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I THE CONCEPT OF VALENCE IN RARE EARTH SOLIDS

I. 1 VALENCE AND COHESION

In the free atom we can divide the energy levels of the electrons

into the core levels, which correspond to states below and including the

last filled rare-gas sheil and the higher levels. The core levels remain

essentially unchanged when the free atoms condens into the solid state.

In sodium for example, these are the Is, 2s, and 2p levels. The free

atom 3s-state is appreciably modified in the solid. Such levels which lie

above the core levels are generally called valence or conduction electron

states. In the noble and transition metals the situation is more compl icated.

There the last filled d-shell, or the partially filled d-shell, states are

appreciably distorted from what they are in the free atom. Thus in Cu

for example, we would only regard the Is, 2s, 2p, 3s, and 3p-levels as

core levels. In the noble and transition metals it is customary to distinguish

the d-states from the conduction electron- or valence states, although

the distinction is not sharp. Defining valence electrons in the above way,

we can assign to a metal a valence, which is equal to the number of

conduction electrons.

The rare earth elements, being of importance for this work,

are characterized by their partially filled 4f-shell. Apart of a few

exceptions the electronic configuration of the free atom is a xenon core,

a partial I y filled 4f-shel I and two 6s-electrons. Neglecting the 4f-levels,

which lie lower in energy, we can consider the free rare earth atoms to

be divalent. However, in the metallic state most of the rare earth elements

turn out to be trivalent, in the sense that there are three conduction

electrons outside the partially filled 4f-shell. Apparently the difference

in cohesive energy between a trivalent metal and a divalent one exceeds

the energy required to promote a 4f-electron to the conduction band.

The rare earth metals Eu and Yb are exceptions: under normal conditions

these metals are divalent. In intermetallic compounds however, these
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elements can also be trivalent, while Ce, which is normally trivalent,

can occur in the tetravalent state. Below we will present a phenomeno-

logical descriptionof this feature in terms of a model originally developped

byMiedema andcoworkers (1975, 1976). In view of the scope of this work

and due to the limitations of the model, we will restrict ourselves to

Ytterbium-transition metal compounds.

The energy difference between the trivalent and divalent

modifications of Yb has been discussed from an experimental point of

view by Gschneidner (1969). Comparing the heat of formation of YbCI,,

in which Yb is undoubtedly trivalent, with that of the tricholorides formed

from its neighbours in the periodic table, Gschneidner finds an energy

difference between Yb and Yb metal of 29 ± 8 kj/mole Yb. Applying

the same analysis to the heat of formation of the sesquioxide Yb_O_ he

finds 38 t 8 kj/mole Yb. Gschneidner (1969) and Bayanov and Afanas'ev

(1973) have also derived this energy difference from a consideration of
2+the thermodynamic cycle in which f irst Yb metal is evaporated into

14 2 14 2
free atoms of configuration 4f 6s , then this gaseous Yb(4f 6s ) is

13 1 2

transformed into gaseous Yb(4f 5d 6s ), while finally the latter modifi-

cation is condensed into Yb metal. In this way they obtained values of

54 and 47 kj/mole Yb, respectively.

If in a metallic system Yb has only a choice between these two

extreme situations (in other words, if the 4f electrons can be treated as

core electrons of which Yb may have 13 or 14) its valence state in alloys

canbepredictedfrom a knowledgeof the heat of formation of these alloys.

In the divalent state Yb reacts like Ca, Sr, and Ba. As a trivalent metal

Yb reacts like Y, Sc, and the other rare earth metals. Clearly, if the

heat of formation of an intermetallic compound formed from trivalent Yb

is sufficiently more negative than the corresponding compound formed

from divalent Yb, the trivalent state will be preferred in the alloy.

The model of Miedema and coworkers, describes the energy
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effect, AH, upon solid or liquid alloy formation in terms of two para-

meters, which are properties of the pure metals. One term in the energy

effect arises from the difference in chemical potential, A$ , of the

electrons in the two types of atomic cells. This negative term is propor-
* 2tional to (AO ) . A second term reflects the energy required to make

the electron density continuous at the boundary of two dissimilar atomic

cells, having electron densities n at the boundary of the Wigner-Seitz

cell in the pure metal. This positive energy effect is proportional to

In order to be able to calculate AH for Yb-alloys from the
•* 1 / 3

model we must know values for the two parameters, $ and ns ' for both

modifications of the metal. Divalent Yb will be similar to Ba, Sr and Ca.

Since the molar volume is somewhat smaller than that of Ca we extra-
* 1 /3

polate the values for $ and n ' of the three alkaline-earth metals
according to the differences in molar volumes. We obtain $ = 2.57 V
and n ' =0.92 d. u. for divalent Yb. As a trivalent metal Yb is similar

ws
to the other rare earth metals. Again we use the molar volume as a means

3
to derive the parameters. For Yb, V = 18 cm , we interpolate between

3 3
Y (V = 19.9 cm ) and Sc (V = 15. 1 cm ). The result is given in

m m

table 1. I . The experimental information about the valence state of Yb in

alloys with transition metals is quite extensive. Most of it is based on

the magnetic properties: divalent Yb with a completed 4f-shell is non-

magnetic. Also from the lattice parameters alone one can decide upon

the valence state of Yb. In table 1. II we have collected the values cal-

culated for the difference in the heat of formation between the trivalent

and divalent modifications (in kj/mole Yb). The correlation of these

differences in AH and the valence state observed is obvious from fig. 1.1.

If the difference in enthalpy is large and negative, Yb is always trivalent,

as expected. If the difference is small, the divalent form is the more

stable one. That the transition region has some width is not surprising:

f irstly, because the accuracy of the calculations of the heat of formation

is limited, secondly, because one is dealing experimentally with free

energies rather than with the enthalpy of formation.
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Table 1. I Model parameters for metallic Yb.

The values for Ca, Sr, Ba, l_a, Y, Sc, T i , Zr, Hf and Th have been

taken from Miedema et al. (1975).

metal

Ba

S r

Ca

Yb 2 +

Y

Yb*"

Sc

Vm
(cm3)

38.

33.

26.

24.

19.

17.

15.

1

9

2

9

9

9

1

(V)

2.32
2.40

2.55

2.57

3.20

3.22

3.25

r

(d.i

0.

0.

0.

0,

1.

1.

1.

ws

81

84

91

92

21

24

27

v 2 /3
m

(cm2)

11.3
10.2

8 . 8

8.5

7.3

6 . 8

6. 1

000—000—OG—OGD-CS

100

AH - AH (Yb3; My)

150 200

( k J / m o l Yb)

f ig. 1.1 Correlation between the difference in free enthalpy between
the two modifications of Yb and the valence of Yb in inter-
metallic compounds.
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Table 1. II
The valence stateofYb in intermetal lie compounds. The valence state, V,
can be correlated with the difference in the heats of formation of the com-
pound formed from the divalent and trivalent form of Yb, respectively.

AH .... is defined as AH(Ybj*+M ) - AH(Yb?+Mw), units are kj/mole Yb.
Q i TT / \ y X y

compound

Y b 6 F e 2 3
Yb 2 Fe ] 7

YbCo2

YbCo3

Yb Co1 ?
Z If

YbNi
YbNi2

YbNi-
o

YbNi5
Yb Ni

£• 1 I

YbRu2

YbRh2

Yb3Pd

Yb5Pd2

YbPd

Yb3Pd4

YbPd3

YbRe2

YbOsa

Ybl r 2

Y b 5 P t 2
Yb2Pt
Y b 5 P t 3
Y b 5 P t 4

V

3

3

3

3

3

3

3

3

3

3

3

3

2

2

3

3

3

3

3

3

2

2 - 3

2 - 3

2 - 3

- A H d i f f

150

155

117

134

137

79

117

127

134

134

155

132

29

37

75

84

96

150

146

142

46

58

67

75

ref.

1

1

1

1

1

1-2

1-2-3

1-2

1-2-3

1-2

4

4

5

5

5

5

3-5

4-5

4-5

5-6

7

7

7

7

[
compound

YbPt
Y b 3 P t 4
YbPt2

YbPt3

YbCu

YbCu2

Y b C u 3 . 5
YbCu4> 5

YbCu,- _
O. 5

Y b 5 A g 3
Y b 3 A 9 2
YbAg

YbAg2

Yb2Ag7

Yb2Agg

Yb7Au3

Yb2Au
YbsAu

o o
Y b S A u 4
YbAu
YbAu,

z
YbAu3
YbAu.

V

3

3

3

3

2

2

3

2

3

2

2

2

2

2

2

2

2

2

2

2-3

3

3

3

- A Hdif f
100

112

129

138

29

42

44

46

46

9

10

1,10

10

9

9

25

31

33

38

50

58

63

63

1
ref.

7

7

7

7

8

3-8

8

8

9

10

10

3-10

10

10

10

U

11

11

11

11

3-11

3-11

3-11
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references in table 1. II

1: Buschow (1972)

2: Palenzona and Cirafic? (1973)

3: Gschneidner (1969)

4: Hansen and Anderko (1 969)

5: landelIi and Palenzona (1973)

6: Wallace (1973)

7: landel I i and Palenzona (1975)

8; landel I? and Palenzona (1971)

9: Hornstra and Buschow (1972)

10: Palenzona (1970)

11: landel I i and Palenzona (1969)

The four data points plotted in fig. 1. 1 at the valence value 2.5

correspond to (from left to right) YbAu, YbgPt, YbgPt-j, and YbgPt^.

They do not present a serious discrepancy, the three compounds with Pt

contain different crystallographic sites for Yb with a different Pt

environment. From the molar volume one would decide that the majority

of Yb atoms is trivalent. The arrow in f ig. 1. 1 indicates the divalent

Yb compounds YbCug 5 and Yb^Pt^, Both are boundary cases, as

evidenced by the fact that Yb is trivalent in both YbCu_ s and YbCu^ 5

and by the above discussion of the Yb-Pt compounds.

Apart from their difference, AH(Yb^+M ) and AH(Yb^+M ) are

themselves of interest, as their values have implications regarding the

general appearance of the phase diagram of the Yb-M system. This may

become clear from f ig. 1. 2, where the curves are shown of the heats of

formation of both trivalent and divalent Yb compounds (curves J and II).

In addition there is a curve IN, which represents H for trivalent Yb
2+ 3+

compounds corrected for the heat of transformation from Yb to Yb

We have used the value recommended by Gschneidner of 38 kj/mole Yb;

in f ig. 1.2 AH is plotted in units kj/mole of atoms, so that the correction

increases linearly with increasing Yb concentration.

The binary systems can be divided into a number of types.

The f i rst is that of Yb with Sc, T i , V, Cr, Y, Zr, Nb, Mo, La, Hf, Ta,
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W, Th, U and Pu. The heat of formation is positive for both curves I and

II (and consequently for curve III). There will be no compounds; in view

of the large, positive AH-values that occur, liquid immiscibility will be

a general phenomenon. Next to the intermediate case of Yb-Mn (curve I

is negative but curves III and II correspond to positive AH-values, no

compounds can be stable) we have a group of systems consisting of Yb

with Fe, Co, Ni, Tc, Ru, Rh, Re, Os, Ir and Pt. Here curve III leads

to negative AH values, more negative than II over a certain range of

compositions. At concentrations where curve II gives more negative

AH-values than curve 111 alloys will not be stable but decompose into

pure Yb and alloys relatively poor in Yb. The fact that the divalent

compounds are not stable is visualized by the tangent to curve III through

the point of pure Yb, see for instance Yb-Ni in fig. 1.2. Drawing the

tangent to curve III in order to indicate the composition range in which

compounds are predicted not to be stable, we have assumed that a

compound does exist near the composition corresponding to the minimum

of curve III. In practice this will be the case approximately. The

consequence of this is that we may expect stable compounds to occur

only at the Yb poor side of the system and that Yb will be trivalent in

these compounds. In the binary systems of Yb with Fe, Co, Ni, Ru, Rh,

Re, Os and Ir this expectation is realized perfectly. There are a number

of compounds R M , rich in the rare earth metals, that do exist wherex y

R is Gd or l_u and that do not exist where R = Yb. In the systems mentioned

here, all compounds contain trivalent Yb.

The systems Yb-Cu, Yb-Ag, and Yb-Au, are of another type.

Here divalent compounds can be stable. In the Yb-Ag system the divalent

compounds are the more stable ones at any composition, while in the

Cu-richpart of the Yb-Cu system the difference between the two valence

states become very small. In the Yb-Cu and Yb-Au systems the valence

state is expected to change near the equiatomic composition.

An exception to the predictions is met in the Yb-Pd system
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fig. 1.2

The concentration dependence of the heat of formation,

AH (in kj/mole atoms), of binary alloys of Yb with 3d-transition

metals.

I AH of compounds containing trivalent Yb

II AH of compounds containing divalent Yb

III AH of compounds containing trivalent Yb but corrected
2+ "H-

for the transformation energy Yb •*• Yb~ .

The shaded areas indicate concentration regions in

which, according to the prediction of the model, no

stable compounds exist. Regions where divalent or

trivalent compounds are predicted to be stable are

indicated by 2+ and 3+, respectively. The vertical

lines at the bottom of the diagrams indicate inter-

metallic compounds which are known to exist. "Liquid

imm. "denotes that immiscibility in the liquid state has

been observed. The numbers between brackets corres-

pond to the following references:

9 : Buschow (1972) 14: landelli (1975)

10: Palenzo and Cirafici (1973) 15: landelli and Palenzona (1971)

ii : Hansen and Anderko (1969) 17: Palenzona (1970)

landelli and Palenzona (1976) 18 : landelli and Palenzona (1969)

12: IandelIi and Palenzona (1973) 19: Svechnikov et al . (1973)
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Yb — 3d systems
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Yb_ 4d systems
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Yb - 5d systems
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Yb-actinide systems

AH

\mole atoms/

25

0

r25
'Yb"

liquid imm. [Ill

m

liquid imm. (Til

Pu
n nr

no compoundsfnil

Yb_ noble metal systems

50

0

• 5 0

Cu

•

^ ^

3 +

II

0

I/a 2 +
i f |15|

Ag

II

— ^ ^

2 +
I I II 1171

Au

V
3 +

I I I 1

m/J/
I Ml 1181



-17-

where in reality the divalent compounds exist albeit that they have much

lower melting points than the other compounds. The compounds Yb Pd

and Yb5Pd2 melt at about 680°C, while YbPd and Yb Pd melt at about

1400°C [ landedi et al. (1973)] . Qualitatively the predictions are not

correct, but in view of the small difference between the tangent and

curve II for Yb_Pd this is no serious discrepancy.

As an illustration we give

some phase diagrams of

Yb-transition metal sys-

tems in fig. 1.3. In the

range of compositions

where we expect com-

pounds to be unstable,

they are in fact absent,

while moreover the liquid

phases exhibit a miscibil i-

ty gap.

Recently, Miedema (1976)

has reviewed the valence

state of Eu along this line.

Using an energy differen-

ce of 96 kj/mole Eu be-

tween the

2 500

2 000-

1500 T

J

1000/"

5 0 0 -

1190

i i i

1320

J I

Yb Ru Yb

" I

1 1

Rh

2 500F

2 000 -

1000

500-

mm

7
t

" i l l

i
i

¥
. _ _ . t

1 A i

:2

i i l

0 20 40 60 80 100
Yb 0s

l
1
J.
i

f
1410

i

•Jl
JUI

ll
H

-
0 20 40 60 80 100
Yb Ir

fig. J.3 Phasediagrams of some Yb-transition metal-systems as given
by landelli (1976).
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divalent and tr-valent modifications of europium metal he obtained fair

agreement between the observed and calculated valence states of Eu in

binary systems with transition or noble metals.

The valence state of Ce cannot bs described in a similar simple

way since in compounds containing non-magnetic Ce (which is usually

referred to as tetravalent) the 4f-electrons must still contribute to the

cohesive energy [de Boer et al. (1979}J .

1.2 THE MIXED-VALENT STATE

In the foregoing section we have pointed out that, depending

on the alloying partner, Yb can be either d i - or trivalent in intermetallic

compounds. However, in the fast decennium much experimental evidence

has emerged from which it can be concluded that Yb -and also Ce, Eu,

Sm, and Tm- exist in a non-integral valence state in a number of

compounds [e.g. Parks (7 977)] . Essentially the occurrence of non-

integral valences implies that in these solids the number of 4f-electrons

is no longer integral and that in these systems the 4f-electrons are at'

the border line of delocalization. Apart of the surprising novelty of such

non-integral 4f occupation numbers, which have given rise to all kinds

of speculations about the ground state of these systems (valence fluctu-

ations or interconfigurational fluctuations, spin fluctuations, 4f-band

formation, 4f-conduction electron hybridization), there is another more

fundamental aspect which makes the study of these mixed-valent systems

of particular interest. Due to the large Coulomb repulsion between 4f-

electrons compared to d-electrons, only the two integral valence states

between which the mixed-valent state is intermediate, have to be taken

into consideration in theoretical models, which may make the treatment

of the problem less complicated than in the case of transition metals

[ e.g. Rado and Suhl (1973)] . A more extensive discussion of the static

and dynamic aspects of the mixed-valent state will be given in chapter

IVandV. Inthepresent section we will confine ourselves to summarizing
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a number of physical properties characteristic for mixed-valent beha-

viour. In view of the scope of this work we will restrict ourselves where

possible to Yb compounds.

The connection between the valence state of a rare earth atom

and its volume can be understood quite simply: if the number

of 4f electrons is reduced (that is to say, if the number of

valence electrons increases) the screening of the nuclear

charge decreases, which consequently leads to a reduction of

the volume. This is illustrated in fig. 1. 4a, where, besides

the normal lanthanide contraction (due to increasing nuclear

charge), also the anomalous atomic volumes of Ce, Eu and Yb

are shown. As mentioned before Eu and Yb are even divalent

in their pure metallic state. Ce exhibits two phases at room-

temperature: at normal pressures M0 Pa) it has a volume,

which fits in the normal trivalent rare earth series (a_phase),

whereas at high pressures (10 Pa) the volume is much smaller

(Y-phase), suggesting an increase of the valence. From

fig. 1.4b it is clear, that similar considerations as above in

terms of atomic volumes do hold for the isostructural series

REAlo. However, going into detailed conclusions concerning

the valence state on basis of these diagrams would imply a hard

sphere model of solids, which may be workable but theoretically

hard to sustain.

In fig. 1.5 is shown that thermal expansion measurements can

provide very direct information about the temperature depen-

dence of the valence state : the lattice parameter of YbAl

behaves anomalously compared with the dialuminides of

(divalent) Ca and (trivalent) Lu. The atomic volume of divalent

Yb being larger than that of trivalent Yb, we can conclude from

fig,, 1.5 that in YbAl,, the valence of Yb gradually increases

with temperature.
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f ig. T.4 Atomic volumes of the pare earths (a) and for the isostructural

series REAl2 (b).
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fig. 1.5 Lattice parameter of YbAI2, CaAl_ and l_uAl_ as a function

of temperature [landelli et al. (1972)] and the magnetic
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(1977)] .

susceptibility of YbAl,, as a function of temperature P Klaasse
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-90

300

fig. 1.6

Temperature dependence of the

resistivities of YbAl2, YbAI,,

L_uAl2 and l_uAI3. For the latter

two compounds the residual

resistivity has been subtracted.

fig. 1.7

The measured absolute Seebeck

coefficient of YbAlo and YbAl,

(dots) and of LuAlo and LuAl-

(solid lines) as a function of tem-

perature. Note the difference in

scale by afactorof 10 for positive

and negative values. For YbAI_

and YbAl- the solid and broken

lines represent calculated curves

by van Daal et al. (1974).
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Resistivity measurements on mixed-valent compounds

do not yet provide a coherent picture. However, experiments

on both Ce and Yb mixed-valent corr sounds [ CePd3, Elliot

and Hill (1971); YbAl2 and YbAl3, Havinga et al. (1973);

YbCu_Si2, Sales and Viswanathan (1976)] seem to indicate a

broad maximum in the temperature dependence of the resistivity

after subtraction of the residual resistivity and an electron-

phononcontribution. In fig. 1.6 the results on YbAI- and YbAl3

are given [Havinga et al, (1973)1 together with those on the

non-magnetic dummies I_uAI2andl_uAl3. Havinga and coworkers

have interpreted the temperature dependence of the resistivities

of YbAI_ and YbAI, in terms of a model which however, does

not correctly describe the field dependence of the magnetization

of these compounds. At present the scattering mechanisms

responsable for the resistivity behaviour of mixed-valent com-

pounds are not yet established (c. f. section III. 4).

The thermo-electric power of mixed-valent compounds

is generally found to be anomalously large [ CePd,, Gambino

et al. (1973); YbAI2 and YbAI3, van Daal et al. (1974);

YbCu^Si' , Sales and Viswanathan (1976)] . The temperature

dependence of the thermopower of these compounds invariably

shows a peaked structure and is different from what is observed

for normal metals. In fig. 1.7 the thermopower results on YbAlo

and YbAI„ together with those on the reference compounds

L_uAl« and LuA.I^ are given.

The low-temperature specific heat of mixed-valent

compounds can be described with a linear and a cubic tempe-

rature term. Upturns which are sometimes observed in the C/T
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2
versus T plots, can satisfactorily ascribed to magnetic

impurity contributions. The coefficient of the linear term

(electronic specific heat) is always found to be unusually large:

Y = 16.8 mJ/K2 mole for YbAI2 (Gossard et al. (1964)]

Y = 45 mJ/K mole for YbAI3 [Havinga et al. (1973)]

Y = 37 mJ/K2 mole for CePd, [Hutchens et al. (1972)]

Y = 53 mJ/K mole for CeSn3 [Cooper et al. (1971)]

.andY=135 mJ/K2 mole for YbCu2Si2

[Sales (19748

to be compared with the values for normal metals like:
2 2

7.3mJ/K moleforNi andO. 7mj/K mole for Cu. Consequently

it isveryplausible that in themixed-valent compounds 4f-states

contribute to the total density of states at Fermi level. In spite

of these large Y -values comparison of the electronic specific

heat coefficient and the low-temperature susceptibility, which

are both a measure for the total density of states at the Fermi

level, learns that the low-temperature susceptibility is always

enhanced In mixed-valent compounds.

Useful microscopic information about mixed-valent

behaviour is provided by X-ray photo-emission spectroscopy.

As an example we show in fig. 1.8 the XPS-spectra taken on

two integral valence Sm-compounds: divalent SmTe and

trivalent SmSb. The contribution of divalent and trivalent Sm

can be identified by the line shape, which is determined by the
4+ 3+

possible final states of Sm and Sm , respectively.

In fig. 1.9 the XPS-spectrum of Th-substituted SmS is given.

Th has been substituted to introduce "chemical" pressure in

the lattice. The characteristic lines of both divalent and

trivalent Sm are present in the spectrum, which is due to the

fact that Sm is in an intermediate val ence state in this compound.

The reiative intensities of the two different line shapes are
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determined by the probability of occurrence of both valence

states in the ground state.

40 30 20 10
BINDING ENERGY («V)

0>Ec

fig. 1.8

X-ray photo emission spectra of
SmTe and SmSb [Campagna et
al. (1974)] .

fig. 1.9

X-ray.photo emission spectrum of
Th - substituted SmS [ Campagna
et al. (1974)] .

As to Yb mixed-valent compounds so far only YbAI_ has been

studied by means of XPS [ Buschow (1977)] . The spectrum

exhibits the final state multiplets corresponding to two initial

state valences of the Yb 4f-shell, but due to surface polution

a reliable valence value can not be determined.

Another microscopic technique, which may be used to

get information about the valence state is Mossbauer spectros-

copy. The Mossbauer isomer shift is proportional to the s-
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electron density at the nuclear site. Due to the fact that a

change in valence is accompanied by a change in the number of

conduction (valence) electrons and thus a change in the s -

component of the latter, MSssbauer isomer shift is a measure

for the valence. The peak positions of EuCu_Si_ in fig. 1. 10

clearly show the temperature dependence of the valence of Eu

in this compound. The spectra on EuAg-Si,, and EuFe,-Sio

have been taken as a reference for divalent and trivalent

behaviour of Eu, respectively.

woo

• 1 0 1
VELOCITY (cm/ttc)

fig. 1.10

Mossbauer spectra of the 21.6 keVy-line

of Eu in EuCu2Si , EuAg^Si and

EuFe_Si2 [ Bauminger et al. (1973)] .

Mossbauer spectra have also been taken on YbAl_ and YbAl_

[Bonville et al. (1978), Ross and Tronc (1978)] . Both com-

pounds show an isomer shift which is intermediate between that

of the divalent and trivalent reference compounds and which
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varies with temperature. At liquid helium temperatures a

fractional valence of 2. 45 has been derived for YbAlo and 2. 7

forYbAI-, giving additional evidence for intermediate valence

behaviour of these compounds.

Thermal neutrons can also be used as a microscopic

probe. Neutron inelastic scattering spectra of mixed-valent

compounds invariably show anomalously broad quasi-elastic

peaks also at low temperatures [ Holland-Moritz et al. (1977,

1978), Shapiro (1977)] . The temperature dependence of the

corresponding broad line-width is in general very weak, Such

behaviour is very different from the normal Korringa behaviour

of integral valence compounds (see chapter IV).

Nuclear resonance and relaxation gives in principle

similar information as neutron scattering [ Alloul (1977)] . At

present however, there is not much information, obtained by

this technique, on mixed-valent compounds. In chapter IV we

will go into the details of this.

Most of the rare-earth elements, which can occur in

the mixed-valent state in compounds (Ce, Sm, Eu and Yb),

are magnetic (J =f 0) in one of their configurations and non-

magnetic (J = 0) in the other one. This means that, magnetically,

the integral valence states are characterized either by a Curie

(-Weiss) like susceptibility behaviour, possibly modified by

CEF-effects, and magnetic ordering at low temperatures or

by a practically temperature independent diamagnetic or

weakly Pauli-paramagnetic behaviour. Restricting ourselves

to Yb-compourds, we may note that the characteristic mixed-

valent behaviour of the magnetic susceptibility as a function of

temperature can be considered to be well-established [ Klaasse
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(1977)]. At high temperatures a Curie-Weiss behaviour is

observed, generally with an effective moment slightly less

than the free ion value, whereas at low temperatures an

enhanced Pauli-like temperature independent susceptibility is

found. At intermediate temperatures the susceptibility of most

compounds exhibits a maximum at a (characteristic) temperature

T m a x - This general behaviour suggests a temperature-driven

gradual transition into a magnetic state, as can be achieved

for instance by a statistical distribution of the Yb-atoms over

two states, a non-magnetic ground state and a magnetic excited

state, separated by an energy difference A . Although the

vanishing zero-temperature susceptibility implies that this

model is far too simple, we can identify the characteristic

temperature T with about A/2.

In fig. \.W we present a series of Yb-compounds to illustrate

the onset to mixed-valent behaviour. YbCd_ and YbZn_, exhibit

an almost temperature independent, small susceptibility in the

temperature range considered, indicating that the Yb-atoms

are \n the divalent state in these compounds. For YbCu9 and

YbAI„ a susceptibility is observed, which strongly increases

with temperature, due to a gradual valence change towards a

magnetic state. In the case of YbAl_ the experiments were

carried out at temperatures high enough to detect the suscep-

tibilitymaximum typical for mixed-valent behaviour. A similar

behaviour of YbAI-has been reported by landelli and Palenzona

(1972), Percheron-Gu6gan et al. (1974) and Havinga et al.

(1973). YbAI, (fig. 1.12) is an example of a mixed-valent com-

pound with a much lower characteristic temperature. The vaiue

of 120K observed for T m a x makes the Curie-Weiss regime

experimentally accessible. The effective magnetic moment is

found to be about 4. 2 ]iB/Yb-atom, slightly reduced compared

to the free ion value (4.54 JJ B/Yb-atom). This has also been
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fig. 1. It Magnetic susceptibility as a function of temperature for

YbCd2, YbZn2, YbCu2 and YbAl2 [ Klaasse (1977)] .
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f ig . 1.12 Magnetic susceptibility versus temperature for YbAI_,

YbCuAl I and YbCuAl II [ Klaasse (1977)] .
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reported by other investigators [ Buschow and Fast (1966),

landelli and Palenzona (1972), Havinga et al. (1973), and

Sales (1974)] . Also shown in fig. 1.12 are the results on two

samples of the ternary compound YbCuAl; we will return to

this at the end of this section.

Another characteristic mixed-valent phenomenon Is the com-

plete absence of saturation effects in low-temperature magnetic

isotherms, even in magnetic fields as high as 35T. This is

demonstrated in fig. 1.13, where apart of the field dependence

of the magnetization of two YbCuAl samples, which will be

discussed later on in this section, also that of YbAl, is given.

A linear behaviour is found, which is temperature independent

up to liquid nitrogen temperature, in agreement with the low-

field susceptibility data in fig. 1.12.

Avery useful tool in the study of the mixed-valent state is the

application of external pressure. As we have seen in the

beginning of this section, this is brought about by the close

connection between volume and valence state of the rare earth

elements. For metallic compounds application of external

pressure affects the susceptibility negatively, which is a

consequence of the increase of the band width and, accordingly,

a reduction of the density of states. For mixed-valent Yb-

systems an opposite effect can be expected to play a major

role: due to the smaller volume associated with the trivalent

magnetic state compared to the volume connected with the non-

magnetic state, appl ication of pressure will favour the magnetic

state, with an increase of the magnetic susceptibility as a

result. This effect has indeed been found for YbAl_ [ Sales

(1974)] . We refer to chapter III for a more extensive dis-

cussion. In a number of cases external pressure has been

succesful I y simulated by substitution of one of the constituents

of the compound by a third component with a smaller atomic



10

-32-

~1 o (Am2/moleYbatoms]

* YbCuAl I (4-2 K)
• YbCuAlH U2K)
• YbAI3(U,t2and773K)

[|i /YbatomJ
B

40

fig. 1.13 Magnetic isotherms for YbAl_, YbCuAl I and YbCuAl II

[ Klaasse (1977)] .

volume. A nice example is SmS where substitution of 15% Sm

by Th has a similar effect on the valence state of Sm in this

compound as application of an external pressure of 600 MPa

(6 kBar)(see fig. 1.9). That such substitutions do not always

answer the purpose is illustrated by the example of Sc-sub-

stitution in YbAI _. Majewski et al. (1978) have investigated

the magnetic properties of the Yb(Sc)AI_ system for a number

of compositions. In contrast to what one would expect upon

substitution of the smaller Sc-atom, the effect is that YbAI-

becomes less magnetic with increasing Sc-concentration. Other

aspects of substitutions in mixed-valent compounds are put

forward in chapter III.

Once Klaasse et al. (1973) had established YbCuo and YbAlo

to be mixed-valent compounds, the question arose what the

influence of substitution of Cu in YbAI2 or Al in YbCu_ would
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beon themixed-valent state of Yb in these compounds. Instead

of investigating the influence of minor substitute concentra-

tions, it was decided to give attention first to the ordered

ternary compound YbCuAl, reported to exist by Dwight et al.

(1968), although in a different crystal structure than YbAI2

and YbCu2. A preliminary investigation gave different sus-

ceptibility and magnetization results for different samples

(fig. 1.12 and 1.13). However, the qualitative properties of

the two samples were very similar and quite interesting.

Although an appreciable impurity correction was necessary to

arrive at a value for the low-temperature susceptibility, it

was clear that this value would be very high. This, together

with the very low characteristic temperature of about 30K and

the faster than linearly increasing magnetization in i.i^h

magnetic fields awoke the uncontrollable desire to dispose of

single phase specimens for performing various detailed studies

of the mixed-valent problem.

The results of these studies are subject of this thesis.
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II COMPOUND P R E P A R A T I O N

11.1 INTRODUCTION

As no phase diagram is available for the ternary Yb-Cu-Al system

or any of the other R E -Cu-Al systems, the correct preparation proce-

dure for the compound YbCuAl had to be extablished by trial and error.

However, it was clear from the outset that, because of the very strong

affini ty of Yb for oxygen, the preparation procedure to be followed should

be chosen with great care: in addition, the very high vapour pressure

of Yb makes it impossible to prepare compounds directly in an arc furnace.

Closed containers are required. The method, described by Klaasse (1977),

to prepare other Yb intermetallic compounds, has also been used in this

case.

In this chapter the procedure for preparing suitable compounds

of YbCuAl , YCuAl and various specimens in theYb, Y CuAl ,

Yb. Sc CuAl and Yb, Gd CuAl systems,wil I be discussed in de-

tail.

11.2 STARTING MATERIALS

As star-ting materials for the preparation of these intermetallic

compounds, we used the purest commercially available metals. Purities,

suppliers and forms are listed in table 2.1 .

The impurities in Yb and Gd from K.L.L. are mainly other rare

earths. For details see Klaasse (1977), III. 3. 4. The Yb from R. E. P.

was obtained from 4N pure rare earth oxides (impurities mostly other rare

earths). The refraction method, however, slightly reduces the purity,

as can be seen from table 2.1. (Impurities: less than 100 ppm transition

metals, less than 200 ppm refractory metals (tantalum and tungsten) and

less than 200 ppm other rare earth metals). Y and Sc were also obtained

from 4N pure oxides. The impurities in Cu can be specified (in ppm):

Ni (3) ; Fe (1) ; Si (1) ; Ag (1) ; Bi, Cd, Ca, Cr, Pb and Mg (1).

The figures for Al are (in ppm): Ag (10) ; Fe (5) ; Mg (3) ; Ca (1) ; Cu (1).
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table 2.1

Starting
materials

Yb

Yb

Y

Sc

Gd

Cu

Al

Purity

3N

3N5

3N5

3N5

3N

5N

4NS

Supplier

K.L.L.

R.E. P.

R.E. P.

R.E. P.

K.L.L.

J.M. C.

J.M. C.

Form

ingot ( lOOg)

ingot ( ?00g)

ingot ( lOOg)

ingot ( 25g)

ingot ( 20g)

rod ( 27g)

rod ( l ig)

K.L.L . : Koch - Light Labs, Ltd.

R.E. P. : Rare Earth Products, Ltd.

J.M. C. : Johnson, Matthey and Co, Ltd.

In practice, the use of Yb from different suppliers never led to

observable differences in the investigated physical properties of various

YbCuAl compounds.

Before being used, the Yb, Y, Sc and Gd ingots were sparkcut to

pieces of a suitable size and subsequently polished with waterfree sand-

paper, until a bright metallic shine was obtained. Attempts to find an ap-

propriate etchant were not succesful. In most cases polishing took place

immediately before the pieces were melted together. If not, the polished

pieces were kept under high purity liquid acetone in order to prevent

affection by oxygen or water.

TheCuandAI rods were cut to pieces mechanically, after which

they were cleaned with a suitable etchant.

11.3 MELTING AND ANNEALING

As has been explained in section II. 1, compounds in which Yb is

involved should be prepared in closed containers. These containers have

to be made of materials that are inert to the enclosed elements and have
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a very high melting point, compared to the melting points of the constiturent

elements and of the compound in preparation (see table 2. II). Quartz and

alumina are out of consideration, as they react with molten Yb. From

thermodynamic data [de Boer et al. (1979)] tantalum tungsten or molyb-

denum seemed the most reasonable choices. A chemical analysis of

YbCuAl compounds made in Ta and Mo containers showed less than 100 ppm

Ta and about 35 ppm Mo to be present in these specimens.

In practice no significant differences in physical properties

have been found between compounds, prepared by the same procedure in

containers of different materials (Ta, Mo or W). Under these circum-

stances the lower price of Mo determined our choice, and most of the

compounds have been prepared in Mo containers of simple design

(fig. 2. 1).

table 2. 11

Element

Yb

Y

S c

Gd

Cu

A l

T a

W

Mo

Melting point (°C)

824

1509

1539

1312

1083

660

2996

3410

2610

75jj*ijj^7

fig. 2. 1 Ta, Mo or W crucible,

used in melting and annealing

procedures.
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The crucibles were cleaned ultrasonically in an acetone bath in

order to remove residual engine oil. After this they were heated up in

an appropriate etchant, to remove traces of iron, introduced at the surface

in the manufacturing process. The oxygen absorbed in the container

material, which can give rise to magnetic ytterbium oxide particles during

the preparation of the compound, was desorbedby heating up the crucibles

for several hours to about 800°C in a high vacuum furnace at pressures .
3 5

lower than 10 Pa ( 10" torr).

After the weightedamounts of the constituent elements, totalling 5

to ?0g, had been brought together in the container, it was sealed by

welding together the upper brims of the plug and the container by argon

arc. The lower part of the container was water cooled during this proce-

dure.

The sealed crucible was then suspended on a tungsten wire in an

induction furnace (see fig. 2. 2). The temperature at which the reaction

started ( 800 C ), could be deduced from a sudden temperature rise,

due to the release of the heat of formation involved, which could be ob-

served pyrometrically. In order to ensure good mixing the induction

heating was repeated three times, the crucible being reversed each time.

The total time, the crucible was held at these high temperatures, was

about 45 minutes. The maximum temperature that could be reached was

about 1600 C, the main limiting factors being radiation and an argon

flow of about 3 l/min., which was necessary to prevent oxidation of the

crucible.

For reasons to be discussed in the following section it was neces-

sary for YbCuAl and related compounds to quench the crucibles into water.

After this the crucibles were sealed in evacuated quartz ampoules and

annealed in electric furnaces. In the cases where annealing temperatures

above 1000°C were required, the crucibles were placed directly into

a high vacuum high temperature furnace at pressures lower than

10"3Pa( 10~5 torr).
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Argon

tungsten wire

pyrex glass

induction
coil

fig. 2. 2

Schematic drawing of the device used
during the heating procedure in the
induction coil.

To extract the compounds from

the crucibles, they were placed

in a lathe, where the greater

part of the container material

was removed very carefully.

The remaining thin layer could

be pealedoff very easil y in most

cases, indicating a very limited

reaction of the compound or its

constituents with the container

material. Suitable samples for

various experiments could then

be obtained by sparkcutting (e.

g. buttons for specific heat ex-

periments, bars for resistivity

measurements andcflinders for

thermal expansion experi -

ments).

YbCuAl and related compounds,

discussed in this work, turned

out to be very stable compounds.

They have been kept in normal

atmospheres without further

precautions for several years

and no changes in their physical

properties could be observed.

In normal stable rare earth compounds the valence of the rare earth

element is three. The valence of Yb in YbCuAl is very close to three,

as can be seen from the various physical properties, discussed in the

next chapter. Klaasse (1977) observed a decreasing stability as the

divalent character of Yb in various compounds increased.
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II. 4 YbCuAl PREPARATION, X-RAY ANALYSIS,

ANNEALING PROCEDURE

Because of the lack of phase diagram information, and the diver-

gent results of several attempts to prepare single phase YbCuAl Klaasse

(1977) an extensive programm has been set up to achieve reproducibility.

YbCuAl crystallizes in the hexagonal Fe,P type structure

(fig. 2. 3) just like most other RECuAl compounds[ Dwight, et al. (1968),

and Oesterreicher (1973)].

• Cu

OA1

Yb

a = 6.921 A
c = 3.993 A

f ig. 2. 3 Fe2P type structure of YbCuAl

In this structure each Yb atom has the same local environment.

We have used two techniques to characterize YbCuAl compounds

prepared indifferent ways; X-rayanalysisbymeansof a Debye - Scherrer

oraGuignier - de Wolff camera, and measurements of the magnetic sus-
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ceptibility as a function of temperature. As can be seen in fig. 2.4 the

low-temperature susceptibility is very sensitive to the presence of t r i -

valent Yb ions or other magnetic impurities.

To avoid the admixture of unidentified second phases it turned

out to be necessary to use the quenching technique, and subsequently to

anneal the compounds as described in the preceding section. Quenching

before the anneal was necessary to ensure reproducible results. As an

illustration in f ig. 2.4 the magnetic susceptibility as a function of tem-

perature is given for various samples, taken from the same ingot, annealed

at different temperatures.

600

500

400

300

200

100

\ f v ..,n9

I I I mJ/ mole Yb atoms]

YbCuAl

(3) annealed 7daysat 830°C

(2) annealed 7 days at 800 °C

-(Dnot annealed

yV — — - • -
(4) annealed 7daysat900°C ~~*"

TIK]

0

fig. 2.4

20 30 50 60 70 80

Magnetic susceptibi I ities as a function of temperature forvarious
YbCuAl samples annealed at different temperatures after
quenching.
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Curve3infig. 2. 4 is that of an YbCuAl sample annealed at 830 C

for one week. The X-ray pattern taken on this sample did not reveal any

second phase. All hexagonal lines were present, with the correct relative

intensities. The samples annealed at other temperatures all showed more

than one phase in their X-ray patterns. The structure of these other phases

couldnot be identified (no lines of YbAl2, YbAl3, YbCu2, Vb2O3, CuAl,

free Al, Cu or Yb were found).

All results on YbCuAl to be presented in this thesis refer to

samples annealed at 830 °C. The reproducibility was so good that several

ingots could be combined in a single 50 g sample for the neutron scattering

experiment (see chapter IV). A further measure for sample quality is that

the intrinsic constant low-temperature susceptibility of YbCuAl could be

observed directly, without applying a correction for a magnetic impurity

contribution, as is always necessary in the case of other mixed valent

compounds.

II. 5 PREPARATION OF YCuAl

In several investigations (specific heat, thermal expansion, neu-

tron inelastic scattering, NMR, resistivity) it was essential to dispose

of a non-magnetic isostructural analogue of YbCuAl for comparison with

"normal11 physical behaviour. Two compounds came into consideration,

LuCuAl and YCuAl. Due to the large amount of material, required in

neutron scattering experiments, LuCuAl was decided to be too expensive.

Y is trivalent, just like the "normal" rare earths, and it is non-

magnetic, in the sense that the intermetal lie compound YCuAl only exhibits

a very small Pauli susceptibility.

The preparation of this compound was done by means of standard

methods. Weighted amounts of the constituent elements were placed on a

water-cooled copper bottom in an arc furnace under argon atmosphere and

were simply melted together. The resulting buttons were annealed at
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800 C. No other phase could be observed in the X-ray patterns of these

samples.

11.6 PREPARATION OF COMPOUNDS IN THE

Yb, Y CuAl, Yb, Sc CuAl AND Yb Gd CuAl SYSTEMS
I * X X 1—X X I ~X X

The compounds in these systems, which are discussed in chap-

ter III sections 6. 2 and 6. 3, could be prepared quite easily following the

procedure that had been found to be adequate for YbCuAl.

The magnetic measurements on different samples of the same com-

pound in the Yb, Y CuAl system reproduced, except for the concen-
1 *̂ X X

trations x=0. 4 and 0.5. Although the X-ray patterns of all quasiternary

Yb. Y CuAl compounds, including these two, did not reveal a second
I ™X X

phase, a small miscibility gap in the middle of the concentration range

may be responsible for the deviating behaviour of the x=0. 4 and 0.5

compositions.
As to the Yb. Sc CuAl system, where again the compounds

I """X X

werepreparedexactly the same way as YbCuAl, we established that com-

pounds with the hexagonal Fe_P - type structure only exist for x^O. 2.

Presumably the size mismatch is too large to sustain solid solutions for

x 0.2. Attempts to prepare compounds with x = 0. 3, 0.5 and 1.0 failed,

molar volumes: Sc= 15, 5 cm , trivalent Yb 17, 9 cm , Gschneidner (1968) .

The compounds prepared in the range 0< x <0. 2 were found to be single

phase and showed reproducible magnetic- results (see chapter III section

6.2.

In the Yp. Gd CuAl system we prepared compounds with x=0. 005
•I ™"X X

and 0.010. The magnetic results on different samples of the same compound

did not reproduce completely, but this could be attributed to small devia-

tions from the nominal Gd-concentration.
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11. 7 IMPURITY CONTRIBUTIONS AND CORRECTIONS

Especially in magnetic investigations of mixed-valent systems,

impurities with a stable magnetic moment can be quite troublesome: in

particular small amounts of magnetic impurities give a considerable Curie

contribution to the low-tamperature susceptibility, which hampers a quan-

titative study of the compound. The nature of these impurity contributions

have been discussed in detail by Klaasse (1977).

The YbCuAl compounds prepared according to the recipe des-

cribed in section 2.4 showed hardly any Curie contribution in the low-

temperature susceptibility, indicating a nearly complete absence of these

impurities. No correction procedures have been used in establishing

quantitative information about the magnetic behaviour at low temperatures.

Even samples exposed to air for a longer time (a year) did reproduce

exactly in magnetic measurements, which demonstrates the high chemical

stability of this compound.

Compounds in the Yb, Y CuAl and Yb, Sc CuAl systems,

however, usually exhibited a Curie contribution in the low temperature

susceptibility. We assume this contamination to be due to trivalent Yb

"impurities" situated near lattice defects, where the local environment

may stabilize the trivalent state.

The low temperature susceptibil ity in these cases can be described

succesfully as:

X(T) = x(0) + -£- (2.1)

where x(0) is the susceptibility of the compound of zero temperature,

which in the above description is assumed to be temperature independent

at low temperatures and where C/T is the "impurity" contribution. When

this description is correct, a plot of x (T) * T versus T should give a

straight line with intercept C and slope X (O), as long as X (O) is constant.

In the Y-and Sc- substituted systems this linear behaviour was observed

for temperatures up to about 8K. The intercepts C, found this way, did
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not reproduce from one sample to the other and never exceeded what would

correspond to 1% trivalent Yb "impurities11.

In the case of the Gd-substituted compounds, the low-temperature

upturn in the magnetic susceptibility has been completely attributed to the

Gd "impurities", as will be discussed in chapter III section 6.3.

An additional check for this correction was found \n the descrip-

tion of the magnetic isotherms, taken in magnetic fields up to 35 T at

liquid helium temperatures. The curvature in the low field part of the

curves (B < 5T) must be due to saturation of the trivalent Yb impurities

( < 1%). The intrinsic magnetization of all compounds, depends linearly

on the applied field up to about 15T, and the differential susceptibilities

between 5 and 15T agree within the experimental error with thex(O)

values obtained in the x versus T measurements. However, this does not

hold for the Sc-substituted compounds, where the intrinsic magnetization

is not linear in the magnetic field, (see chapter III section 6.2). As a

whole, we bel ieve that the intrinsic magnetic properties of these compounds

extracted from the measurements in this way and our conclusions regarding

these properties, both qualitative and quantitative, do not crucially depend

on the correction procedure.
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III MACROSCOPIC P H Y S I C A L P R O P E R T I E S OF

YbCuAl AND R E L A T E D COMPOUNDS

III. 1 INTRODUCTION

In the various sections of this chapter experimental results on

YbCuAl and related compounds will be reported in detail. The techniques

used, which are also briefly described, all yield information on the static

behaviour of the compounds, where as in the next chapter the dynamic

properties will be discussed. First the magnetic properties"and the results

of low temperature heat capacity measurements will be described. Then

thermal expansion and magneto volume effects and also the temperature

dependence of the resistivity will be discussed. The last sections of this

chapter will be devoted to the consequences of substituting Yb by Y, Sc

and Gd in this compound.

III. 2 MAGNETIC PROPERTIES

III. 2. 1 GENERAL REMARKS

The nature of the two possible valence states of Yb explains why

the magnetic properties deserve the first place when we list information

relevant to the mixed-valent behaviour of Yb in a given compound. Trivalent

Yb has thirteen 4f electrons and therefore quantum numbers S = 1/2 and

L = 3. The spin-orbit coupl ing leads to a ground state with quantum number

J = 7/2andg = 8/7 for the Lande factor. This is an eightfold-degenerate

multipiet, with an effective magnetic moment veff = 4,54 uB/Yb atom.

The antiparallel spin-orbit multipiet lies about 1. 3 eV higher and plays,

therefore, no observable role at temperatures belov- the melting points of

the Yb compounds. Divalent Yb has in the ground state fourteen 4f electrons,

i.e. a completely filled 4f shell and therefore does not posses a magnetic

moment.

13 1 2
In free Yb atoms the 4f 5d 6s ' configuration lies about 3eV
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[Martin (1971)] above the 4f 6s ground state. In Yb metal, however
14 13

this energy difference between the 4f ground state and the 4f excited

state is reduced to about 0, 4 eV [Gschneidner (1969)] . Thermal occupa-

tion of the magnetic level would, because of its higher multiplicity, be

well detectable. Magnetic measurements therefore yield a lot of infor-

mation about the relative positions of the states involved in the mixed-

valent problem in YbCuAl.

III. 2. 2 EXPERIMENTAL EQUIPMENT

The magnetic susceptibilities between 1. 4 and 300K were mea-

sured with a pendulum magnetometer, which has been described in detail

by Tamminga (1973). The sample is attached at the lowest point of a quartz

pendulum and oscillates between the spherical pole shoes of an electro-

magnet, which can generate magnetic fields up to 1.30T. The force exerted

on the pendulum by the inhomogeneous magnetic field causes a change in

the frequency of the pendulum, when the field is switched on. From this

change the magnetic moment of the sample can be derived after correction

for the effect of the bare quartz pendulum. This effect is known with an

accuracyof about 1 %. Above liquid nitrogen temperature and in the highest
5 2field it corresponds to a diamagnetic moment of the order o f -0 . 8 10 Am ,

which is three orders of magnitude larger than the low-temperature sen-

sitivity of the apparatus. In the neighbourhood of room temperature the
7 2scattering in observed frequencies leads to a sensitivity of 10" Am with

a. characteristic sample weight of about 1g and a molar weight of 500g,

this leads to an error in the molar susceptibilities of the order of

0.05 * 10" in/mole. Below liquid nitrogen temperature, the sensitivity
—8 2

is about 2*10~ Am , but, because of impurities in the quartz, the con-

tribution of the bare pendulum is temperature dependent here, which

results in some what larger uncertainties in the correction and in an error

in the molar susceptibilities of about 0. 1 * 10" m/mole. In general,

however, 1% of the actual measured susceptibilities of the compounds

discussed here, which corresponds to about the calibration accuracy,



-47-

equals or even exceeds this value in that temperature region. It seems

therefore to be reasonable to take for the total error Ax at all tempe-
m

ratures below 300K a value given by

A)^ = 1 0 " 7 ~ + 0.0t xm (obs) (m/mole) (3.1)

where m and M are the sample and molar weight, respectively and B the

magnetic field in A/m.

The high-temperature susceptibility measurements have been

performed in a Faraday magnetometer, which is discussed in detail by

Klaasse (1977). The sample, sealed in an evacuated quartz ampoule is

suspendedfroma stainless steel bar that hangs on an analytical balance.

An electromagnet generates the inhomogeneous magnetic fields, required

in this method (B = 0. 98T). From the difference between the weightsmax

measured with and without an applied magnetic field, the susceptibility of

the sample can be calculated. We have than to correct for the effect of

the whole equipment with the empty quartz ampoule. The contribution of
5 2the ampoule to the total magnetic moment is typically 1.2 * 10" Am in

the maximum field. The accuracy for the susceptibility yielded by the

calibration procedure, can be safely estimated to be 1 %.

The magnetization measurements in high magnetic fields were

performed in the 40T magnet, which has been described in detail by Roeland

et al. (1969). The fields are generated by leading a current pulse (max.

9000 A) through a coil of insulated windings of hard drawn copper wire.

The coil is cooled to liquid neon temperature. In each pulse the field can

be varied in seven equal steps. Each field within one pulse isdept constant

for 150 ms, a time long enough for eddy currents to decay. From the sig-

nals of pick up coils, the magnetization can be derived with an accuracy

better than 1 % and the field strength with an accuracy of 1. 5%, the first

after correction for the signal of the empty coil. The reproducibility of

this empty coil signal proved to be problematic but acceptable results

were obtained by measuring both the sample pulse and the empty coil within

one liquid helium run. The liquid helium bath also provides the actual
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temperature at which the magnetization is determined. ( I . 4o r 4.2K).

By varying the magnetic field, changes in the magnetic moment larger than
5 2

10 Am can be detected. With a characteristic sample weight of Ig

and a molar weight of 500g this results in an error in the magnetization
—3 2

of about 5 * 1 0 " Am /mole. Although curvatures can be detected very

accurately, which is very important for the study of de Haas-van Alphen

oscillations, there remains an error in the observed moment and in the

slope of the curve after correction for the magnetization of the pick-up

coil, which is difficult to estimate. We have observed irreproducible
4 2

effects, but they never exceeded 10 Am in a field of 30T. This cor-

responds toa susceptibilityof 2* 10" m /mole at a characteristic sample

and molar weight of 1 and 500g, respectively. However, in view of the

very high susceptibilities of YbCuAl and related compounds, this effect

is of minor importance. Again, the observed moment after correction for

the pick-up coil, is the sum of the contributions of the sample and the

sample holder. The latter has been determined separately in order to

correct for it.

111.2.3 EXPERIMENTAL RESULTS

In fig 3. 1 the measured susceptibility of YbCuAl is given as a

function of temperature. For comparison, the data on two other compounds,

YbAl2 and YbAl_, in which Yb is also in an intermediate valence state

are plotted, together with the susceptibility of a mole trivalent free Yb

ions. The data were obtained in the pendulum magnetometer, described

in the preceding section, and were found to be reproducible within a few

percent for various ingots. In contrast with YbAl- and YbAl_, correction

for an impurity contribution at low temperatures was not necessery. At

low temperatures the susceptibility has a very large, constant value

( X (0) - 0.33 * 10" m /mole Yb ), at 28K a claer maximum occurs and

at higher temperatures (above 100K) there is Curie - Weiss behaviour

(fig 3.2). The paramagnetic Curie temperature is 33K and the effective

moment v „ = 4. 33 P Q / Yb atom.
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fig 3. 1 Molar susceptibilities as a function of temperature

for YbCuAl, YbAI3, YbAl2 and trivalent Yb.

Magnetization measurements at 1.4 K up to 35 T are shown in

fig 3.3. Within the accuracy of the measurement, magnetization curves

taken at I. 4 K coincide with these at 4. 2 K. This is consistent with the

constant value of the low-field susceptibi I ity at I i quid he I ium temperatures.

Above 15 T the magnetization curve has an upward curvature. The slope

of the linear part of the magnetization leads to a susceptibility of

0. 33 * 10" m /mole Yb atoms, in agreement with the value we found in

the low-field measurements.
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fig 3.2 Inverse susceptibilities of YbCuAl,

and trivalent Yb.
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fig. 3.3 Magnetic isotherms of YbCuAl and YbAl _.
o

III. 2. 4 BRIEF DISCUSSION

Both the temperature dependence of the susceptibility and the

field dependence of the magnetization of YbCuAl may be an indication of

the occurrence of antiferromagnetic ordering below T m a x (the tempe-

rature where the susceptibility reaches its maximum) in this compound.

However, the dilution experiments (substitution of Y for Yb), discussed

in sections 6. 2 and 6. 3 of this chapter, show antiferromagnetism to be out

of the question: reduction of the number of Yb atoms around a given Yb

site does not affect the temperature T , which therefore should not

be identified with a magnetic ordering temperature.
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A very simple model can account qualitatively for the magnetic

behaviour of YbCuAI. The magnetic properties of the high-temperature

state(T > 100K ) suggest a description in terms of localized 4f states.
14 13

Assuming a 4f singlet ground state and an eightfold degenerate 4f

excited state (the lowest J multipiet) at a distance E , we can derive

the following expression for the susceptibility per Yb ion:
2

8 N u e f f ( 3 2 1)= 3kBT{8-exp(Eexc/kBT)} ^ 2 ' '

where for Yb \i , , - 4.54 —/atom. The high-temperature limit of this

expression leads to an effective moment of 4. 28 u R /Yb atom, which is in

quite good agreement with the observed values of 4.35 uR/Yb atom in

YbCuAI and 4. 25uB/Ybatom in YbAl_. However, formula (3. 2. 1) predicts

a zero susceptibility at low temperatures, which is in disagreement with

the observed susceptibility. By identifying the observed maximum in the

susceptibility with the maximum predicted by formula (3.2.1), we find

E - 2KDT _ _ v - 6 meV for YbCuAI. This very low value suggests,
6XC fcj mox

that admixture effects should be considered.

A strong van Vleck-type admixture of the higher J multipiet has

to be invoked to explain the finite constant susceptibility at zero tempe-

ratures. The absence of saturation effects in the high field magnetization

of YbCuAI and YbAl, points also in this direction. A model worked out

along these Sines byde Chatel et al. (1977) qualitatively accounts for the

magnetic behaviour of these mixed-valent compounds. Quantitative com-

parison of the experiments with this model, which allows only for a singlet

and a magnetic doublet and which does not take into account hybridization

of the 4f states with the conduction electron states does not make sense.

Klaasse (1977) has investigated the applicability of various

models of band magnetism to the mixed-valent problem (the Stoner-

Edwards-Wohlfarthand the Friede I-Anderson model). His conclusion is,

that a satisfactory interpretation within these available models can not be
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given. In chapter V we will return to this subject by discussing

the magnetic properties of YbCuAl within the framework of a simple

Fermi-liquid approach.

III. 3 HEAT CAPACITY MEASUREMENTS

III. 3.1 GENERAL REMARKS

The very high constant susceptibility at low temperatures raised

the question whether this was a consequence of a large electronic den-

sity of states at the Fermi level, caused by a narrow 4f band in this

neighbourhood. To get such information we measured the low temperature

heat capacity [Mattens et al. (1977)].

III. 3. 2 EXPERIMENTAL EQUIPMENT

The measurements were performed in a low temperature dis-

continuously heated calorimeter, described in detail by Elenbaas (1979).

In this apparatus heat capacity measurements with an accuracy of 1% can

also be performed in magnetic fields up to 5T in the temperature region

between 1.3 and about 40K.

111. 3.3 EXPERIMENTAL RESULTS

The heat capacity of YbCuAl, plotted as C/T versus T , yields
2 2

a straight line up to T = 300K (fig. 3. 4). This straight line suggests a
3

metallic behaviour, C = YT + $T ; the intercept and slope give

Y= 255 mj /K 2 mole Yb atoms and 3 = 0.621 mj/K mole Yb atoms,

respectively. The y-value is two orders of magnitude larger than what

is observed in simple metals, the 0 -value corresponds to a Debye tem-

perature of 21 OK. Application of a magnetic field of 4T does not lead to

observable changes in the specific heat.

For comparison, the heat capacity of the nonmagnetic analogue
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YCuAl has been measured. The resul ts y ie ld a y -va lue of 1.93 mJ/K'1

mole atoms and a Debye temperature of 350K.

500

400

300

YbCuAl

C/T

{m J/K2 mole Yb atoms)

i

o
o •

o •

. —

B=0 T
B=4T

T2(K2)

100 200 300 400

f ig. 3. 4 Heat capacity of YbCuAl at low temperatures, both with
and without a magnetic field.

III. 4. 3 BRIEF DISCUSSION

If we take the y-value of YbCuAl as a measure for the total den-

sity of states at the Fermi level, we arrive according to

2 2

Y - - y ^ N(eF)
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at the exceedingly high value for N (e ) of 111 states to be compared with
i *~

for instance 1. 2 eV for Pd.

For a detailed analysis of the electronic contribution to the

specific heat subtractionofanestimated lattice contribution is necessary.

Suitable candidates for this procedure are the nonmagnetic analogues

YCuAl and LuCuAI. Pott et al. (1978) used LuCuAl which has a Debye

temperature of 255K. In our analysis we have used YCuAl, which has a

Debye temperature of 350K, quite different from the YbCuAl Debye tem-

perature of 21 OK. However, there are two reasons to suppose that the

actual Debye temperature of YbCuAl isalso about 350K. From the neutron

scattering experiments, discussed in chapter IV, we can conclude that

essentially very similar phonon excitation energies are involved in both

YbCuAl and YCuAl. Secondly, as is illustrated in the analysis of the

specific heat within a Fermi-liquid approach, one can expect, once such

large electronic contributions linear in T are observed also a sizeable

electronic T term will be present. These two facts justify the subtraction

of the YCuAl specific heat in order to obtain the electronic contribution

in YbCuAl.

In fig. 3.5 the molar heat capacities of YbCuAl, both after

subtraction of LuCuAl and YCuAl, are given.

present study

YbCuAl

Pott etal.(1978)

T[K]

100 200 300

fig. 3.5

Electronic heat capacity
of YbCuAl.

Pott et al. (1978):
Cv( YbCuAl )-Cv( LuCuAl)

Present study:
C,
'V(YbCuAl ) -C v ( YCuAl)
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Both curves exhibit a broad maximum at about 30K, just as found in the

magnetic susceptibility. The difference between the curves is mainly due

to the different specific heats of YCuAl and LuCuAl. No significant dif-

ferences were observed in the specific heat results on the different

YbCuAl samples, involved in the two subtraction procedures.

Since we only performed measurements below 40K, we are not

able to present an accurate value for the entropy associated with the total

peak in the specific heat. The entropy covered by the peak up to 40K

amounts to 1. 43 R to be compared with 1. 12 R found by Pott et al. (1978)

up to the same temperature. Pott reports a total entropy of t.95 R (=Rln7)

under the curve in fig. 3. 5. Our findings below 40K combined with Pott's

results above 40K lead to an entropy of 2. 26 R = R In 9. 5 for YbCuAl.

We can conclude that both Pott's and our experimental results indicate

that the entropy covered by the peak in the specific heat of YbCuAl is

very close to R In 9. An entropy of R In 9 is also expected for a system

consistingof a singlet 4f ground state (J=0) and an eightfold degenerate

4f excited state (J=7/2). This would lead to a Schottky anomaly in the

specific heat, which peaks at a temperature corresponding to about half

the excitation energy between the two states. However, a Schottky anomaly

decreases exponentially with falling temperature and arrives with zero

slope at zero temperature. This is not observed for YbCuAl. Up to 25K

the specffic heat shows a nearly linear temperature dependence, which

cannot be understood in such a simple two level scheme. A more detailed

discussion, also about the field-(in)dependence of the specific heat, will

be given in chapter V.

III. 4 THERMAL EXPANSION AND MAGNETO-VOLUME EFFECTS

III. 4. 1 GENERAL REMARKS

Divalent (nonmagnetic) Yb metal has a molar volume of

24.9 cm /mole. The volume of trivalent (magnetic) Yb metal can be ap-

proximated by the average of the molar volumes of Tm and Lu and amounts
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to 18 cm /mole. Quantitatively this volume difference is reflected in

anomalously large values of the latticeparameters of compounds contain-

ing divalent or mixed-valent Yb atoms compared to isostructural compounds

with rare earth atoms in the usual trivalent state.

Due to this close connection between valence and volume we may

expect the thermal expansion of YbCuAl to be anomalous compared to iso-

structural RECuAl compounds containing stable trivalent rare earth

atoms. This may provide direct information about the valence transition.

Since trivalent Yb, with the smaller volume, is magnetic

(4f , J=7/2) and divalent Yb is nonmagnetic (4f , J=0), we can also

expect characteristic magneto-volume effects in compounds involving

mixed-valent Yb. First, as application of a magnetic field favours the

magnetic trivalent state, with the smaller volume, a negative magneto-

striction can be expected. Secondly, due to the fact that in a compressed

lattice Yb is easier to accommodate if it is in its smaller (magnetic) state,

it can be expected that, when pressure is applied, this state becomes

energetically more favourable. This has to manifest itself in an increase

of the magnetization when pressure is applied.

In order to see whether the above expectations could be con-

firmed, we measured thermal expansion, magnetostriction and pressure

dependence of the magnetic susceptibility of YbCuAl.

III. 4. 2 EXPERIMENTAL EQUIPMENT

The thermal expansion has been determined with two experimental

techniques. A conventional X-ray diffractometer has been equiped with

a low-temperature facility which enables the establishment of the tem-

perature dependence of the lattice parameter in a region between 5 and

300K. The low-temperature facility consists of a MRC cryogenic high

vacuum "cold finger" dewar, model X-86-NC, which has been attached

to a somewhat modified goniometer. The temperature of the sample can
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be controlled within about 3%. The diffracted X-rays are detected by a

proportional Geiger-MUIIer counter. The X-ray patterns were taken with

CuKa radiation on powdered samples. Although this X-ray method is not

very accurate (see the error bars in fig. 3.6), the thermal expansion

anomaly was large enough to be detectable. We have compared the X-ray

data with those obtained in a much more accurate thermal expansion ex-

periment in which the low temperature behaviour (T<15K) of the thermal

expansion was established with a capacitance method[Mattens (1979)].

This is the most accurate method for measuring length changes at low tem-

peratures. The change in capacitance of a parallel plate capacitor as the

plate spacing varies can be established very accurately. This way the

length change with respect to the value at liquid helium temperature can

be determined within 1 %. In the temperature range of overlap, there was

good agreement in the YbCuAl data which were obtained by these different

methods.

The capacitance method has also been used in establishing the

magnetostrictive properties of YbCuAl at low temperatures, simply by

applying a magnetic field, when the thermal expansion was measured. The

pressure dependence of the magnetization has been measured with an in-

ductive method [Buis (1979)]. The experimental equipment that was deve-

loped for these measurements, consists of a set of two oppositely wound

pick-up coils in a superconducting solenoi'd. The Be-bronze high pressure

cell (pressuresup to500 MPa) with the sample is moved between the cen-

ters of the two pick-up coils and by integrating the induced voltage, the

magnetic moment of the sample is determined. Pick-up coils and high

pressure cell are placed in an insert dewar, in which the temperature

can be controlled between 1.5 and 300K. The superconducting coil can

generate magnetic fields up to 5 T. The zero pressure susceptibility,

which was measured on a sample in a perspex sample holder and which

also had to be used in order to correct for the paramagnetic contribution

of the Be-bronze pressure vessel, showed a rather large scattering in

the observed values. In stead of using these data, we redetermined the
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zero pressure susceptibility measurements in the pendulum magnetometer

(Section 2. 2 of chapter 111).

III. 4. 3 EXPERIMENTAL RESULTS

In fig. 3. 6 both lattice parameters a and c are given as a function

of temperature. A clear anomaly can be observed in a around about 60K.

692-

691

400 -

399

0 100 200 300

fig. 3.6 Lattice parameters of YbCuAl as a function of temperature from

X-ray diffraction.

As can be seen in fig. 3. 6 the determination of c is much less accurate

than that of a. This is due to the fact that there are no reflections in

which only c is involved; In contrast with a, the parameter c can only be

establ ished from X-ray reflections in which both a and c appear. In YCuAl

a normal thermal expansion has been established. At room temperature

we have found the same slope as for YbCuAl, while below liquid nitrogen

temperature the lattice parameter becomes temperature independent. Ap-
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parently in YbCuAl below 60K the gradual valence transition dominates

the normal lattice thermal expansion.

In fig. 3. 7 the length change relative to the length at 4. 2K as de-

termined with the capacitance method, is given up to 15K. Also in this

0.0
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YbCuAl
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• B * 7 3 T

\
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fig. 3. 7
" 5 10 15

Length change relative to the length at 4. 2K for YbCuAl

(capacitance method).

experiment a negative thermal expansion is observed, which quantitatively

agrees with the results of the X rray experiment (fig. 3. 6) and which does

not change when a magnetic field of 7. 3 T is applied. This implies that

the magnetostriction is temperature independent between 4. 2 and 15K.

The longitudinal magnetostriction of YbCuAl measured at several tempe-

ratures is presented in fig. 3.8. It has a negative sign and its field de-

pendence is quadratic, which is not unexpected, in view of the propor-



- 6 1 -

tionality between M and B.

o

-5 -

- 466K

VbCuAl

B[T)

1 2 3 * 5 6 7 8

fig. 3. 8 Longitudinal magnetostriction of YbCuAI.

Magnetization measurements as a function of pressure and tem-

perature have been performed in fields up to 5 T at pressures up to

500 MPa (5kBar) between 4. 2 and 300K. In fig. 3. 9 the results obtained

below 60K, are given in terms of susceptibilities. It suffices to present

the susceptibility since at all temperatures, also under the highest pres-

sures, the field dependence of the magnetization remains linear up to 5 T.

It is found that the pressure affects the susceptibility positively. Below

5K, a small magnetic impurity contribution makes it difficult to establish

the size of the effect. Between 5 and 15K the increase appears to be con-

stant, amounting to about 3% per 100 MPa (1kBar). At higher tempera-

tures it diminishes, whereas above 60K the susceptibility is not affected

by pressure. The temperature of the maximum T , shifts about IK per
max'

100 MPa (1kBar) towards lower temperatures.

The volume magnetostriction is thermodynamically related to the

pressure dependence of the magnetic moment by:
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W

(3.4.1)

P.T

If we assume the volume magnetostriction to be represented by three times

the observed linear magnetostriction, we find quantitative agreement

between this quantity and the pressure dependence of the magnetic moment.

From this it can be concluded that there are no appreciable shape effects

present in YbCuAI.
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450 ••

x«io°
[m^/mole Yb atoms]
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f ig. 3. 9 Pressure- and temperature-dependence of the susceptibility of

YbCuAI.

III. 4. 4 BRIEF DISCUSSION

The anomalous thermal expansion of YbCuAI can qualitatively be

understood in terms of a simple 4f-promotion picture: the volume effect

due to the gradual transition of the Yb atoms into the smaller trivalent
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state, which takes place by f-electron promotion into the conduction band

with increasing temperature, dominates the normal thermal expansion,

resulting in the occurrence of a volume minimum. Above about 100K, the

valence transition being completed, a normal thermal expansion is ob-

served. We must emphasize however, that the observed volume anomaly,

although unequivocally present, amounts to only about 0.3% (corres-

ponding to 0. 1 cm /mole YbCuAl).

The negative sign of the magnetostriction is in accord with the

notion that a magnetic field should stabilize the magnetic trivalent state,

which has the smaller volume.

If we take the atomic volume of Yb as a measure of its valence,

it Is inprincipie possible to determine the low temperature valence of Yb

in YbCuAl from the observed volume change of 0. t cm /mole YbCuAl,

which for sake of simplicity will be completely attributed to an Yb volume

change. However, an important difficulty is encountered in doing this:

the difference in atomic volume of Yb in the trivalent and (hypothetical)

divalent YbCuAl compounds has to be known. The volume of the trivalent

compound at 300K can be easily estimated by interpolation between the

isostructural compounds TmCuAl andLuCuAl, which gives 33.31 cm/mole

YbCuAl. Since this value is very similar to the actual volume of YbCuAl

at300K, 33. 25cm/mole YbCuAl, we can conclude that at this temperature

Yb in YbCuAl is in the trivalent state. For the establishment of the low-

temperature valence themajor difficulty lies in the impossibility to estimate

the volume of the divalent compound. In general this can be done by con-

sidering the isostructural Ba or Ca compounds, which however, in this

case do not exist.

We must emphasize, that relating the volume change of 0. t cm/mole

YbCuAl to the volume difference of 6 CHI between di - and trivalent Yb metal

leads to a rather arbitrary estimate of the valence of Yb in YbCuAl. This

can be illustrated by means of YbAl9, where both the d i - and trivalent



-64-

volumes easily can be estimated: the divalent volume by taking that of

CaAl_ and the trivalent volume by interpolation between TmAI2 and LuAl2.

In this case the volume difference amounts to 2.6 cm/mole YbAI_, which

differs by a factor of two with the volume difference between the pure

metal modifications.

Although we are not able to establish quantitatively the valence

of YbCuAl at low temperatures, we can conclude that a promotional model

succesfulIypredicts the sign of the thermal expansion anomaly as well as

that of the observed magneto-volume effects.

111.5 ELECTRICAL RESISTIVITY MEASUREMENTS

III. 5.1 GENERAL REMARKS

The electrical resistivity of a metal contains information about

the scattering possibilities for the conduction electrons. In particular in

the mixed-valent problem measurements of the electrical resistivity may

provide information about the hybridization rate of local electronic states

and conduction electron states. In thecase of-YbCuAl these measurements

may tell us to what extent the rather localized 4f states are hybridized

with the conduction electron states.

In order to account for the normal electron-phonon contribution

to the resistivity, we have also determined the temperature dependence

of the resistivity of YCuAl.

III. 5. 2 EXPERIMENTAL EQUIPMENT

A conventional four point method was used to establish the resis-

tivity in the temperature interval 1.5<T<300K. The samples were spark-
3

cut in the shape of bars of typical dimensions 10*1*1 mm . The electrical

contacts were made by a pinching technique.
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III. 5. 3 EXPERIMENTAL RESULTS

In fig. 3. 10 the temperature dependence of the resistivities of

both YbCuAl and YCuAl are given. The three main observations are:

(a) a very high residual resistivity for both YbCuAl and YCuAl, (b), for

YbCuAl, a rather fast increase of the resistivity up to liquid nitrogen

temperature and (c) a temperature independent behaviour between liquid

nitrogen and room temperature.

fig. 3. 10 Resistivity of YbCuAl and YCuAl as a function of temperature.
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III. 5. 4 BRIEF DISCUSSION

!n the mixed-valent case the resistivity may be thought to be build

up of the following contributions:

p = Pj + pph + P (3.5. 1)

in which p. is the resistivity, which is due to scattering by impurities

and lattice imperfections, P h is the contribution due to the electron-

phonon interaction as is commonly observed in metals and p is usually

the contribution which makes the experiment of real interest, because it

contains the information about the non-common scattering possibilities

for the conduction electrons in mixed-valent compounds.

Whatkindof scattering mechanisms can cause an appreciable p

contribution? First, if there is a high density of states at the Fermi

level (e.g. see the specific heat results in section 3. 4 of this chapter)

one has a situation like that considered by Mott (1936), who calculated

the resistivity due to the presence of a narrow partially filled d-band

superposed on a conduction band at the Fermi level. He found that for

temperatures, lowcompared with the degeneracy temperature of the band,

the resistivity is proportional to
2 2

whereN is the density of states at the Fermi level and N' and N" its first

and second derivative, respectively. The shape of the band determines
2

the sign of the T term. If N has a parabolic form near the top of the
2

band, then the T term is negative. Cohen et al. (1967) have extended

Mott's basic idea and have developed a model which allows one to calculate

the two band resistivity over the entire temperature range. This contri-

bution to p due to scattering to d- or f-bandstates is usually called s-d

or s-f contribution. The reason for discussing this type of scattering first

is, that the s-f scattering also contributes to the residual resistivity,

p o = p i + po * i-.T
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Large values for P are commonly observed in mixed-valent com-

pounds (e.g. CePd,, YbAl^ and YbAl_). However, in our case YCuAl,

which is not mixed-valent at all, shows an even larger p than YbCuAl.

Although at present the origin of these unusually large p values is not

understood, we can think of the following mechanisms. In the first place

the quenching technique, used in the sample preparation procedure, may

introduce a high concentration of cracks and shrinks, which will not be

removed during the annealing procedure. Consequently, this may lead to

a form factor different from the one used. However, different samples

show essentially the same temperature dependence, but only different

residual resistivities. This is an indication that other mechanisms are

likely to occur. The s-d scattering in YCuAl may contribute significantly

to the p -value, whereas in YbCuAl a combination of s-f and s-d scat-
o '

tering can cause a residual resistivity, which is smaller than that of

YCuAl, but still large.

If we disregard the residual resistivities and consider the tem-

perature dependent part of the resistivity of YCuAl as an estimate for the

electron phonon contribution, p_, to the resistivity of YbCuAl, then we

find for p , the remaining temperature dependent part of the YbCuAl

resistivity a broad structureless maximum at about 60K. In fig. 3. 11 we

compare p with the resultson YbAI-and YbAl_, as obtained by Havinga

etal. (1973). Although there is some similarity between the three curves,

it is not possible to establish a universal curve by introducing reduced

temperature and resistivity scales.

What type of scattering mechanism can account for the observed

broad maximum in p ? If the s-f scattering is responsable for this beha-

viour, then a consequence of the occurrence of a maximum is, that the

4f-level shifts in energy with respect to the Fermi level with increasing

temperature. Some justification for this may be found in the more localized

f character indicated by the susceptibility and the electronic specific heat

at higher temperatures.
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600

flg. 3. 11 p as a function of temperature.

As an additional possibility to explain p we now consider briefly

the contribution to the resistivity, which is due to the interaction between

the conduction-electron spins and localized magnetic moments. In first

order this interaction gives rise to what is called the spin - disorder

resistivity. This contribution is constant as long as the local moments do

not order magnetically and vanishes below the ordering temperature. In

third order this interaction, if negative, leads to the Kondo effect: a

resistivity increase logarithmic in T below the Kondo temperature. To-
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gether with the normal electron-phonon scattering this increase gives

rise to the well-known Kondo resistivity minimum. It would seem

[Schrieffer et al. (1966)] that the Kondo effect does depend on the f-level

being near the Fermi level. An analogue scattering mechanism as used in

the Kondo concept may be of interest for the mixed-valent problem, a l -

though the quantitative impact of such a description is not clear at present.

The important role that strong electronic interactions seem to

play in the many anomalous properties of mixed-valent compounds points

into the direction of a description in terms of a Fermi-liquid concept.
2

This interaction which gives rise to a T -dependence of the resistivity

is in normal metals so small that it is only observable at very low tem-

peratures. However, in high-densityof states materials it is appreciable

larger. At the Natuurkundig Laboratorium an attempt is undertaken

presently to describe the resistivity of YbCuAl in the simple Fermi liquid

model outlined in Chapter V.

III. 6 IMPLICATIONS OF THE SUBSTITUTION OF Yb BY Y, Sc

AND Gd IN YbCuAl.

III. 6.1 GENERAL REMARKS

As most known intermediate valence systems are perfectly orde-

red intermetal lie compounds, the question naturally arises, how important

is the presence of a large concentration of intermediate valent ions and

the spatial periodicityof their positions in determining the general inter-

mediate valence behaviour. It has been often argued that, due to the very

compactly localized nature of the 4f states, no overlap exists between

nearest rare earth neighbours, and therefore intermetal lie compounds

containing rare earths (and even pure metals like Ce) can be looked upon

as systems of magnetic impurities. On the other hand in mixed-valent

compounds, where the 4f electrons are at the borderline of localization

anddelocalization, it is of interest to find out whether the other extreme,
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a collective description in terms of itinerant 4f electrons, may be applic-

able. Naturally, if the investigation is to be limited to the intermetallic

compounds in question, bulk measurements cannot provide the information

necessary to make a choice between such single-ion and collective de-

scriptions of intermediate valence systems.

Two kinds of substitution can be considered, both of them having

well-defined consequences if either the single-ion or the collective de-

scription is correct. If the intermediate valence ions are partially

substituted by a non-magnetic species, a single-ion description will imply

simple dilution effects, that is, proportionally reduced bulk properties

showing a qual itativel y unchanged dependence on temperature and magnetic

field. On the other hand, if the substitute is for instance another rare

earth ion having a well-defined magnetic moment, in a collective picture

we might expect the occurrence of giant moments. Such giant moments are

known to arise in exchange-enhanced Pauli paramagnets [Nieuwenhuys

(1975)] , where the coupling between the impurity moment and the highly

polarizable matrix leads to extended polarization clouds in the host.

In order to confirm, or otherwise, such expectations, we have

prepared an extensive series of Yb, Y CuAl alloys and several alloys
I "X X

in the systems Yb, Sc CuAl and Yb. Gd CuAl. It can be expected that
I ~ X X I — X X

Y and Gd, which are chemically almost indistinguishable from Yb and also

have very similar ionic radii, litterally substitute Yb, leaving the sub-

lattices occupied by Al and Cu, practically intact. Sc however, being

chemically identical to the rare earths, has a significantly smaller ionic

radius. Although the compound ScCuAl does not exist, we have found in

the present study that single phase Ybt Sc CuAl samples can be produced
I — X X

up to x = 0. 2. Due to the difference in ionic radii between Yb and Sc

chemical pressure effects can be expected in these compounds.

The experiments performed on these compounds are:determination

of the magnetic properties, both magnetic susceptibility versus tempera-

ture and high field magnetic isotherms at low temperatures, some low



- 7 1 -

temperature heat capacity measurements [Elenbaas (1979)], and con-

ventional room temperature X-ray diffraction experiments in order to

establish lattice parameters and sample homogeneity. All experimental

equipment involved, has been described in this chapter (sections III. 2. 2,

III. 3. 2 and III. 4. 2). The sample preparation has been extensively de-

scribed in chapter II.

III. 6. 2 EXPERIMENTAL RESULTS

A THE Yb, Y CuAl SYSTEMS

Room temperature lattice parameters were determined for all

Y-substituted samples (x = 0, 0 .1 , 0.2, 0.3, 0.4, 0.5, 0.7, 0.9, 0.99

and 1. 0) from X-ray patterns taken with SiO2 as a standard. Both lattice

parameters a and c were found to increase linearly with Y concentration

(see figs. 3. 12a and 3. 12b respectively). The error bars in the figures

give the standard deviation of the results which were obtained on several

grainsof the ingots. The relative changes in a and c being small (^1%),

the volume per formula unit, V, , depends also linearly on the Y-con-

centration (fig. 3. 13). This behaviour according to Vegard's law is an

indication for absence of pressure effects due to alloying.

The measured susceptibility versus temperature curves, together

with those corrected for a low temperature "upturn11 are shown in fig. 3. 14.

The low temperature upturn can safely be assumed to be due to trivalent

Yb "impurities11, which are situated near lattice defects, as has been

pointed out in chapter II section 7. The anomaly is largest in the middle

of the concentration range and never exceeds to what would correspond

to 1 % trfvalent Yb "impurities". Although the maximum in the susceptibility

becomes less pronounced upon substitution of Y and even disappears for

the two compounds richest in Y it can be seen in fig. 3. 14 that up to the

Y concentration corresponding to x = 0. 7 the compounds show the typical

mixed-valence behaviour: a temperature independent susceptibility at low

temperatures, a maximum in the susceptibility and a Curie-Weiss beha-
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4.001-

6.90-

Lattice parameter a as a function
of the Y concentration

3.90h

0.5
fig. 3. 12b

Lattice parameter c as a function
of the Y concentration

1.0

fig. 3. 13 Volume per formula unit as a function of the Y concentration
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fig. 3. 14 Mass susceptibility curves vs temperature for Yb, Y CuAl

compounds.

The inset shows the value of the constant low temperature
susceptibility as a function of the Y concentration.
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viour at higher temperatures. The inset in fig. 3. 14 shows how the mass

susceptibil ity at zero temperatures varies as a function of the Y content.

The temperature of the maximum does not show a similar dependence on

the Y concentration: its value remains about 28K. From the high tempe-

rature (above 100K) parts of the curves an effective moment of

4.30 t 0. 05 wD per Yb atom and a paramagnetic Curie temperature of

about 35K are obtained for all concentrations, even for x = 0. 99.

We have also determined the magnetization at liquid helium tem-

peratures in high magnetic fields (up to 35T). In fig. 3. 15 the results,

which do not depend on temperature between 1.4 and 4. 2K, are shown

for all concentrations, except for x = 0.99, for which compound the effect

was too small. The curvature in the low field part of the curves (B<3T)

must be attributed to saturation of the small amounts ( <1%) of trivalent

Yb "impurities". The intrinsic magnetization of all compounds depends

linearlyon the appliedfieldup to about 15T, just like in the pure compound

YbCuAI. The corresponding susceptibilities agree quite well with the

x(0) values obtained in the x versus T measurements (fig. 3. 14). Above

15Tall magnetization curves, except the one for the compound with x=0. 9,

show the upward curvature, also known to exist in pure YbCuAI. Like

the maximum in the susceptibility this upward curvature becomes less

pronounced upon substitution of Y.

Measurements of the heat capacity were performed on samples of

the compositions x = 0. 2 and 0. 7. The results of the measurements are

given in fig. 3. 16. It is clear that the qualitative features of the heat

capacity of YbCuAI are also found for the two Y-substituted compounds.

The minor upturn in the x = 0. 7 compound is an impurity effect. In table 3. I

we have collected the values of the electronic specific heat coefficient

Y per mole Yb atoms as a function of the Y-content: taking into account

the inaccuracy in the determination of we conclude that there is no

significant concentration dependence. In table 3. I are also given the values

of the coefficient 3 of the T term and the corresponding Debye tempe-
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ratures. It can be seen that 3 and 0_ vary monotonously with the

Y-content.

table 3. 1

COMPOUND

YbCuAl

Y b 0 . 8 V 0 . 2 C u A l

Y b 0 . 3Y0. 7 C u A l

YCuAl

Y b 0 . 9 9 G d 0 . 0 1 C u A l

Y b 0 . 9 S c 0 . 1 C u A l

2 Y

(mJ/K mole Yb atoms)

255

272*

232*

268

372

, 4 3

(mJ/K mole atoms)

0.205

0. 171

0.088

0.048

0.331

0.105

(K)

211

225

281

350

180

265

these y-values have been corrected for an YCuAl contribution

Y (YCuAl) = 1. 96 mj /K 2 mole atoms .

fig. 3. 15 Mass magnetization vs applied magnetic field for Yb. Y Al
compounds. ~x x
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100 200 300 400 500 600 700 800

fig. 3. 16 Low temperature heat capacity, plotted as C/Tvs T , for YbCuAl
and related quasi-ternary compounds. The open circles corres-
pond to the heat capacities measured in applied magnetic fields
(5T for the Sc-substituted compound and 4T for the others).

B THE Ybt Gd CuAl SYSTEM

Susceptibility and magnetization results for YbCuAl doped with

1% Gd are shown in fig. 3. 17a. Both curves suggest a superposition of

the YbCuAl matrix contribution and a Gd contribution. Assuming the latter

follows the Curie-law, the Curie constant was determined by plotting

XT versus T, as pointed out in section 11.7. Such a procedure yields
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fig. 3. 17 Susceptibility (a) and magnetization (b) results for Gd-doped
YbCuAl.
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the value y -- = 9. 0 y B/Gd atom, which slightly exceeds the free-ion

value y f , = 7.94 yB/Gd atom. Since Y-doping also causes some low-

temperature anomalies in the susceptibility, relating the Curie constant

only to the number of Gd atoms may not be a reliable way of determining

exactly the moment carried by each Gd atom. However, the uncertainties

do not affect the conclusion to be drawn in section III. 5. 3. Subtraction

of XGd ^ v f- /3KBT from the actual measured susceptibility, leaves the

lower curve in fig. 3. 17a, vvhich is seen to be indeed identical with the

susceptibility of YbCuAl (fig. 3. 1).

In accordance with the free-ion like contribution of Gd to the

susceptibility, we identify that part of the magnetization with Gd, which

is saturated at about 4T (fig. 3. 17b). Between 4 and 15T the magnetization

is perfectly linear in the external field. Extrapolation of this straight

line to B = 0 T gives an intercept corresponding to a saturation moment

y = 8 . 9 y ,.,/Gd atom. Again this exceeds the free-ion value of
sat D

V t
 = 7 y._,/Gd atom. However, this deviation is relatively small and

sat t>

in view of the uncertainties mentioned above in connection with y , , , it

should not be overemphasized.

The heat capacity of this Gd-doped YbCuAl compound has also

been measured. The results in zero field and in a magnetic field of 4T

are given in fig. 3. 16. The coefficient of the linear term (table 3.1)

equals 268 mj/K mole Ybatoms, 5% larger than for pure YbCuAl. Below

10K the heat capacity in a magnetic field is larger than that in zero field.

Above 10K there is no difference. If we subtract the zero field data from

the data in a magnetic field, we obtain the entropy associated with the

Gd-atoms in YbCuAl. Because we do not know exactly how to extrapolate

to T = 0 K, only a rough estimate of this can be given. The entropy thus

derived is 12-15 j / K mole Gd atoms, which is quite near the value

R In 8 = 17 j / K mole Gd atoms expected for trivalent paramagnetic

Gd atoms.
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C THE Yb SC CuAl SYSTEM

Aspointedout in section II. 6onlyabout 20% Sc can be substituted

in YbCuAl. In this system we have investigated three compounds (x = 0. 05,

0. 1 andO. 2). In fig. 3. 18 the as-measured susceptibility curves are given.

Yb, Sc CuAl
1-X X

0-1

[mvmoleYbatoms]

TIKI

0 100 200 300
fig. 3. 18 As-measured susceptibility curves for various Sc substituted

YbCuAl compounds.

At high temperatures we find Curie-Weiss behaviour with an effective

moment of 4.30 i 0.05 ^g/Yb atom for all Sc concentrations, the same

as for YbCuAl and Y-substituted YbCuAl. Although the low-temperature
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susceptibility tail is quite large, it is still possible to correct for trivalent

Yb "impurities" by means of a XT vs T analysis. In this way, the sus-

ceptibility curves shown in fig. 3. 19 are obtained from the as-measured

data. It is found that with increasing Sc concentration T shifts to-

wards lower temperatures, wheras at the same time the constant value

of the low temperature susceptibility increases. This effect is very

similar to what is observed, when external pressure is applied on pure

YbCuAl (section MI. 4. 3).

[ rrr/mole Yb atoms]

0 100 200 300
fig. 3. 19 Corrected susceptibility curves for various Sc-substituted

YbCuAl compounds.
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Themagnetic isotherms at liquid helium temperatures in magnetic

fields up to 35T are plotted in fig. 3. 20. Forx= 0.05 we still find a similar

magnetization as for pure YbCuAl (except for some saturation curvature,

due to trivalent Yb "impurities", in the low field part of the curve).

10 I Am /mole Yb atoms]

Yb4 Sc CuAl
1-X X

U2 K

B[T1

20 30

fig. 3.20 Field dependence of the magnetization at liquid helium
temperature for various Sc-substituted YbCuAl compounds.

For the higher Sc-concentrations, however, the characteristic shape

(upward curvature in the high field part) vanishes. If we identify the slope

of the linear part of the magnetization (between 5 and 15T) with the initial

susceptibility, we find agreement within a few percent with the corrected
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low-temperature susceptibility values presented in fig. 3. 19, which

justifies the applied correction procedure.

The heat capacity of the x = 0. 1 sample is given in fig. 3. 15. It

can be seen that the properties have changed drastically with respect to

those of YbCuAl. For the coefficient of the linear term, Y , a value can

be derived of 372 mJ/K mole Yb atoms (table 3. I), a relative change

which is similar to that in the low-temperature susceptibility. The Debye

temperature is about 25% larger than that of YbCuAl. Also given in

fig. 3. 16 is the heat capacity in a magnetic field of 5T; it is found to be

field independent, except for a small magnetic impurity contribution at

lower temperatures.

III. 6. 3 DISCUSSION

A THE Yb, Y CuAl SYSTEM

Although the results of our measurements on Y-substituted

YbCuAl may not seem very spectacular, some rather momentous con-

clusions can be deduced from them. What they indicate, in the first place,

is the remarkable stability of the intermediate-valence state of Yb. In

these quasi-ternary compounds Yb remains in the mixed-valent state at

least up to x = 0. 7 and even beyond this concentration, there is no indi-

cation that it would have undergone a transition towards a stable divalent

or trivalent state.

The observations that T ano\the magnetic field where up-
fflaX

ward curvature of the magnetization begins are practically independent

of concentration, strongly suggest a single-ion description of the inter-

mediate-valence state. This conclusion is confirmed by a quantitative

verification of this "dilution effect", which is in accordance with the

expected result' in a single-ion model. The inset of fig. 3. 14 shows the

low temperature limit of the mass susceptibility as a function of the

Y concentration, while in fig. 3. 21 the same data are normalized to one
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mole of Yb atoms. Evidently, with the exception of the x = 0. 99 result,

there is no significant and systematic variation accross the entire con-

centration range. It has to be noted that the X(0) value for this case is

rather uncertain, because at extreme dilution the Pauli paramagnetism

of the YCuAl matrix becomes comparable with the contribution of Yb.

Therefore we have also indicated in fig. 3. 21 the X (0) values obtained

by correcting the experimental susceptibility for an YCuAl contribution

0.4

r
Yb1-xYx C u A I

0.3h

0.2

0.1

0.0

XM*106

[m^/mole Yb atoms]

0.0 0.5 1.0

fig. 3.21 Low temperature susceptibility as a function of the
Y concentration normalized to one mole of Yb atoms.
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of 4. 15 x 10" rf/kg. A further remark concerns the error bars in

fig. 3. 21, which indicate the distribution width of values observed on a

number of samples of each composition. For x = 0. 4 and 0.5 the error

bars are rather large, which may be due to the possible existence of a

small miscibility gap in that concentration range. Admittedly, no phase

separation was resolved in X-ray diffraction, but the large standard

deviations of the lattice parameter values in the same composition range

may be the.only observable consequence of such a gap.

The observation that Y-substitution does not seriously influence

the value of y per Yb atom, which is the main result of the heat capacity

measurements firmly underlines the outline above, based upon the magnetic

results.

As an illustration of the effect on the susceptibility to be ex-

pected if a (hypothetical) exchange-enhanced itinerant 4f paramagnet is

diluted, we can make a comparison with the well-known exchange-enhanced

4d-metal Pd if it is diluted with Pt. In fig. 3. 22 the concentration depen-

dence of the zero-temperature susceptibility per mole atoms of the Pd-Pt

system is given [Kobayashi et al. (1968)] . It is clear that substitution

of Pt in the exchange-enhanced matrix of Pd effectuates a much larger

decrease of x (0) than what would correspond to simple dilution. Such a

behaviour is completely different from what is observed in the

Yb, Y CuAl system.

B THE Yb, Gd CuAl SYSTEM

Our results on Gd-doped YbCuAl lead to a negative conclusion:

no giant moment formation, as occurs in for instance PcJFe, is observed.

The conditions for giant moment formation are [Nieuwenhuys (1975)] :

a strongly exchange-enhanced Pauli-paramagnet host and a strong

magnetic coupling between impurity and host magnetizations. In view of

the second condition, we can not jump to the conclusion that 4f band para-

magnetism is completely ruledout as a description of the low-temperature
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10

Xm(0)*109
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fig. 3. 22 Low-temperature susceptibility in the Pd-Pt system.

behaviour of YbCuAl. However, the lack of giant moment formation will

be difficult to accommodate in such a description, considering the molar

susceptibility of YbCuAl is about 30 times larger than that of Pd and the

exchange coupling between rare earth atoms in the RECuAl iso-structural

lattice does not seem to be small. Several of these RECuAl compounds

are ferromagnetic with Curie temperatures of the order of 50K [Oester-

reicher (1973)] .



-86-

C THE Yb, Sc CuAl SYSTEM

On the basis of the smaller volume of Sc with respect to Yb

chemical pressure effects upon Sc-substitution are likely to occur. Un-

fortunately, due to the absence of compounds with x> 0.2, we are not

; able to establish possible deviations from Vegard's law. Therefore the

: lattice parameter data do not provide information about possible pressure

effects.

i On the other hand we can compare the observed magnetic

) properties with the resultsof measurements of the magnetic susceptibility

I of pure YbCuAl when external pressure is applied (see sections III. 4. 3

and III. 4. 4). These results have pointed out, that T shifts towards
max

lower temperatures when pressure is applied, while the value of the

constant low-temperature susceptibility increases. From fig. 3. 19, in

which the corrected susceptibility curves for various Sc-substituted

YbCuAl compounds are plotted as a function of temperature we can con-

clude that substitution of Sc has a similar effect as application of external

pressure. One may object against the use of the impurity-correction

procedure in the case of Sc-substituted compounds. It may be that here,

due to shift of the maximum towards lower temperatures, the low-tempe-

rature susceptibility is no longer temperature independent below 8K.

However, since the XT vs T plots are still linear up to this temperature,

we can conclude that the susceptibility is fairly constant.

In section III. 4.3 we have found that the low-temperature

susceptibility of pure YbCuAl increases with 3% per 100 MPa (1kBar).

Assuming that this value is independent of pressure, which is probably

a very crude approximation, we can make an estimate of the pressures

involved with Sc-substitution in YbCuAl. The procedure and the results

are reflected in tsble 3. I I .

We can compare the pressures in table 3. II with the pressure

required to accomplish a complete valence transition from divalent to
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table 3. II

0.00

0.05

0. 10

0.20

X(0) * 106

(HI/mole Yb atoms)

0.320

0.37

0.42

0. SO

Av/ni/vfOl
/ / A \ w / y L p . . A i

0 %

15 %

32 %

59 %

Pressure

(100 MPa)

-

5

11

20

tr ivalent Yb metal. This pressure can be estimated by identifying the

transformation energy of 38 k j /mole [Gschneidner (1969), de Boer et a l .

(1979)] with the p AV term in the free energy. The volume of divalent Yb

is 24.87 en?/mole. For tr ivalent Yb metal the molar volume can be ap-

proximated by taking the average of the values for Tm (18. 13 of /mole)

andl_u(17. 77crii /mole); with a thus derived value for AV of 6. 92 cS/mole

we find a pressure of 55 * 100 MPa, necessary to achieve the valence

transit ion in pure Yb metal.

I I I . 6. 4 CONCLUDING REMARKS

The magnetic properties of Y - and Gd-substituted YbCuAl can

be understood within a single-ion picture, implying that neither a high

concentration of IV ions nor spatial periodicity is essential for the oc-

currence of the magnetic behaviour characterist ic of IV systems. Yttr ium

substitution leaves the intermediate valence of Yb unchanged, the cha-

racter is t ic temperature and magnetic f ield associated with YbCuAl are

independent of Y concentration. No giant moment formation is observed

in Gd-doped YbCuAl, showing that the long-range polarization effects

character ist ic of exchange-enhanced band paramagnets are absent here.

Comparing the magnetic properties of the Sc-substituted compounds with

the effect of external pressure on pure YbCuAi, we can conclude that

substitution of Sc gives r ise to so called chemical pressure.
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IV MICROSCOPIC PHYSICAL PROPERTIES OF YbCuAl

IV. 1 INTRODUCTION

In the various sections of this chapter experimental results

yieldingsomedynamical aspects of the mixed-valent problem with respect

to YbCuAl will be reported in detail. In section 2 it will be made plausible,

why the dynamic properties are interesting to investigate. Sections 3

and 4 will give detailed information on the neutron inelastic scattering-

and the nuclear magnetic resonance and relaxation experiments, and in

section 5 the results will be discussed.

IV. 2 GENERAL REMARKS

Throughout the history of the mixed-valent problem the question

of static versus dynamic valence mixing has played an important role. To

visualize this apparent contradiction: are the electrons hopping on and

off the local 4f-shell, or are they in a stationary state for which the 4f-

occupancy is not an integer value? The first picture represents the so

called dynamic valence mixing, whereas the second one is called static

valence mixing. The dynamical picture, involving real-time fluctuations

of the valency has already been discussed by Wohlleben and Coles (1973),

who confronted it with a static distribution of ions with different integral

valences at different sites (spatial mixture).

The question of a characteristic time of valence fluctuations

gainedevenmore interest due to the following experimental observations:

Mossbauer experiments on mixed-valent compounds [Bauminger et al.

(1973)] show essentially spectra with only one absorption line, which

corresponds to a non-integral valence, whereas XPS experiments [Cam-

pagna et al. (1974}] show spectra in which both integral valence states

involved were present. In the dynamical valence-mixing concept M5ssbauer

experiments should "see" a time average over both integral valence states,
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whereas XPSexperiments should "see11 both integral valence states, due

to the different time scales involved in the different experiments. How-

ever, at this point it should be pointed out that the question of static

versus dynamic valence mixing does not contain a basic duality. It has

been shown [Gonc.alves da Silva and Falicov (1976)] that hopping and

thus the dynamical valence mixing concept is in fact a semi-classical

description of hybridization, so the duality in the sense mentioned above

exists only seemingly.

At present the basic question in this problem seems to be:

are the 4f-states simply broadened by hybridization, or is there In ad-

dition to this broadening a promotional energy involved? The answer to

this question is probably not simply yes or no. The role of a possibly

rather complex crystalline electric field, lifting the degeneracy of the

J-manifold, is far from clear at this stage. In the case of YbCuAl we have

searched for an experiment that could throw some light on the question

of a possible promotional energy. If the occurrence of a maximum in the

susceptibility versus temperature curve is associated with such an energy,

then the temperature at which the susceptibility attains its maximum value

can be considered as a measure for it. In general these characteristic

energies are then expected to lie between 0.5 and 20 meV for typical

mixed-valent compounds.

In a reactor neutrons with energies of the order of 0. 1 to 500

meV are available, allowing the study of a broad spectrum of excitations.

Furthermore, the microscopic probing by the neutrons allows one to in-

vestigate the spatial distribution of the magnetic moment on a RE atom.

In principle, simple broadening gives rise to quasi-elastic scattering

of the neutrons, whereas if a promotional energy is involved, inelastic

contributions also have to occur. It is clear that inelastic neutron scat-

tering experiments on mixed-valent compounds can provide quite useful

information.
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As to the nuclear resonance and relaxation experiments the

relevance of Knight-shift measurements in mixed-valent compounds is

immediately obvious in view of the anomalous magnetic susceptibility

behaviour. However, the dynamical information is less direct. This

aspect will be discussed in the sections 4. 1 and 5 of this chapter.

IV. 3 NEUTRON INELASTIC SCATTERING ON YbCuAl

IV. 3. 1 INTRODUCTORY REMARKS

When a crystal containing magnetic ions is exposed to a beam

of neutrons, scattering occurs by two mechanisms: (a) nuclear scattering,

which gives rise to normal elastic scattering or to the absorption or

creation of phonons which will be discussed in section IV. 3.2, and

(b) magnetic scattering, which is a consequence of the interaction between

the neutron spin and the magnetic moment of a partially filled electron

shell [Marshall and Lovesey (1971)] .

It is not obvious that for our problem the magnetic part of the

scattering is the only interesting one. An electron-phonon coupling may

give rise to anomalous phonon dispersion relations as has been found by

Mook et al. (1978) in SmQ 75YQ 2gS. On the other hand detailed single

crystal neutron scattering on CeSn_, another well-established mixed-

valent compound, did not reveal an anomalous phonon dispersion[Pyn-

schoviusetal. (1979)] . In our scattering experiments on polycrystalline

samples an anomalous phonon mode may be distinguished by a q-depen-

dence anomalous with respect to the normal modes. We have found no

indications of phonon anomalies in YbCuAl, but of course this conclusion

is subject to the limitations of experiments on polycrystalline samples

and crucially depends on the reliability of the procedure we use to

separate nuclear and magnetic scattering (section IV. 3. 8).

With the aid of general linear response theory, we can obtain

the imaginary part of the dynamical susceptibility from the measured
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double differential cross section

,2 - 2 •

l d E ' m a g n MB *"" " 0 . ' w" t 'v " " " " B '

with

g = - 1 . 91, the L_and6-factor for the neutron
2 2

r = e /me , the classical electron radius
p o= the Bohr-magneton

k- = the length of the wave vector of the scattered neutron

kQ= the length of the wave vector of the incident neutron

N = the number of magnetic scatterers in the crystal

Tiw= the energy transfer, which the scattered neutron undergoes

a=J< 1 -J<o
x"(c[,w) = the imaginary part of the dynamic susceptibility: x~ X* + i-X11

For sufficiently large <q-values the neutron "sees" only one local atom,

and x "(Qi W) can be fac tori zed into a u -dependent spectral function and

a ^-dependent form factor. Furthermore, x"(s»w ) c a n be expressed in

termsof the static susceptibility x'(£»0) by means of the Kramers-Kronig

relation

X'(q^) - — P+2 £^) do,' (4.2.2)

For u= 0 this relation can be fulfilled by

X"(q,u)) - ir «f x'(q,0) PCUJ1) (4.2.3)

where the spectral function P is an even function of o, It can be verified

that 4.2.3 fulfil ls 4.2.2 at w = 0 for any spectral function P that is

normalized. Since P becomes q-dependent at low ̂ -values, eq. 4.2.3 is

only valid for sufficiently large q-values: q > 0. 3 A ~ . In fig. 4. 2 can

be seen that this condition is met in our experiments. The symmetry

around a> = 0 implies that only quasi-elastic contributions are taken into

account.
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X '(q, 0) can be further factorized in terms of the magnetic form

factor F(qJ and the static susceptibility x'(0, 0)

X'(q,0) = F2(q) x'(0,0) (4.2.4)

The magnetic form factor is the Fourier transform of the spatial distr i -

bution of the magnetic moment on the atom. With the help of (4. 2. 2),

(4. 2. 3) and (4. 2. 4) the double differential cross section for unpolarized

neutrons can be written as
_ , . fio)

_ . - I I _ l III V f M . M I H

The magnetic scattering of YbCuAl has been fitted to expression (4. 2.5),

assuming a Lorentzlan shape for P(w)

P(U) = I Y^ 2 ( 4 ' 2 ' 6 )

* d i ) + ( r / 2 ) z

The choice of a Lorentzian shape for P(oo) is by no means exclusive. As

mentioned before, any normal izedform of P(w) would satisfy the Kramers-

Kronig relation (4.2.2). However, the choice of a Lorentzian will gain

a posteriori justification by the comparison of neutron scattering results

with those of the nuclear resonance and relaxation experiments (section

IV. 5).

For localized 4f-moments the half width of such a Lorentzian

follows the Korringa relation Korringa (1950)

r/2 = ir (N(eF))2<J2(q)> kgT (4.2.7)

where N( E_) is the density of states at the Fermi level and J(c[) the ex-

change integral. The prefactor of k^T in 4. 2. 7 is normally small com-

pared to unity. Up to now all neutron inelastic scattering experiments on

mixed-valent compounds exhibit anomalous behaviour in the sense that

the low-temperature relaxation rates are much larger than what is ex-

pected from 4. 2. 7.

IV. 3. 2 (q,u) )-SPACE AND THE DETAILED BALANCE CONDITION

In fig. 4. 1 the scattering process is represented schema-
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tically. The incident neutron [ EQ = { f>kQ) /2nv,] is scattered in the

sample and comes out in the direction which is determined by the scat-

tering angle 2©, with a different energy E. = ( "hkj /2mN . The

measured quantities are the scattering angle 2 0 and the energy, E-, of

the scattered neutron. Of physical interest are then: the energy change

of the neutron

and its momentum change

Hw = E . - E

ftq = file. -

£ (k2-k2)2mN
(kl V (4 .3 .1)

(4.3.2)

fig. 4. 1 Schematic neutron
scattering process.

Q The u>-dependence of the scattering

carries information about time de-

pendent correlations in the sample,

while the q-dependence provides

information on spatial correlations.

The part of the (q,oi )-space, that

is covered in an experiment is de-

termined by the relation

q2 = k2 + k 2 - 2k0kjCos2G (4.3.3)

Expressing k. in terms of k. and two we find the following relation

between momentum and energy transfer

q - - - 2kQcos20 V k
0

(4.3.4)

In fig. 4. 2 this relationship is visualized for an incident neutron energy

of 50 meV and some of the scattering angles used in our experiments.

The scattering intensity at given energy and momentum transfer is pro-

portional to the differential scattering cross section dJfUi'

of the sample. The condition (4. 3. 4) implies that the output of an energy
/ d 2 a \

analyzer in a time of flight experiment is proportional to Ufi dE/
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where the function q( tuo ) is determined by the angle at which the detector

is placed. In other words, the measured energy dependence does not

d2a
directly reflect the energy dependence of the function ^ ^ E at a

fixed q. The most important consequence of this feature of time of flight

spectroscopy is that the detailed-balance condition, which, fora scatterer

having inversion symmetry, requires

) exp(tWkBT) (4.3.5)

is not reflected in any simple symmetry property of the measured intensity

as a function of energy transfer. This is most clearly illustrated by the

straight lines drawn in fig. 4. 2, which give the possible energy transfer

to (or from) a hypothetical excitation. For such inelastic scattering the

detailed-balance condition is equivalent with the simple statement that an

excitation and a de-excitation with the same momentum q occur at the

same energy loss and gain, respectively. The intersections of the straight

lines with the q( tiw ) curves in fig. 4. 2 clearly show that in a TOF ex-

periment a detector positioned at a given angle 20 registers different

-hu>-values in energy gain and energy loss for one and the same excitation

(for 26 = 12. 4° the differenc

it is more than a factor of 2).

(for 26 = 12. 4° the difference is almost negligible, but for 20 = 154. 1°

IV. 3. 3 THE !N4 TIME-OF-FLIGHT SPECTROMETER

The neutron inelastic scattering experiments were carried out

in spectrometer IN4 of the Institut Laue-Langevin (Grenoble, France).

In this spectrometer (fig. 4. 3) the sample to be investigated is placed in a

pulsed beam of mono-energetic neutrons. Energy and momentum transfer

of the neutrons to the sample or vise-versa can be establ ished by measuring

thetimeofflightof the scattered neutrons along a 4m flight path in a well

defined direction. IN4 is therefore called a time-of-flight (TOF) spectro-

meter. It is placed at a thermal beam tube, where neutrons with a

Maxwellian energy distribution around the thermal energy of the heavy

water reflector in the reactor arrive at the primary part of the spectro-
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fig. 4. 2 The shaded c.rea corresponds to the part of (q, w )-space that is
covered in the 50meV-neutron scattering experiments. Energy
gain of the neutrons corresponds to- positive flu-values. For
the straight lines drawn we refer to the text.

Rotating crystal spectro-
mettr at the HFR Grenoble

Schematic view on the time-of-flight spectrometer IN4 of the
Institut l_aue-l_angevin (Grenoble, France).
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meter. The mono-energetic pulsed neutron beam is provided by the so-

called double rotating crystal monochromator. Two copper or graphite

single crystals are rotating with the same frequency but with a phase

shift chosen so that only neutrons with the desired energy are reflected

by the second crystal, eliminating neutron contributions from higher order

reflections. The monochromator rotation frequency is variable, but

generally set to a frequency of about 120 Hz. This fixes the time interval

between consecutive neutron pulses at 4.2 ms. The neutron pulse width,

determining the time resolution of the apparatus, depends on the incident

neutron energy. Characteristic values are between 25 and 80 y s. A

monitor in the pulsed beam determines the incident flux, a second one,

placed in line behind the sample, accounts for the unscattered neutrons

( ^ 90%). Combining this information, total scattering and sample trans-

mission can be calculated.

The secondarypart of the spectrometer consists of an aluminium

housing (radius 4m) on which there are 67 positions for detector boxes.

Each of the available 37 detector boxes contains 6 He counters and the

required power supplies. Detectionof neutrons is based upon the following

nuclear reaction

3He + n $ 3H + ! H (4.3.6)

The recoil particles are able to initiate ionization. The free electrons,

originating from this process, and accelerated in an electrostatic field,

are caught by the anode, giving rise to a current pulse and hence the

possibility to count the neutrons. The detector boxes can be distributed

over the periphery of the aluminium housing, covering a range of scat-

tering angles between 9 and 160 degrees. The lower limit for the angular

resolution is 22. 5 , due to the finite aperture of the detectors. Different

detectors of the same concept, however, have different sensitivities,

making a calibration necessary. A strong incoherent scatterer, as for

instance vanadium, can be used for this purpose. The sensitivity of a

detector depends on the energy of the incoming neutron, because the
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absorption cross section, a . , involved in the nuclear reaction (4.3.6)

is proportional to the wave length of the incoming neutron. Furthermore

it depends on the density of the detector gas, p , and the thickness, x,

of the detector, resulting in a sensitivity

S D - 1 - exp(-p aabsx) (4. 3. 7)

In a detector the TOF-distribution of the scattered neutrons is measured

with a TOF-analyser with 512 input channels, which are triggered by

the rotating part of the monochromator. The data are collected and summed

by the data acquisition system NICOLE (Telefunken TR 86) in order to

obtain the TOF-distribution, which folded with the resolution function of

the instrument. The computer provides a storage of 1 28K (24 bits) for

IN4.

The sample itself isplaced in a liquid helium evaporation cryo-

state, where temperatures between 5 and 300K can be established by

means of automatic temperature control equipment. Aluminium sample

holders of 140x60x7 mm can be used in which there is room for an

80x20x6 mm specimen. The incident beam can be adjusted to these

dimensions.

IV. 3. 4 THE TRANSFORMATION OF TIME-OF-FLIGHT

INTO ENERGY

Knowing the incident energy E_, the distances between the

sample and the detector, the TOF-channel width At and the position of

the elastic peak in the TOF-spectrum, we can evaluate the time-of-flight,

required for the 4m flight path can be calculated. If t is the lower limit

of a TOF-channel, then t + At is the upper limit. The corresponding

neutron energies are
, 2 , 2
I s _ 1 so f I IK2 mN t2

 &MIN " 2 " N , J + .2

We can define an average energy E and an energy width AE for all of the
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512 TOF-channels in one detector

MAX + EMIN

A E = EMAX " EM!N = I m N s 2 { "J

- £ { 2t At+ At2 ,
M A X t2+2t At+ At2

Due to the fact that At « t , we can write

E * EMAX ^ m N s 2 7 <4-3'8>

Fromeq. 4. 3. 8 it is clear that, whereas At is the same for all 512 TOF-

channels, this is not the case for the energy width AE. A consequence

of this is, that a symmetric spectrum in terms of energy transfer manifests

itself as an asymmetric TOF-spectrum. This is illustrated in fig. 4. 4

taken from Holland-Moritz (1978). We mention that on energy transfer

scale the Lorentzian is normalized to t for ftw= 0, whereas on time of

flight scale the quasi-elastic curves are normalized according to

IV. 3. 5 BACKGROUND CORRECTIONS

In addition to the scattering by the sample itself, contributions

of scattering on other materials are also present in the measured spectra,

in particular, on aluminium cryostat walls, sample holder, helium ex-

change gas in the cryostat and the argon gas in the flight path box. The

scattering on these materials gives the main contribution to the back-

ground. In order to obtain the true sample scattering, background mea-

surements are required. There is however a difficulty, which is due to

the fact, that the background contains both a transmission dependent part,
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fig. 4.4 Related spectra in terms of T O F and energy transfer,
where the energy spectra are assumed to have a Uorentzian
distribution centred around fiu = o.
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and a transmission independent part, ÎMCD* " ^ n e background that

should be subtracted can be written as

Breal = 'iND + T IDEP

where T is the sample transmission. A measurement of the background

without sample, however, gives

Bmeasured = 'iND + *DEP

which exceeds B ., the background that should be subtracted. In order

to obtain the real background, an additional background measurement

with a cadmium mask shielding the sample. Since cadmium absorbs all

incident neutrons, this measurement gives us the transmission independent

part I ,N D , thus

BCd = 'iND

Now B can be evaluated in the following way

Breal = 'iND + T IDEP = 'iND ~ T I IND + T I IND + T IDEP

v ' Cd measured (4.3.9)

So in order to obtain the real sample scattering at a certain temperature,

four consecutive measurements are required: a run with sample, one

without sample, one with a cadmium mask and a vanadium run, the latter

to determine the detector sensitivities.

IV. 3. 6 ABSORPTION CORRECTIONS

We have also to account for the absorption of neutrons in the

sample, i.e. we have to consider the total absorption cross section a .

of the sample. For neutrons with thermal energies

a , * X «\. l/i/E (4.3. 10)
abs

where is the wavelength and E the energy of the neutrons. For thermal

neutrons the absorption process by the nucleus is called radiative
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capture: neutrons are captured by nuclei which subsequently emit Y-rays.

Knowing a at a given energy, the energy dependence of CT
ab_ can be

calculated by means of (4. 3. 10).

Furthermore, it is clear that neutrons travelling a longer way

through the sample, also have a greater chance for being captured. This

causes an extra angular dependence in the absorption correction. There-

fore neutron absorption puts also restrictions on the (effective) thickness,

d, of the sample. It can be shown that in a piate in forward direction the

factor that accounts for the absorption is

A = exp(-yd) (4.3.11)

with W = P0
ab^M> where P is the density of the sample, o the energy

dependent absorption cross section of the individual scatterers and M

their mass. Now if d is chosen too large, the transmission becomes too

small, which makes long exposure times necessary. In practice the

d - — choice turns out to be optimal: this corresponds to a transmission

of 37%. Another correction has to be applied for the fact that after an

inelastic scattering event the values of a . and thus y are different

from those before. For an infinite plate with effective thickness d, the

expression for the transmission factor, which accounts for the two cor-

rections mentioned, can be shown to be

" ^ " d uQc')/co829 - u(k) •«»(-,(k«)d/coa29)

+4
* {exp(-y(k')d/cos2G)} (4.3.12)

with ± for 2© > 90°, respectively. For k = k' and 2© =0° 4.3.12 is

equivalent to 4.3.11. Another problem in determining the correct trans-

mission lies in the fact that the actually measured transmission is derived

from monitor data in the forward direction and does not account for trans-

mitted neutrons in other directrions. Although this is a minor effect (90%

of the neutrons are directly transmitted in the forward direction) it has



-102-

to be taken into account because of the small intensities involved in

neutron inelastic scattering experiments. The majority of the "lost"

neutrons are scattered elastically, coherently or incoherently, and this

extra correction, A (k_, k_, 0 ) can therefore be considered as independent

of energy in first approximation

A (k,k,0) * expC-Ca?1 ) (4.3.13)
ex — inc

IV. 3.7 SAMPLE ARRANGEMENTS AND RESULTING TRUE

SAMPLE SCATTERING

In april 1977 and february 1978 two scattering experiments

have been carried out with neutrons of 12 and 50 meV incident energy,

respectively. Due to the fact that neutron inelastic scattering measures

all kinds of elementary excitations in the solid state, it could be expected

that apart from the scattering from the intermediate-valent Yb atoms in

YbCuAl, also other contributions, such as phonon excitations, would be

observed. To separate the various contributions similar experiments

have been performed on the non-magnetic, isostructural analogue YCuAl.

In table 4. I all runs performed are summarized. The beam exposure times

in the 50 meV runs could be reduced with respect to those with the 12 meV

neutrons, due to an appreciable increase in the intensity of the incident

neutrons. In both cases 8 days beam time was available. The reason for

the reduced number of 50 meV background runs, was an unexpected loss

of two days of beam time, due to industrial action.

The YbCuAl and YCuAl specimens (about 50 g each) consisted

of several ingots of about 8 g, which were prepared in closed molybdenum

crucibles as described earlier in sections II. 4 and II.5. The choice of

the temperatures (5, 30, 100 and 250K) was determined by the charact-

eristics of the susceptibility versus temperature curve of YbCuAl (section

III. 2. 4).
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Table 4. I

Incident neutron

YbCuAl

YbCuAl

YbCuAl

YbCuAl

YCuAl

YCuAl

YCuAl
Vanadium

Background
Background

Background
Background
Cadmium

Cadmium

T(K)

230

100

30

5

100

30

5

230

230

30

15

5

30

5

energy: 12 meV

Beam exposure
time (hrs)

5.5

22.0

21.0

23.0
17.0

18.0

22.0
3 .0

3 .0

3 .0

8 .0

15.0
6 .0

14.0

Incident neutron energy: 50 meV

YbCuAl
YbCuAl

YbCuAl

YbCuAl

YCuAl

YCuAl

YCuAl

Vanadium

Background
Background

Background

Cadmium

T(K)

250

100

30

5

250

100

5

250

250

100

5

250

Beam exposure
time (hrs)

12.6

12.3
15.5

20.8
13.0

14.6

10.4
6 .0

9 .8

10.0
10.4

6 . 0

The true sample scattering S , was obtained by applying

all corrections, mentioned in sections 4.3.4, 4. 3. 5 and 4. 3. 6, on the

actually measured sample scattering, S , according to
' meas'

sample
true 1 meas meas

S p

A(kfkj0) A
(4.3.14)(k,k,ex —'—'

Of course, the different runs used in expression (4.3. 14) are normalized

with respect to the beam time. The detector sensitivity, S_, is deter-

mined with the vanadium standard

D
= {-

c;VAN
true

SVAN
meas

} AVAN(k,kj0) AVAN(k,k,0 (4.3.15)

B

meas
Cd
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Now we can express the true sample scattering in terms of the true

vanadium scattering:

The true sample scattering is directly related to the double differential

cross section

n NSan*le{ ; A _ > d E d f i ( 4 . 3 . 1 7 )

where n is the number of incident neutrons

N the total numbers of scatterers in the sample

E the energy of the scattered neutrons

dE the width of the energy channel

ft ( 0,<j> ) defines the direction of the scattered neutrons

dfi sin9d0d<f> is the solid angle under which the
detector "sees" the sample

For vanadium the scattering is almost entirely elastic and incoherent

VAN
OVAN _TVAN ,dax , n ..VAN ,n
Strue " n N W dQ = n N — dQ (4.3. 18)

Substituting (4.3.16) and (4.3.18) in (4.3. 17) gives:

2 { sample, - n - r > B } (AVANfk k '0^ AVANCk k 0) >
d o _ t meas x meas U £JBCd i 1 A ^»±» u^ Aex <-£»±»u-) J

d E ~ (sVAN - T ' B ' - H - T M B ' }Ku sample<'k k's1) A s a m p l e

iSmeas T B meas ° T )BCdJ { A (£'f-'0> A
e x

TT... VAN
N V A N P i n c

In table 4. II the transmission factors used to evaluate (4.3.19) are

summarized.
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Table 4. I I . Transmission factors T for various runs

YbCuAl

YbCuAl
YbCuAl

YbCuAl

YCuAl

YCuAl
YCuAl

Vanadium

50

T(K)

250

100

30

5

250

100

5

250

meV

T

0.621
0.605
0.608

0.610

0.862

0.853

0.863

0.942

12

T(K)

230

100

30

5

100

30

5

230

meV

T

0.481

0.489
0.473

0.478

0.883

0.847

0.845

0.829

Table 4. Ill

YbCuAl

YCuAl

V (12 meV)

V (50 meV)

N SAMPLE

3.711 * 1023

3. 327 * 1023

22.56 * 10Z<3

11.28 * 1023

a ( A = 1. 08 A )

(barn)

32.33

3. 16

2.80

2.80

The elastic incoherent cross section used for vanadium is

o j n c = 5.059 barn. The numerical evaluation of (4.3. 19) and the data

analysis presented in the following section have been performed with the

extensive computational facilities at the Institut fur FestkSrperforschung

at JDIich (West-Germany). Apart of this we have also derived the total

scattering function S(q,u> ). This was done at the Institut l_aue-l_angevin

(Grenoble, France) with the available program package for data reduction.

Since the total scattering function and the double differential cross
ki

section are only different by a multiplicative factorr—, we can compare
k 0
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the results of the two data processing procedures. The overall agreement

was quite satisfactory.

Two characteristic S(q,w )-plots are shown in figs. 4. 5 and 6.

The spectra taken with neutrons of 12 meV incident energy revealed part

of a structure, which seemed to be far more extended than the maximum

energy transfer of these neutrons. The spectra produced by the neutrons

of 50 meV incident energy show a measurable intensity up to energy

transfers of about 40 meV. At low temperatures the neutrons only can

lose energy, due to the fact that the system is close to its ground state.

At higher temperatures energy gain is also possible, due to occupied

excited states. The peaks, centred around about 10 and 20 meV energy

transfer are present both in YbCuAl and YCuAl. They can be attributed

to phonon excitations, as will be discussed later. From comparison of

the YbCuAl and YCuAl spectra, it is found that apart from the phonon

contributions, there is also another broad, rather structureless contri-

bution to the total scattering in YbCuAl, which may originate from the

intermediate valence state of Yb in this compound.

IV. 3. 8 FITTING OF THE YbCuAl AND YCuAl SPECTRA

In order to extract the mixed-valent part from the total

scattering in YbCuAl, an accurate estimate has to be made of the con-

tribution of phonon excitations. It is reasonable to assume that the peaked

structures around 10 and 20 meV energy transfer are due to phonons,

since the same structure is also present in the non-magnetic dummy

YCuAl. The example of elementary excitations in fig. 4. 2 served only an

illustrative purpose. It is highly unrealistic in connection with acoustic

phonon excitations in YbCuAl or any other metal. First of al l , the slope

of the lines is about an order of magnitude lower than the initial slope

corresponding to acoustic phonons in typical metals. Second, the wave

vector scale should be compared to the dimensions of the Brillouin zone

in YbCuAl. As the distance between the centre of the zone and the zone-
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bounderies in the basal plane is about 0.5 A and in the c direction
o _j

0. 75 A , it is obvious that the initial, linear part of the phonon disper-

sion relations cannot be extrapolated the way it is done in fig. 4. 2.

Furthermore, as there are 9 atoms per unit cell in YbCuAl, there must

be 24 optical branches in the phonon spectrum, which should also be

introduced in the figure, in the repeated-zone representation. Finally,

since our samples are polycrystalline, a spherical average has to be

taken of the dispersion curves. After such an averaging very little

structure can be expected to be left, so that it is not possible to extract

individual phonon energies from our results. Rather, the intensity we

50

25 -

-10

fig. 4. 5

S(q.w)

KmeVr1]

YbCuAl

5K
29 = 101°

•

-

•fcu) [meV]

* • • • • • i

10

Total scattering function of YbCuAl at 5K taken with 12 meV
incident energy neutrons at a scattering angle 20 = 10. 1°.
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Slq.w)
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•

hw [meV]

-30 -20 -10 0
fig. 4. 6 Total scattering function of YbCuAl at 5K taken with 50 meV

incident energy neutrons at a scattering angle 2 Q = 11. 3°.

find is some measure of the phonon density of states. Both for YbCuAl

and YCuAl the total width of the phonon spectrum is about 20 meV. For

YbCuAl this value can be derived from the high scattering angle data

(2 0 = 154. 1°), where, due to the smallness of the magnetic form factor,

the magnetic contribution to the total scattering is expected to be very

small.

However, it isnot justified to subtract simply a certain fraction

of the YCuAl phonon spectrum, at corresponding scattering angles,

energy transfers and temperatures, directly from the YbCuAl spectra.

This procedure is often used if a dummy can be found which resembles
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very closely the material studied. But due to the mass difference and the

different coherent nuclear scattering lengths of Y and Yb, the YCuAl

spectra are peaked at slightly different frequencies and have different

half widths and intensities than the YbCuAl spectra. Therefore we could

not use a direct subtraction procedure. Careful examination of the high

scattering angle spectra of both YbCuAl and YCuAl (2e = 154. 1 ) showed

them to have the same temperature dependence, which indicates that at

this scattering angle only phonon excitations contribute to the double

differential cross section of YbCuAl. In the analysis of spectra where

superposed phonon-and magnetic scattering contributions occur, we have

made use of this experimental finding. For both materials we used the

following function to parametrize the phonon peaks in the total double

differential cross section,

phonons
where INTPH

A

(INTPH) 1
k4~TT nu

ftp)
A

1
I -

P(oj±A) (4.3.20)

total integrated intensity under a peak

energy at which the phonon peak reaches its
maximum.

We have fitted the YCuAl spectra, assuming that the double differential

cross section consists of two Lorentzian-shaped spectral functions,

centred around the peak positions at about-10 and-20 meV energy transfer

in the measured spectra. As can be seen from fig. 4. 7 the results of these

fits were quite satisfactory. The peak positions and the half-widths of

these Lorentzians, were found to be independent of scattering angle and

temperature. They are summarized in table 4. IV.

Table 4. IV YCuAl fit parameters.

PHONON 1

PHONON II

r/2 (meV)

3.00

2.00

A (meV)

11.76

19.26

The resulting intensity parameters, INTPH, of this fit procedure show

of course an angular dependence, and are summarized in table 4.V.
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YCuAl fit parameters.

T(K)

250

100

5

250

100

5

2 0= 154.1°

1NTPH 1 (barn)

1.09
1.30
1.30

INTPH II (barn)

0.54

0.63
0.59

20= 69.8°

INTPH 1 (barn)

0.51

0.64
0.50

INTPH II (barn)

0.31

0.31

0.29

20= 41.6°

INTPH I (barn)

0.28
0.37
0.29

INTPH il (barn)

0.26

0.27

0.29

20 = 12.4°

INTPH 1 (barn)

0.20

0.27
0.26

INTPH II (barn)

0. 17

0.20

0.21

The only temperature dependence in expression (4.3.20) is caused by
the Bosefactor. So at a given scattering angle this intensity parameter,
INTPH, should be a constant. As can be seen from table 4. V this is
nearly the case. The values at 250K are systematically lower, which we
believe fs due to a background correction difficulty at this temperature.
As mentioned before, at high scattering angles we expect the YbCuAl
spectra to be due only to phonon scattering. Therefore we have fitted
these spectra with the same procedure as the YCuAl spectra. These
results were also satisfactory as can be seen from f ig. 4. 8. Here, again
the half widths and the positions were found to be independent of tempe-
rature. The deviation in the values at 250K, which was also present in
YCuAl, can be attributed to an inadequate background correction. The
integrated intensities under the two Lorentzians are given in table 4. V I I ,
whereas the positions and half widths are given in table 4. V I .

We have determined the phonon contribution at intermediate
and lower scattering angles in YbCuAl under the following assumptions:

1. The high scattering-angle spectra are assumed to contain only phonon
contributions, to be parametrized in terms of two Lorentzians.

2. Just as has been found in YCuAl we assume the half widths and positions
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Table 4. VI YbCuAl fit parameters

phonon 1

phonon II

r/2(meV)

2. 10

1.05

A (meV)

9.76

18.57

Table 4. VII YbCuAl fit parameters

T (K)

250

100

30

5

20 =

INTPH

2.

3.

3.

3.

154.1°

1(barn)

45

28

35

29 =

INTPH

0.

0 .

1 .

1 .

154.1°

II (barn)

75

91

03

05

• v . J . "
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of the Lorentzians corresponding to phonon peaks to be independent
of the scattering angle. In other words, the values determined at high
scattering angles are taken as fixed values in the analysis of the in-
termediate and low-angle spectra.

3. We have used the angular dependence of the intensity parameter of
YCuAl and applied this to the high angle values (table 4. VII) of YbCuAl.
This procedure resulted in the values for the intensity parameters at
intermediate and small scattering angles for YbCuAl as quoted in
table 4. VI I I .

Table 4. VIII Derived intensity parameters (Barn) for YbCuAl

T(K)

250

100

30
5

T(K)

250

100

30

5

20 = 154. 1°

INTPH 1

2.4S

3. 11-j
3. 28-f- N.

co
3. 35J

INTPH 11

0.75
0.9J-,

0

1. 03-f- 0
1.05J *"

2 0 = 69.8°

INTPH 1

1.07
1.43

1.43

1.43

INTPH II

0.37
0.49

0.49
0.49

20 = 41.6°

INTPH 1

0.62

0.83

0.83

0.83

INTPH II

0.34

0.46

0.46

0.46

20 = 12.4°

INTPH 1

0.51
0.68

0.68

0.68

INTPH II

0.26
0.34

0.34
0.34

From the parameters found for 20 = 154. 1 , we have decided to take
temperature-independent intensity parameters for the other scattering
angles at the three lowest temperatures. In this way we have used a fully
pre-determinedphonon contribution in the analysis of the total scattering
in YbCuAl at intermediate and small scattering angles. It is important to
re-emphasize that this was not achieved by straightforward subtraction
of the YCuAl spectrum; only the angular dependence of the phonon con-
tribution was inferred from YCuAl results. As an example the estimated
phonon contributions at 5K are shown in f ig. 4. 9.
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The remaining scattering has been interpreted as a magnetic quasi-elastic
contribution, as described in section 2. 2 of this chapter. In terms of the
double differential cross section:

f d 2 g
<dS2 d E /

A
magn

(INTQE)
4ir k B T

(4.3.21)

Where the intensity parameter, INTQE, is directly related to the static

susceptibility:
ft A ^

INTQE = -r^slO «O.6O5(barn)*T(K)*x (m /mole)

N' is different from N in expression (4. 3. 20), because in the magnetic
scattering only Yb contributes. For the magnetic form factor, F(q), the
trivalent Yb 4f form factor has been used. The only fit parameters that
remain are the intensity parameter, INTQE, and the half-width of the
Lorentzian, r/2. Using the fixed phonon contributions and fitting the
pest of the scattering to expression (4.3.21), we arr ive at the following
results for the total f i t for YbCuAl at 2© 12.4°.

Table 4. IX YbCuAl fit parameters

T(K)

250
100
30
5

INTQE
(barn)

10.75
9.11
4.46
0.70

r/2(meV)

9.83
6.98
6.47
8.79

INTQE*
(barn)

10. 16
8.52
4. 14
0.62

INTQE is the calculated intensity from static susceptibility data on
YbCuAl.

The total f i t result in f ig. 4. 10 is in quite good agreement with the actually
measured spectra, which gives confidence in the procedure followed.
This is underlined by comparison of the measured intensity parameters
with the calculated values, for which the static susceptibility data have
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beenused. Within the accuracyof the data analysis and the measurement,

no other contributions could be detected. These results will be discussed

in section 5 of this chapter.

IV. 4 NUCLEAR MAGNETIC RESONANCE AND RELAXATION IN

YbCuAl.

IV. 4. 1 INTRODUCTORY REMARKS

Nuclear resonance and relaxation techniques can give infor-

mation about the electronic spin behaviour in a system, by virtue of the

hyperfine coup! ing between the nuclear and electronic spins. The nature

of this coupling and the mechanisms involved are often not well under-

stood, so that interpretation of NMR and relaxation data may be difficult

[ Narath (1972)] . Nevertheless, NMR investigations of many systems,

such as Kondo alloys [Narath (1972) and Alloul (1977)] and itinerant

electronferromagnets [Moriya (1977)], have provided interesting infor-

mation on spin behaviour in these materials. However, prior to the

investigation to be described here this technique has not often been used

in the mixed-valent problem so far, but at present interest in NMR

techniques is increasing. In this respect the nuclear quadrupole coupling,

which gives information on the microscopic electric field gradient, may

be of growing interest [Sampathkumaran (1979)] .

In rare earth compounds the hyperfine coupling allows nuclear

moments to sense the statical and dynamical response of the 4f spins.

In simple local moment cases the coupling to non-rare earth nuclei may

be treated with some succes using the well-known RKKY picture

[ Buschow (1979)] , but the applicability of RKKY theory to mixed-valent

compounds where the rare earths are involved, is uncertain due to 4f-

conduction band hybridization.

Following standard treatments [ Narath (1972), Buschow

(1979)] the NMR shift K is related to the susceptibility per spin via a
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hyperfine field Hhf(r.) between a nucleus at the origin and an electronic

spin at r.:

K - H j f X / P L (4.4. J)

where

{ 4 - 4 - 2 );
For isotropic hyperfine coupling, the nuclear spin-lattice relaxation

rate T? has been shown by Moriya (1963) to be related to the imaginary

part, X-Z(q,io ) of the transverse dynamic spin susceptibility by

where Y is the nuclear gyromagnetic ratio, ton is the nuclear resonance

frequency, and H. ,(q) is the Fourier transform of H..(r.). For a para-

magnet under the condition uBB << kgT the transverse component

x"T(q, u ) may be replaced by x"(q,u) since then x x x = Xyy = Xzz- ' n

addition one can define an effective spin fluctuation time T , as observed

by NMR, via the relation

(K2T,T)-» X = " | Y 2 V e f f (4.4.4)

The usefulness of this expression is illustrated by considering the case
ii

where x (q, ® I is independent of q, as is the case for uncorrelated spin

motion and as is als..; suggested by the observation of 4f atomic form

factors in neutron scattering [Shapiro et al. (1977), Holland-Moritz et

al. (1977, 1978), Mattens et al. (1979)]. Then

veff

Insofar as the prefactor involving the hyperfine coupling is constant, the

value of T extracted from NMR measurements gives direct information
it. .

on the initial slope of x (w), since w is much smaller than typical

V
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electronic frequencies.

The above considerations hold for each contribution to the

hyperfine coupling. Separate spin systems (conduction bands, local or

mixed-valent moments), as well as different coupling mechanisms (contact,

core polarization, orbital), will all contribute to the observed shift and

relaxation rate. These must be separated to obtain a proper measure of

T . . for each spin system.

IV. 4. 2 EXPERIMENTAL RESULTS

The Al resonance spectra were obtained [MacLaughlin et

al. (1979)] between 4. 2 and 295K using a Varian wideline spectrometer.

The applied magnetic fields ranged from 0.4 to 0.8 T. The isotropic

shifts K, as well as the anisotropic shifts and the quadrupole coupling

constants, were obtained from derivative spectra of the central

(1 /2*-+ -1/2) NMR transition, using the procedure of Jones et al. (1963).

Figure 4. 11 gives the dependence of K on temperature and on bulk sus-

ceptibility x > t n e latter with temperature as an implicit parameter. For

T £ T , K and are linearly related:

K = 7.5*10~4 - 15*103 xm (4.4.6)

where K is expressed in absolute units. Such a linear dependence is

expected If K is the sum of two terms: (1) a Knight shift, arising from

temperature-independent Pauli paramagnetism, and (2) transferred

hyperfine coupling to the Yb spins. The latter contribution gives rise to

the dependence of K(T) on x(T), and the observed linear relation yields

a temperature-independent value of 90 A/my „ for the Yb hyperfine field

H. ^ above T after a small correction for demagnetization [Carter

et al. (1977)] . A temperature-independent Knight shift of 4. 5 x 10" was

found in the non-magnetic reference compound YCuAl.

The NMR Knight shift of YbCuAl exhibits an anomaly below the

characteristic temperature T (i.e. the temperature where the sus-
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ceptibility reaches its maximum): at these temperatures the linear relation

between K and x is no longer obeyed. Figure 4. 11 shows that K becomes

more positive than predicted by eq. 4. 4. 6; the deviation is about 20% at

4. 2K. Carter et al. (1977) have discussed various sources of non-linear

K(x) relations. Of these, the magnetic dominance of the Yb moments

makes appreciable contributions to the temperature-dependent shift from

other spins unlikely. Crystalline electric field effects [ Follstaedt et al.

(1977)] m.ight account for the observed deviation; but an Yb crystal-field

splitting (of the order of k nT av) would still leave the ground state with
C3 l l ldA

X m *106[ m3/ mole Yb atoms]
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fig. 4. 11 Dependence of the Al isotropic shift K on temperature (open

circles) and on bulk susceptibility (filled circles) in YbCuAl.
The arrow indicates the temperature-independent Knight shift
in the non-magnetic YCuAl.
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a Kramers degeneracy. Valence mixing must be invoked to explain the

susceptibility and the specific heat data [ Mattens et al. (1977)]. In

addition, no inelastic CEF-transitions were seen in the neutron scattering

spectra (section IV. 3.8).

No Cu NMR was observed in either YbCuAl or YCuAl at 77K

over a range of fields consistent with an absolute shift of up to 50%.

Apparently the crystal defects produce enough inhomogeneous quadru-

polar broadening [Abragam (1961)] to rander the Cu resonance unob-

servable.

27The Al relaxation times T. were measured at a frequency

of 9 MHz between 4.2 and 160K. Standard spin-echo techniques were

used. The non-4f contributions to the shifts and relaxation rates were

estimated from measurements on non-magnetic YCuAl and from the inter-

cept in fig. 4. 11. These were then subtracted from the observed shifts

and rates, respectively, to obtain the 4f shift K. and relaxation rates
_ t T

T., . Figure 4. 12 gives the temperature dependence of the effective 4f

spin fluctuation rate (in energy units) "ti/x , ( = r/2, see discussion),

as derived eq. 4. 4. 4 and the corrected NMR data.

IV. 5 DISCUSSION

Together with the effective 4f spin fluctuationenergy as derived

from the nuclear resonance and relaxation experiments, we have also

plotted in fig. 4. 12 the quasi-elastic line-widths obtained from the neutron

scattering experiments. It is evident that both techniques give a similar

temperature dependence of the fluctuation rate. In principle neutron

scattering allows one to obtain the full frequency dependence of X (q, w ),

whereas the spin-lattice relaxation rate is a measure for x (q, u)/to
tt

at low frequencies. Once the shape of x (q, w ) is assumed to be Lorentzian

(centered at u> = 0) and with half-width r/2, it can be shown that r/2 is

proportional to 'f i/t f f . From the observed agreement between the neutron

and NMR results we can conclude that the proportionality constant (i.e.



-127-

the prefactor in eq. 4. 4. 5, involving the hyperfine field) is essentially

unity, just as in the case of coupling between a well-defined localized

moment and the nuclear spin [Narath (1972)] .

T

15
T/2 [meV] VbCuAl 0 N M R

• NEUTRON SCATTERING

TlK]

0
100 200

fig. 4. 12 Temperature dependence of the effective 4f spin fluctuation
energy in YbCuAl as determined from neutron scattering and
NMR experiments.

Since no line-width data are available for normal magnetic

trivalent RECuAl compounds, there is no reference to compare the

measured values of r/2 with. Using the temperature as an energy scale

for the YbCuAl line width, it is found that r/2 is appreciably larger than

kQT for T £ 30K (the temperature of the maximum in the susceptibility).

Such large line-widths are invariably observed in mixed-valent systems

[ Shapiro et al. (1977), Holland-Moritz et al. (1977)] as well as a slow

increase of r/2 above the characteristic temperature. Compared with
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most mixed-valent systems studied so far with these techniques, the

characteristic temperature is fairly low for YbCuAl (T = 28K).

Therefore the present results establish an increase of the line-width up

to temperatures as high, as T = 10 T . The increase of the line-width

above 100K may be described in terms of a Korringa-like relaxation of

the 4f-moments. About the decrease just above T we can not say more

than that it should be noted that above T__v the static hyperfine field is

temperature independent (K proportional to x ), which suggests that the

variation of the relaxation rate is due to variation of the dynamic sus-

ceptibility rather than of the hyperfine coupling. Also below 30K there

is a strong tendency of the relaxation rate to increase.

The established minimum in the temperature dependence of the

line-width is a novelty; it has never been observed before in mixed-valent

compounds. As far as the neutron half-widths at these temperatures is

concerned, it has to be admitted that, although we have full confidence

in the applied phonon correction procedure, the non-ideal coverage of

the observed spectra by the fit spectra implies, that we can not exclude

minor inelastic contributions, especially if they occur at the positions

of the phonon peaks. The neglect of such a hidden contribution may have

substantial influence on the resulting half-widths.

In view of the absence of substantial inelastic neutron scattering

and the fair agreement between neutron and NMR results, described in

this chapter, we can conclude that a promotional model for the description

of the mixed-valent state of Yb in YbCuAl can be ruled out.
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V YbCuAl PROPERTIES WITHIN A LOCAL FERMI LIQUID

APPROACH

V. 1 GENERAL REMARKS

The present understanding of the mixed-valent state is not yet

at a point where a consensus has been obtained concerning the theoretical

framework to be used to describe such systems. In various attempts to

find a model that contains all the essential physics relevant to mixed-

valent behaviour a modest attitude often had to be taken, and only a rather

limited selection of experimental data was compared with the theoretical

predictions.

Another difficulty is that the experimental data do not always

refer to the same material: experimental results on different mixed-valent

systems are combined and the "characteristic mixed-valent behaviour11

is put together of pieces of information, often referring to very different

situations indeed. Some of the theoretical attempts have been discussed

generally qual itatively, in the previous chapters. Apart from being limited

to qualitative aspects, these presentations inevitably suffer from one of

the shortcomings mentioned above, in that they refer to only one property

of YbCuAl at a time. In this chapter we will deal with a quantitative

analysis of the results, and examine the possibilities to um-rstand all

experimental results within a single theoretical framework.

Recently Newns and Hewson (1979) have formulated what they

call a "local Fermi liquid theory", which enabled them to calculate a

largenumber of magnetic and thermal properties of mixed-valent systems

within the same model using the same parameters. They have demonstrated

the possibilities of the theory by applying it to a selected number of

materials. As their results were very promising, we have undertaken to

apply the theory to the large amount of experimental data on YbCuAl,

presented in this work.
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In section 2 a qualitative description will be given of the

physical principles underlying the theory of Newns and Hewson. Section 3

will deal with the derivation of the formulae to be used in the evaluation

of the various physical properties, whereas in section 4 an additional

mechanism, f-s transfer, will be discussed. In sections 5 and 6 the

static and dynamic properties of YbCuAl, respectively, will be discussed

in the light of the local Fermi liquid theory, and section 7 will complete

this chapter with some concluding remarks.

V. 2 BRIEF DESCRIPTION OF THE LOCAL FERMI LIQUID

THEORY

The approach of Newns and Hewson assumes that a mixed-valent

compound can be represented by a lattice of independent RE impurities,

as for instance in the "Kondo lattice" concept [Juiien et al. (1977)].

There is not only theoretical [Bringer and Lustfeld (1977)] but also

experimental [Mattens et al. (1979), Dijkman et al. (1980)] support for

this assumption. An example of this experimental evidence is given in

chapter III, where we have shown that the magnetic and thermal properties

of the Yb(Y)CuAI system can be understood in terms of independently

acting Yb-atoms.

The basic assumptions in the model of Newns and Hewson are

rather similar to those involved in some models of scattering resonance,

in which the existence of a metastable state, induced by the impurity

potential is of crucial importance to explain the observed scattering

phenomena. To be more specific, in the resonance problem the Lorentzian

form of the incremental density of states, induced by the impurity potential,

follows directly from the parametrization of the energy dependence of the

resonance phase shift [ &i = arctan ( A/e)] . Newns and Hewson take the

spin-orbit (LS) coupling as the most significant interaction within the

rare earth atom. It has been shown by Hewson (1977) that strong LS-

coupling dephases the scattering of different impurity sites. It seems
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therefore just i f ied within this model to consider the rare earth ions as

impuri t ies in an electron gas preserv ing rotational invariance. This is

consistent with strong LS-coupl ing, leading to spin-orb i t spl i t t ings far

exceeding the resonance width. On the other hand the neglect of crystal

f ie ld effects in the model implies that the width of the resonance is assumed

to be larger than the crysta l f ie ld spl i t t ing. A divalent Yb impuri ty is in
14the 4f state, having no moment. In the case of mixed-valence a hole

may enter the Yb 4f state, leading to the 4f state which has J = 7/2

and is eightfold degenerate. The LS-coupl ing keeps these states well

separated from the s ixfo ld degenerate J = 5/2 state. The I = 3one-electron

band states of the rotational I y invariant host may, on inclusion of the

electron spin, s imi la r ly be divided into two sub-bands, having j = 5/2

and] = 7/2. Transfer of j = 7/2 conduction electrons to and from a tr ivalent

Yb- impur i ty is possible, in pr inc ip le , and in this sense such conduction-

electron states can be cal led compatible band states. Actual ly at a given

time only one hole may be present in the f -shel l of Yb, because the Yb
1 24f configuration is energet ical ly too unfavourable. E lect ron t ransfer

between the ion and any of the (2J + 1) m-bands of compatible band states
73 14

is equally probable, but because of the res t r ic t ion that 4f and 4f are

the only possible configurations a complicated cor re la t ion problem is in

pr inc ip le set up.

However, in the present Fermi l iquid model one regards al l

the 2J + 1 channels as open to the appropriate host fermions. Electron

hopping between 4f -s i te and compatible band states is in this picture

equivalent to a 4f-resonance on the impuri ty s i te. The incremental density

of states, induced by the ra re earth potent ial , has the Lorentz ian form

(5.2.1)r IT , . 2 , 2
( e - e f ) +A

where e, indicates the posit ion of the 4f level and A is the resonance

width. If, as is the case, the host density of states is very f lat on the

scale of A , (5 .2 . T) is identical to the common impuri ty- induced density
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of states.

Once we have this expression (5. 2. 1) for the extra 4f-density

of states we can easily calculate the temperature and field dependence

of various physical properties, using standard Taylor and Sommerfeld-

Bethe expansions or doing numerical integration, as will be shown in the

next section.

V. 3 FORMALISM OF THE LOCAL FERMI LIQUID THEORY

The formalism of the local Fermi liquid theory of Newns and

Hewson (1979) is very similar to that of the band theory of paramagnetic

metals. The most important new feature is the strong LS-coupling which

is taken properly into account, leading to the (2J + 1) - fold degeneracy

of the Lorentzian density of states (5.2. 1), which we write in order to

emphasize the degeneracy, as

Nf(e) =

(e-ef) +A

The width A can be estimated from the experimental results; in view of

the characteristic temperature of YbCuAl, we can expect a width of

A = k_Tmax - 3 meV. The thermal and magnetic properties are cal-
t>

culated from the density of states by allowing for the occupation of avail-

able states according to the Fermi distribution function

f ( £ ) = expCe-y)/^! + 1 (5.3.2)

and taking into account the (2J + I) - fold degeneracy of the peak. This

results in familiar looking expressions for the internal energy
+00

U = / e Nf(£) f(e) de (5.3.3)
—CO

and the magnetization
+j +»

M= I / g(c+mg v B) mg p f (e) de (5 .3 .4)
m=-J -°°
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The unusual results following from these expressions are partly due to

the high J value, and, more importantly, to the very fine scale on which

the density of states varies. The width being of the order of millivolts,

both the thermal energy and the Zeeman splitting can become comparable

with it under normal experimental conditions. The most important con-

sequence of the narrowness of the peak (5.2. 1) is not made explicit in

(5. 2. J) or (5. 3. 2); the chemical potential p figuring in the Fermi function

is strongly temperature dependent. The function y (T, B) is determined

by the condition

+j +»
nf = E / gCe+mgjiigB) f(e) de (5.3.5)

m = - J -<*>

where n f is the number of 4f~electrons in that part of the 4f-shell for

which J is appropriate. Fortrivalent Yb J = 7/2 and n f = 7 as mentioned

in the previous section. There are indications that for intermediate-

valent Yb in YbCuAl n f > 7, and dependent on temperature and magnetic

field. The influence of such changes on the thermal and magnetic pro-

perties will be discussed in the next section; here we assume that n f = 7.

In figure 5. 1 we show how v depends on the temperature under this

condition; it is also clear from fig. 5. 1 that the influence of a magnetic

field on p is not large. The temperature dependence of the chemical

potential appears explicitely in the expression for the specific heat,

which is obtained by differentiating (5. 3. 3)

< > « > - $ • " «f« i f l 5 ? • &*• (5-3-6)
—-CO

although it has no effect on the low-temperature limit

cv=irk» W T

which only involves e p. = v(T = 0). As expected from symmetry consi-

derations, v depends quadratical I yon B in the low field limit. Therefore,

the susceptibility
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lim 9M
X ~ H->0 9H

can be calculated by expanding g in (5.3.4) and ignoring the field de

pendence of y ; after integration by parts this gives

/ N f ( e ) { _ | £ } d e (5.3.7)

Equation (5.3.7) completes the recapitulation of the results of Newns

andHewson. One of the most striking properties of YbCuAl is the upward

curvature of the magnetization in high fields. As the magnetic isotherms

are independent of temperature below 4. 2K, it is sufficient to examine

equation (5. 3. 4) for T = 0. To find the sign of the B term in the expansion

of the zero-temperature magnetic isotherm, we require the lowest order

term in the field expansion of v , which is obtained by setting T = 0 in

equation (5. 3.5) and expanding the integrand in B. The requirement that

n, be independent of B leads then to

where

y(B) - eF - ± ^ - u, (gjPBB)2 (5. 3. 8)

u - lU l g

Substituting this result in (5.3.4) we find

where

M = x(O)B{ 1 + ^-(37u2 - 63i^)(gjyBB)2} (5.3.9)

2 2
gjPB

X(0) = —3— J(J+O Nf(ep) (5.3.10)
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100

50

(1) n f=7 A = 3-23meV

(2) n =72-[^L(t)-^_]N A=2-91meV

(3) = (2) in a magnetic field of 20T

|JLftI

[meV]

t = JL

0 10

fig. 5. 1 Chemical potential as a function of temperature under two

different assumptions for n f and in an applied magnetic field.
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and 1 a2g

Substituting the Lorentzian (5.3.1) into the coefficient of the third order

term in Band taking J = 7/2 and g , = 8/7, as appropriate for Yb, we can

rewrite this term into

15(e -e ) 2 2

x(o) ( U B ) 2 [B ) [ 2 + A 2 > 2 J
{(ep-e f) + A }

This term is essentially negative, so that we can conclude that the

experimentally observed positive curvature cannot be reproduced under

the condition n, = constant. Therefore, we will investigate in the next

section the possibility that electron transfer from the 4f band to the

conduction electron band can account for the upward curvature of the

low temperature isotherms of YbCuAI.

V. 4 THE CONSEQUENCES OF f-s TRANSFER

As explained above, our motivation for introducing f-s transfer

into the local Fermi liquid model arises from the failure of the model to

reproduce the experimentally found magnetization curves under the

constant n. assumption. Apart of the possibility that n, may depend upon

the applied magnetic field, the thermal expansion data (section 3.5)

clearly indicate n, to be temperature dependent. The first question we

will deal with in this section is, whether slight changes in the f-occupancy,

induced by the magnetic field, substantially affect the curvature of the

T = 0 magnetic isotherms. In part B of this section we will consider the

implications of temperature-induced electron transfer.

A ELECTRON TRANSFER BY MAGNETIC FIELD AT T = 0

To allow for s-f transfer, we relax the condition of constant

f-occupancy and replace it by a condition which requires conservation
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of the total number of electrons:

n f(B) - n f (0) = - [ p ( B ) - eF] Ng ( 5 . 4 . 1 )

where n.(B) is given by (5. 3.5) and N is the conduction electron density
T 5

of states, which is assumed to be constant. It can be shown, that for low

fields and under the assumption N « N,, expansion (5. 3. 8) is sti l l valid.
S T

We then can rewrite (5. 4. J) according to

nf(B) - nf(0) - ±U+11 u, ( g ^ B ) 2 Ng (5.4.2)

It should be noted that U] is negative for a Lorentzian. In the case of

YbCuAl we have found a satisfactory fit (fig. 5. 3) of the experimentally

observed magnetic isotherms with the low-temperature expansion of

(5.3.4), under the condition

nf(B) - 7.2 - - 10"V (5.4.3)

Comparison of the coefficients of the B terms in (5.4.2) and (5.4.3)

leads to a value for the conduction electron density of states, N , of
-1 s

about 0.01 eV per atom, which is an acceptable value. If we use the

electronic specific heat coefficient of YCuAl to estimate the conduction-

electron density of states, a value of 0.7 eV~ per atom is derived,

which in view of the electron-phonon enhancement can be considered as

an upper limit.

However, it should be mentioned here, that the allowance of an electron

transfer introduces the necessity to incorporate for YbCuAl an enhance-

ment factor of about 1. 3 in order to obtain the correct values for the mag-

netization values. The value of nf(0)=7. 2 is rather well determined since

the shape of the curve strongly depends on the value for n.(0). This value

is further supported by evidence from Extended X-ray Absorption Fine

Structure (EXAFS) measurements [ Pott (1978)] . Also the anomaly in the

thermal expansion, although it does not provide quantitative information
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about the low-temperature valence state of Yb in YbCuAl, does not exclude

a value of 7. 2 for n.(0), as can be seen from the brief discussion in

section III. 4.

B ELECTRON TRANSFER BY TEMPERATURE

To establish the temperature dependence of the f-occupancy

and its effect on other temperature dependent properties, again, we start

from the condition of conservation of the total number of electrons

n f ( T ) - n f ( 0 ) = - [W(T) - E p] Ng ( 5 . 4 . 4 )

At low temperatures we can expand the chemical potential according to

2
u(T) = ep - \ - UBT)2 u, (5.4.5)

Comparison with the numerically obtained curves in fig.5.1 learns that

expansion (5.4.5) is valid up to T - 0.35 A/kg. In this temperature

region we arrive to a good fit to the YbCuAl susceptibility curve if we

assume

n , (T) - 7 . 2 = - 8 * 1 0 ~ 4 (k T / A ) 2 ( 5 . 4 . 6 )
I a

2
with A = 2.91 rneV. Comparison of the coefficient of the T terms in

(5.4.4) and (5.4.6) gives a value for the conduction electron density of

states, N , of 0.255 eV~ per atom, whichagain is an acceptable value.

Using this value for N , we can evaluate the temperature

dependence of the chemical potential under the condition (5.4.4). It can

be seen in fig. 5. 1 that the shape of p(T) [curve (2)] is very similar to

that obtained under the condition of constant 4f-occupancy [curve (1)] .

Also application of a magnetic field of 20 T does not severely influence

the temperature dependence of the chemical potential [curve (3)] .
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V. 5 COMPARISON OF THE FIT RESULTS WITH SOME

MACROSCOPIC EXPERIMENTAL- RESULTS

In fig. 5. 2 the fit results for the magnetic susceptibility of

YbCuAl are given. Curve (1) is has been calculated under the condition

n. = 7 with A = 3. 23 meV, in such a way that the correct zero temperature

susceptibility is reproduced. It is seen that the maximum value of the

experimental susceptibility isnot reachedand that at higher temperatures

the calculated susceptibility is systematically too low. However, the

effective moment derived from the high-temperature part of curve (1)

agrees nicely with the experimentally observed effective moment

(4.33 yB/Yb atom). Curve (2) in fig. 5. 2 has been calculated under the

condition (5.4.4) allowingforan f-s electron transfer. The resonance

width of 2.91 meV was chosen to produce a maximum at the experimentally

observed temperature. An enhancement factor of about 1.3 then leads to

curve (3). From the inset in the figure it is clear, that this curve gives

a better fit to the experimental data around the maximum than curve (1).

However, at higher temperatures it tends to overestimate the susceptibility

slightly, while the effective moment of 4.6 pB/Yb atom is evidently too

large. In fig. 5. 3 the magnetic isotherm of YbCuAl at 1.4 K is shown.

Curve(l)again, is the result of a calculation under the condition n. = 7.

As we calculated the magnetization for a Lorentzian-shaped

density of states, we consequently find a saturation tendency in high

fields, which is in contrast with the experimental observations. Curve (2)

has been calculated allowing f-s transfer by a magnetic field, according

to eq. (5.4.3) and indeed shows the upward curvature. Again with an

enhancement factor of about 1.3 curve (3) is obtained, which nicely fits

the experimental data.

The fit results for the electronic part of the specific heat are

given in fig. 5. 4. Curve (1) has been calculated under the condition n f = 7
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+ as measured
A=323meV

[ A=291«neV

(3) -12)«136 (enhancement)

300 400

fig. 5.2 Measured (+) and fitted (—) YbCuAl susceptibilities versus
temperature for different temperature dependencies of the
chemical potential.
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(1)n f=7

(2) nf=72 - iff^B2 A=2-91 meV

13) = 121*1-36 (enhancement I

YbCuAl

30

f i g . 5 .3 Magnetic isotherm of YbCuAl {+) at 1.4K and some f i t resul ts(—)
fo r var ious f i e ld dependencies of the chemical potent ia l .
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present study

YbCuAl
(1|nf=7 A = 3-23meV

A=2-91meV

et al.(1978)

TIK]

0 100 200 300

f ig. 5.4 Temperature dependence of the electronic specific heat of
YbCuAl and some fit results for different temperature depen-
dencies of the chemical potential.
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with a resonance width of 3.23 meV, whereas curve (2) is the result, if

s-f electron transfer is allowed. The additional s-f transfer decreases

the linear term in the specific heat. To obtain a Y"» value as experimentally

observed, we need an enhancement factor of 1.3, which in view of the

commonly observed values for electron-phonon enhancement is not un-

reasonable.

Another feature of the experimental spedific heat data on

YbCuAl which we now may hope to understand is the anomalously high T

term in the specific heat (see section III. 3). Newns and Hewson estimated

that 70% of this term is part of the electronic specific heat, which, due

to the narrowness of the f-resonance, deviates already at liquid helium

temperatures from the usual linear behaviour. To determine 3e, the

coefficient of the T term in theelectronic specific heat, we have to apply

the Sommerfeld-Bethe expansion both to eq. (5.3.5) and (5. 3. 6). The

first of these provides, with n, = constant, the chemical potential in the

form

V W > 2 ( 7 u 1 0 u U

( 5 . 5 . 1 )

The parabola given by the first two terms approximates the value of the

chemical potential almost exactly [curve (3) in fig. 5. 1J upto T=0. 35 A /k-,.

Using eq. (5. 5. 1) in the expansion of eq. (5. 3. 6) we find

2 2
T 3 = ^ _ N f ( £ F ) k 2 T [ l + | Q ( - 1 5 u f + 2 1 o 2 ) ( k B T ) 2 ] ( 5 . 5 . 2 )

With the Lorentzian density of states, (5.3. 1), this gives

B 5 r , J . .2 -\ 2
( 5 . 5 . 3 ,

which is positive for

|e F -e f |> /T7TT A

A
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In all cases of interest for mixed valent systems (J = 5/2 with n. = 1 or

5, or J = 7/2 with n, = 1 or 7) the Fermi energy is too far from the centre

of the resonance for the second of these conditions to be valid, and thus

g > 0. Using A = 3. 23 meV which was choosen by Newns and Hewson

to make eq. (5.3. 10) give the experimentally observed low-temperature

susceptibility of YbCuAl, with n f = 7, eq. (5.5.3) indeed gives

ft =0.7 8 , which is very reasonable in view of the effective Debye
e obs

temperatures quoted in the section III. 3. If we assume that the Debye

temperature of YCuAl can be used to estimate the phonon contribution,
g in YbCuAl and the experimentally determined Debye temperature
ph

of YbCuAl being a measure of the observed total 3obs
 w e c a n deduce

that

~3 —3
°YbCuAl"eYCuAl = 0 # 7 8 ( 5 . 5 . 4 )

=
3obs Bobs Qln ..

YbCuAl

in agreement with the prediction of Hewson and Newns. Taking into

account the field dependence of the chemical potential the question arises

whether the experimentally observed insensitivity of the specific heat to

an applied external field is not in contradiction with what the local Fermi

liquid theory predicts. The field dependence of the linear term in eq.

(5.5.2) is easily established by replacing the density of states Nf (ep)

by the sum of the contributions of the 2J + t Zeeman split peaks:

2 +J
Y(B) = ^ kB Z g[y(B)-mgJvBB] (5.5.5)

m=-J

Substituting eq. (5. 3.8) for y(B) and expanding each function g around

ji(0) = ep we find

(5.3..)

The sign of this change in the initial slope of C is determined by that of

and since for the Lorentzian



-145-

2 2
_ (e - e f ) - A

u -of = 2 F 2TT ( 5 - 5 ' 7 )

it will be positive for | e F - e f | > A that is, for all cases of interest

for intermediate valent systems. The relative change of y in a magnetic

field, using again the parameter values based on the measured x(0) and

the requirement that n, = 7, is an increase of t . 1 % in a field of 4 T,

which can be termed constant within the accuracy of the experiments

quoted in section III. 3.

Except for the difference in y the curves (1) and (2) in fig. 5. 4

are rather similar. The high-temperature part seems to overestimate

the electronic specific heat, but the entropy associated with curve (2)

amounts to about R In 10, which, within the accuracy of determination,

is equal to R In 9.5, found in section III. 3. 4 for YbCuAI.

V. 6 IMPLICATIONS OF THE LOCAL FERMI LIQUID MODEL

FOR SOME DYNAMIC PROPERTIES

Having seen that the local Fermi liquid model is quite successful

in reproducing the experimentally observed static, macroscopic proper-

ties of YbCuAI, the question naturally arises, whether our results on

dynamic properties, described in chapter IV could also be interpreted

in the framework of this model. In the present section we will discuss

the implications of the local Fermi liquid model for the dynamic suscep-

tibility x(oi), which, as we have seen in sections IV. 3 and IV. 4, enters

both the neutron scattering cross section and the nuclear relaxation rate.

The calculations to be described below are not complete in the sense

that exchange-enhancement effects and excitations out of or into the

conduction band are not considered, but the results are sufficiently

encouraging to be presented here and to warrant further study along

these lines.
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Aswith the static properties, the theory of itinerant-electron

magnetism, suitably amended to take into account the (2J + 1) - fold

degeneracy, provide the expressions [ Izuyama (1963), Doniach (1967)]

necessary to find the dynamic response of the local Fermi-liquid model.

The quantity of central interest is the imaginary part of the frequency-

dependent susceptibility,

( 2 J + l ) ( J + l ) J ( g u ) 2 +»
X"(o)) = ^ ~ — IT / (fc(e)-f <e+hw)]g(e)g(e + hw) d£

(5 .6 .1 )

where g and f are as defined before, in eq. (5. 3. 1) and (5. 3. 2), respec-

tively. For T = 0, this integral can be evaluated to give an analytic

expression for

2(J+l)(J+l)J(g p ) 2 (e -ef+1kw)2

x»= o ( w ) [ { l o g ( +1) +
(fiw) + 4A A

2

^X
A

- 21og( F / + 1)}

eT?-ef-Ffia) eT?~ef~ ^ ^ -,
+ arctan(-^—= ) - arctanC-^—= )] (5.6.2)

This function for F--p~£f ~ 3 .077A which is appropriate to n, = 7. 2,

is plotted in fig. 5. 5a, along with a Lorentzian, fto)/(,(1iu) + (4A) \

which was normalized to give the same peak value as X^-n The striking

feature of the calculated susceptibility is its narrowness compared to

the Lorentzian, which peaks at the same frequency. This is reflected,

among others, in the fact that the initial slope of x " is more than five

times lower than that of the Lorentzian.

As described in chapter IV. 3, the neutron scattering results
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f ig. 5.5 Frequency dependence of the calculated dynamic susceptibility
x " with and without a Bose factor, and u* Lorentzian at
different temperatures.
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have been fitted by a Lorentzi'an. It would seem from fig. 5. 5a that at very

low temperatures the local Fermi-liquid model predicts a susceptibility

that no conceivable fitting program would mistake for a Lorentzian, and

in this sense the T = 0 result contradicts the low-temperature neutron-

scattering data. The anomalously low initial slope of x"(w) ' s also

unlikely to be in accord with the nuclear relaxation data, which were

seen to agree with the neutron data under the assumption of a Lorentzian

frequency dependence. More precisely, if the spectral function is assumed

to have the form

( 5 - 6 - 3 1

it is easily verified by using the zero-frequency Kramers-Kronig relation

+«
X ' (O) = i / X" <<•>)— ( 5 . 6 . 4 )

oo— oo

that the static susceptibility is

X^(0) = c o n s t . fl"1 ( F / 2 ) " 1 (5.6.5)

and the factor entering the relaxation rate cf. eq. (4.4.5) ,

L 172
(dX^(a))/da))uj=0 " H (5.6.6)

equals the width of the spectral function in frequency units, i.e., the

frequency at which x"( u ) peaks. If we are to use the initial slope of

our calculated spectral function as a measure of its deviation from the

Lorentzian form, eq. (5.6.3) suggests that the normalization of fig. 5.5

is not adequate. Rather the ratio of the static susceptibility and the initial

slope should be worked out, and compared with the frequency where the

spectral function peaks. The Kramers-Kronig relation, eq. (5.6.4), can

be again used, and for T = 0 it leads to eq. (5.3. 10), our earlier ex-
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pression for the static susceptibility:

x . ( 0 ) • (2J*1H^DJ ( g j ,B ) 2
g ( e F ) (5.6.7)

Ontheother hand, the ini t ia l slope of x"(<»>)can be conveniently eva lu-

ated by dif ferent iat ing the integrand in eq. (5 .6 .1 ) , and making use of

the delta-funct ion nature o f - ( 3 f /9e) when evaluating the integra l . Th is

gives

, „„ « J + I ) ( J + I ) J <g , V < , { 5 . 6 . 8 >
0)=0

The factor entering the relaxation rate is now

2 2
+ A

f Q

(a J ) /da ) ) ( o = 0 ~ lk i rg(eF) ~ HA lo.o.sj

which for our case of n. = 7. 2 gives 10.5 A/ft for the relaxation rate.

When this is compared to the peak position at tioi = 4A, the initial slope

of the spectral function is indeed found to be anomalously low, although

only by about a factor of 2.5, half of what fig. 5.5 suggested.

Figure 5. 5 shows that with increasing temperature the spectral

function approaches the Lorentzian form, and at T=10A/kB it becomes

practically indistinguishable from a Lorentzianof width 2A. This tendency

is also born out in fig. 5. 6, where the spectral width and the normalized

inverse slope of x"(<») are plotted against the temperature. For

T £ 2A/k , these two frequencies are very close to each other, but at

lower temperatures they show quite different temperature dependences.

Comparingfig.5. 6 with fig. 4. 12, which summarizes the results

of our neutron-scattering and NMR relaxation measurements, we cannot

claim that the local Fermi-liquid model in its simplest form is very

successful In explaining these results. It is encouraging, however, that
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(dX7du»

spectral function width

fig. 5.6 Calculated spectral width and inverse initial slope of x" as a

function of temperature.
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the actual values obtained in our calculations come very close to what is

measured in the intermediate temperature range between 30 and 120 K.

(2 A corresponds to about 5.8 meV). It is to be hoped that the extension

of the model to include exchange-enhancement affects and transitions

from and into the conduction band, which is presently being studied, will

improve the agreement with experiment.

V. 7 CONCLUDING REMARKS

At the end of this chapter we like to express our appriciation

for the fact that the Newns and Hewson paper has come to our attention

in the final stage of our experiments on YbCuAl, just in time to include

the evaluation of their model in this work. The ability of the model to

describe a variety of physical properties and the circumstance that a

complete set of experimental data is available on the compound subject

of this thesis, have enabled us to make a profound comparison of model

and experiment. Although quantitative agreement is not always perfect,

we like to stress here that all properties, at least qualitatively, are

nicely described by this model. Taking into account that the data have

been fitted to the model almost in its simplest form, it can be expected

that in future, if the model is worked out further and suitably refined,

more quantitative agreement will be obtained.
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S A M E N V A T T ING

In dit proefschrift worden de resultaten beschreven van het onderzoek

van de valentie toestand van Yb in de intermetallische verbinding YbCuAI.

Normaal gesproken geldt voor de Zeldzame Aarden (waar Yb er een van

is), dat de 4f-elektronen sterk gelokaliseerd zijn. Ze zijn verantwoordelijk

voor de magnetische eigenschappen van deze verbindingen (gedeeltelijk

gevulde 4f-schil), maar zijn voor de binding in het metaal van geen belang.

Deze situatie is dan ook geheel anders dan die in de overgangsmetalen

en hun verbindingen, waar de d-elektronen het magnetisch gedrag bepalen,

maar ook van belang zijn voor de binding. Sinds enige tijd weten we echter,

dat voor een aantal Zeldzame Aarden (Ce, Eu, Sm, Tm en Yb) en hun

verbindingen, deze verdeling in magnetische en bindings (valentie) elek-

tronen niet langer meer opgaat. In deze gevallen verliest de 4f-schil zijn

typisch gelokaliseerd karakter en gaat dan ook een rol spelen in de che-

mische binding, waardoor het verschijnsel van een niet geheel aantal

valentie elektronen kan optreden. Hieruit volgt dan ook de naamgeving

van het probleem: wisselende waardigheden. Dat dit aanleiding geeft tot

een merkwaardig karakteristiek gedrag van tal van fysische eigenschap-

pen behoeft verder geen betoog.

Yb in YbCuAI vertoont dit karakteristieke gedrag in alle toonaarden en

bovendien ineen experimenteel zeer toegankelijk gebied. Redenen genoeg

om een "case study11 van YbCuAI te gaan maken. Preparatief gesproken

waren er nogal wat moei lijkheden te overwinnen, alvorens éénfasig YbCuAI

zonder verontreinigingen, reproduceerbaar, gemaakt kon worden. In

hoofdstuk II wordt dit in detail toegelicht. Toen dit eenmaal lukte kon er

geoogst gaan worden. De macroscopische fysische eigenschappen worden

in hoofdstuk III beschreven (magnetische eigenschappen, soortelijke

warmte, thermische uitzetting en magneto-volume effekten, temperatuur-

afhankelijkheid van de soortelijke weerstanden de consequenties van Y-,

Gd- en Sc-substitutie voor Yb in deze verbinding). Een belangrijke con-

clusie die uit deze resultaten getrokken kan worden is, dat het wisselend

waardig gedrag een één-ion gedrag is en niet kollektief in de zin van de
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beschrijvïng zoals die geldt voor bijvoorbeeld de overgangsmetalen.

De kwaliteit van de preparaten was 20 goed, dat we een 50 grams pre-

paraat voor inelastische neutronenverstrooiings experimenten hebben

kunnen maken. Met deze techniek is het mogelijk om informatie te ver-

krijgen over wat er op microscopische schaal op het atoom zelf gebeurt,

iets, wat in principe ook kan met behulp van de magnetische kernspin

resonantie en relaxatie techniek. Beide typen experimenten worden be-

schreven in hoofdstuk IV. Alhoewel de interpretatie van deze resultaten

niet eenvoudig is, kan geconcludeerd worden op grond van het feit dat

beïde experimenten hetzelfde resultaat geven, dat een promotie model

(4f-elektron promoveert naar de geleidings-band) voor de beschrijving

van het wisselend waardig gedrag van Yb in YbCuAl niet van toepassing

is.

In hoofdstuk V tenslotte, wordt een poging gedaan om het wisselend

waardig gedrag van Yb in deze verbinding te beschrijven met behulp van

een tamelijk eenvoudig Fermi vloeistof model. Het is een één-ion model

zonder een promotie energie voor een 4f-elektron. Vergelijking van

experimenten en berekeningen geven een bemoedigend resultaat te zien.
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Stellingen behorende bij het proefschrift van W.C.M. Mattens

I

De uitdrukking die Gopal geeft voor de maximale waarde van de Schottky

soortelijke warmte is onjuist.

[ E. S. R. Gopal, »Specific Heats at Low Temperatures", Plenum Press,

New York (1966)]

II

Het polycomplex gedrag van mangaan(ll) in waterig milieu, als beschreven

door Fontana en Brito in termen van MnJOH) en Mn_(OH)2 , leidt bij

extrapolatie naar lage concentraties tot een inconsistent beeld van de

hydrolyse. Een betere beschrijving kan worden gegeven met behulp van

het complex Mn,(OH)_

[ S. Fontana en F. Brito, Inorg. Chim. Acta, 2(1968)179]

III

De door Grover et al. uit kernspin - resonantie - experimenten aan

Co Ga, -legeringen afgeleide waarde van het (effectieve) magnetischex i—x

moment op een Co-atoom, dat een Co-antistructuur atoom als naaste buur

heeft,is aanzienlijk te groot.

[ A. K. Grover, 1_. O Gupta, R. Vijayaraghavan, M.Matsumara, M. Nakano

enK.Asayama, Solid State Comm. 30^1979)457]

IV

In beschouwingen over de stabiliteit van Pd-waterstof legeringen dient

rekening gehouden te worden met de relatief lage waarde van de nulpunts-

energie behorende bij de optische roosterfrequentïes.

V

Gezien de opmerkelijke stabiliteit van atomaire waterstof bij lage tempe-

raturen verdient het aanbeveling om na te gaan in hoeverre dit materiaal

gebruikt kan worden in koelmachines.



VI

Vergroting van de mogelijkheden om electriciteit, die met behulp van

warmte-kracht koppel ing in de industrie wordt opgewekt, terug te leveren

aan het landelijk net, levert zodanige energiebesparingen op dat uitbreiding

van het productievermogen van de Samenwerkende Electriciteit Produ-

centen middels een aantal kerncentrales niet opportuun is.

VII

In verband met een adequate organisatorische voorbereiding dient de

ingangsdatum van een gemeentelijke herindeling minstens twaalf maanden

na het parlementaire besluit hiertoe te liggen. Tijdens deze interim pe-

riode moet potverteren worden voorkomen.

VIII

De ontwikkel ing in de automobielindustrie om het aantal electrische com-

ponenten in personenauto's uit te breiden en de carosserie te voorzien

vaneen metallische corrosie-werende laag bemoeilijkt het verwerken van

autoschroot tot nieuw staal.

6 februari 1980.


