-
imp. cone. [%]

Fig. 3.5. The average magnetic moments per atom (at room
temperature) in the FeX alloys, with X = Al, Si, Ga, Ge,
As, Sn and Sb. This work: #, Aldred's results (converted
to room temperature, [6,7,8] ) : +. The solid lines corres-
pond to simple maanetic dilution. (The maximum error in
the data points aivoiis to 0.5%).
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deviating value for FeGc (du/dc = -1.8 Ug/at. ) whereas the other values

are more or less in agreement with our and Aldred's results. Unfortuna-

tely Terakura did not include Sb in his work.

Attempts to relate these magnetization results to the hyperfine

interactions, i.e. to find a correlation between macroscopic and micros-

Table

of*

3.1. The

= aQ +

denotes the

done in two

al

constants a~ and

s to the average

concentration X in

different ways, I:

y.ed to the val

FeAl

FeSi

FeGa

FeGe

FeAs

FeSn

FeSb

FeSb

FeSb

(up to

(up to

(up to

3

4

5

:te of pure iron,

a0 ^

2.17

2.19

2.17

2.17

2.18

2.17

a/o) 2.17

a/o) 2.18

a/o) 2.19

a, as a result

moment values at

the FeX alloys.

no constraints,

i.e. aQ = 2.

I

ai h
-2

-2

-1

-0

-1

-1

-1

-3

IB u

j/at.

0

8

4

.9

.4

.0

.5

.2

.0

of a least squares fit

room temperature, a

The

II:

B'

1

fitting has been

an was oonstrai-

II

a, [ug/at.]

-2.2

-2.5

-1.7

-1. 1

-1.5

-1.3

-1.9

-2.2

-2.7

copic properties, have been rather unsuccessful uptill now. As was dis-

cussed in chapter I AH(1,0) is rather insensitive to the kind and con-

centration of the impurity element in contrast to AH(0,1). This invi-

tes for a comparison of fig. 3.6 with fig. 1.3-1.5 and the same simila-

rities of -dp/dc and AH(0,1) are quite obvious; especially at an impu-

rity concentration of U , viz. |AH(0,1)| increases with decreasing

|du/dc| and vice versa. In both cases, i.e. AH(0,1) and -dv/dc, the

peculiar position of FeGe is observed.
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3.0r

Al Si (P) Ga Ge As (In) Sn Sb

Fig. 3.6. Graphic representation of the constant -a..

(= -dv/dz) for the various alloys as tabulated in ta-

ble 3.1. *: procedure I, o: procedure II (see discus-

sion in the text).
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Since both neutron scattering experiments [is] and our XPS neas-

urements have not revealed a localized moment at impurity sites, at

least within the experimental error of approximately 0.1 Ui>, it is

inevitable to assume a change in the moments of the iron atoms sur-

rounding an impurity in order to account for the magnetization results.

Indeed a change of the net moment per iron atom by approximately 1°

is observed [4]. The increase of the iron moment can be brought about

by an increase of the 3d moment or a decrease of the antiparal .el 4s

moment.

As already discussed in the preceding chapters and to be discus-

sed in more detail in chapter V, one effect of substitution of an Y-c

atom by an sp impurity atom is a transfer of charge onto the surroun-

ding Fe atoms. Looking at fig. 1.7-1.9 the isomer shift M . S . (1,0) in-

creases on going from left to right in a row of the periodic system

considering the sp impurity elements. Vne charge transfer onto the Ie

atoms, which appears to be c." 3d as well as 4s character, decreases

on going from left to right in the periodic system indicating that

the isomer shift Al.S.(1,0) reflects the decrease in 4s electrons.

Predicting the effect of changing the number of 3d electrons on

the value of the 3d magnetic moment is rather speculative because this

requires a detailed knowledge of the band structure of iron. In order

to account for the magnetization data we have to assume that an in-

crease of the number of 3d electrons results in an increase of the 3d

moment.

In conclusion we can say that when an sp impurity, e.g. Ga, is

dissolved in iron, both the 3d moment and the 4s moment, which is as-

sumed to be antiparallei to the 3d moment, on the surrounding Fe

atoms will increase. Going from left to right in a row of the perio-

dic system as concerned the sp impurities, both the 3d moment and the

antiparallel 4s moment '.-.'ill decrease. The balance between these two

opposing contributions is reflected in the values of djj/dc (fig. 3.6)
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3.3.2. i'emperatuve dependent magnetizations.

In addition to room temperature measurements of the magnetization,

the magnetization of the various alloys was also measured as a function

of temperature up to the Curie temperature. Doinj so, some temperature

dependent effects, apart from the reduction in the magnetization, can

be observed. First of all the thermal expansion of the sample as tem-

perature increases, causing a decrease in the density of the sample ma-

terial. As a consequence of this effect the first linear parts in the

plot of the Foner balance output against the externally applied magne-

tic field do not coincide, because the density of the sample material

is one of the parameters determining this slope.

Secondly the vibrating sample, i.e. a vibrating dipole, induces

Foucault currents in the oven wall, which is made of stainless steel,

causing a signal which is out of phase relative to the sample signal.

This "out of phase signal" is temperature dependent and therefore ma-

kes it necessary to adjust the phase at each temperature.

From the measured saturation magnetizations the average moment va-

lues were determined and normalized at the average moment value at room

temperature. These reduced average moment values can be compared with

the reduced average hyperfine fields as measured at ' Fe sites in the

various alloys by the Mossbauer effect. Actually this has been done h-

ilotting the difference of the reduced average moments in the various

alloys and in pure iron

(

u(RT) ^Fe

as a function of the reduced temperature T/T, and analogous to this the

difference of the reduced average hyperfine fields in the alloys and in

iure iron

fH0I
 HFe(T)

W 7 Hc (0)re

again as a function of the reduced temperature T/Tc (fig. 5.7). As can

be seen from fig. 3.7 both the difference of the reduced average moments

and the difference of the reduced average hvnerfine fields have a maxi-
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mum (absolute) value between 0.01 and 0.02. From this can be concluded

that in FeGe the hyperfine coupling constant for iron is nearly indepen-

dent of temperature and approximately equal to the value in pure iron.

Similar results have been obtained for the other alloys.

It should be mentioned that the reduced magnetic hyperfine fields

measured as a function of temperature at the sp impurities deviate con-

siderably from the reduced iron host magnetization [l6J.

3.3.3. Curie temperatures.

The magnetization as a function of temperature, with the external-

ly applied magnetic field as parameter, supplies us with the possibili-

ty to determine the Curie temperatures of the various alloys, i.e. we

are able to check the Curie temperatures as obtained by thermal-scan-

ning in an independent way. This method to determine the Curie tempe-

ratures, using a Foner balance, is known as the "kink method" and is

actually an indirect way to determine T , this in contrast to the

'thermal-scanning" procedure Miich might be considered as a direct way

to determine T .

From suggestions of other authors Arrott [17] comes (also) to the

conclusion that in the absence <.< an externally applied magnetic field,

the lowest energy state of a magnetic system is not a state of uniforr

magnetization. At a temperature just above the Curie temperature and

in the presence of a small externally applied magnetic field a unifon;)

magnetization is created. With decreasing temperature the sample will

pass into the state of non-uniform magnetization at a temperature T

slightly lower than T . If the applied field is too large the state of

non-uniform magnetization will be suppressed, i.e. no transition from

uniform to non-uniform magnetization will be observed with decreasing

temperature.

Arrott calculated the relation between the Curie temperature T c

and the transition temperature T for a thin toroid in the molecular

field approximation
2

r
L (2ir M Q )

(3.5)
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where M.> is the spontaneous magnetization of the sample. So if Hg < 2v M()

the state of non-uniform magnetization will eventually appear with de-

creasing temperature.

Wojtowicz and Rayl [is] investigated the thermodynamics of the tran-

sition between the states of uniform and non-uniform magnetization ol" an

isotropic ferromagnet in an externally applied magnetic field using t!ic

molecular field approximation. Their results show substantial agreement

with the results of Arrott as well as experimental results.

Fig. 5.8 shows the magnetization as a function of temperature in

different applied fields. The transition temperature T is defined as

the temperature where the magnetization deviates from the horizontal
7

line. In fig. 3.9 these transiton temperatures are plotted against il"

yielding a straight line. The Curie temperature T, is determined by

the intersection of the x-axis i.e. temperature axis. The values of the

Curie temperature obtained in this way are in agreement with those ob-

tained by thermal scanning using the Mossbauer effect (chapter I).

The changes of the Curie temperature of the various alloys as a

function of the impurity concentration, expressed by dT,/dc, are summa-

rized in table 3.2 and compared with experimental results of Stoelin;\a

I_19,2O], who however considered only a small concentration range, viz.

up to 1 a/o. The values for FcGc and FeSb are rough estimates for im-

ourity concentrations smaller than 1 a/o.

This verification of the Curie temperatures also implies a test

for the composition of the alloys. This composition can be checked by

,'IHS more easily because of the satellite peaks. From the agreement be-

tween the Curie temperatures obtained by MES and the "kink-method", KC

may conclude that the samples used for the magnetization measurements

have the correct composition, which is important for the u measurements.
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Fig. 3.8. The output of the Foner balance (FBO) as a
function of temperature, with different externally ap-
plied magnetic fields. From the transition temperatu-
res, i.e. the temperatures at which the "Kinks" occur,
the Curie temperature can be calculated (see also fin.
2.9).
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1045

Fig. 3.9. The transition temperatures T^.3 at which the
sample passes from a state of non-uniform magnetization
into a state of uniform magnetization, for different ex-
ternally applied magnetic fields Ha. According to eq. 3,2
the Curie temperature is obtained oy extrapolating to
zero applied magnetic field Ha.
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0.7

-1.0

-0.9

2.6

References

[l] M. Fallot, Ann. Phys. Pari. 6_, 305 (1936).

[2] D. Parsons et al., Phil. Mag. 3, 1174 (1958).

[3] A. Arrott and H. Sato, Phys. Rev. U±, 1420 (1959).

[4] T.M. Holden et al., Proc. Phys. Soc. 92, 726 (1967).

[5] M. Fallot, Ann. Phys. Paris 7, 420 (1937).

[6] A.T. Aldred, J. Appl. Phys. 37, 671 (1966).

[7] A.T. Aldred, J. Phys. C (Proc. Phys. Soc.) ser. 2, vol. 1, 1103

(1968).

[8] A.T. Aldred, J. Appl. Phys. 37, 1344 (1966).

[9] P. Lecocq and A. Michel, Bull. Soc. Chim. Fr. 1412 (1962).

135



[10] K. Kanematsu and 'l. Ohoyama, J. Phys. Soa. Japan 20, 236 (1965).

[ll] CM. Muirhead et al., J. Phys. E: Set. Instv. 9_, 812 (1976).

[12] S. Foner, Rev. Set. Instv. IO_S 54S (1959).

[13] G.J. Bowden, J. Phys. E: Sai. Instr. I, 1115 (1972).

[l4J K. Terakura, J. Phys. F: Metal Phys. 6, 1385 (1976).

[15] T.M. Holden et al., Proa. Phys. Soa. 92, 726 (1967).

[l6] Le Dang Khoi et al., J. Phys. F: Metal Phys. 5, 2184 (1975).

[17] A. Arrott, Phys. Rev. Lett. 20_, 1029 (1968).

[is] P.J. Kojtowicz and M. Rayl, Phys. Rev. Lett. 20_, 1439 (1968).

[19] S.J. Stoelinga et al., J. Phys. Colloq. 32_, C1-3S6 (7971).

I26] S.J. Stoelinga, thesis (Amsterdam 1972).

136



C H A P T E R IV

ilARDNESS MEASUREMENTS

4.1. Introduction

The hardness of a material is a rather poorly defined physical

quantity but in general hardness implies a resistance to deformation

[l]. This very circumstance was our motive to measure the hardness of

the various alloys concerned in this thesis, i.e. preparing the sam-

oles necessary for the different experimental techniques, especially

with the rolling of foils used for Mossbauer experiments, the diffe-

rences in hardness and brittleness of the alloys as a function of the

kind and concentration of the impurity elements were quite remarkable.

Our aims performing hardness measurements were not so much of

a metallurgical nature but we were interested in a possible correla-

tion with atomic properties like chemical bonding and covalency effects.

Essentially there are three general types of hardness measurements

denending on the way in which these measurements are performed

1. scratch hardness

2. indentation hardness

3. rebound or dynamic hardness

For metals and alloys the indentation hardness is most commonly used.

4.2. Experimental methods and results.

As was already mentioned in the introduction our hardness measure-

ments were of the indentation type, for which however different scales,

e.g. Brinell, Meyer, Vickers and Rockwell, are used. The hardness mea-

surements reported in this thesis were performed by the Vickers method,

using equipment of the Materia Technica Laboratory (Materials Science

Center, University of Groningen).
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In the Vickers hardness test a square base diamond pyramid with a

top angle of 136° is used as indenter. By applying a certain load the

diamond indenter is descended into the metal surface leaving behind an

indentation, which surface area can be calculated by microscopic mea-

surements .

The Vickers hardness number (VHN) is defined as the load devided

by the surface area of indentation, but in practice the surface area

is calculated from the length of the diagonals of impression as measu-

red by microscopic methods, i.e.

_ 2P sinp/2) _ 1854.4 P
22 2

(4.1)

where P is the applied load in gf tin our case P = 500 gf), d the ave-

rage length of the diagonals in pm and G the angle between opposite fa-

ces of the diamond (0 = 136 ).

Evidently the ideal indentation will be a square, but due to elas-

tic recovery effects deviations from this form may be observed (fig.

4.1). The situation of fig. 4.1b is obtained by sinking in of the sam-

Fig. 4.1. Different types of indentation as obtained by the
Viakers hardness test.
a) perfect iivlentation
b) deviating indentation due to sinking in of sample mate-

rial.
a) deviating indentation due to ridging or piling up of sam-

ple material.
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pie material at the flat faces of the pyramid and the situation of fig.

4.1c is the result of ridging or piling up of the metal at the faces of

the pyramid. In the case of sinking (fig. 4.1b) measurement of the dia-

gonal length is overestimated and in the case of ridging or piling up

(fig. 4.1c) the diagonal length is underestimated.

A consequence of the Vickers method is the need for a careful sur-

face preparation of the sample. The alloys were prepared in the way

described in the preceding chapters. From the pellets, which were in

general between 0.5 and 1 cm , a part was sawn a-vay in order to obtain

a flat surface area. Because of the small and irregular dimensions of

the samples these has to be embedded in resin fPNMA). Subsequently the

surface was prepared using sandpaper and finally with diamond powder.

The experimental results of the Vickers hardness test for Fe and

the FeX alloys with X the sp elements Al, Si, Ga, Ge, As, Sn and Sb

as a function of the ir.purity concentration are shown in fig. 4.2. As

can be seen from this figure all alloys, except FeSb and probably FeSn,

show a linear dependence of the Vickers hardness as ?. function of the

impurity concentration. For the FeX alloys with X the elements Al, Si,

Ga, Ge and As extrapolation to zero impurity concentration is quite

straightforward and yields a value of the Vickers hardness which is ap-

proximately equal to that of pure iron. For FeSb the Vickers hardness

decreases gradually but apparently in a non-linear way. Although we in-

cluded the additional impurity concentration of O.S a/o it is not pos-

sible to conclude from our experimental data whether or not the Vickers

hardness of FeSb extrapolates to the pure iron value for zero impurity

concentration. Similar uncertainties as for FeSb apply tc FeSn, i.e.

we observe a linear dependence of the hardness as a function of the im-

purity concentration between 5 and 0.5 a/o but the possibility of a

very fast drop in the hardness between 0.5 a/o and zero impurity con-

centration can not be excluded. More ̂ tailed measurements have to re-

veal this problem.

As is generally known the hardness of alloys may be sensitive to

heat treatments [1,2,3]. The results shown in fig. 4.2 concern alloys
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without additional heat treatments after the melting process. In order

to check the influence of temperature treatments on the hardness of

these alloys, we heated the FeSn and FeSb alloys at 1000 °C for about

12 hours and subsequently quenched the alloys in water to room tempe-

rature. The resulting hardness of these temperature treated alloys w;>s

systematically smaller than that of the corresponding untreated alloys,

although the differences are of the order of the experimental error.

4.3. Conclusions.

As was discussed in the preceding section our experimental data

can be devided into two groups. First the FeX alloys with X is Al, Si,

Ga, Ge and As, for which the Vickers hardness extrapolates straightfor-

ward to the pure iron value at zero impurity concentration and second-

ly FeSn and FeSb for which this is not the case, -&t least not in a sim-

ple linear manner.

In our opinion it is difficult to separate the effects of atomic

properties like chemical bonding and covalency from other effects which

are probably of major importance for the hardness of polycrystalline

metals and alloys, viz. lattice defects like dislocations.

In this respect we can correlate the results of the hardness mea-

surements with those of the magnetization measurements, i.e. the alloys

which show an anomalous large hardness, viz. FeSn and FeSb, are just those

alloys which can be magnetically saturated very difficultly, at least re-

lative to the other alloys concerned (see also chapter III).

The mechanical hardness of the FeSn and FeSb alloys is probably

explained by a large number of lattice defects combined with a relati-

vely small grain size. The number of lattice defects will depend on the

volume of the impurity atoms, i.e. large impurity atoms will cause many

lattice defects and vice versa. That this relationship between hardness

of the alloys and the volume mismatch of the impurity atoms does exist,

is shown in fig. 4.3.

The implications for the magnetic properties of FeSb and FeSn are,

small Weiss domains which are strongly pinned by the many lattice de-
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fects. Because i t is difficult to saturate these alloys magnetically,

the anisotropy will be high, probably due to an unfavourable shape of

the grains.

A possibility to get insight in the effect of atomic properties

on the hardness of these alloys may be found in the use of single crys-

tals in which the number of lattice defects is controlled in an accu-

rate way.
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C H A P T E R V

ALLOY FORMATION

S.I. Intpoduction.

The stability of an alloy will be determined by a minimum in the

total free energy. This state will be reached by changing the micros-

copic parameters relative to the elemental state. To our knowledge a

fundamental model, based on microscopic parameters, describing the al-

loying process does not exist. On the other hand empirical theories

starting from macroscopic properties do exist and predict the heat of

formation of various alloy systems. In these empirical theories fre-

quently used parameters are electronegativity, atomic volume and com-

pressibility. Miedema and Hodges and Stott [l-6] proposed such an em-

pirical theory, based on atomic parameters, which has been very suc-

cessful in predicting the (non-) existence of alloy systems. After

some refinements, this model also yielded quantitative results for the

heat of formation of various alloys, compounds and solid solutions

[1-5] .

5.2. The Miedema model.

In the atomic model proposed by Miedema et al. £1-5] to account

for energy effects and charge transfer in alloys, the basic assumption

is that the Wigner-Seitz concept of atomic cells is still valid for the

two types of atomic cells in a binary alloy. Upon alloying two metals

A and B the volumes of the atomij cells are assumed to be the same in

the alloy and in the pure metals to a first approximation. This can be

accomplished without considerable energy effects but of course this

will not be the end of the alloying process because otherwise alloying

would merely imply a mechanically packing of the constituent atoms, so

physical changes are expected to take place in addition.

Firstly, there will be a difference in the chemical potential for
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electrons in the two types of cells. However the chemical potential 4

has to be constant in an alloy which will be brought about by transfer

of charge resulting in a negative contribution to the heat of formation,

proportional to (A^*) in a first approximation. One can associate this

term with the energy effect of an electric dipole layer. When two ma-

croscopic pieces of metal are brought into contact this would result in

an energy effect proportional to -(A<f> ) where <j> is the work func-

tion. Charge transfer will generally also affect the atomic volume.

Secondly there will be a discontinuity in the density of electrons

n at the boundary between dissimilar cells, which are assumed to be

equal to those in the pure constituent elements. This density disconti-

nuity An will be smoothed but because the original densities at the

cell boundaries correspond to an energy minimum for both kind of atoms,

the removal of this discontinuity will lead to a nositive contribution

to the heat of formation, which in a first approximation is expected to

be proportional to (ai\,s) • One can imagine that this misfit is removed

by compressing the element having a low value of n and by dilating

the element with a high value of n w g. This picture would imply a rela-

tion between n and the elastic properties, e.v. the compressibility,

of the pure elements. As will be discussed in the following this is in-

deed the case.

Combining both effects the expression

AH ^ [ -P e(A<j,*)2 + Q(An w s)
2 ] (5.1)

is obtained, where AH represents the enthalpy of formation per gram

atom of alloy, e is the elementary charge and the proportionality fac-

tors P and Q are constants for a given group of alloy systems.

From experimental data Miedema shows a close relation between the

chemical potential for electrons <j> and the electronic work function

d> of pure elements. Miedema et al. assume an one-to-one correspon-Yexp v
 m

dence between <j> and < b .

Furthermore n is related with the ratio of the bulk modulus B

and the molar volume V , viz. n
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In this way the parameters in eq. 5.1 are related to directly mea-

surable physical quantities, which are moreover macroscopic quantities.

To verify eq. 5.1 Miedema investigated among other things the

sign of the heat of formation of 351 binary alloys of 3d, 4d, 5d and

6d elements. If in a binary phase diagram there were intermetallic

compounds, superstructures etc., AH was taken negative. If there were

no compounds and the mutual solubilities were small AH was taken posi-

tive. In the remaining cases AH was expected to be approximately zero.

It appeared that in a plot of A<j> against An the positive and

negative signs could be separated almost perfectly by a straight line

through the origin with a slope of Q/P = 0.23 eV /(dens, un.) . So eq.

5.1 is valid for alloys of two transition elements.

For alloys of a transition element and an alkali or alkaline earth

element, eq. 5.1 also holds although with slightly different values of

Q/P.

However, for alloys of transition metals and polyvalent non tran-

sition metals, i.e. sp-elements, an additional term R has to be inclu-

ded in eq. 5.1 to separate the positive and the negative signs, so

AH % [ -P e(A4.*)2 + QCAn^)2 - R ] (5.2)

It is difficult to understand the physical meaning of R or to relate

this term to a directly measurable quantity, but Miedema suggests that

R has something to do with an increasing d-p hybridization. The con-

stant R is of the order of 1 eV/at.

After some refinements Miedema finally arrives at

AH/NQ = f (cJ.CjpgP [ -e(A4>V + -£ (An^
3) 2 - | ] (5.3)

where NQ is the Avogadro number, f(C?,c|) a symmetrical function of

the surface concentrations of the elements A and B, and g a weakly va-

rying function of n , V and the atomic concentrations. Note that now

(Anws ) is used instead of An as a consequence of which QQ/p has be-

come a "universal" constant, viz. 9.4 eV2/(dens. un.)2/3. For alloys

of two transition elements R/P = 0 and P = 0.147 V~1 cm"2 (d.u.)~1^3

and for alloys of a transition element with sn-elements P = 0.128 V~

cm"2 (d.u.r1/3 and R/P = 1.9, 2.1 and 2.3 eV2 respectively for (Al,
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Fig. 5 .1 . A compilation of the electrochemical poten-
tial <f> and the electron density n^g at the boundary
of the Wigner-Seitz cells, plotted for various elements.
The straight lines through Fe separate iron alloys with
a positive heat of formation from those with a negative
heat of formation. By looking on which "iso-heat of for-
mation" line (curved lines) a particular element is si-
tuated, the heat of formation of an one to one alloy of
that element with iron can be estimated (Private Commu-
nication by A.R. Miedema).
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Ga, In), (Si, Ge, Sn) and (As, Sb), so a slight denendence on the co-

lumns of the periodic system can be observed.

From the Miedema model as described above, a formula for the charge

transfer in an alloy of the elements A and B can be derived, viz.

AZA= 2 A*' f(C*,c|) gP/CA (5.-1)

where C. is the atomic concentration of element A.

Summarizing the Miedema model we can say that for simple alloys

like alloys of two transition elements (e.g. 3d-3d, 3d-4d and 3d-5d)

only two terms determine the heat of formation, viz. charge transfer

(related to the work function and the electroneqativity) and misfit.

The misfit term actually contains two factors: the atomic volume and

the bulkmodulus.

For alloys of a transition element with a SD-element an additio-

nal term R, i.e. a hybridization term, has to be taken into account

(fig. 5.1).

In fig. (5.1) a horizontal displacement corres^nds to a misfit,

a vertical displacement corresponds to charge transfer. Two elements

on a vertical line will alloy, but two elements on a horizontal line

will not. An overall impression of such an electronegativity (or che-

mical potential) versus misfit plot is that all the elements lie alone

a diagonal. The electronegativity just helps to overcome the misfit

for the formation of the alloy of elements on this diagonal. For deviating

positions, positive or negative heats of formation will be calculated.

5.3.1. Implications of the Miedema model for alloys of iron with other

transition elements.

Given the Miedema model for alloying and charge transfer in alloys,

it is interesting to compare the results of this model with the hyper-

fine field and isomer shift data in FeX (and XFe) alloys, from which al-

so information about the changes in electronic structure upon alloyinp

can be extracted.

To start with the isomer shift, fig. 5.2 shows some isomer shift
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data obtains^ at Fe in XPe alloys, corrected to constant volume by

Ingalls [7,8,9]. In this figure the obvious difference between iron in

transition metal hosts and iron in non-trans ition metal hosts can be

observed. For transition metal hosts the isomer shifts steadily in-

crease going from left to right in the periodic system, whereas after

a full d-band of the host a steep decrease of the isomer shift is ob-

served.

In this respect it should be mentioned that Ingalls [9] assumes

a charge neutrality model, i.e. the isomer shift can be increased by

a decrease in the number of 4s electrons and an increase in the number

of 3d electrons and vice versa, but only in such a way that charge

neutrality is obeyed. From isomer shift data alone this suggestion can

not be verified but, as will be shown later, combination with hyper-

fine field data yields a different result, viz. there is no charge neu-

trality at the Fe site.

Looking at fig. 5.1 we see that the transition elements are essen-

tially situated around a vertical line through iron, i.e. the misfit

term is of minor importance, in contrast with the charge transfer, rela-

-o.t

no. of outer electrons

Fig. 5.2. The isomer shift M.S. at Fe nuclei rela-
tive to pure iron3 for various hosts. The data have been
corrected for volume effects [9\ (Van der Woude and Sa-
watzky [7] ).
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ted to the difference in electronegativity, i.e. A<|> . So the Miedema

model also suggests that the charge neutrality model is invalid.

Because the Miedema model predicts charge transfer, caused by

different electronegativities, to be the major effect in alloys of two

transition metals, it is obvious to relate this effect to a physical

quantity which is a measure for the electron density at the iron nu-

cleus, viz. the isomer shift. In fig. 5.3a, b and c we plotted the iso-

mer shifts Al.S.(1,0) at 57Fe nuclei in FeX alloys with X the 3d, 4d

and Sd transition elements, i.e. the isonsr shift at Fe sites with only

one impurity atom in the first neighbouring shell, against the diffe-

rence in electrochemical potential Atj> = tj>p - <j)̂  For reasons of con-

sistency all the isomer shift data have been taken from Vincze et al.

[10].

For X the 3d elements Ti, V, Cr, Mn, Co and Ni a relatively sim-

ple picture emerges, viz. apart from Ti a linear relation between

Al.S. (1,0) and A<j> can be observed and moreover the straight line goes

through the origin, corresponding to Fe. Going from left to right in

the periodic system the electronegativity of the 3d elements increases

and consequently the charge transfer to the iron atoms decreases, or

even charge transfer to impurity atoms occurs as in the case of Co and

Ni, resulting in an increase of the isomer shift at the Fe atoms. The

combination of a decreasing charge at iron atoms and an increasing

isomer shift suggests that 4s electrons play a major part in this pro-

cess.

The deviating positon of Ti may be of experimental nature but it

has to be mentioned that in fig. 5.1 Ti also deviates most from the

veritcal line through Fe, indicating that the misfit term may become

of importance.

For FeX with X the 4d and 5d transition elements the picture is

not that simple as for the 3d transiton elements. Again it is possible

to determine a linear relationship between Al.S. (1,0) and A<j>*, although

the number of data points is rather small, but these curves certainly

do not go through the origin. A physical explanation for this behaviour

is difficult to give, but we will return to this problem later on.
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Fig. 5.3 a,b,c. The isomer shift M.S. (1,0) at Fe nu-
clei, having one impurity atom in the first neighbouring
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cal potential ty*, bettieen iron and the impurity ele-
ments, in dilute alloys of iron with 3d-transition ele-
ments (fig. 5.3a), id-transition elements (fig. 5.3b)
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mical potentials from Miedema \l-5\).
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A remarkable correlation is observed when we compare isomcr shifts

of 57Fe in XFe alloys with those in FeX alloys, with X the M, 4d and

5d transition elements, as is shown in fig. 5.4 [7]. This correlation

indicates that the same effects are of importance in both FeX and XFe

alloys, because the slope of the solid line in fig. 5.4 being 0.10 sug-

gests that the XFe alloys can be considered as FeX alloys with 8 nea-

rest neighbour impurity atoms, which would correspond to 1/8 = 0.125.

A consequence of this conclusion is also that additivity is valid for

concentrated transition metal alloys.

Van der Woude and Sawatzky derived a formula for the isomer shift

M
AI.S. = a [ 8 sn. - 5 6n,, ] (5.5)

'4s ' " u"3d

where &n* and 6n,, are the changes in the number of 4s and 3d elec-

trons respectively and a a negative proportionality constant. The re-

sults of fig. 5.4 are then explained by an increasing n-^ on going from

left to right in the periodic table. Moreover Ingalls [9] suggests a

decreasing n. in order to obey neutrality.

0.02

-0.6 -0.4 -0.2

AIS( mm/sec)

0.2

152

Fig. 5.4. The isomer shift M.S.(1,0) of 6?Fe nuclei as
nearest neighbours to id, 4d and 5d impurities in vure
iron as a function of '.he isomer shift M.S. of °'Fe nu-
clei as impurities i>: the respective hosts. The latter
data have been corrected for volume effects (Van der
Woude and Sawatzky [7] ).



As will be clear from eq. (5.5), isomer shift data alone can give

no information about the balance between n. and n,,, but combination

with another expression derived by Van der Woude and Sawat ky [7] , viz.

AH(l.O) = - 360 6n4s (5.6}

enables us to determine the balance between 6n. and in.,,.

Plotting AI.S.(1,0) against AH(1,0) for 57Fe in FeX alloys with X

the 3d, 4d and 5d transition elements (fig. 5.5) we obtain a straight

line which moreover goes through the origin. The linear relationship

between Al.S.(1,0) and AH(1,0) suggests fin,, = d fin. and taking a =

-0.25 in eq. (5.5), combination of eq. (5.5) and (5.6) results in

AI.S. = ^ p (8 - 5d) AH (5.-)

From fig. 5.5 we obtain d % 1.3.

A consequence of the discussion above is that both n. and n-,

decrease if the impurity atom is going from left to right in the perio-

dic system, indicating that the charge neutrality model suggested by

Ingalls [9] is not valid. As was mentioned before the Miedema model

predicts charge transfer to be one of the main effects in alloying

transition elements, obviously also in contradiction with the charge

neutrality model.

We can investigate the problem of charge transfer in more detail

by calculating the charge transferred to iron, using on the one hand

eq. (5.4) as obtained by the Miedema model and using on the other hand

the hyperfine data Al.S.(1,0) and AH(1,0) combined with eq. (5.5.-5.7).

We performed these calculations for FeX alloys with X the 3d transi-

tion elements. For the charge transfer, calculated from the hyperfine

data, two different methods were used:

a) at first fin. was calculated from AH(1,0) = -360 6n. and subsequent-

ly fin,, from fin,, =1.3 fin. resulting in

AZ1 = 6n4s + 6n3d (5.8)
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b) from AI.S. = a [ 8 fin. - 5 6n,, ] using a = -0.25 and 6n,, = 1 . 3

and subsequently identifying 6n. with AZ, i.e.

AZ = AI.S.(1,O)
2 DT375

3d

(5.9)

The results of the various calculations are given in table 5.1 and fig.

5.6
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Table 5.1. The charge transfer in FeX alloys with X the 3d transition

elements, calculated from the Miedema model [1-5], i.e. AZ , and cal-

culated from hyperfine data of Vin-?se [10] as corrected by Van der

Woude and Sawatzky [7] using expressions derived by the last authors,

i.e. AZ, and AZp. Positive AZ corresponds to transfer of (negative)

charge to the iron atoms (see also discussion in the text).

FeTi

FeV

FeCr

FeMn

FeCo

FeNi

A l . S . ( 1 , 0 )

[ram/sec]

-0.013

-0.023

-0.020

-0.016

0.010

0.010

AH(1,0)

[kOe]

-14.1

-19.3

-21.9

-18.0

10.0

3.4

A Z 1
[el./at.]

0.090

0.124

0.140

0.115

-0.064

-0.021

[el. /at.]

0.035

0.061

0.055

0.045

-0.027

-0.027

Si
[el./at.]

0.143

0.069

0.027

0.045

-0.015

-0.024

We see that AZ, agrees rather well with the results obtained by the Mie-

dema model, except for FeTi as was already mentioned before. Positive

AZ corresponds to transfer of (negative) charge to the iron atoms.

If the proportionality constant 1.3 in the relation between <5n,

a.id fin,, would be a universal constant then AZ. is related to M-, by'3d
2.3 AZ2 =

As was discussed in chapter II (XPS measurements) the transfer of

one electron corresponds to a binding energy shift of approximately 1 eV,
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Fig. 5.6. The charge transfer h.Z^ and AZn to or from Fe
sites (corresponding to respectively positive and negative
sign of AZJ in FeX alloys, with X 3d transition elements,
calculated in two different ways from hyperfine data ver-
sus the charge transfer AZ^ as calculated from the Miede-
ma model. The drawn line corresponds to hZ^ g - AZ^ (see
also table 5.1 and the discussion in the text).

In consequence of the experimental error in the binding energy of

about 0.2 eV the effect of the charge transfer, as tabulated in table

5.1, therefore cannot be detected by the XPS technique.

5.3.2. Implications of the Miedema model for alloys of iron with sp-

elements.

From the preceding sections a relatively simple picture emerges

for alloys of iron with transition elements , at least for the 3d tran-

sition elements.

That the correlations in alloys of iron with non-transition ele-

ments, i.e. sp-elements, are somewhat more complicated is most easily

shown in fig. 5.7, where is plotted the isomer shift Al.S.(1,0) at 57Fe

in FeXalloys with X sp-elements, i.e. the isomer shift at Fe sites with

only one impurity atom in the first neighbouring shell, as a function
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of the isomer shift Al.S. at Fe nuclei in XFe alloys. In contrast

with fig. 5.4 we now actually obtain an anticorrelation, i.e. going

from left to right in the periodic system, Al.S. increases for the

FeX alloys whereas Al.S. decreases for the XFe alloys.

From the Miedema model also emerges a more complex picture for a

binary alloy of a transition element and a sp-element compared with a

binary alloy of two transition elements, i.e. the heat of formation is

no longer determined by a charge transfer term and a misfit term only,

as was the case in transition metal alloys, but an additional term R,

the hybridization term, has to be included (eq. 5.2 and 5.3). In fact

the hybridization term is the dominant factor in the heat of formation

as is shown in table 5.2 in which the various contributions according

to

AH/NQ = f(C^,Cg)g [ -P e(A<j>") + QQCAir^ ) - R ]

are calculated for binary alloys of a transition element and sp-ele-

ments and for comparison also for alloys of two 3d transition elements

[1-5] .
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Table 5.2. The different contributions to the heat of formation (ac-

cording to eq. 5.3) for alloys of iron with non-transition elements

and transition elements. Note the additional term R (hybridization

term) for alloys of a transition element with a non-transition ele-

ment. f(Cr.yCr) denotes the concentration dependence.

Fe-5a/oX

X = Al

Ga

In

Si

Ge

Sn

As

Sb

X = Sc

Ti

V

Cr

Mn

Co

Ni

-P(A4>*)2

Jccal/grat]

-1.6

-2.0

-3.1

-0.2

-0.4

-1.8

-0.1

-0.8

-9.5

-5.5

-1.6

-0.3

-0.8

-0.1

-0.2

[kcal/grat]

3.9

5.8

10.0

1.9

4.4

7.8

3.0

7.2

8.0

2.9

0.6

0.1

1.0

% 0

% 0

-R
[kcal/grat]

-S.b

-5.6

-5.6

-6.2

-6.2

-6.2

-6.8

-6.8

—

—

—

—

—

—

—

t

[kcal/grat]

-3.3

-1.8

1.3

-4.5

-2.2

-0.2

-3.9

-0.4

-1.5

-2.6

-1.0

-0.2

0.2

-0.1

-0.2

0.34

0.56

0.41

0.32

0.34

0.42

0.38

0.44

0.41

0.3d

0.33

0.31

0.31

0.29

0.29
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Table 5.2 clearly shows that in alloys of two transition elements

charge transfer is the major factor, as was already discussed in the

preceding sections, whereas for alloys with a sp-element the heat of

formation is essentially determined by the misfit and hybridization

terms, and the charge transfer term is only of minor importance.

The same trend can be extracted from fig. 5.1, i.e. the transition

elements are mainly situated along the vertical line through iron and

the sp-elements are situated to the left of iron.

An interesting point to note in table 5.2 is the result for Fein,

viz. a positive heat of formation, indicating that, within the assump-

tions and uncertainties of the model, this alloy will not exist (unfor-

tunately). This result was experimentally confirmed. It should be men-

tioned that FeMn is an exception in this respect, i.e. despite a slijvit-

ly positive heat of formation FeMn alloys do exist.

In analogy to the preceding we can try to calculate the charge

transfer in alloys of iron and sp-elements, using the Miedema model and

from the hyperfine data discussed in chapter I.

As may be expected from the circumstance that charge transfer is

only of minor importance, Al.S. does not correlate with A<|> .

When we plot the isomer shift against the change in hyperfine

field, i.e. Al.S.(1,0) versus AH(1,0) and Al.S.(0,1) versus AH(0,1),

as measured at Fe nuclei in Fe - 5 a/o X alloys with X the sp-ele-

ments we obtain an approximate linear relationship and the straight

line also goes approximately through the origin (fig. 5.8). Performing

a similar calculation as in the preceding section, we obtain 6n3cj =

2.3 fin. from the slope of the curve, enabling us to calculate AZ^ and

AZT as defined before (table 5.3).
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Table 5.3.

fine field
having one

The isomer shift M.S.(1,0) and the change of the hyper-

hti(l,0) at Fe nuclei, in alloys of iron with sp-elementc,

impurity as nearest neighbour, relc.tive to iron

without impurities in the first two neighbouring shells. A?

denote the charge transfer to or from Fe sites

pectively positive and negative sign of AZj in

in two different ways from the hyperfine data.

calculated

Fe-Sa/oX

X = Al

Si

Ga

Ge

As

Sn

Sb

sites

-. and AZr

(corresponding to res-

FeX alloys, calculate :'

The charge transfer

from the Miedema model is denoted as h?, ..

Al.S.(1,0)

[mm/sec]

0.030

0.061

0.045

0.062

0.063

0.050

0.079

AH(1,0)

[kOe]

-23.7

-26.8

-18.3

-23.0

-21.8

-22.2

-20.5

AZ

[el/at]

0.217

0.245

0.168

0.211

0.200

0.204

0.188

AZ2

[el/at]

0.054

0.070

0.051

0.071

0.072

0.057

0.090

AZM
[el/at]

0.067

0.020

0.081

0.055

0.015

0.088

0.065

As was the case for transition metal alloys, AZ^ agrees better with

AZ, than with AZp although for sp-element alloys AZ2 has only the same

order of magnitude as AZ...

We can try to improve the calculated values of the charge transfer

from the hyperfine data by realizing that not only the charge transfer

term, but also the misfit term is of importance, i.e. we tried to fit the

experimental isomer shift values with

AI.S. (1,0) = a A<f>* + b An^ 3 (5.10)

Doing so we obtained a = -0.095 and b = 0.262 and as can be seen from

fig. 5.9 and table 5.4 the values calculated with eq. (5.10) agree quite

well with the experimental values.
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Ai.S.(I.O) - b An]/3

aZ3 = mi — (5-

where a and b are known constants, also known are the values of An s*

and Al.S.(I.O), the experimental isomer shift values. The results are

summarized in table 5.4 and fig. 5.10 and now a remarkable agreement

is observed between AZ, and AZ,,.

So one effect of the substitution of a Fe atom by a sp impurity

is the transfer of charge from the impurity atom onto the surroundinf

.'•c atoms. For the explanation of the observed changes in the physical

•>arameters, it is however of crucial importance to disentangle this

charge transfer into its separate components. In an attempt to do so,

we assume that the number of 3d and 4s electrons at the Fe sites is

affected by the charge transfer, i.e.

6n3d + rtn4s = A23 (5-11)

As a consequence of the change in 3d and 4s electron population at the

Fe atoms surrounding the sp impurity, the isomer shift at these Fe si-

tes will also be influenced. We assume the change of the isomer shift

to be described by

AI.S.(I.O) = a [ 8 6n4s 5 6n 3 d] (5.12)

or taking a % -0.25

AI.S.(1,0) = - 2.00 6n4s + 1.25 6n3d (5.12a)

in "analogy" to Van der Woude and Sawat^ky [7] (see also section 5.3.1).

As AZ3 (table 5.4, fig. 5.10) and AI.S.(1,0) (table 1.5, fig. 1.3)

are known for a certain Fe - 5 a/o X alloy with X the sp-elements, we

can draw in a plot of &n.s versus <5n,, the "iso-charge" and "iso-iso-

ner shift" lines, as given by eq. 5.11 and 5.12a respectively (fig.

i.1la). The intersection of these two lines, yields the separate 4s

and 3d components of the total charge transfer (fip >.n..;. The re-

sults in fig. 5.11 show that for Al, Ga and Sn the 3d as well as 4s

charge increases at the surrounding Fe atoms and going from left to

rinht in a row of the periodic system, this increase becomes smaller
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whereby the contribution of 4s character even changes sign, i.e. 4s

electrons are transferred onto the impurity (FeSi, FeGe, FeAs and FeSb).

In this respect it is remarkable that the reversal of the 4s transfer

coincides with a change of sign of the hyperfine fields at those impu-

rity atoms in an iron host.

The feature of opposite charge transfer also has been reported by

Gelatt and Ehrenreich [llj , Friedman et al. [12] and Watson et al. [13]

in Au and Ag alloys as well as Ag-Au alloys. For instance in the case

of Au-Sn alloys, isomer shift data were used to trace the change in the

number of Sn-Ss electrons and the "non-d-band" conduction electrons of

Au, from XPS core level shifts the change in d population at Sn and Au

sites was calculated and finally the XPS valence spectra were investi-

gated with respect to hybridization effects. As a result the authors

obtain an approximately complete s-d compensation, i.e. the d-charge

depletion at Au due to hybridization with states above the Fermi level,

is compensated by a charge flow onto Au.

A similar examination in terms of opposite charge flows of the

XPS core level shifts in alloys of iron with sp elements might be con-

sidered.

In the Miedema model the contact surface between dissimilar atoms

is an essential parameter, implying a strongly localized character of

the model, i.e. nearest neighbour effects are expected to be of majo.

importance. As can be seen from the isomer shift data (fig. 1.6-1.8

and table 1.3-1.5) indeed Al.S.(0,1) is rather small relative to

Al.S.(1,0), justifying our choice of Al.S.(1,0) in eq. 5.12. It should

be mentioned however that there are some controversial aspects, concer-

ning charge transfer, in the model, with respect to matching microsco-

pic and macroscopic parameters (e.g. the electrochemical potentialj.

5.4. The Miedema model related to impurity hyper fine fields in iron

base alloys.

Using vario' experimental techniques the hyperfine fields at all

kinds of impur. jy elements, viz. almost every element of the oeriodic
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system, in ferromagnetic hosts, especially iron, has been determined.

A survey of these data can be found in a review article by Van der Wou-

de and Sawatzky [i] and is shown in fig. 5.12.

For non-magnetic impurities in iron the hyperfine fields change

from negative at the beginning of a sp-series to positive at the end.

The explanation of the hyperfine fields at non-magnetic impurities in

for instance Fe runs essentially along two different lines

Stearns £14-17] was struck by the similarity between the variation

of the atomic volume as a function of the atomic number on the one hand

and the variation of the impurity hyperfine field divided by the atomic

hyperfine coupling constant as a function of again the atomic number on

the other hand. Developing this concept she finally arrives at

Hi/Ai = PFe
a(Vi " V

//A " \//''Y/
SOLUTE ATOMIC NUMBER 2

* FIELD >\ NICKEL • 4
ONi_v fOiMTS FOH ADJACENT Z- VALUES ABE CONNECTED

"Fig. 5.12. The magnetic hyper^fine fields at impurity
nuclei in FeX alloys (from the review article of Van
der Woude and Sawatzky [7]J.
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i.e. the impurity hyperfine field divided by the atomic hyperfine coup-

ling constant equals a constant Ppp, interpreted as the net conduction

electron polarization at the non-magnetic impurity due to neighbouring

Fe atoms, plus a misfit term, i.e. constant a. times the difference in

atomic volume of the impurity and host atom.

Quite different from this is Campbell's view [18,19]. Using an

adapted model of Daniel and Friedel [20], a Friedel type of screening

of the impurity charge is suggested to be the major effect.

After a period of peaceful coexistence Campbell and Vincze [21]

attacked Stearns' vie-,v by countering that there arc several cases in which

elements with similar atomic volume have substantially different values

of the hyperfine fields which made them conclude that a "volume misfit"

analysis fails to explain the hyperfine field systematics.

In a reaction on this controversy Watson and Bennett [22,23] sug-

gest that the Stearns and Campbell views are in fact not far apart. By

applying a different scheme they obtained the hyperfine field H , cha-

racteristic of free atoms valence s electrons, used to normalize the

impurity hyperfine field H, r. With Iluine-Rothery's studies concerning

alloy phase stability, in mind, Watson and Bennett investigated the be-

haviour of H| f/Ha as a function of the atomic volume of the impurity

and as a function of the difference in valency. It appears that both

the impurity atomic volume and the difference in valency correlate

quite well with the normalized hyperfi:;:? fielas.

The implications of the Miedema model [1-5] are in fact quite si-

milar with the views developed by Watson and Bennett [22,23]. Associa-

ting the Campbell-Vincze, respectively the Daniel-Friedel model with

charge transfer, governed by the difference in electronegativity <$>

and associating the Stearns model with misfit, governed by the diffe-

rence in bulk modulus or n ^ , we see that, looking at fig. 5.1, alloys

of elements situated along a vertical line will be in favour of the

Campbell-Vincze view, whereas alloys of elements situated along a ho-

rizontal )ine will be in favour of the Stearns view. As can be seen

from fig. 5.1 the elements are actually situated aiound the diagonal
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implying that in general both models will work, i.e. charge transfer

as well as misfit will be present.

It should be mentioned that in fig. 5.1 the elements with positive

hyperfine fields in iron H e in the area of large misfit.

For alloys of elements not lying along the diagonal one of the two

models will fail. The examples given by Vincze and Campbell, to show the

invalidity of the Stearns concept are in fact just situated at a verti-

cal line so without misfit, e.g. As and Cd and similarly Se and In (in

the usual units ** is 4.80, 4.05 and 5.40, 3.90 respectively and n 'J

1.44, 1.24 and 0.90, 1.17resp.). It should be noted that in Miedema's

model the concept of misfit not only means volume misfit as in Stearns'

concept, but also the compressibility is involved.

On the other hand examples against Campbell lie on a horizontal

line in fig. 5.1. Again charge transfer and misfit are no longer pro-

portional and now only misfit explains differences in hyperfine fields

at impurity nuclei.

5.5. Conclusions.

Miedema [l-5] has shown that his model predicts both sign and nu-

merical value of the heat of formation of numerous alloys, compounds

and solid solutions quite well. In this chapter we have shown that there

exists a remarkable correlation between the information about the chan-

ges in electronic structure upon alloying as obtained from hyperfine

data on the one hand and the charge transfer calculated by a formula

as derived in the Miedema model, on the other hand.

Apart from this correlation one has to be cautious because for a

detailed discussion many questions remain open, especially the hybri-

dization term R, which appears in the sp-alloys.

This caution has to be extended also to the charge transfer cal-

culated from the hyperfine data, because hybridization can affect the

amount of s character of various wave functions and thereby change

the isomer shift without actual charge transfer.

169



Gelatt et al. [24] conclude from a study of cohesion in transition

metals that d-band broadening plus s-d hybridization is one of the ma-

jor components of the cohesive energy for the 3d and 4d transition me-

tals, indicating that in an alloy of a transition element and a sp-

element these kind of band effects can be expected to be important.

In this respect band structure calculations can elucidate the pro-

blems encountered in alloying. Gautier, Van der Rest and Brouers [25,20]

started with band structure calculations on binary alloys of transition

elements, in our group similar calculations will be performed on the al-

loys concerned in this thesis.

Because of the phenomenological character of the Miedema model the

implications for magnetic properties, e.g. average magnetic moment and

Curie temperature, are very limited. Terakura [27] performed band struc-

ture calculations, assuming charge neutrality, to determine the redis-

tribution of spin-up and spin-down electrons for some sp impurities in

iron. His results agreed more or less with our and Aldred's results ex-

cept for FeGe [28].

Vincze and Aldred, although rather ad hoc [29], also assume band ef

fects, i.e. mixing of impurity s band and iron 3d band, to be essential

in explaining the magnetic and electronic properties of these alloys.

From the discussion above the need for band structure calculations

emerges, because of the importance of hybridization and band structure

effects in alloys of iron with sp-elements.
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S A M E N V A T T I N G

In dit proefschrift worden de veranderingen in electronische en

magnetische eigenschappen onderzocht bij het legeren van ijzer met ver-

schillende concentraties van de sp-elementen Al, Si, Ga, Ge, As, Sn en

Sb. Dit onderzoek werd uitgevoerd met verschillende experimentele tech-

nieken, nl. Mössbauer Effect Spectroscopie, Fotoelectron Spectroscopie

en Ma.p.netisatiemetingen. Bij het bereiden van de diverse samples, spe-

ciaal folies, werd een opmerkelijk verschil in hardheid en brosheid van

de diverse legeringen waargenomen hetgeen ons er toe bracht om tevens

een hardheidsonderzoek te doen.

In hoofdstuk I worden de Mössbauer experimenten besproken, d.w.-.

metingen bij kamertemperatuur, metingen als functie van de temperatuur

tot aan de Curie temperatuur en tenslotte de bepaling van deze Curie

temperaturen. Frappant is dat de grootste veranderingen niet optreden

bij ijzeratomen die een onzuiverheid als naaste buur hebben maar bij

ijzeratomen in de tweede coördinatieschil van een onzuiverheid. De re-

sultaten kunnen gedeeltelijk worden verklaard met een combinatie van

de modellen van Stearns en Zener-Vonsovskii, waarbij het aantal 4s gc-

leidingselectronen en het probleem van localisatie-delocalisatie van

de 3d electronen en interacties van wezenlijk belang is.

In hoofdstuk II worden de fotoelectron spectroscopie metingen be-

sproken. Onderzoek van de valentieband van de verschillende legeringen

leveren geen bewijs voor de aanwezigheid van gebonden toestanden bij

het Fermi niveau als gevolg van de onzuiverheidsatomen. De (geringe)

verschuiving van de rompniveaux kan moeilijk met ladingsoverdracht

worden verklaard maar volume-effecten kunnen dat wel. Met een uitge-

breid onderzoek aan FeSn werd de mogelijke aanwezigheid van een gelo-

caliseerd magnetisch moment op de onzuiverheidsatomen onderzocht. Bin-

nen de foutengrenzen werd hiervoor geen bewijs gevonden. Relaxatie-ef-

fecten kunnen correcties op de gemeten bindingsenergie noodzakelijk

maken. Een schatting van deze correcties wordt mogelijk door middel

van Auger electron spectroscopie.
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De magnetisatiemetingen zoals die in hoofdstuk III worden beschre-
ven zijn grotendeels in overeenstemming met de resultaten van Aldred
met uitzondering van FeGe and FeSb. De door Aldred gemelde systematiek
in rijen van het periodiek systeem wordt echter niet bevestigd. De le-
geringen FeSb en FeGe vertonen in menig opzicht een wat uitzonderlijk
karakter, zo ook bij de Curie temperatuur als functie van de onzuiver-
heidsconcentratie die voor deze legeringen een maximum vertonen. De
door middel van de Kink-methode gemeten Curie temperaturen blijken in
overeenstemming te zijn met de waarden gemeten m.b.v. het Mössbauer
effect. Uit de metingen als functie van de temperatuur blijkt dat de
hyperfijn koppelingsconstante voor ijzer in ijzer en de ijzerlegerin-
gen gelijk is en vrijwel temperatuuronafhankelijk.

De in hoofdstuk IV beschreven hardheidsmetingen kunnen verklaard
worden met de korrelgrootte en de hoeveelheid roosterdefecten.. De le-
geringen FeSn en FeSb met een relatief hoge mechanische hardheid blij-
ken ook een hoge magnetische hardheid te hebben, d.w.z. magnetisch
moeilijk te verzadigen.

In hoofdstuk V wordt het fenomenologisch model van Miedema toege-
past op legeringen van ijzer met overgangs- en niet-overgangselementen.
Behalve de vormingswarmte geeft dit model ook een waarde voor de la-
dingsoverdracht in legeringen. Deze blijken goed te kloppen met de la-
dingsoverdracht berekend uit de isomerieverschuiving en verandering in
hyperfijnvelden. Een van de uitkomsten van dit model is dat de legerin-
gen van ijzer met sp-eleinenten aanzienlijk gecompliceerder zijn dan le-
geringen van ijzer met overgangselementen, door de aanwezigheid van hy-
bridisatie-effecten in eerstgenoemde legeringen.
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