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STELLINGEN

1 .

Gezien het feit dat de bestaande discrepantie in de interpretatie van
de Haas-van Alphen metingen en magnetoweerstandsmetingen aan kalium
mogelijk te wijten is aan de aanwezigheid van een groot aantal domeinen met
verschillende richting van de CDW golfvector Q, lijkt een interpretatie van
dHvA experimenten aan kalium onder druk in termen van een preparaat met één
Q domein betrekkelijk zinloos.
(Altounian Z., Datars W.R., Can.Joum.Phys. j>8_, 370 (1980))

2.

Bij het bepalen van de exchange enhancement in intermetallische verbin-
dingen van uranium met een niet-magnetische grondtoestand, zoals UA1. en
U-Fe, moet misschien ook rekening gehouden worden met het baanmoment van de
5f toestand. Dit zou een verklaring kunnen geven voor het feit dat in U,Fe
zowel supergeleiding als, schijnbaar, een hoge exchange enhancement gevon-
den wordt.
(DeLong L.E., HuberJ.G., Yang K.N., Maple M.B., Phys.Rev.Lett. _51_, 312
(1983))

3.

De conclusies van Stephens et al. aangaande de magnetische structuur van
p-O. worden niet gerechtvaardigd door hun analyse van neutronenverstrooi-
ingsmetingen, die geen rekening houdt met de magnetische structuurfactor.
Hierin speelt de magnetische vormfactor van het 0--molecuul een belangrijke
rol.

(Stephens P.W., Birgenau R.J., Majkrzak C.F., Shirane G., Phys.Rev. B28,
452 (1983))

4.

Bij kernspinresonantiemetingen aan de Al kern in YbCuAl kan het effect
van mogelijke asymmetrie in de electrische veldgradiënt op de zwaar-
tepuntsverschuiving van de 1/2 *••* -1/2 overgang niet bij voorbaat verwaar-
loosd worden.

5.

Aan voorspellingen over de ontwikkeling van de economie bij verschillende
soorten beleid wordt een toenemend politiek gewicht toegekend, waarbij
echter weinig aandacht wordt geschonken aan de mogelijke on-
zekerheidsmarges. Een practische indicatie hierover zou verkregen kunnen
worden door de uitkomsten van het doorrekenen van reeds gevoerd beleid te
toetsen aan de werkelijkheid.



6.

Kubaschewski en Alcock suggereren ten onrechte dat de vormingswarrate van

metaallegeringen geschat kan worden op grond van de grootte van de

volumecontractie bij legeren.
(Kubaschewski 0., Alcock C.B., in 'Metallurgical thermochemistry', 200,
Pergamon Press, 1979)

7.

Het zou het inzicht in de rechtsgang bevorderen vanneer dagbladen het vol-
ledige verslag van een rechtzaak gelijktijdig met de uitspraak zouden pu-
bliceren.

8.

De theoretisch nauwelijks houdbare hypothese van Ikeda en Gschneidner dat
er een klasse materialen bestaat, waarvan de eigenschappen niet voldoen aan
de thermodynamische Maxwell relaties, wordt ook experimenteel niet onder-
steund en gaat geheel voorbij aan de materiaalkundige problemen die invloed
kunnnen hebben op de gemeten grootheden.
(Ikeda K., Gschneidner Jr. K.A., Journ.Magn.Mag.Mat. 31-34, 265 (1982))

9.

Het getuigt van weinig consistent en inefficiënt beleid om langlopende pro-
jecten, zoals vaak voorkomen bij universitaire ontwikkelingssamenwerking,
voortijdig te beëindigen door het aanbrengen van een marginale verandering
in de toetsingsgrondslag.

10.

Dat een hoogleraar niet als co-promotor mag optreden zou, ten onrechte,
kunnen worden opgevat als een motie van wantrouwen tegen het geldende
beleid bij de benoeming van kroondocenten.
(Academisch statuut, art. 119; Toelichting op het algemeen promotieregle-
ment, Universiteit van Amsterdam.)

18 januari 1984, J. Aarts
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CHAPTER 1 LOCAL MAGNETIC MOMENTS IN METALS

1 .1 Introduction

The fundamental problem of the appearance of a magnetic moment on an

impurity atom in a non-magnetic host has been at the basis of much theoret-

ical and experimental effort in the last two decades. One of the reasons

that interest has not diminished over such a span of time is that mechan-

isms for formation or destruction of magnetic moments are numerous, as are

the accompanying experimental phenomena. Even better than in transition

metals, this is demonstrated in rare earth elements and intermetallic com-

pounds, especially those based on cerium. Some of these will be the sub-

ject of this thesis.

The above statements are easiest illustrated in terms of the Anderson

model (Anderson, 1961), developed for transition metals. This model con-

siders the presence or absence of an impurity (d-electron) magnetic state

vhich falls within the free electron energy band. The parameters involved

are the Coulomb repulsion U for electrons on the impurity, the energy

difference E between the impurity state and the Fermi level, and the

hybridization V between the impurity level and the band states. This

hybridization has the form

Hint V V(<ccic + ciackc^ (1-1}

where k refers to the band states, i to the impurity level and a is the

spin index. The hybridization leads to a broadening of the imp rity level,
2

which can be characterized by defining a half-width A = nV N(0), where N(0)

is the (constant) density of states. Introducing the dimensionless parame-

ters x = E/U and y = U/A, Anderson could, in the Hartree-Fock approxima-

tion, formulate a condition for the formation of a magnetic moment, which

is graphically given in fig.1.1a. In words, and very qualitatively,

fig.1.1a shows that a magnetic moment is formed when the Coulomb repulsion

is so large that one of the two possible spin states of the impurity level

is pushed above the Fermi energy (E/U < 1), while the admixture of free

electron states opposes the moment formation since broadening of the impur-

ity level causes the empty spin state to have overlap with energy states

below the Fermi energy.
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(a) non-magnetic (b)

Fig. 1.1. (a) Region of magnetic and non-magnetic behaviour in the Anderson

model as function of x and y. (b) Region of validity of the Schrieffer-

Wolff transformation (black). Lines are drawn for A/|E| = 0.03 and

A/lE+Ul - 0.03.

This model Is the basis for the understanding of the occurrence of mag-

netic moments in dilute transition metal alloys, since many experiments

have shown the existence of both the magnetic and the non-magnetic states.

A difficulty is that the parameters U, E and V cannot be measured directly,

or calculated from first principles. In the non-magnetic state, the

enhancement in such quantities as the specific heat and the magnetic sus-

ceptibility can be measured, but the effects are tiny and difficult to

extract from the matrix contribution.

Quite apart from these experimental considerations, the situation is

further complicated since an existing magnetic moment is suppressed again

at low temperatures by a mechanism which, although inherent in the Anderson
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Hamiltonian, does not appear when the calculations are performed in the

Hartree-Fock approximation. This phenomenon is usually treated by intro-

ducing an exchange term

- -IT (1.2)

where r is an effective exchange coupling parameter and s and S are the

conduction electron spin and local electron spin, respectively. The

exchange parameter r is the sum of different contributions and can be both

positive and negative. If negative (which means effective antiferromag-

netic coupling), the local moment disappears, which can be described in

terms of polarization of the conduction electrons (Nagaoka, 1965). This

effect is accompanied by a term proportional to ln(T/T ) in the electrical
K

resistivity, as was noted by Kondo (1964), who first introduced the Hamil-

tonian (1.2). That the term (1.2) is implicit in the Anderson model was

shown by Schrieffer and Wolff (1966). They found that, under the condi-

tions IA/E) « 1 and |A/(E+U)| « 1 (which is the extreme magnetic limit,

see fig. 1.1b), the Anderson Hamiltonian can be transformed to a Hamiltonian

containing an exchange parameter which, in terms of the model, is given by

v2u
E(E + U)

(1.3)

T is negative in the magnetic case when E < 0 and E+U > 0. An essential

outcome of the Kondo model is a difference in high temperature and low tem-

perature behaviour of the system. The magnetic moment which is present at

high temperatures is increasingly screened when the temperature is lowered,

and the final state of the system is a non-magnetic many body singlet. The

temperature scale for this effect is governed by the Kondo temperature T ,
Kwhich is given by

T =D(|N(0)r|)1/2e-1/iN(0)rl (1.4)

where D is the free electron band width. Experimentally, T is found to
-3 3

vary in order of magnitude from 10 K to 10 K (Daybell and Steyert,

1968). Again, the basics of this model are now fully accepted and the

resistivity minimum has become the hallmark for the occurrence of the Kondo

effect. However, the theoretical difficulties in finding the complete tem-

perature dependence of measurable quantities are severe, and it was aot

until 1975 that, by use of renormalization group techniques, a solution for
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the S = 1/2 model over the whole temperature range was given (Wilson,

1975). Using the same techniques, the equivalence between the Kondo Hamil-

tonian and the Anderson Hamiltonian (for the appropriate choice of parame-

ters) was established (Krishna-murty et al., 1975).

1.2 Rare Earth systems

The elements of the rare earth series in the periodic system have an

electronic configuration

[Xe]4fn(5d6s)3 (1.5)

which implies that the free atoms possess a magnetic moment because of the

unfilled f shell. The spin-orbit coupling in the 4f shell is strong, and

the angular momentum and magnetic moment are characterized by the quantum

number J and the gyromagnetic ratio g . In the case of Ce, with 4f , the
J

ground state is given by J = L - S = 5/2, g ,„ = 6/7 and is therefore six

fold degenerate. The next higher multiplet, J = 7/2, typically lies at a

distance of about 3000 K and can usually be ignored. The main difference

between d electrons in transition metal elements and f electrons in rare

earth elements is that the latter lie much deeper within the atom. This

has important consequences for the solid state. For instance, the overlap

between d electrons is large, and it can be experimentally shown that they

contribute to the binding energy of the solid (Friedel, 1969). The overlap

between f electrons is much smaller. The maximum in the probability dis-

tribution P(r)r (r is the distance beween electron and nucleus) lies

around 1 A, while the average lattice spacing is of the order of 5 A. For

the 4f magnetic moment, this means that the mixing parameter V in the

Anderson model is much smaller, probably less than 0.1 eV (Martin and

Allen, 1979), whereas it was estimated to be ~ 2 - 3 eV in transition

metals (Anderson, 1961). Since the Coulomb repulsion U for these local-

ized, and therefore not very well screened states is larger, dilute 4f

moment systems represent the magnetic limit of the Anderson model, so that

again the question of the Kondo effect can be raised.

Theoretically, the Kondo problem for rare earth systems contains some new

elements since, in the absence of Crystalline Electric Field (CEF) effects,

the description has to be based on the quantum numbers J, m , instead of on

S, mg. Nevertheless, a generalization of the Schrieffer-Wolff
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transformation can still be performed (Coqblin and Echrieffer, 1969). The

resulting "exchange parameter" is of the same form as eq. (1.3).

Experimentally, the occurrence of the Kondo effect is only found for a

limited number of the rare earth elements, such as Ce, Sm and Yb (see,

e.g., Maple et al., 1978). Apparently, the negative exchange contribution,

given by eq. (1.3) can be easily overcore by positive contributions.

Behaviour pointing to a net positive exchange parameter was actually found

ir. the system (La.Gd)Al (Lieke et al., 1978).

If the Kondo effect is present, the problem is further complicated because

of the multiplicity of the f level. Fortunately, CEF effects are almost

always present in rare earth intermetallics and the resulting reduction of

the degeneracy makes that the T-»0 properties of many systems can be

described in terms of the lowest lying doublet. This was nicely demon-

strated in both theoretical and experimental work on magnetic impurities in

a superconducting host (see Maple, 1976). At higher temperatures, however,

the full multiplicity of the f level should be taken into account, a prob-

lem that has not yet been fully solved.

Another consequence of the localized nature of the f states is that the

interaction between neighbouring magnetic moments is small. Actually, this

interaction is of an indirect nature, as will be seen later. This means

that at higher concentrations the behaviour is not different from the sin-

gle impurity limit. Even in concentrated systems, the indirect exchange

interaction is of the order of magnitude of the exchange parameter r of

eq. (1.3) (~ 0.1 eV) and this can lead to a complicated interplay between

the tendencies to magnetic order and moment compensation.

Experimentally, systems are found which show such complex behaviour, even

to the extent that the Kondo effect seems to partially survive in the mag-

netically ordered state. One such system, the compound CeAl», is partly

subject of this work. Theoretically, much work is being done on the con-

centrated Kondo problem, but only very approximate solutions have as yet

been obtained. The added effects of the indirect (f-f) exchange interac-

tion generally have not been included.

The above has made plausible that, in principle, magnetic moments are

present in rare earth compounds, but that they can disappear due to a 4f-

conduction electron exchange mechanism, which is, according to eq. (1.3),

especially important when the energy difference E between 4f level and
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Fermi energy is small. However, this condition generally also means that

the electronic configuration may not be so stable as i-as assumed earlier.

In particular, configurations with an empty, half-filled, or filled 4f

shell may be energetically more favourable than the expected trivalent con-

figuration, given by (1.5). This is demonstrated by the metallic radii of

the elements, given in fig.1.2. Anomalous values are found for Eu, where

the electronic configuration is [Xe]4f (5d6s)2 (instead of [Xe]4f (5d6s) ),

and Yb (having [Xe]4f14(5d6s)2 instead of [Xe]4f13(5d6s)3)). The divalent

configuration has a bigger lattice parameter since the extra f electron

screens a larger part of the nuclear charge from the outer electrons. The

opposite effect is seen for Ce.

2.30

2.00-

Ba La Ce Pr Nd PmSmEu Gd Tb Dy Ho Er Tm Yb Lu Hf

Fig.1.2. Metallic radii of the rare earth elements for a coordination

number of 12 (taken from Beaudry and Gschneidner, 1978).

The crystal phase at normal temperature and pressure, Y~Cei n a s a metallic

radius which is slightly smaller than expected, pointing to the possibility
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O 4
of a configuration [Xe]4f (5d6s) . This situation seems to be realized in

the low temperature modification a-Ce, which has a conspicuously smaller

lattice parameter. Actually, if the two configurations are not far apart

in energy, the many body ground state of the system will be a mixture of

both, because of mixing matrix elements due to an hybridization Hamiltonian

of the form

Hhyb = S V(|nXn-l|c£ + cjn-l><n|) (1.6)

The problem of configurational mixing is usually called the Mixed Valence

or Intermediate Valence (IV) problem since the ground state does not have

an integer number of f electrons, and, by implication, valence electrons.

IV behaviour has b sn found for systems based on Ce.Eu and Yb, but also for

systems with Pr.Sm and Tm. In fact, these are the same elements which, in

different compounds, show the Kondo effect. The above description must

have made clear that this is no coincidence. Both effects only occur when

the energy difference E is not too large. The exact values of V and E,

which are influenced by alloying, then determine which description is more

appropriate. Furthermore, it is interesting to note that, although not

always recognized as such, the IV problem is also common to transition

metals, where the number of d electrons can be non-integer. The problem

there is much more difficult, however, since the extended wave functions

lead to d-band formation. In the case of rare earth systems, the different

configurations can be assumed to follow Hund's rules.

An approach to the IV problem which clearly depicts the different energies

involved, is suggested by the likeness of the configurational mixing given

by eq. (1.6), to the hybridization term of the Anderson model (eq. (1.1))

In this description, the Coulomb energy U is taken to be infinite, which

means that only the configurations 4fn, 4fn are taken into account,

while the energy E of the impurity level with respect to the Fermi energy

is replaced by the energy difference AE = E -E , between the two confi-
n n—1

gurations. Stable configurations occur when AE is far from the Fermi

energy on the scale of the hybridization V.

Although values for AE are difficult to come by, the order of magnitude

can be estimated by thermodynamical arguments (de Chatel and de Boer,

1981). For Ce and Yb, the energies necessary to transform trivalent metal

to tetravalent, respectively divalent metal were found to be 2.0 eV/atom



- 13 -

and 0.5 eV/atom. This does not mean, however, that Ce (Yb) will always be

stably trivalent (divalent). By alloying, the tetravalent configuration

may gain more in energy than the trivalent one. Calculations based on

Miedema's model for heat of formations (de Boer et al., 1979) showed that,

although in intermetallic compounds the trivalent state always has the

lower formation energy, the difference with the tetravalent state may be

quite small. The IV phenomenon can therefore be expected. For Yb, it was

found that the divalent state can even be favoured by alloying because of

the smaller transformation energy.

Much effort has been put Into the experimental determination of parameters

such as V and AE. This especially took the form of determining the valency

or "f-count", which is presumably a measure for AE/V. For a long time, the

volume was thought to give a good estimate for the valency, which was cal-

culated by comparing the lattice parameter of a compound with the estimated

lattice parameters for the pure tri- and tetravalent configurations

(Gschneidner and Smoluchowski, 1963). More recently, it has become clear

that this method does not yield numbers which are easily connected to more

fundamental parameters (de Chatel, 1982). More sophisticated methods to

measure the valency also run into trouble. For instance, in the last few

years, many experiments have been done using valence band X-ray photoelec-

tron spectroscopy (XPS). Initially, peaks found in spectra taken on Ce

compounds were interpreted as showing the distance of the 4f level to the

Fermi energy, which was almost invariably found to be of the order of 2 eV

(see, e.g., Plateau and Karlson, 1978; Allen et al., 1981). Lately, it has

been acknowledged that the interpretation is not so simple. This may

already be clear from the way in which the problem was formulated above :

it is the energy difference between configurations which can be compared to

the Fermi energy; energy values of separate configurations are meaningless

because they involve different numbers of electrons. Exactly this problem

figures in photoemission spectroscopy, where it is now acknowledged that

the spectra generally show several possible final configurations (Hufner

and Steiner, 1982), while also final state screening effects play an impor-

tant role. Extracting Initial state parameters from these spectra has

proved very difficult.

Another technique which has found frequent use is neutron scattering. If

the magnetic levels of an ion are not infinitely sharp, either because of

interactions with the conduction electrons, or because of configurational
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mixing, the magnetic elastic neutron line will become inelastic (often

called quasi-elastic) and the (half-) width of this line is a measure for

the mixing; a good estimate of the characteristic temperature (such as TR)

can often be obtained. However, this method cannot yield a better distinc-

tion between the different mechanisms which cause the lifetime broadening

than can, for instance, an analysis of the susceptibility.

Of special Interest for this work are the magnetic properties of IV sys-

tems. In the case of Ce, to which attention now will be confined, one con-

figuration is magnetic, while the other is not. If the non-magnetic state

is the lower in energy, the magnetic susceptibility will show Curie-like

behaviour at temperatures where both configurations are populated; at low

temperatures the susceptibility will become constant. The value of this

constant is determined by the amount of admixture of the magnetic confi-

guration to the ground state, due to the hybridization. A typical example

of this behaviour is found in the compound CeSn3> shown in fig.1.3, even

though the constant susceptibility is masked by a contribution of magnetic

impurities, as is often the case in Ce compounds.

200 300

Fig.1.3. Temperature dependence of the susceptibility of CeSn3. The upturn

below 40 K is presumably due to magnetic impurities.
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The fact that two physically quite different mechanisms both cause a mag-

netic to non-magnetic transition has led to considerable confusion in the

interpretation of experimental data, especially since both the IV and the

Kondo phenomenon envelop dilute, as well as concentrated systems. Theoret-

ical predictions have not diminished these problems. The predicted differ-

ences in the behaviour of Kondo and IV systems are subtle, and based on

very simplifying assumptions, especially where the band structure is con-

cerned.

1.3 The investigations; questions and methods

The two Ce intermetallic compounds which stand at the basis of this

work fully reflect the complicated situation sketched in the previous para-

graphs. The first one, CeAl-, is a system on which much work already has

been done, and was the first compound where the coexistence of Kondo effect

and long range magnetic order had to be invoked to explain the experimental

results (Bredl et al., 1978). This was also found to be the case when

CeAl, was diluted with LaAl-, in order to suppress the indirect exchange

interaction. Interestingly enough, although the magnetic moment of the 4f

electron is central to these phenomena, the conclusions were not reached by

measuring the magnetic properties of CeAl- and Ce La^_xAl2- As this prob-

lem is well suited for the high magnetic field installation at the Natuur-

kundig Laboratorium, measurements of the susceptibility and the magnetiza-

tion of CeAl_ and Ce La, Al- were undertaken.

CeAl» is also interesting from the point of view of valence fluctuations.

At a pressure of about 6.5 GPa ( = 65 kbar), the compressibility of CeAl

shows a pronounced change, which was interpreted as a transition into a

intermediate valence phase (Croft and Jayaraman, 1979). This result was

connected to resistivity measurements on Ce Y- Alj, which indicated that

Ce becomes non-magnetic at low concentrations (Steglich et al., 1977).

Dilution of CeAl with YA1- not only suppresses the magnetic interaction,

as in the case of LaAl., but also causes a lattice contraction. As it

seemed therefore possible that in Ce Y. Al, a change to IV behaviour could

be witnessed, measurements were performed of the magnetic ordering tem-

peratures, magnetic susceptibility, magnetization and specific heat.

The second compound which was investigated in some detail is CeCu„Si2«
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Originally having been identified as a compound in which the Ce ions are in

an intermediate valence state (Sales and Viswanathan, 1976), interest in

this system rose sharply when evidence was found that the non-magnetic

state becomes superconducting at low temperatures. This experimental

result, which was obtained rather accidentally, is of fundamental impor-

tance, since the occurrence of superconductivity in a many body ground

state, such as resulting from the Kondo effect or valence mixing, had not

been found before, nor had this possibility been investigated theoreti-

cally. Experiments were therefore performed to verify the intrinsic nature

of the effect, to find the nature of the non-magnetic ground state, and to

probe the nature of the superconducting state. Measurements were made on

the Meissner effect, on the susceptibility, specific heat and magnetization

in the normal state, and on the temperature dependence and magnitude of the

critical field.

Lately, increasing experimental evidence has shown that Nuclear Magnetic

Resonance studies can also contribute valuable information on the different

interactions to which the Ce magnetic moment is subjected, even though Ce

itself does not possess a nuclear magnetic moment. Especially, nuclear

relaxation mechanisms may be connected to local moment lifetimes, which is

information comparable to the quasi-elastic linewidths found in neutron

scattering experiments. Several different nuclei in CeCu Si„ allow for NMR

experiments ; measurements of such quantities as Knight shift, relaxation

time and quadrupole moment were performed

In the interpretation of the results on CeCu.Si-, comparison with the

better understood system CeAl proved very useful.
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CHAPTER 2 EXPERIMENTAL TECHNIQUES

2.1 Introduction

In this chapter the techniques used to measure the various properties

investigated will be discussed briefly. On samples at (Ce,Y)Al„ system and

on a number of samples of CeCu„Si„ ac differential susceptibility was meas-

ured at temperatures below 1 K, using a dilution refrigerator. The experi-

mental set-up for these experiments will be discussed first. Then some

relevant details of the experiments at higher temperatures will be given;

they comprise measurements of dc susceptibility in the temperature range

1.5 K to 1000 K, of magnetization in magnetic fields up to 35 T at the

fixed temperatures 1.4 K, 4.2 K, 20 K and 78 K, and of specific heat

between 1 .3 K and 25 K in magnetic fields up to 5 T. Two experiments have

been left out, namely the measurements of the Meissner effect In CeCu2Si,

and the nuclear magnetic resonance experiments. These will be described in

the relevant chapters.

2.2 The experiments below 1 K

This temperature region was made accessible by using a commercial

(S.H.E. company) dilution refrigerator. A description of the cooling tech-

nique and the underlying principles can be found, for instance, In

Lounasmaa (1974). Experiments in the refrigerator are attached to the so-
3 4

called mixing chamber, through which the He- He mixture circulates and

where the cryostate has Its largest cooling power. In the experiments the

lowest temperature obtainable was about 15 mK and the highest temperature

was about 2 K, above which the temperature of the mixing chamber became

unstable. Determination of the temperature was done as follows : as stan-

dards, two Ge—thermometers were used, a "Ge—3" for the temperature range

0.3 K - 1.5 K and a "Ge-4" for the range 1 .3 K - 10 K. Both thermometers

had been calibrated by the manufacturer (Lake Shore Cryotronics) against
3 4He and He vapour pressure, respectively, while the calibration for the

Ge—3 had been extended down to 50 rnK, probably with help of a magnetic

thermometer. The resistance of the Ge's was measured by a conventional

4-wire ac technique. The voltage was measured with a Dynatrac lockin

amplifier. Instead of measuring the current, this voltage was compared to
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the voltage produced by a calibrated resistor which was switched in place

of the thermometer. The usual care was taken to avoid self-heating

effects. For continuous monitoring of the temperature a Speer (carbon)

resistor was used, also fixed on top of the mixing chamber. This resistor

was measured with help of an Automatic Resistance Bridge (S.H.E.) and the

analog output of this instrument provided the "temperature axis" on a

X-Y recorder for most of the magnetic measurements. This Speer resistor

was calibrated against the Ge-thermometers and was used for temperatures

between 0.1 K and 1.2 K. Some points of the calibration were checked regu-

larly and proved not to change significantly. It will be clear that deter-

mination of the temperature using the Speer resistor essentially involved

two interpolations : a Ge R—versus-T calibration table Is interpolated to

find the Speer R-T table, which is interpolated to find the temperature

dependence of the measured quantity. Since no fundamental relation exists

between the temperature and the resistance of a carbon or semiconducting

resistor, the method usually employed for interpolation is to fit the

experimental data to a power law of the type :

1 N k
1 = £ A, (In R(T))fc • (2.1)
T k=-l k

(see Weyhmann, 1974; Lounasmaa, 1974), where the number of terms can vary,

but is mostly smaller than five. However, it was found (Bredl, 1977) that

it is often possible to describe R(T) over a substantial part of the tem-

perature range by one of the relations :

exp (AQln(R(T)/R(0)))
T = TQe (2.2a)

^ ln(R(T)/R(0))

T = TQe ° (2.2b)

The main advantages of these relations are that only three parameters are

involved and that the functions and their derivatives are monotonous, so

that unphysical oscillations or inflection points are avoided. The cali-

bration of the Ge-3 was checked with He vapour pressure as well as with

the superconductive thermometrlc fixed point devices SRM 767 and SRM 768,

developed by the National Bureau of Standards.
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Fig.2.1. (a) Temperature dependence of the resistance of the Ge-3 resistor.

The drawn line Is a fit according to eq. (2.2a) with parameters

43.6973, RQ = 533.700, 0.476338. (b) Deviation of the temperature

calibration of the Speer resistor from the temperature calibration of the

Ge-3 resistor.

These devices provide fixed temperature points between 0.015 K and 7.2 K

and have been described by Schooley and Soulen (1982). This changed the

original calibration to some extent. It proved possible to fit the result-

ing R(T) relation for the Ge-3 between 0.1 K and 1.3 K with a single set of

parameters, using eq. (2.2a). The deviation of the fitted temperature

curve from the fixed temperatures was at most 1 %. The behaviour of R(T)

is given in fig.2.la. Using this R(T) function to calibrate the Speer

resistor it turned out that it was advantageous to divide the temperature

range in two parts, part I between 0.1 K and 0.65 K,described by

eq. (2.2a),and part II between 0.65 K and 1.4 K, described by. eq. (2.2b).

The deviations of the temperatures obtained in this way from the tempera-

tures obtained with the Ge-3 are given in fig.2.1b and do not exceed 1 %

over the entire range.

The ac susceptibility measurements were done with a device which had

originally been developed for the measurement of superconducting transition

temperatures, but which proved sensitive enough to also enable the determi-

nation of the magnetic ordering temperatures of interest. The principle



- 20 -

underlying the measurements is that of mutual inductance, not, however,

with the help of a mutual induction bridge, but by directly measuring the

voltage induced in a secondary coil by an ac driving field. The geometry

of the coil system is shown in fig.2.2a.
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Fig.2.2. The device for ac susceptibility measurements, (a) Coil body, (b)

Coil suspension, (c) The electrical circuit; p is the primary coil, s is

the secondary coil, T is the transformer.

The coil body is made of araldite, an artificial material based on epoxy

resins. The secondary coils, an astatically wound pair, consists of about

2 x 200 turns of 100 p.m Cu wire. The primary coil, wound over the secon-

daries, has about 160 turns. In the configuration used, six of these coil

systems were available, mounted in a way as sketched in fig.2.2b. A copper

rod of 10 cm length was suspended below the mixing chamber, ending in a

disk with six holes in it. Through such a hole went a bundle of isolated

100 pm Cu wires, fastened with one end to the rod. The sample was wrapped
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in this bundle of wires, mostly also with use of some Apiezon grease for

better thermal contact. The coil system was placed over the bundle of

wires and kitted into the hole with GE-fcit. Obviously, the sample was

fixed in such a way that it ended up in one of the secondary coils. This

arrangement made it possible to measure up to six samples during one run.

The electrical circuit is shown in fig.2.2c. The lockin amplifier was a

Dynatrac 391; an external, highly stable oscillator provided the driving

field and the reference frequency. The excitation current, adjusted to

500 jxA and mostly with a frequency of 117 Hz, was monitored with a digital

voltmeter connected over a 1 kfi resistor in the primary circuit. It proved
-4

stable to better than 2x10 . The phase of the reference voltage was

choosen in such a way that it was u/2 out of phase with respect to the vol-

tage over an 0.1 Q resistor in the primary circuit. In this way, the meas-

ured voltage was, to a good degree, proportional to the inductive part x'

of the complex susceptibility. The secondary circuit was coupled into the

lockin via a low noise transformer (1 : 100, PAR 120), to amplify the sig-

nal as well as to avoid ground loops. As has been said before, this system

was used for measuring superconducting transition temperatures as well as

antiferromagnetic ordering temperatures. Since the change of susceptibil-

ity in the latter transition is much smaller than in the former, it may be

useful to give an estimate of the sensitivity of the system, which runs as

follows :

measured is the induced voltage V. , = -M di/dt, where M is the mutual

inductance between primary and secondary, and i is the current through the

primary. M is given by :

M - V s n p f s f p V * ( 2 l 3 )

(see, e.g., Abel et al., (1964); Broersma (1949)), where n and n are the
s p

number of turns per unit length on the primary and secondary,f and f are
s p

geometrical factors, V is the volume of the sample and x its dimensionless

magnetic susceptibility. Eq. (2.3) is valid for a general geometry, but if

a cylindrical sample is taken which fills out the secondary, f reduces to

1 and V becomes the secondary volume; f is the well-known geometry factor

which gives the field at the secondary due to the finite primary. In this
case, f = 0.74, which, incidentally, gives rise to a field of about 3.6 pJ

P _2
for 500 (xA. The other numbers are as follows : n = 155/(2x10 m);

—3 —8 3 ^
n = 200/(4x10 m); V = 5x10 m ; and a typical value for the change
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of the susceptibility near the antiferromagnetic ordering temperature

(CeAl ) is SxitT^kg"1 , which has to be multiplied with a density of 5000
3 -4

kg/m to yield a dimensionless susceptibility of 25x10 . Eq. (2.3) then
—8 —fi

gives M = 9.8x10 H, which r e su l t s in V. , = 3.5x10 V, taking i = 500 uA
ind

and v = 117 Hz. This is transformed to 3.5 uV, which is within the range

Gf the lockin detector.

2.3 Susceptibility and magnetization above 1 K

Magnetic susceptibilities between 1 .5 K and 300 K were measured with a

pendulum magnetometer, which has been described in detail by Tamminga

(1973; see also Rathenau, 1946). The sample is glued to, or put into a

sample holder made of quartz. Attached to a quartz pendulum it oscillates

in an inhomogeneous magnetic field with a maximum field strength of 1.3 T.

The force exerted on the sample, due to the magnetic moment induced in it,

causes a change of the period of oscillation with respect to the period in

zero field and the magnetic moment can be calculated according to :

c c
a = -i(-|-(4r-Jö-) " <VB) ) (2.4)

m B _2 _2 3
JB T0

where a is the magnetization per gram, C. „ are constants of the apparatus,

m is the weight of the sample, B is the applied field, TD is the period in

field, T- is the period in zero field and C, is a correction for the effect

of pendulum and sample holder without sample. This effect is to be deter-

mined in a separate measurement; it is temperature and field independent

above 30 K. Below 30 K the influence of paramagnetic impurities results in

a slight temperature dependence (of the order of 10 %) and, at the lowest

temperatures, also a slight field dependence. The initial susceptibility

is determined by measuring the magnetization in several different fields.

For paramagnetic materials, under the condition g|i B « k T, the magnetiza-

tion depends linearly upon the applied field and the susceptibility can be

simply determined. Some care has to be taken when the magnetization is not

linear in the field, e.g. because of easily saturating magnetic impurities;

then only the linear part of the magnetization curve can be used. Although

a rigorous analysis of the statistics of the observed periods leads to an
—8 2

estimated sensitivity of 10 Am , corresponding to a susceptibility of
—11 3

10 m /mole (for a characteristic sample with a mass of 0.5 g and a molar



- 23 -

weight of 500 g), the practice of the measurements indicates a sensitivity

of about 10 m /mole at all temperatures. Furthermore, the calibration

accuracy introduces an uncertainty of about 1 % of the measured suscepti-

bilities, which, for most of the samples measured, exceeds the afore-

mentioned sensitivity. Temperatures between 4.2 K and 300 K were deter-

mined with an Au-(0.03% Fe/Chromel) thermocouple,referenced against melting

ice. Calibration had been done by measuring the susceptibility of

Gd,,(SO,),, which supposedly follows a Curie—Weiss law with a very small 9.

It was checked between 20 K and 300 K with Gd 0,, which follows a Curie-

Weiss law with a 9 of about 15 K. The uncertainty in the temperature

determination is estimated to be 0.02 K, except at temperatures below 10 K

where dV /dT becomes smaller and yields an uncertainty of about 0.05 K.

Temperatures between 1.6 K and 4,2 K were obtained by pumping on the He-

bath and determined by measuring the vapour pressure above the bath. These

temperatures were checked by measuring Gd„(SO,)», which showed them to be

slightly higher than the bath pressure indicated. This correction

increased from zero at 4.2 K to 0.2 K at 1.4 K. Susceptibilities between

300 K and 1200 K were measured with a Faraday magnetometer, which has been

described by Klaasse (1977). The sample, sealed in a evacuated quartz

ampoule and suspended beneath an analytical balance, is placed in an inho-

mogeneous magnetic field (B = 1 T). The susceptibility can be calcu-
ma X

lated from the difference between the apparent weights with and without

field. A correction has to be made for the contribution of the empty

ampoule which, for that purpose, has to be measured separately. Due to

slight irreproducible effects in the suspension of the ampoule, this second

measurement is the major contribution to the uncertainty in the measured

susceptibility and is about 2x10 m /mole, again for a sample mass of

0.5 g and a molar weight of 500 g, in the highest field. Because of the

fast decrease of the susceptibility of local moments with increasing tem-

peratures, this value may well exceed the calibration accuracy of about

1 %. The temperature was measured with a Pt-(Pt.Ni) thermocouple which had

been calibrated by extrapolating the susceptibility of Gd2O3, measured

between 290 K and 370 K, to higher temperatures. A check on this calibra-

tion was made by measuring the melting temperatures T of Ga (T = 303 K),
m m

Sn (T = 505 K), Pb (T = 601 K) and YbPb, (T = 1013 K). The observed
Hi m j Hi

temperature indicated that the error in determination was less than 0.5 %.
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The magnetization measurements in high magnetic fields were performed

in the 40 T magnet which has been described by Roeland et al. (1969) and,

more recently, by Gersdorf et al. (1982). The field is generated by lead-

ing a current pulse through a coil of insulated windings of hard drawn

copper wire, which is cooled to liquid neon temperature. Several programs

are possible for the field pulse, but mostly used for magnetic measurements

is a pulse in which the field is decreased from the highest desired value

in seven equal steps. Each field within the pulse is kept constant for

about 50 ms. The sample, in a teflon holder, is positioned in a pick-up

coil in the centre of the magnet and immersed in liquid, to avoid heating

by eddy currents. This means that measurements can be performed only at

those temperatures where a liquid is available, which, in practice, results

in measurements at 1.4 K, 4.2 K, 20 K and 78 K. The magnetization thus

measured has to be corrected for the signal of the empty pick-up coil and

for the (diamagnetic) contribution of the sample holder. The signal of the

pick-up coil is not linear in the field, but more important is that it con-

• tains a slight irreproducible component which is linear in the field and

therefore contributes a constant susceptibility. This irreproducibility in

general increases with the time elapsed between two measurements and in

particular after thermal cycling between liquid helium temperatures and

ambient temperatures. In practice therefore, a measurement on a sample is

followed by one of the empty coil. Even then, to obtain a full magnetiza-

tion curve, which mostly consists of several series of (stepped) pulses,

the data sometimes need some smoothing. This is done by averaging the dif-

ferent magnetizations at some low field and then adding constant suscepti-

bilities so that individual measurements fall onto this average. It will

not be surprising that the error in the absolute susceptibility easily can
—9 3

be 2x10 m /mole, for the afore-mentioned characteristic sample. On the

other hand, any curvature in the magnetization, which obviously does not

suffer from an unknown constant susceptibility, can be determined much more

accurately. This has been demonstrated by measurements on pure Pd (Muller

et al., 1970). The contribution of the sample holder is small and diamag-

netic and proved not to be reproducible within 30 %. Measurements there-

fore were corrected for an average contribution, which was not determined

each time. In most instances the effect of the sample holder was much less

than that of the sample, although in some cases, which will be pointed out,

it could be of the order of 10 %.
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2.4 Specific heat

Specific heat measurements between 1 .3 K and 30 K were performed in a

calorimeter which has been described by Elenbaas (1980). The method used

is the conventional quasi-static one : a sample is cooled down to some low

temperature, is then disconnected from its surroundings (in this case by

means of a mechanical heat switch) and heated up in small steps using an

electrical heater. By measuring the supplied heat quantity AQ and the

resulting temperature rise AT, the specific heat is calculated from

c ( ~ c ) = AQ/AT. In this case AQ was measured by integrating the pro-
P v

duct of current through, and voltage over the heater, while AT was deter-

mined by measuring the temperatures before and after heating and extrapo-

lating these curves to the time of the heat pulse.

+ NBS 18
selected values

o 10 20 30 50 60 70

Fig.2.3. Temperature dependence of the molar specific heat of Cu below 8.5

K in zero field and 5 T. The arrow denotes the literature value for -y

(Furukawa et al., 1968).
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Of obvious importance is the thermometer, a Ge-resistor, which was the same

as used by Elenbaas in his measurements. Since it has been calibrated in

several magnetic fields up to 5 T, measurements in these fields are also

possible. A quantity which needs careful determination is the heat capa-

city of the sample holder, which is at no temperature negligible compared

to the heat capacity of the average sample, and becomes relatively more

important when phonons start to contribute to the specific heat. To check

the calibration and correction data, the heat capacity of the sample holder

was determined by measuring the heat capacity of sample holder plus a Cu

ring of 0.4 g and subtracting the contribution of the latter. The result-

ing data were found to deviate only slightly from the existing ones. They

were used to evaluate the measurements on a 20 g sample of very pure Cu.

The contribution of the sample holder in this case is about 40 % over the

whole temperature range. The results are given in fig.2.3 and fig.2.4.
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Fig.2.4 Temperature dependence of the molar specific heat of Cu in the ac-

cessible temperature range.

Analysis of the data below 5 K, fitted to the usual relation

cv/T = yT + yields 0.685xl0~3J raole"^"2 and
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4.85*10 J mole K . These values differ by about 1.5 X from the selected

literature values of Furukawa et al. (1968), which is satisfactory. The

same measurements were done in 5 T. In this case the values for c /T were

found to be consistently too high, as can be seen in fig.2.3. The devia-

tion was about 2 % over the whole temperature range. Analysis showed it

unlikely to be an error in the thermometer calibration nor seemed it possi-

ble that a change in the value of the magnetic field could produce such an

effect. On the other hand, the deviation is small in terms of absolute

heat capacity (at 2 K about 1 .3xlO~ J/K, which is about 4 % of the total

contribution of the sample holder at that temperature). This suggests that

the error lies in the determination of the contribution of the sample

holder and might be simply redressed by calculating this contribution from

the large Cu sample instead of from the small Cu ring. However, since the

heat capacities of the samples measured were generally much larger than the

heat capacity of the sample holder this was not thought necessary.
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CHAPTER 3 MATRIX CONTRIBUTIONS AND ORDERING TEMPERATURES

Two sets of experiments need describing as groundwork for the susbsti-

tution experiments which will be presented later. First comes the physical

behaviour of the non-magnetic compounds LaAl ,YA1_ and ScAl , the knowledge

of which will provide some way of extricating the 4f contribution to the

behaviour of the different substituted compounds. Next are the experiments

which probe the dependence of the magnetic ordering temperature of CeAl„

upon dilution with La or Y. They consist of specific heat experiments on

concentrations up to a few percent of the dilute compound, and ac suscepti-

bility measurements over the whole range of Y dilution. A short discussion

will be given to relate these experiments to the interpretation of other

experimental information on CeAl„.

3.1 Properties of LaAl , YA1. and ScAl2

Since experiments are going to be described in which Ce ions are dis-

solved in the host matrices LaAl. and YA1_ some knowledge of the behaviour

of these is essential, In order to be able to distinguish between the con-

tribution of the "matrix" (valence and core electrons) and the 4f electrons

to such properties as the susceptibility and the specific heat. Measure-

ments on ScAl, brought out the contrast between the behaviour of LaAl, and

the other non—magnetic RA1„ compounds (R = Sc,Y,Lu) and are therefore

included here.

Samples of LaAl , YA1» and ScAl» were prepared by arc-melting. They

were annealed at 900 °C for 5 days. X-ray pictures showed the proper Cl5

structure (MgCu ) without second phases. Fig.3.1 gives the results of the

susceptibility measurements with both pendulum and Faraday magnetometers.

All three measurements show an upturn at low temperatures. Assuming this

upturn to be due to magnetic impurities, an analysis such as described in

appendix A showed that, at low temperatures, the total susceptibility could

be succesfully described as the sum of a constant susceptibility %(0) and a

Curie contribution from the impurities. Measurements in high magnetic

fields to saturate these impurities, although not very reliable due to the

smallness of the effect, were consistent with the values for x(0) obtained

front this analysis. The result of the impurity correction is also given in

fig.3.1 and x(°) values are collected in table 3.1.
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2.0

500 1000
Fig.3.1. Temperature dependence of the susceptibility of ScAl2, YA12 and

LaAl„. Filled symbols show the as-measured susceptibility, open symbols

result from the impurity correction. Arrows denote the value x(°) after

correction.

A clear difference in the behaviour of YA12 and ScAl2 on the one hand and

LaAl. on the other emerges from these results. The impurity-corrected sus-

ceptibility of YA1 and ScAl2 is almost temperature independent over the

whole temperature range while for haPt.1. a strong temperature dependence

remains. This result for LaAlj confirms earlier measurements below 300 K

(Maple, 1969). The low-temperature specific heat of LaAl2 (Hungsberg and

Gschneidner, 1971; Steglich, 1976) and YA12 (Hungsberg and Gschneidner,

1971) is well known and these experiments were not repeated. No data have
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been reported for ScAl- and the results of the measurements are given in

fig.3.2.

Below 8 K the specific heat can be described by the usual formula
2 —1 —2

c /T = y + pT . A simple least square fit yields y = 5.19 mj(mole Sc) K
v -2 -1 -4

and 6 = 2.89x10 mJ(mole Sc) K . The latter value corresponds to a

Debije temperature 9D = 587 K. Following the analysis of Hungsberg and

Gschneidner (1971) of measurements on LaAl

on ScAl once more serve to set apart LaAl_.

Gschneidner (1971) of measurements on LaAl , YA1- and LuAl, these results

Table 3.1. Values of *(0), y, 8,e°bs, e£ai and M 1 " for ScAl2, YA12, LaAl2

and LuAl .

ScAl2

YA1-

LaAl

X<0)

10~9m3/mole

1.4

1.1

1.8

-

y

2
mJ/mole K

5.19

5.43

10.95

5.76

—2 410 mJ/mole K

2.89

5.51

13.32

10.26

6obs

K

587

473

352

384

•r
K

570

-

407

374

M 1 / 2

kg 1 / 2

0.995

1 .195

1.389

1.513

The first thing to notice is that, for ScAl2, the linear coefficient in the

specific heat y is very similar to the y's of YA1_ and LuAl- and differs

considerably from the y from LaAl„. Secondly, in ScAl, the deviation from
3T behaviour takes place at about 8 K which is comparatively low in view of

the estimated Debije temperature of 587 K. This kind of behaviour was also

reported for the other compounds and was interpreted as the onset of a dif-

ferent kind of lattice vibrations. Furthermore, assuming the same force

constants, one expects 9 to be inversely proportional to the square root

of the molecular weights. Calculating this for ScAl- gives 9 (ScAl-) =
1/2

6D(YAl2)x(MyA1 /M g c A 1 ) = 5 7 0 K, in good agreement with the measured

value.

In table 3.1 the values of y and B are collected, as well as molecu-

lar weights, the observed 9° , and 6^a , calculated as described above,

with respect to YA1 . It is obvious that not only the value of y for LaAl,

is anomalous but also the value of B. This strongly points to a T contri-

bution of electronic nature, whose origin must probably be sought in the



detailed shape of the density of states near the Fermi energy, which may

also be responsible for the peculiar temperature dependence of the suscep-

tibility. Indeed, recent band calculations on LaAl, (Hasegawa and Yanase,

1980a) and YA1 (Hasegawa and Yanase, 1980b), although disproving the

suggestion that the anomalous properties of LaAl2 are due to the existence

of 4f-like bands, show striking differences between the Fermi surfaces of

both compounds. In conclusion, therefore, all experimental and theoretical

evidence points to essential differences between the band structures of

YA1- and ScAl. versus LaAl2. It may not be found surprising that the (con-

duction electron mediated) long range magnetic order in CeAl2 is broken up

in totally different ways when CeAl is diluted with La or Y. This will be

shown in the next section.
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Fig.3.2. Temperature dependence of the molar specific heat of ScAl2<
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3.2 Magnetic ordering of CeAl- upon dilution

In this paragraph the dependence of the magnetic ordering temperature

of CeAl, upon dilution with La or Y will be discussed. During the last few

years, much experimental attention has already been paid to the magnetic

order in CeAl_ and, to a lesser degree, in (Ce.La^lo- This has resulted

in a rather phenomenological interpretation, supposing the coexistence of

long range magnetic order and a single ion spin compensation mechanism

(Kondo effect). It will be useful to first give a brief description of

these (competing) effects and the experimental evidence for this picture

and then present the results on the measurements of the ordering tempera-

tures.

3.2.1 Kondo effect and magnetic order in CeAl.

The existence of a magnetically ordered state below a transition tem-

perature of about 3.9 K, which already has been inferred from anomalies in

the specific heat, the resistivity and other quantities, was confirmed by

the results of neutron scattering experiments (Barbara et al., 1977).

These showed the nature of the magnetic order to be a complex type of anti-

ferromagnetism, in which the moments are modulated sinusoidally with a

period not commensurate with the lattice. The modulation propagates

according to a vector (1/2+T,1/2-T,1/2), with t = 0.112. This means normal

antiferromagnetic order between moments in successive (1,1,1) planes, hav-

ing an absolute value which is modulated going along the (-1,1,0) direc-

tion. The wavelength of this modulation follows from the value of t to be

about 50 A. To give some more insight in the ordered structure, fig.3.3

shows the amplitude of the moments on several atoms along a (1 ,-1,0) direc-

tion, together with their nearest neighbours. It can be proven that two of

the nearest neighbour moments are always of equal magnitude but of opposite

sign. The other two moments point in the same direction. Fig.3.4 shows

the distribution of the magnitude of the moments due to the modulation.

Some uncertainty still exists on the question if the modulation is present

only in one direction. More neutron experiments (Shapiro et al., 1979) as

well as NQR experiments on the Al linewidth (MacLaughlin et al., 1981)

have suggested modulations in three directions but this point has not yet

been clarified.
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The mechanism underlying magnetic order in rare earth metals and compounds

is that of the indirect exchange interaction, which can be both isotropic

(RKKY interaction) and anisotropic. Direct exchange between 4f electrons

is negligible due to the small overlap of the wave functions, but indirect

exchange can take place by polarization of the conduction electron spin s,

through exchange of the form -r ff.J (for the isotropic case), where Tgf is

the exchange parameter. It is difficult to exactly calculate this indirect

coupling other than under some crude approximations, but two general

features should be mentioned : the resulting coupling strength is obviously
2 —3

proportional to r ,; and the coupling is of long range (decreasing as r )

and oscillatory with a period depending on the Fermi wave vector k . This

partially explains the complicated ordered structures often found in these

materials (see Cooper, 1972).

C © AI2 . magnetic order

(010)

Fig.3.3. Magnetic structure of CeAl .
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Fig.3.4 Distribution of the relative magnitude of the magnetic moments in

CeAl2.

However, it has been remarked (Barbara et al., 1979; Elliott, 1961) that an

amplitude modulation such as assumed for CeAl2 cannot be a stable structure

at T = 0, because of the entropy still present in the "nodes" of the modu-

lation, unless another mechanism, such as the Kondo effect (partially) com-

pensates the magnetic moment.

The Kondo effect was already encountered in chapter 1. Although its pres-

ence in a compound, especially in the ordered state, may be surprising,

experimental indications for this phenomenon to occur in CeAl_ are abun-

dant. Apart from the well known anomaly in the temperature dependence of

the resistivity (Buschow et al., 1969) the most convincing of these are

possibly the specific heat experiments already mentioned (Bredl et al.,
2

1978). The very high value for y ( = 135 mJ/mole K , more than an order of

magnitude larger than y(LaAl„)) as well as the fact that this value is

almost independent of magnetic fields are interpreted using the formula's

for the impurity problem. Estimating the Kondo temperature T from neutron

scattering experiments (Steglich et al., 1979) to be about 5 K,a "single

ion " value for y c a n be calculated using a formula which will be more

fully discussed in chapter 4 :

(3.1)
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Eq. (3.1) yields Y(T„=5 K) ~ 1120 mjraole"1^2. The discrepancy between

this value and the experimental value can be interpreted in different ways.

One, qualitative, way is to assume that the Kondo effect is incomplete,

because the number of conduction electrons is simply not enough to compen-

sate one local moment per formula unit. That this argument does not gen-

erally hold is demonstrated by the properties of CeAl.. There, a high
-1 -2

value for y is found (~ 1600 mJmole K , Benoit et al., 1981) and the

ground state is non-magnetic. It therefore seems reasonable to assume that

the presence of indirect exchange partially suppresses the Kondo effect.

In the Resonant Level model (Schotte et al., 1975), which will also be dis-

cussed in some more detail in chapter 4, the resulting effect on y is mim-

icked by the expression

k N T
.. _ * _B A K ( 3 > 2 )

' 4' 6 5 T2 + E2

where E is the energy of the molecular field due to the indirect exchange.

Conversely, the presence of the Kondo effect also hinders the formation of

magnetic order. On the basis of measurements of the pressure dependence of

T (Croft et al., 1979b) and of the dependence of T upon Th substitution

(Croft and Levine, 1980) it was estimated that the "full moment" ordering

temperature of CeAl2 would lie at about 7 K, almost a factor 2 higher. It

is also possible that the complex nature of the magnetic order is a conse-

quence of the Kondo effect. In this respect it has been remarked (Steglich

et al., 1979) that CeAl, might have been expected to order ferromagneti-

cally, because all (R.E.)Al compounds order ferromagnetically (with the

exception of EuAl2) and because the alloy system Pr1_xCexAl2 orders fer-

romagnetically below x = 0.8, indicating an extrapolated Curie temperature

for CeAl2 of 5 K (Swift and Wallace, 1969). These observations determine

the framework for the interpretation of the behaviour of CeAl. : a competi-

tion exists between the tendencies to magnetic ordering and moment compen-

sation, neither of which is completely favoured since T is of the order of

V
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3.2.2 The experimental results

Samples of Ce La, Al with x = 0.97, x = 0.95 and x = 0.80 were

prepared by arc-melting. In the case of x = 0.95 and x = 0.8 this was done

by melting together appropriate amounts of Ce,La and Al. In the case of

x = 0.97 amounts of CeAl. and CeQ Jla^ jAl2 were molten together. In prin-

ciple this method has some obvious advantages when samples with a low con-

centration of the dilute component are prepared. However, re-melting CeAl2

with an argon arc sometimes breaks up the sample rather explosively, which

may result in some uncertainty as to the final weight ratio. For the sam-

ple with x = 0.97 the starting ratio amounted to 5 % LaAl2 but susceptibil-

ity measurements, compared with results on x = 1 and x = 0.95, as well as

lattice parameter measurements, indicated x = 0.97 + 0.01.

10

x TN(0)[K]
• 1.0 3.88
A Q97 3.48
» 0.95 3.19
+ 0.80 2.42
— 0.0

0 10 15

Fig.3.5. Temperature dependence of the molar specific heat of Cex
Lai_x

A12'
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All samples were annealed for about 5 days at 1000 °C, as was a pure sample

of CeAl, which had been prepared at the KFA Jülich. The annealing had a

clear homogenizing effect, evidenced by specific heat measurements : the

width of the \ anomaly was found to decrease upon annealing while the peak

height increased.

Fig.3.5 shows the measured specific heat c for the different samples.

I jr CeAl , the values for c and the ordering temperature T are in good

agreement with the literature (Bredl et al., 1978), while T decreases

rapidly with increasing La concentration. The insert she"s the change of

T in magnetic fields up to 3 T, presented in the form t(B) = TN(B)/TN(0).

Again, values of t(B) for CeAl are in good agreement with the literature

while for the concentrations x = 0.97 and x = 0.95 the behaviour of t(B) is

identical to that of CeAl .

In CeAl it was found (Bredl et al., 1978) that for T « T„ the specific

heat could be described by

Cv(T) = Y T + - ^ . T
3 (3.3)

Here, y is again the electronic specific heat coefficient. The cubic term

represents the contribution of long wavelength antiferromagnetic spin waves

(Kittel, 1963). Q^ is of the order of (but not equal to) TN and propor-

tional to the exchange coupling constant J (« r , ) . The temperature range

available in the experiments described here is not so suitable to verify

eq. (3.3). Nevertheless, a fit of the results on CeAl below 2 K yielded

values of Y = 125 mJmole"1*:"2 and b/63 = 144 mJmole^K , in reasonable
n —1 —2

agreement with the literature values of 135 mJmole K and

140 mJmole" K , respectively. Values for y and V f C obtained for the

other concentrations are given in table 3.2. They indicate that both coef-

ficients strongly increase with decreasing Ce-concentration even though

some error may be present due to the narrow temperature range, especially

in case of x = 0.8. For the cubi^ term a simple explanation for this

increase seems possible since it can be expected to scale with T , as both
3

depend upon the exchange coupling. Calculating a = (b/8 ) =

(b/6M> _i( TwOVT.-Cx) ) 3 (given in table 3.2) shows this to be essentially

correct although the calculated value for x = 0.8 comes out somewhat higher

than the measured value.
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Table 3.2. Values of Y.b/6N>
 T

N
 a n d a f o r Ce

x
Lal-xA12 a n d CeyYl-yA12*

1

0

0

0

X

.97

.95

.80

CexL

Y

J/mole K2

0.12

0.18

0.28

0.53

al-xA12

b

0

0

0

0

/6N

.14

.18

.20

.33

3

3

3

2

T
N

K

.87

.45

.19

.42

0

0

0

a

-

.20

.25

.57

0

0

y

-

.986

.973

CeyYl-yA12

Y

J/mole K2

-

3.50

3.22

0

0

T

K

-

.25

.37

The linear term is not correlated to the magnetic ordering directly and the

explanation for the increase of Y "^y b e found in the Kondo effect. It was

assumed that in CeAl_ the formation of the Kondo state is hindered by the

magnetic order as described by eq. (3.2). The molecular field in eq. (3.3)

diminishes when T_, decreases, and assuming that T„ does not change substan-

tially, the change in Y can be calculated using the relation E(x=l)/E(x) =

T (x=l)/TH(x). Eq. (3.3) gives Y = 0.17 Jmole"^"2 and
-1-2

Y(x=0.95) =0.2 Jmole K , which is of the order of the increase found

experimentally.

Some information also can be obtained from the behaviour of the entropy,

which was calculated from the specific heat according to

T
S(T) = S + ƒ c /T' dT' (3.4)

T .
min

T . is the lowest value reached in the experiment; SQ can be estimated

using eq. (3.6) and the estimated values for Y and p (see table 3.2). For

the numerical calculation of S(T), c was corrected for a matrix contribu-

tion of LaAl2 as taken from the literature (Steglich, 1976). S(T) for the

different concentrations is plotted in fig.3.6 as function of the reduced

temperature T/T (x).
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1
The contribu-Fig.3.6. Entropy as function of temperature for Ce La, Al

tion to the entropy of y is also indicated for two different values.

The curves appear very similar. For all concentrations the entropy at T =

TN has only reached 0.5R In 2, which indicates that considerable short

range order is present above T . It should be noted that exact scaling at

low temperatures is not expected : the linear term in eq. (3.3) does not

depend directly upon T . At high temperatures, the curves show that the

large specific heat term has disappeared, at least for concentrations below

x - 1. The slope in S(T) between T/T„ = 2 and T/T„ = 4 is lower than the

slope which would be found for the yT term, as is indicated in fig.3.6.
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(A) Bredl et al.

(+) Felsch et al

Fig.3.7. The concentration dependence of TN for and

This is expected if the large y is due to the Kondo effect; The specific

heat in that case is linear only at temperatures T « TR while the tem-

perature range indicated is of the order of T as estimated for CeAl2.

The concentration dependence of T is shown in fig.3.7. Above x = 0.9,

the decrease of T is considerable .showing a value of l/TN5TN/5x =

3.9x10~2/%LaAl . At lower concentrations the dependence again appears to

be linear and extrapolation suggests disappearance of the long range mag-

netic order at x = 0.2. Actually some kind of order still seems to be

present below x = 0.2 (Felsch et al., 1975) but this may be of a spin glass

type. The suggestion that T depends quadratically upon the concentration

over the whole concentration range (Bredl et al., 1978) is not substan-

tiated by the data of fig.3.7, although it is not possible to distinguish

between linear and quadratic behaviour at intermediate concentrations.

In summary, the following qualitative picture emerges from the measure-

ments : between x » 1 and x - 0.9 the ordering temperature decreases

rapidly because of a changing balance between the Kondo effect and antifer-

romagnetic order. Below x • 0.8, where it is unknown if the
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Incommensurate structure Is still present (it is present at x = 0.9 (Horn,

1982)) the ordering temperature decreases proportionally to the Ce concen-

tration, behaving as if nearest neighbour interactions are important. It

is interesting to note that also the estimate of the percolation limit

x ~- 0.2 is roughly what can be expected for three dimensional lattices

with nearest neighbour interactions (Elliott and Heap, 1962). On the other

hand, simple dilution cannot be the only effect present, since not only TN

but also T„ decreases. Experiments on dilute (Ce,La)Al. alloys (Maple,

1976) indicated T ~ 0.2 K at x = 0.01. The decrease of TR suggests that

the exchange parameter r _ decreases, possibly because of the increasing
Sx

lattice parameter. The decrease of V _ also lowers the "full moment" ord-

ering temperature and the linear behaviour can be taken to mean that the
ratio T„/T..(full moment) does not change drastically.

K. W

Turning now to Ce Y ^ ^ l j , samples with x = 0.986, 0.973, 0.90, 0.85,

0.80, 0.75, 0.67, 0.59 and 0.50 were prepared in an induction furnace at

the KFA Jiilich. They were annealed for several days at 650 °C.

o
O 5 10 15

Fig.3.8. Temperature dependence of the molar specific heat of Ce Yj_x
A12"



X-ray diffraction patterns showed the correct crystal phase, without traces

of other phases. Lattice parameters were measured from Guinier-de Wolff

pictures and are given in chapter 5, fig.5.1. The concentrations x = 0.986

and x = 0.973 were checked by chemical analysis, using an induction coupled

plasma technique, and were determined as x = 0.985 and x = 0.974, in excel-

lent agreement with the weight ratio of the constituents. Fig.3.8 shows

the results of the specific heat experiments. They are similar to the

results of La substitution, but the decrease of T upon increasing Y con-

centration Is clearly larger. Only the data on x = 0.983 could be reason-

ably fitted using eq. (3.6) and the results are given in table 3.2.

0.7-

0.6-

50

1 0.5 1.0

Fig.3.9. Susceptibility as function of temperature for Ce Y, Al9. Open

symbols denote low field data, filled symbols were taken in 1.3 T (x =

0.986) or 0.3 T (others).
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The same kind of increase for both y and b/9 is found as for La substitu-

tion. For concentrations below x = 0.9, ordering temperatures were esta-

blished by measuring ac susceptibility. Some typical results of these

measurements are given in fig.3.9, together with a measurement on the con-

centration x = 0.986 In the pendulum magnetometer. The values given for

the ac susceptibility were not obtained by direct calibration but by fit-

ting the high temperature range of these measurements to values obtained

with the pendulum magnetometer. Due to the small overlap between these

data, the resulting numbers are not very accurate, but they serve to show

the drastic change in ordering behaviour upon increasing dilution. Above

x = 0.9 the behaviour of both susceptibility and specific heat does not

show any essential difference with respect to CeAl , but below x = 0.9, the

susceptibility peaks become much sharper, the values become much higher,

and the ordering becomes very sensitive to a magnetic field. For Instance,

at x = 0.40 a field of 0.35 T suffices to break up the magnetic order com-

pletely. This same change is witnessed in specific heat measurements

(Meschede, 1979; Aarts et al., 1981) where the sharp \-anomaly is replaced

by rounded and broad maxima. Below x = 0.5, no sign of magnetic order

could be found.

Fig.3.7 shows the concentration dependence of TM. The initial decrease
—2

l/TNöTN/öx = 7.5x10 /%YA12 is twice as large as for La substitution. At

x = 0.9 the incommensurate magnetic structure was not detected any more

(Horn, 1982) and It appears that below x = 0.9 the long range order has

disappeared. The efficiency with which Y breaks up the magnetic order may

both be due to an increase in the Kondo temperature (as will be found in

chapter 5) and to the difference In band structures of LaAl and YA1-

already surmised in §3.1. Because T decreases upon external pressure

(Croft et al., 1979b) it may also be thought that the decrease upon Y sub-

stitutuon Is an effect of "lattice pressure", since the lattice parameter

also decreases. A simple calculation shows, however, that this cannot be
o

the case. From the change In lattice parameter a(x) = 8.06x - 7.86(l-x) A

follows dV0/dx = 7.8x10 VO/%YA12, where VQ is the volume of the unit cell

in CeAl-. The compressibility of CeAl0 was measured (Croft and Jayaraman,

1979a) to be dV /dp = 6.9xl0~ VQ/kbar. Even assuming that the decrease in

lattice parameter could be fully translated into pressure (which is cer-

tainly not the case) this would mean a correspondence of 1.1 kbar/%YAl„.

,bp The decrease in TN was found to be TN(8 kbar) = 3.45 K, which is an



- 44 -

order of magnitude higher than expected from the calculation (t)• In con-

clusion, the concentration dependence of the ordering temperature upon

dilution with La or Y seems, in both cases, to be due to a change in the

single ion Kondo temperature. This notion will be pursued in the next two

chapters.

(t) There is even some uncertainty as to the sign of dT /dp. One report

exists of specific heat experiments under pressure (Berton et al., 1977),

showing an increase of T .
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CHAPTER 4 EXPERIMENTS ON

The results of measurements of the susceptibility and the magnetiza-

tion of Ce La. Al~ are presented. A discussion of the measurements is

given in two parts. The first part involves the influence of CEF effects

upon the measured properties. These effects cannot fully explain the meas-

urements and the second part considers the presence of the Kondo effect.

4.1 Sample preparation and lattice parameters

Samples of Ce^La^Alj, with x = 1.0, 0.7, 0.4, 0.15, and 0.07 were kindly

put at our disposal by F. Steglich. They had been prepared at the KFA Jul-

ich, in an argon-arc furnace and were taken from the same batches as had

been used for growing the single crystals on which specific heat experi-

ments were performed (Bredl, 1978). A sample of Ce gLa > 5Al 2 was prepared

at the laboratory in Amsterdam by melting together appropriate amounts of

CeAl. and LaAl? in an argon-arc apparatus. To ensure the homogeneity of

this sample it was wrapped in Ta-foil, put into an evacuated quartz ampoule

and annealed for four days at 1050 °C.

8.15

8.10-

8.05

I I

[A]

I I I I

Ce Al

standard deviation I

I I I I I I I I I
1.0 0.9 0.8 0.7 0.6 0.5 0.4 0.3 0.2 0.1 0.0

Fig.4.1. Lattice parameter as function of concentration for
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All samples were X-rayed, using a Guinier-de Wolff camera, and showed the

proper C15 (MgCu.) structure. Two of the samples showed some faint extra

reflections, too few to be allotted to any possible phase with certainty,

but they were thought to come from CeAlO,. Since the samples are powdered

for use In the Guinier-de Wolff camera, it seemed possible that this oxide

had been formed during the powdering, which had been done in open air.

Therefore, also some pictures were taken with a Debije-Scherrer camera,

which allows for the use of bulk material. With this method no extra

reflections were found. Lattice parameters at room temperature were deter-

mined from the Guinler-de Wolff pictures with Si as standard; they are

presented in fig.4.1. The lattice parameters are seen to increase linearly

with increasing La-concentration. The effect is small, however; the rela-

tive volume of the unit cell Increases with 3 %, going from Ce to La.

4.2 Susceptibility and magnetization

All samples except Ce0 rLa,, 5AI9
 w e r e measured in the pendulum magne-

tometer; some were also measured in the Faraday magnetometer. The results

are presented in fig.4.2 and flg.4.3, normalised to one mole Ce atoms.

Only small differences occur in the susceptibility per Ce ion throughout

the concentration range. The values at low temperatures are almost concen-

tration independent, while a difference in the slope of the inverse suscep-

tibility at higher temperatures can be detected only for the lowest concen-

trations. It is assumed that the total measured susceptibility is a sum of

a 4f contribution, possibly "dressed" with interactions with conduction

electrons and a non-interacting so called matrix contribution, which in

itself is a sum of such various components as paramagnetism of the conduc-

tion electrons and diamagnetism of all electrons. Assuming that this

matrix contribution In the case of CeAl is given by the susceptibility of

LaAl-, the "4f-susceptibility" is then simply given by %.f = Y

X, ., • This assumption is obviously most reasonable for low Ce concen-

trations. At high concentrations especially the Paul! susceptibility is

uncertain, but then the effect of the correction is obviously smaller. It

has been demonstrated before (e.g. in Ce La. In,, Dijkman, 1982) that
x 1 —x J

meaningful results can be obtained by this correction procedure. Matrix-

corrected susceptibilities are shown In fig.4.4. Corrections on measure-

ments above 300 K are not shown : the effect of the correction on these



- 47 -

100

50

0

i i

" 1
• , r

1

-

•

-/
/

i i l i

J o I
m° j

• 8

o

• i i i

1

/ »

o
«

V

i

1 '

Cex

(Far.) j
(pend.)j

TIK]

l ' '

-

;

„Qi_x AI2 -

X -

1.0

0.7

I 1 1

0 500 1000
Fig.4.3. Inverse susceptibility versus temperature for CexL



- 48 -

measurements is small and does not result In essentially different

behaviour; the curvature present in the x~ versus T plot remains. Fig.4.4

shows that, after correction, all curves become similar and suggestive of a

localized electron in the presence of crystal fields : Curie-Weiss

behaviour of the form

at temperatures above 150 K and a change to a larger slope and therefore a

lower effective moment at lower temperatures. Closer scrutiny, however,

shows differences in several details. Table 4.1 gives values for the effec-

tive moment P ej f, determined from the temperature ranges 100 K - 300 K and

300 K - 500 K, as well as the values for 9 . This discrepancy cannot be

due to crystal fields, which would have the opposite effect of apparently

increasing the effective moment.

\ \ I ! I T

Cex La1 - X Al2 , corrected for matrix

• 1.0
A 0.7
• OM
a 0.15
+ 0.07

T[K]

50 100 150 200 250 300

Fig.4.4. Inverse susceptibility after correction for the matrix contribu-

tion versus temperature for Ce La, Al».
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Table 4.1. p „ and 9_. for Ce La, Al, in different temperature regions.
6it OW X I "~X £•

1

0

0

0

0

0

X

.0

.99

.7

.4

.15

.07

100 K

P(l-iB)

2.42

2.47

2.44

2.44

2.49

2.43

C e x L a 1-x A 1

- 300 K

ecw(K)

-18

-30

-29

-31

- 3 5

-32

2

300 K -

P

2

2

2

CV
.53

-

.52

-

.50

-

500 K

e cw ( K )

-48

-

- 5 5

-

- 5 0

-

0 5 10
Fig.4.5. Inverse susceptibility at low temperatures after matrix correction

for CexLai_xAl2.
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The effective moments are all slightly lower than the free ion value p „ =

gT/J(J+l) n_ = 2.54 ii_. For all concentrations 6„T is of the order of 30 K
J a a IJW

- 40 K, which is large compared to the magnetic ordering temperatures of
4 K - IK. Moreover, 9 increases slightly with decreasing Ce concentra-

cw
tion. At temperatures below 50 K, more pronounced differences between the

different concentrations occur, which are largest at about 20 K. As the

data converge again at lower temperatures, this res 'Its in a somewhat dif-

ferent slope for each concentration at the lowest temperatures. The

details of this behaviour are given in fig.4.5, where, to avoid confusion,

data points at temperatures below the magnetic ordering temperature have

been omitted. Values for p „ and 6 derived from indicated temperature

range are collected in table 4.2.

The magnetization in fields up to 35 T was measured for samples in the

whole concentration range at four temperatures : 1.4 K, 4.2 K, 20 K and

78 K. As the fields used were high enough to induce anisotropy in the mag-

netization, samples were powdered to a grain size of the order of 10 um,

to ensure random orientation of the crystallites. The as-measured data are

given in figs.4.6 to 4.9. As in the case of the susceptibility it seems

reasonable to correct the measurements for a matrix contribution. This

correction was calculated from the susceptibility of LaAl. at the relevant

temperatures (see table 3.1 for 1.4 K and 4.2 K), assuming the magnetiza-

tion of LaAl„ to be proportional to the field. To illustrate the effect of

this correction, corracted results are given in inserts in the figures, at

a fixed field of 30 T. Several remarks are due with respect to these meas-

urements. A general trend for all data is that the magnetization per Ce

atom decreases with decreasing Ce concentration. Except for the measure-

nents at 78 K, this is even true for the uncorrected data. It is interest-

ing to note that this decrease was also seen in the susceptibility and the

fact that It Is not "quenched" in high fields will lead to interesting con-

clusions. From fig.4.6 it can be seen that at 1.4 K both CeAl2 and

Ce _La 3AI. are magnetically ordered. The magnetization curves show a

spinflop-like upturn at 5 T and 2 T, respectively. At high fields the

curves converge somewhat, while those for CeAl„ and Ce 7La ,A1„ start to

overlap, which Is even the case for the corrected data. The underlying

behaviour is revealed by the corrected data at 30 T (see insert). The

dependence of the Ce moment upon concentration seems to be linear, with
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5 10 15 20 25 30
Magnetization versus magnetic field at 1.4 K for Ce La, Al,»

1 . 0 -

1 as
0.15 corrected for matrix

.7. Magnetization versus magnetic field at 4.2 K for Ce La, Al,
X I ™ X £.
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CeAl„ as conspicuous exception. At 4.2 K the same decrease of about

1.7x10 \i 1% Ce is present,while again CeAl2 is the exception. Also in

fig.4.7 the effect of the correction procedure is illustrated on

Ce 15La DCAIT* T'ie ^ a c t t n a t t h e values of the magnetization at 30 T are

roughly equal indicates that the magnetization reflects crystal field

behaviour. The ground state doublet has been saturated and a temperature

independent Van Vleck type contribution remains. Fig.4.8 shows that at

20 K the magnetization is still curved. The decrease of the magnetization

in 30 T is larger here, reaching a value of about 3.3x10 |i„/% Ce. The
D

linear dependence now includes CeAl0. Finally at 78 K the magnetization is

simply proportional to the field, which means that a susceptibility can be

calculated and compared with the susceptibility determined in the pendulum

magnetometer. The agreement is within 2 %.

matrix correction at 30T
• as measured - 20 K

30 35

Fig.4.8. Magnetization as function of magnetic field at 20 K for

CexLa.j_xAl2. The Insert shows the effect of the matrix correction upon the

magnetization In 30 T.
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Table 4.2. p ,, and 9 „ for Ce La^ Al^ at low temperatures.

X

1

0 .7

0.4

0.15
0.07

5

3

1

2

2

K

.6

.6

K

K

Ce
K

L a l -x

range

- 8
K -

K -

- 6

- 6

K

6

6

K

K

K

K

Al 2

1.75

1.50

1.34

1.27

1 .20

ecw<K>

-3.24

-1.75

-1.27

-1.13

-1.33

1.0

0.5

i i

matrix correction at 30 T
as measured

O corrected

- 0.40»

0.35

. i
O O

I I I I I

1.0 0.5

M
Ce-at

o.oL*i

0.0

Ce,
78 K

o 1.0
A 0.7
+ 0M

10 15 20 25 30 35

Fig.4.9. Magnetization versus magnetic field at 78 K for Ce^a-j_XA12. The

insert shows the effect of the matrix correction upon the magnetization in

30 T.
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4.3 An electron - phonon bound state

4.3.1 Introduction

In the above description, it has been remarked that both susceptibil-

ity and magnetization indicate the presence of crystal fields. The crystal

symmetry of the Ce site is cuDic and the ground state is a T~ doublet (Hill

and Machado da Silva, 1969), so that a r_ quartet is the only higher lying

multlplet. The question that remains Is the energy difference A between

them. While several experiments (Walker et al., 1973; Lilthi and Lingner,

1979), among which early neutron scattering studies (Loewenhaupt and

Steglich, 1976), led to an estimated A = 100 K, a problem arose when care-

ful analysis of neutron scattering data not only revealed the existence of

an inelastic line indicating a transition energy of 100 K, but also of a

second Inelastic line with an energy of 180 K (Loewenhaupt et al., 1979;

Parks et al., 1979). Despite attempts to explain these observations out-

side CEF theory, this experimental fact could not be accounted for in a

satisfactory way, until recent model calculations by Thalmeier and Fulde

(1982). They invoke an interaction between a CEF excitation and a phonon

to come to a satisfactory explanation of the observed neutron experiments.

It is therefore necessary to investigate the implications of this idea for

susceptibility and magnetization. To do this, the model will be described

in some detail, using the customary formalism of crystal field theory, of

which relevant parts can be found in appendix B. Two features of the neu-

tron scattering results provide the starting point for the calculations.

The first is that the ratio of the integrated intensities of the two ine-

lastic peaks to the intensities of the quasi-elastic peak is roughly equal

to the ratio of the r, *••*• ro to r, «-+ F, transition probabilities, given by

matrix elements of the type |<r |J |r„>| , a,6 = 7,8. This indicates that

both inelastic peaks originate from the expected T, *~* Yo transition. The
/ o

second observation is that a strong peak In the phonon density of states

exists around an energy of "hou ~ 140 K, measured at room temperature.

4.3.2 The model

The Hamiltonian used is given by :
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H = HQ + H±nt (4.1)

where

H„ = £ E Ir" X TN| + iiion £(a
+a + 1/2 ) (4.2)

O (X CC CC U l l L L
a,n \i

Hint = "SO J<% + % > °u <4"3>

To arrive at H„ the normal CEF Hamiltonian H__„ has already been diagonal-

ized to yield the CEF levels Ir11 >. They are given in appendix B. H_, the

non-interacting part of the Hamiltonian comprises the CEF levels Ir11 >

(a is 7 or 8, with n = 1,2 or 1,2,3,4, respectively) with energies e and

the phonon with energy "hu>0 which can be present with three polarizations,

given by \i. These phonons are taken to be of T, symmetry and couple to the

T_ and ro CEF states through H. ,., where g« is the coupling constant and/ o int U

the three quadrupolar-type operators 0 are given by :

O = J J + J J , 0, = J J + J J , 0 , = J J + J J (4.4)
1 y z z y 2 z x x z 3 x y y x

Limiting the calculation to states that only involve zero-phonon and

single-phonon excitations leads to 24-ditnenslonal state vector space

spanned by the product functions lr",0>, !l^,0>, Ir",n> and lFg,(i>. This

is a slight extension of the calculation of Thalmeier and Fulde since here

also the twelve |ro,|i> are taken into account. With their energy of the

order of e„ + iicoQ they can be safely neglected in an analysis of low energy

transitions but for the present purpose they have to complete the I r^, (a>

states to keep the full angular momentum of J = 5/2. The ensuing matrix is

diagonalized numerically. The results depend upon three input parameters,

namely the unperturbed CEF splitting A-, the unperturbed phonon energy "hou

and the coupling constant g..

As the numerical diagonalization does not give much insight into the

dependence of the results upon these parameters, it will be simplest to

start the description with a simple example. AQ is first set to 155 K, for

reasons to be discussed below, "hu » 140 K, as derived from the experiment

and gQ =6.3 K, taken from the original calculation (Thalmeier and Fulde,

1982). It was discussed there that this is not only a good value to

describe the neutron experiments, but also of a reasonable magnitude com-

pared to measured values of magneto-elastic coupling constants (Ltithi and
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Llngner, 1979). The resulting energy spectrum is given in fig.4.10a.
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Fig.4.10. (a) Energy levels of the vibronic states for A. 155 K, "hid. =

140 K and g = 6.3 K; n denotes the degeneracy, (b) Spectral function for

these parameters at two different temperatures.

The coupling with the r. - type phonon has resulted in a level scheme con-

sisting of : an essentially unchanged F? ground state; a doublet and two

quartets around the energies A_ and "hu- which result from |rg,0> and the

decomposition Y- x T-, T, + ro;
(5 Ö

and a number of multiplets around

An + W , arising from r. x To = T, + T7 + 2ro. An interesting detail is
0 0 J o 0 / o

that one quartet and one doublet are seen to be accidentally degenerate,

which is found to be the case for several sets of parameters. To verify

that the agreement with neutron scattering data is still present the spec-

tral function can be calculated :
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S(ü>) E p d . 6(E - E

i j J

-tio) (4.5)

Here, p is the thermal occupation number of state i and d . =

E l<r |j lf.l> is proportional to the magnetic dipolar transition rate;
mn i z j

!?.> is an eigenvector of H- + H. . Note that the dipolar matrix element

normally has to be calculated with the operator J which is, however,

equal to calculating with J in case of cubic symmetry. S((o) is given in

fig.4.10b for two values of the temperature.

The spectrum at 5 K shows the expected two peaks, centred at 10.1 meV and

17.1 meV. No transition is present from the ground state to the doublet at

150 K : The ground state is almost exclusively built up from state vectors

lr_,0>, the doublet mostly consists of vectors Ir,,ji> and these cannot be

connected by the dipole transition. At 60 K more possible transitions come

into view, mostly due to the thermal occupation of the first excited quar-

tet.

200 -

100 -

200 300 400

Fig.4.11. Left hand scale : Energies of the two lowest lying quartet states

(E. .) and the intermediate doublet (Tg) as function of AQ for fixed values

of g_ and "hu. (see text). Right hand scale : logarithm of the intensity

ratio I-i/lo (see text) as function of AQ. The box shows the range

It/I2 = 1.2 + 0.1.
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The intensity ratio of the two peaks is about 1.2, the same as found in the

experiment. This is no coincidence but the result of the choice

A. = 155 K. Remarkably, this intensity ratio turns out to be much more

sensitive to the choice of A. than the peak positions, which is illustrated

in fig.4.11. There the peak positions E. and E2 are plotted against AQ for

the parameter choice gQ = 6.3 K, "hu. = 140 K. Also plotted is the loga-

rithm of the intensity ratio and it can be seen that this leaves not much

freedom for the choice of A.. The box in fig.4.11 shows the range of

ratio's 1 .2 + 0.1 which reflects the uncertainty in the experiments

(Steglich et al., 1979; Parks et al., 1979). In view of this lack of free-

dom it is reassuring that the peak positions are reasonably close to the

experimental values of 9.0 ± 0.5 meV and 17.5 ±1.5 meV, although the

theoretical value for the lower peak lies slightly outside the experimental

uncertainty.

These are all satisfactory results, but before the consequences for

magnetic measurements can be discussed, one more point deserves attention.

The choice A_ = 155 K followed from the neutron experiments, combined with

preselected values for "few. and g~. The parameter "ritu- is itself derived

from an experiment and should not be varied too much. The value for g- was

reasoned to be of the correct order of magnitude but the obvious question

is if other values can be chosen. Again the intensity ratio offers the

starting point. Fig.4.12 shows the logarithm of the intensity ratio as

function of A- for a number of values for g„. The range I. /I, = 1.2 ± 0.1

is indicated with a box. Taking this value as fixed by the experiment an

increase in g is seen to result in a higher value for AQ. This also has

consequences for the peak positions. Fig.4.13 shows these positions E and

E, as function of AQ, for such values of gp, coupled to AQ that Ij /I2

remains fixed. The shaded regions show the experimental peak positions and

the following becomes clear : a small variation in the value of I*/I» does

not significantly change the results; the behaviour of E„ allows values for

A_ in a range between 150 K and 165 K but, using "few = 140 K, no choice Of

gn and A- leads to a satisfactory value for E, . This is easily remedied.

Fig.4.11 already indicated that the different multiplets simply behave as

expected for a hybridization between levels of nearly equal energy and

therefore lowering of the phonon level will produce a better value for E] .

Fig.4.13 also shows the results f or "hio. = 130 K, a value near enough to the

experimental one. The possible values for A- now lie in a small range
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Fig.4.12. Logarithm of the intensity ratio I /l^ as function of AQ for dif-

ferent values of gQ; "W o = H O K. The box shows the range ^ / I 2
 =

1 .2 ± 0.1 .
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Fig.4.13. Energies of the two lowest lying quartet states as function of A.

for fixed values of T-J^i and"ti<Dg. The shaded regions show the peak posi-

tions in neutron inelastic scatterln experiments.
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between 145 K and 160 K.

In summary it appears that, using experimentally determined values for the

intensity ratio, peak positions and phonon level, the parameters g_ and A-

can be determined unambiguously within the limits set by the experiment.

These parameters will be used to investigate the consequences for magneti-

zation and susceptibility.

4.3.3 Magnetization and susceptibility; comparison with experiments.

The magnetization in an external field B is calculated in the same way

as was already explained for crystal field calculations in appendix B.

This time the Hamiltonian H + H , with H given by eq. (4.1) and H by
z z

eq. (B.6) is numerically diagonalized and eigenvalues and eigenvectors are

used to calculate the magnetization according to eq. (B.8). The suscepti-

bility is again calculated from the magnetization in low magnetic fields.

To assess the importance of the additional level splitting due to the pho-

non, in fig.4.14 susceptibility and magnetization are compared as calcu-

lated with and without the coupling of eq. (4.3). In fig.4.14a, the

difference between x * n a "phonon-scheme", x t,> and the normal CEF suscep-

tibility %„„„, both calculated for an unperturbed CEF splitting A» = 155 K,
-1 -1 -1

and other parameters as indicated, is plotted as (X h ~ XcEF^
xCEF v e r s u s

temperature T. Strikingly, there is only a small temperature range around

20 K where the difference reaches the order of 3 L The same is true for

the magnetization, which has been plotted in fig.4.14b in the same way,

that is (M . - M„_p,)/M„„_ versus applied field. The temperature was taken

to be 20 K, both for comparison with the experiments and because the sus-

ceptibility difference reaches its maximum around that temperature. The

magnetization plotted is an average over the three directions [100],[110]

and till]» which is a good approximation to an average over all directions

as has been shown in appendix B. Again, the coupling with phonons leads to

minor differences : at low fields about 3 %, decreasing to about 2 % at

35 T, the highest fields in the experiments. One clarifying remark may be

useful. The sign of the susceptibility difference between phonon-scheme

and CEF scheme at the lowest temperatures can be qualitatively explained by

separating the contributions to the susceptibility in a Curie-type and a

Van Vleck type term as explained in appendix B.



- 61 -

20

10

n
U

i

1

1
1
i
I-

\

A
' \

\

\

\

\

/

I

1
fx-;p

\ 1
\
\
\
\

. — —
T

i —

i

V "1
CEF

* • — —

IK]

i

-20

/o]

-10

i

i i

-

i
A

' ph ~ ' 'CEF

M
1 'CEF1

1 1

1
-
-

•

-

f0/ l
°
T=20K .

HIT]

^^^

i

0 100 200 300 0 10 20 30 40

Fig.4.14. (a) Deviation of j , from xCEF (see text) as function of tempera-

ture, (b) Deviation of M , from M-„„ as function of magnetic field.
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Whereas the ground state of the system is roughly equal in both cases, in

the CEF scheme the Van Vleck term results from the unperturbed ro state
o

while in the phonon scheme this term derives (mainly) from the two ro
o

states, one higher and one lower than the unperturbed state. The suscepti-

bility differences due to these two states have different signs but the

balance sways to the lower one because of larger matrix elements. This can

be read off from the intensity ratio of the neutron lines since the dipolar

transition matrix elements are the same as those appearing in the Van Vleck

term.

Also plotted in fig.4.14 are the differences between taking A. = 155 K and

AQ = 100 K, which are much larger. This is the essential consequence of

the model : the differences for susceptibility and magnetization calculated

with or without phonon are very small but the model allows for the choice

of CEF parameters which can be radically different from the choice
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suggested by direct measurements. These calculations now are compared with

the experiments on Ce La. Al,.

300

200

0.5-

BJ 10

Fig.4.15- Experimental magnetization for Ce as function of magnet-

ic field, compared to the calculated magnetization for the best-fitting

value of An for each concentration. Note the different scales. The dotted

line is the calculated magnetization for A. = 100 K. The dash-dotted line

is the calculated magnetization for AQ = 155 K. The insert shows the

behaviour of AQ as function of concentration.

Fig.4.15 shows calculated and experimental magnetizations at 20 K. All

calculations were performed with parameter values gQ = 7 K, \mQ » 130 K, as

inferred from the above analysis on CeAl . For calculations on CeAl2, the

value AQ * 155 K is also taken from the neutron results. The agreement

between the theoretical and experimental magnetization is remarkably good,
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which is actually the case for the whole possible range A- = 150 K - 165 K

(Indicated at 30 T). Furthermore, the dotted line indicates that the meas-

urements do not agree at all with a normal CEF scheme using A„ = 100 K.

The situation is not so simple for the rest of the concentration range.

This could be anticipated from fig.4.7 where it was shown that the magneti-

zation decreases upon increasing La concentration, which means that the

measurements can only be described with an increasing value for the unper-

turbed splitting A-, as shown in fig.4.15. The resulting dependence of the

splitting upon the concentration is shown in the insert. The increase is

large, reaching a value of AQ = 300 K for x = 0.15. It seems unreasonable

to assume that such a large change In the crystalline electric field actu-

ally takes place. As the lattice parameter hardly changes, such effects

could only be caused by a drastic change in the 4f - conduction electron

interaction and that is not indicated by the experiments. A more direct

way to test such a notion is by inspection of neutron scattering data.

Unfortunately, published data (Loewenhaupt and Schmatz, 1977; Loewenhaupt

and Steglich, 1977), mostly on Ce. ,La-. ,A1_, have been obtained by high

temperature energy gain experiments, which makes the interpretation more

difficult (see fig.4.10b). Also, the data have not been interpreted in

terms of a two-peak structure and it is difficult to extract both peak

positions. On the other hand, the lower peak is distinctly present at

about 10 meV and an Increase in the splitting would mean a rather rapid

transfer of intensity to the higher lying peak (see fig.4.12). More con-

clusive is a recent experiment on Cen -,Lan ,A1, which was performed at 5 K

(Horn, 1982): two inelastic peaks could be clearly resolved, with peak

positions at about 105 K and 205 K and an intensity ratio IJ/IJ = 1.05.

These results are almost identical to the ones on CeAl„ and certainly can-

not be explained by the value A- = 195 K from the fit of the magnetization.

The first tentative conclusion therefore is that at 20 K the magnetization

of CeAl„ can be described adequately, but that the decrease of magnetiza-

tion with increasing La concentration cannot be explained by CEF effects

and must be due to some other interaction.

Calculated and experimental magnetizations at 1.4 K and 4.2 K are given

for CeAl- and one dilute compound (x • 0.4 and x - 0.15, respectively) in

fig.4.16 an fig.4.17. For the calculations the same parameter values were

used as In the case of 20 K. At fields below 10 T the magnetization of

CeAl, at 4.2 K is seen to be well described by the calculation.
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0.0

10 20 30

Fig.4.16. Calculated and experimental magnetization versus magnetic field

g = 155 K; dottedat 1 .4 K for CeAl2 and CeQ ^LaQ &A12. (a) Drawn line

line : AQ = 100 K. (b) Drawn line : AQ = 250 K; dotted line 155 K.

Above 10 T some discrepancy appears : the slope of the magnetization is

equal for theory and experiment but the experimental magnetization values

are too low by about 10 %. The same discrepancy at high fields is present

for 1.4 K. Perhaps unexpectedly, this observation confirms the choice of

crystal field parameters. It was mentioned in appendix B that the magneti-

zation at temperatures T « AQ consists of a Van Vleck contribution propor-

tional to the field, superposed on the magnetization of a quickly saturat-

ing ground state. Furthermore the Van Vleck term is inversely proportional

to the CEF splitting and it is clear from the figures that 4. = 155 K is a

better choice than AQ - 100 K (dotted line).
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1.0

Fig.4.17. Calculated and experimental magnetization versus field at 4.2 K

for CeAl2 and Ceo_1;>Lao#85Al2.

An = 100 K. (b) Drawn line : A,

(a) Drawn line 155 K; dotted line

300 K; dotted line : AQ = 155 K.

The same is true for the magnetization of the dilute compounds. Although

the experimental magnetization is too low at all fields, the slope above

10 T is better reproduced by an unchanged value for A. than by the higher

values found in fitting the results at 20 K.

Finally, calculated and experimental susceptibilities are given in

fig.4.18. It is obvious that no set of CEF parameters can describe the

susceptibility at higher temperatures. Also, because of the good agreement

at the lowest temperatures, it is not possible to describe the experiments

with help of a temperature independent molecular field parameter \, which

would shift the inverse susceptibility curves according to



- 66 -

(4.6)

Again it has to be concluded that the CEF effects alone cannot explain the

susceptibility measurements.

Summarizing, the following conclusions have been reached :

- at low temperatures the assumption of an electron-phonon interaction

leads, for CeAl_, to a satisfactory choice of CEF parameters.

- at the lowest temperatures and high magnetic fields the magnetization of

CeAl„ is about 10% too low; since the crystal field can be assumed to

remain unchanged upon dilution, this deficiency increases further with

increasing La-concentration.

- at high temperatures the susceptibility cannot be described by crystal

fields; the assumption of an electron-phonon interaction does not change

this.
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Fig.4.18. Calculated and experimental susceptibility as function of tem-

perature for CeAl, and Ce« Â a-, gAl,»
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4.4 The Kondo effect

In this paragraph, the increasing deficiency of magnetic moment with

decreasing Ce concentration will be discussed in terms of the Kondo effect,

for which recent numerical calculations on the single ion problem will be

used. To be able to compare the results of the the magnetization measure-

ments on (Ce,La)Al, with the results of the specific heat experiments

(Bredl et al. , 1978) the Resonant Level model used to interpret those meas-

urements will also be discussed briefly.

As has been mentioned in chapter 1 , the Kondo effect arises from the

(antiferromagnetic) interaction of a magnetic impurity spin S with a con-

duction electron spin f, formally described as

Hj, = -2 rs.3 (4.6)

where r is a (negative) exchange parameter. In the case of large spin-

orbit coupling on the impurity, this Hamiltonian is usually written as

^ = -2 r(gj-t)f.J (4.7)

where g is the Lande factor. The form of eq. (4.7) suggests that when
J

gj < 1, as in the case of Ce (J = 5/2, gj = 6/7), a negative exchange

parameter does not lead to the Kondo effect. Coqblin and Schrieffer (1969)

showed, by writing the conduction electron states in spherical wave form,

that a Hamiltonian can be derived with the same properties as the Kondo

Hamiltonian. However, these problems are not encountered here since the

ground stata can be treated as a S = 1/2 doublet with g ., = 10/7.

The essential difficulty raised by eq. (4.6) is that for T •*• 0 the problem

cannot be solved by perturbative methods, which Is Illustrated by the

divergence in second order of the amplitude of the scattering process of a

conduction electron on a localized magnetic moment (Kondo, 1964). For the

magnetic properties of a system the Kondo effect means that the localized

spin will be increasingly screened upon decreasing temperature, which leads

to a many body singlet ground state with constant susceptibility at low

temperatures. The binding energy of this singlet can be characterized by

the Kondo temperature T as piven In eq. (1.3). By using renormalization

group techniques, Wilson (1975,' was able to calculate the behaviour of sus-

ceptibility and specific heat for all temperatures. Unfortunately, the

resulting expressions cannot be given in an analytic form, except for
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approximations in the low and high temperatures regions. Of special

interest are the zero temperature susceptibility and specific heat coeffi-

cient y> which are found to be (S = 1/2 case)

X(0) --££- (4.8a)
"TO

(4.8b)

The notation used is that of Andrei et al. (1983). The constant TQ is

related to T_, by W = T„/T. = 1.29. The ratio

3>VB

is independent of the Kondo temperature. Because it is the T •* 0, as well

as the T « TR limit, the value of Rj, also can be found by other tech-

niques, for instance by using Landau theory (Nozières, 1976). Recently,

also the magnetization has been calculated for all fields and temperatures

(Andrei et al., 1983 and references therein). Fig.4.19 shows the magneti-

zation at T = 0 K, while fig.4.20 shows the susceptibility v , normalized

to the Curie susceptibility % , both for the S = 1/2 case. Because of the

logarithmic nature of the magnetization the experiments described here only

cover a part of the full curve; to illustrate this point, the region

10 T < H-.H < 30 T is shown in fig.4.19 for T„ = 5 K. With the help of

these figures a simple analysis of the magnetization measurements can be

made, using the following assumption :

— the measured magnetization is the sum of a "normal" part and a "Kondo"

part. Obviously, this assumption is purely phenomenological, but it has

appeared to work very well in the case of CeAl„.

To make the analysis, values for T (x) were used, based on the estimates of

Bredl et al. (1978). However, instead of using the values of A from that

reference (A is related to T„ by T„ = 1.55 A, as will be shown below), the

values of the maximum In the specific heat in 5 T are used, given in table

4.3. The reason for this is that the low values for A (and T ) at low con-
N.

centratlons are Incompatible with the measured magnetization and suscepti-

bility.
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Fig.4.19. Magnetization measurements of a S = 1/2 Kondo system at T = 0,

according to Andre?, et al. (1983)(drawn line). The dotted line is the mag-

netization given by eq. (4.15). The box indicates the experimental mag-

netic field region for Ce La, Al- (see text).

10 10 10

Fig.4.20. Susceptibility for a Kondo S - 1/2 system. Taken from Andrei et

al. (1983).

On the other hand, Rajan et al. (1983) showed that the specific heat max-

imum in 5 T is still found at about T , if TR is of the order of 2 K as

assumed.
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Fig.4.21. Decrease of the magnetization (in 30 T) and the susceptibility in

Ce La. Al- at 20 K as function of concentration, normalized to the values

at x = 1.

The analysis begins with the measurements at 20 K. At this temperature,

which is higher than T (x) for all x, susceptibility and magnetization in

30 T show the same relative decrease as function of x, which is demon-

strated in fig.4.21. Incidentally, this observation accounts for the

difference in decrease of magnetization found at 20 K (in 30 T) in com-

parison with the decrease found at 4.2 K and 1.4 K. Using fig.4.19 this

relative decrease can be compared to the value xK/xc(T/TK) as expected for

the given value of T/T. In order to make a correct comparison, the meas-
K

ured susceptibility was corrected for a Van Vleck contribution assuming a
—9 3

crystal field splitting of 155 K, which is % = 99.3x10 m /mole Ce.

Values for x(x)/xc> T/TR and xK/xc(T/TR)
 a « given in table 4.3. In case

of x = 0.07 the slightly corrected value is used as explained in § 4.1. The

Kondo part is found by the simple linear relation

X(x) = (l-y)xc + yxK

Values for y are given in table 4.3 as well as in fig.4.22.

(4.10)
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Table 4.3. The Kondo fraction y calculated at 20 K.

1

0

0

0

0

0

X

.7

.5

.4

.15

.07

X(x

1

0

0

0

0

0

)/xd

.80

.74

.69

.57

.52

C e x L a 1-x A 1 2

) TK(K)

5

3.5

2.8

2.6

1.9

1.6

T/TK

4

5.7

7.1

7.7

10.5

12.5

20 K

XK /XC(T/TK)

ÖSO
0.55

0.57

0.58

0.61

0.63

0

0.

0.

0 .

( 1 .

( 1 .

y

44

60

74

2)

3)

The next question is if the same behaviour can be inferred from the low

temperature magnetization. For this, the values of the magnetization M(x)

at 1.4 K in 30 T, corrected for a Van Vleck contribution of (xvv
H = )

0.4 u and normalized by the free ion saturation value of 0.71 \L , are com-

pared to the values for the magnetization M^gSuQUgH/kgTj,), taken from

fig.4.19. Even though T * 0, this curve Is appropriate for values

/ » 1 (Andrei et al., 1983). Values for M(x)/0.71 uB>

K and K^ are given in table 4.4.

Table 4.4. The Kondo fraction y, calculated at different temperatures.

1

0

0

0

0

0

X

.7

.5

.4

.15

.07

M(x)/(0.71nB)

0.82
0.93

0.82
0.80
0.76

-

0.58

CexLa

1.4/TK

0.28

0.40

0.50

0.54

0.74

0.88

1-xA 12

2 .9

4.1

5.1

5 . 5

7 .6

9.0

1.4

0

0

0

0

0

(1

K

y

.42

.17

.44

.61

.75

6)

4 .2

0

0

0

0

0

1

(1

K

y

.33

.19

.42

.61

.72

6)

20 K

y

0

0.44

0.60

0.74

(1.2)

(1.3)

The value for x = 0.07 has been obtained by extrapolation and is corrected

in the same way as the susceptibility. Again, y can be calculated simply
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and is given in table 4.4 and fig.4.22. The results compare very well with

the analysis of the susceptibility, except for the case of CeA^, where the

Kondo part comes out far too high. This situation is improved when a value

for the measured magnetization is used which can be found from extrapola-

tion of the values for x < 0.7.

1.0

0.5

Y
0.0Ó—

1.0

O 20 K
A 42 K
V UK

2'

I
CexLa1-xAI2 -

0.5 0.0

Fig.4.22. The "Kondo-fraction" y in Ce La, Al9 as function of the concen-
X 1 ™X £-

tration, determined at different temperatures.

This value is 1.05 u_ and the Kondo part becomes 14 %. The fact that both
B

at 1.4 K and 4.2 K the measured magnetization of CeAl is about 0.05 p,B

lower than expected, which seems outside the error of the measurement, is

not quite understood. In the case of x = 0.07 the measured values for sus-

ceptibility and magnetization come out lower than the theoretical values.

This is probably due to an accumulation of errors : the La-correction is

15 % of the measured susceptibility, the Van Vleck contribution Is 50 % and

the correction for the sample holder in the magnetization measurements is

20 %. In view of these numbers, the agreement between theory and experi-

ment seems reasonable and the Kondo fraction appears to be 100 %. At 4.2 K

the magnetization In high fields is almost equal to the magnetization at

1.4 K. The same analysis yields roughly the same answers, as shown in

table 4.4. This was to be expected since also at 4.2 K, nQnBH/kBT ^
1 a t
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30 T, so that the magnetization curve of fig.4.19 is still appropriate.

In summary, it appears that the behaviour of both susceptibility and mag-

netization at low temperatures can be described in a simple phenomenologi-

cal way. The decrease in both quantities is explained by an increasing

Kondo part, even though TR itself diminishes. It should be noted that the

exact functional form of this increase was fixed by assuming the concentra-

tion dependence of the Kondo temperature. When more theoretical results

become available, this freedom can possibly be removed. The increasing

Kondo part has been found, but is not explained. It is an obvious guess

that it is caused by the diminishing of the indirect exchange interaction,

but such effects have not yet been incorporated in any theory.

One notable difference appears when the results of the above analysis

are compared to the results of the specific heat analysis, discussed ear-

lier, namely the need for a g-factor, different from the free ion value to

fit the specific heat data. This effective g-factor, which simply

represents a molecular field, was found to vary from g „ = 0.98 (which is

below gi = 1.43) for x = 0.015 to g f f = 2.3 for x = 0.7, extrapolating

to g ,, = 2.8 for x = 1. These high values were interpreted in terms of

short range ferromagnetic correlations. The magnetization measurements do

not show any sign of these ferromagnetic molecular fields. To see where

this discrepancy arises, and to connect the above analysis with the earlier

interpretation which was based on the Resonance Level model, this model

will be discussed briefly.

In the RL model (Schotte and Schotte, 1975) the thermodynamic properties of

the Kondo model are mimicked by a sharp peak in the density of states at

the Fermi level which has a width A ~ k T . The shape of the peak is taken
B K

Lorentzian :

( 4 - u )

The additional term in the free energy is simply calculated using the

expression for the entropy

s = - kB Jp(e)[ f(e)lnf(e) + (1-f (£))ln(l-f (e)) ]de (4.12)
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where f(e) is the Fermi-Dirac distribution function. This results in

-e/k T
F = - k T Jp(e)ln(l + e ) (4.13)

B

0.0 1.0

0.0
0.0 1.0 2.0

0.0
3.0 Ü.0

Fig.4.23. Temperature dependence of the specific heat and the entropy ac-

cording to eq. (4.14). The temperature of the lower scale is normalized by

T , the temperature of the upper scale by A.

The integral can be expressed in terms of the digamma function <j;(z) and the

specific heat and magnetization can be easily derived. For the specific

heat follows :

(4.14)

Finding y can be done

ick_/3A. Comparing this result
B

where t\>' is the derivative of the digamma function

simply by expanding ty'(z) and results in y

to eq. (4.8b), the relation between A and TR is given by A = 1.55 TR. The

behaviour of c (T) as_given by eq. (4.14) is shown in fig.4.23, together

with the entropy, which totals In 2 as expected. It has been shown by

Oliveira and Wilkins (1981) that the agreements between this curve and the

numerical solution is very good and eq. (4.14) therefore can be used to

describe the experiments.
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The magnetization resulting from eq. (4.13) is given by

2 A+ig(ionBH .j
M = gu„ Imf — <K1 + -r—^ ) ~ — <K ! 211kg!

The susceptibility x(T=0) follows from eq. (4.15) to be x(T=0) =

4(i.ji /uk^A. This means that the value of R„ from eq. (4.9) comes out two

times larger than the solution of the Kondo model indicates. This was

already noted by Schotte and Schotte (1975). Also the magnetization at

T = 0 is too large. This is shown in fig.4.19 where eq. (4.15) is plotted

for T = 0, using T = 1.55 A. This discrepancy will obviously influence

the field dependence of the specific heat, through the standard thermo-

dynamic relation oM/oT = 5S/ÖH. The ensuing error then can be repaired by

introducing a molecular field. This was partly demonstrated by Rajan et

al.(1983) who fitted specific heat measurements on Ce- Q ..Lag 935^9 i n

magnetic field, finding good agreement at all fields for T = 0.2 K without
K.

change of g.

Some final remarks regarding the analysis presented in this paragraph are

in order. Firstly, it should be stressed that no microscopic basis for a

separation in a "normal" part and a "Kondo" part exists. On the other

hand, this phenomenology serves to illustrate a change of balance which

certainly takes place between the indirect exchange interaction and the

Kondo compensation. Secondly, not overmuch importance should be attached

to the exact numbers coming out of the analysis. Due to the logarithmic

behaviour of both susceptibility and magnetization, large changes in, for

instance, the values of T (x), only result In minor differences for the

Kondo fraction. On the other hand, the conclusions about both end points

of the concentration range should be lent some credence. That CeAl„ only

deviates from normal behaviour in a minor way was also found in other

experiments (Bredl et al., 1978; Barbara et al., 1977). More objections

seem possible against the conclusion that for x < 0.15 the behaviour is

dominated by the Kondo effect. For instance, scaling effects observed in

the susceptibility of compounds with 0.04<x<0.08 (Felsch et al., 1975)

indicate the presence of magnetic interactions even in this concentration

range. On the other hand, this is only a minor effect, and well compatible

with the conclusions drawn from measurements in very high magnetic fields.

Another objection may be that it is known that T at very low Ce
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concentrations is of the order of 0.2 K (Rajan et al., 1983; Maple, 1976).

This would mean a rapid decrease of T below x = 0.07, for which concentra-
te

tion T was taken to be 1.6 K. This objection is difficult to answer

since, for instance, such a change could also be expected to show up in the

temperature dependence of the susceptibility. Taking together data from

this work and data from Felsch et al. (1975) the concentration dependence

at the fixed temperature of 2 K is indeed rather anomalous (fig. 4.24).

900

800

700

600-

Ce,

«[«"'sfe.
• this work
A Felsch et al.

i I i

»i-xAlj

0.5

Fig.4.24. Susceptibility of CexLa1_xAl2Al2 as function of concentration at

2 K. Data taken from Felsch et al. (1975) and this work.

Although the behaviour of the susceptibility at the lowest concentrations

was explained In terms of interactions between impurities, it seems possi-

ble that a change of TR also influences the susceptibility.
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CHAPTER 5 EXPERIMENTS ON Ce Y, A l ,

For the measurements of the magnetic ordering temperatures (chapter 3)

it appeared that the magnetic order vanishes at about x = 0.5. Measure-

ments were performed of the susceptibility, the magnetization and the

specific heat, with the emphasis on the concentration range below x = 0.5

in order to clarify the nature of the non-magnetic state. The discussion

considers both the possibilities of Kondo effect and of mixed valence.

5.1 Sample preparation and lattice parameters

Samples of Ce Y. Al» with x = 0.67 and x = 0.50 were the same as

reported on in chapter 3.

8.05

8.00-

7.95-

7.90-

standard deviation i

1.0 0.5 0.0
Fig.5.1. Lattice parameter versus concentration for Ce Y.. Al,.
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Samples with x = 0.52, 0.38, 0.35, 0.25 and 0.15 were prepared by arc-

melting. All samples were annealed In evacuated quartz ampoules for

several days at 1000 °C. Guinier-de Wolff X-ray pictures showed the proper

C15 structure without a second phase; the sample CeQ »5
Yo 75A12 s n o w e d some

reflections which appeared to belong to the lattice parameter of YA1 .

Lattice parameters at room temperature were determined from the X-ray dif-

fraction patterns and are presented in fig.5.1. They decrease linearly

with increasing Y concentration. The relative volume decrease of the unit

cell, going from CeAl„ to YA1-, is 8 %.

5.2 Experimental results

Susceptibility measurements were performed between 1 .5 K and 300 K.

The as-measured results are given in fig.5.2. The same results, after sub-

traction of the susceptibility of YA1 which is x(vAl2) = 1.13xl0~9m3/mole

(see table 3.1), are given in fig.5.3.

In contrast to what was found for (Ce,La)Al., the 4f susceptibility

changes drastically as function of the concentration. This ij apparent at

high temperatures, where Curie-Weiss behaviour still prevails, from the

change In 9 , which Increases from -30 K at x = 1 to -135 K at x = 0.15.

It can also be seen at low temperatures. Between x » 1 and x = 0.5, where

magnetic order still occurs, the susceptibility per Ce-ion has even

increased at x = 0.67 with respect to x = 1. Also, the inverse suscepti-

bility at low temperatures shows a positive 0CW- At x = 0.50, the suscep-

tibility per Ce-ion has decreased again, and further decreases with

decreasing Ce concentration. At x = 0.15, the susceptibility is almost

temperature independent below 50 K, with a small upturn at very low tem-

peratures, suggestive of an Impurity contribution.

Magnetization measurements were performed at 1.4 K and 4.2 K; samples with

x = 0.15, x => 0.25 and x = 0.38 were also measured at 20 K. The results

are given in figs. 5.4, 5.5, and 5.6. At low fields,the measurements fully

confirm the susceptibility measurements. For x = 0.67, the magnetization

up to 5 T is higher than for x = 1, while for lower concentrations the mag-

netization decreases with decreasing Ce concentration.
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200 250 300

Fig.5.2. Inverse susceptibility versus temperature for Ce Y. Al9
X I ""X L.

^0| 1 1 1 1 1

Al2 , corrected for matrix
X

x " *

+ ! •

0 50 150 200 250 300
Fig.5.3. Inverse susceptibility as function of temperature for Ce Y, Al,
after correction for the matrix contribution. x x ..
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At high fields, the magnetization, unlike the susceptibility, decreases

monotonically as function of the concentration, and much faster than was

observed for (Ce,La)Al . Below x = 0.67, the magnetization seems not to be

dominated any more by CEF effects. At 4.2 K, even in 35 T, the Ce magnetic

moment has not yet reached the saturation value expected for the doublet of

0-71 V

For the concentrations x = 0.25 and x = 0.15, the magnetization has become

linear, Instead of curved. This suggests that the susceptibility, in the

usual way, is separable in an intrinsic part x(°) a n d a n impurity contribu-

tion C/T. The analysis yielded the following numbers : for the concentra-

tion x = 0.15, several samples were measured and the average susceptibility

calculated from the high field data was x(°) = 64-6 ± 0 > 7 x

—9 3 -1
10 m (mole Ce) . From the susceptibility measurements followed x(0) =

—9 3 -1
62.8 + 1 xlO m (mole Ce) , which is in good agreement, especially in view

of the fact that the contribution of the sample holder to the high field

magnetization is of the order of 30 %. The cleanest sample had an impurity

content corresponding to only 0.2 % Ce .

For x = 0.25, only one sample was measured. The high Field data gave
—9 3 —1

X(0) = 62.4 + 1.5 xlO m (mole Ce) . From the susceptibility measurements
-9 3 —1

followed x(°) = 66-5 ± 1.5 xlO m (mole Ce) . The agreement here is

slightly worse since the impurity content of the sample was rather high,
3+

corresponding to 4 % Ce , which makes the evaluation of the data slightly

more uncertain.

Again, to enable a meaningful analysis of the values found for x(0) » they

have to be corrected for the matrix contribution, given by the susceptibil-

ity of YA1„. The values taken from the the susceptibility measurements

then become xC 0.^ 0-^) = 55.5xlO~9m3(mole Ce)"1 and x(0,x=0.25) =
—9 3 —1

62.2x10 m (mole Ce) . Taking into account that the high field value for

x = 0.25 was lower, it appears that x(°) is hardly concentration dependent

below x = 0.25.

It should be noted that an analysis on the basis of an assumed impurity

contribution could not be made for x = 0.35. The magnetization is curved

and does not allow determination of a constant susceptibility; also the xT

versus T plot showed that the low temperature upturn in the susceptibility

cannot be interpreted as an impurity contribution.
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Fig.5.4. Magnetization versus magnetic field for Ce Y, Al. at 1.4 K.
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Fig.5.5. Magnetization versus magnetic field for Ce Y, Al, at U.2 K.

35

35



- 82 -

0.5

0.3

0.2

0.1

0

-

-

e

TM
M

|

i

a
X

•

i

X

0.38
0.25
0.15

B

Lce-atJ

a
a

i

a

a
a

•c

m *

i

i

Ce

a
•

i

1

xYi-xAI2

20 K

a
D

a
a

m
•

i

i i

a

•
D

D•

i
m

X

• •
-

-

H0H [T]

I i

0 10 15 20 25 30 35

Fig.5.6. Magnetization as function of magnetic field for Ce Y. Al„ at

20 K.

Specific heat experiments between 1 .3 K and 20 K were performed on samples

with x = 0.50, x = 0.38, x - 0.25 and x = 0.15. Measurements on samples

with x > 0.5 had been done earlier (Meschede, 1979). In fig.5.7, the
2

results are plotted in the form c /T versus T . Also shown is the molar

specific heat of YA12, taken from the literature (Hungsberg and

Gschneidner, 1971).

For x = 0.15, the behaviour below 9 K is shown in fig.5.8 and Is described
3

perfectly by c^ = yT + pT . Furthermore, any electronic contribution to

the cubic term seems to be absent, as it can be fully described by the pho-

non contribution, represented by the specific heat of YA1 . The value of

Y = 24.0 mJ(mole f.u.) K is very high. Correcting this value with
—1 -2

Y(YA12) = 5.7 mJmole K , the linear specific heat becomes

122 mJ(mole Ce) K . At temperatures above 15 K, the specific heat con-

verges to that of YAl^. Also measured was the specific heat in a magnetic

field of 5 T, which Is schematically shown in fig.5.8. No difference was

found with respect to the data in zero field.

At higher concentrations the c /T versus T plot shows increasing upturns

at low temperatures.
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Fig.5.7. Molar specific heat of Ce Y._ Al2 plotted as c^/T versus T •
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Fig.5.8. Molar specific heat of CeQ 1 5* 0. 8 5
A 1

2 plotted as cv/T versus T
2.
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For a correct interpretation of this behaviour it seems more useful to plot

the data as c versus T. This has been done in fig.5.9. The results of

measurements in a magnetic field of 5 T, which were performed on all sam-

ples, are also given.

The measurement on x = 0.25 shows a small hump around 3 K. Since the mag-

netization measurements suggested that the intrinsic behaviour of this com-

position is similar to that of x = 0.15, it is assumed that this hump is

due to the impurities which also caused the upturn in the susceptibility.

They are able to contribute an excess specific heat of a Schottky type by

level splitting of the 4 f moments due to molecular fields. This contribu-

tion can be estimated as follows :

1.0-

0.0I -4-H
O

Fig.5.9. Molar specific heat of Ce Y, Al, as function of temperature.

Drawn lines signify the results of measurements in a magnetic field of 5 T.
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from fig.5.7 it appears that the upturn starts below 10 K. The intrinsic

specific heat is assumed to behave as was found for x = 0.15, that is, the

cubic term derives from the lattice. Extrapolating the measured curve in
—1 —2

this fashion, y is found to be 45 mj (mole f,u) K . The excess specific

heat Ac is simply found by subtraction and is plotted in fig.5.10. The
v _1 _i

corresponding entropy is found to be S = 0.141 J(mole f.u.) K . Assuming

the Ce atoms involved to have a 6 fold degeneracy, this value corresponds

to 3.8 % Ce , which is the same value as found from the magnetic measure-

ments. The measurements of the specific heat in magnetic field confirm the

above picture. The excess specific heat, shown in fig.5.10, simply shifts

to higher temperatures, while the total entropy does not change.

The measurements on x = 0.38 and x = 0.50, shown in fig.5.9, suggest that

this analysis also can be applied to these concentrations.

Table 5.1. Estimated values for y, S and N
ex

X

0.50

0.38

0.25

0.15

y

mj (mole f.u.

78

68

45

24

CexYl-xA12

S(Acv)

(" 'K" 1 J (mole f.u. )~1K~1

1 .066

0.523

0.141

-

Nex

14.3

9.3

3.8

-

Estimates for the "intrinsic" value of y are given in table 5.1; they are

again made by assuming the non-linear behaviour of the specific heat to be

mainly due to the matrix contribution. The resulting temperature depen-

dence of Ac is plotted in fig.5.10. The change of Acy in a magnetic field

of 5 T is also shown. The value of the entropy corresponding to the excess

specific heat is given in table 5.1. The number of Ce atoms contributing to

the excess N has increased considerably and reaches 14 % at x = 0.50.

N is also given in table 5.1. In the following, both the magnetization
ex

and the specific heat results will be discussed in terms of the Ce local

environment. Such numbers cannot be interpreted any more in terms of an

impurity contribution.

It is well known that the nearest neighbour coordination of an impurity
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atom can be the key factor for its magnetic behaviour. This was, for

instance, demonstrated by measurements on Fe in NbMo (Jaccarino and Walker,

1965). In the absence of long range magnetic ordering it seems possible

that such an effect also plays a role in (Ce,Y)Al2.
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Fig.5.10. Excess specific heat as function of temperature calculated for

Ce Y, Al„ in 0 T and 5 T.
x 1-x 2

It would then take the form that a Ce atom surrounded by more than n other

Ce atoms is magnetic; otherwise, it is non-magnetic. The number n is such

that for the concentrations x = 0.25 and x = 0.15 all Ce atoms are non-

magnetic. The number of magnetic Ce atoms at higher concentrations has

already been given in table 5.1, but some care must be exercized with these

values. They were obtained assuming a degeneracy m = 6. Since it is pos-

sible that the magnetic atoms experience CEF effects, a 2-fold degeneracy

may also be appropriate. Table 5.2 lists the amounts of magnetic Ce atoms

assuming boths m = 2 and m = 6. The two cases differ rather widely.

Naturally, the contribution of these magnetic atoms to the magnetization is

much less affected by the choice of the degeneracy. Table 5.2 shows the

values of the saturation magnetization M for m = 6 (using 2.14 Hg/Ce

atom) and for m = 2 (using 0.71 |J._/Ce atom). From the magnetization in

high fields (see fig.5.5) it appears that the values found for x = 0.38 and

x = 0.50, which are of the order of 0.2-0.3 (i fit in very well. It can

even be attempted to calculate an intrinsic susceptibility ( of the non-
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magnetic Ce atoms) using M and the magnetization above 20 T, at least

S31

when the values for m = 6 are used. The resulting values for x(°) are only

slightly higher than found for the concentrations x = 0.25 and x = 0.15.

Table 5.2. N and M ,. for m = 6 and m = 2.
ex sat

X

0.50

0.38

0.25

0.15

N m = 6

ex

14.3

9.

4.3

-

CexYl-xA12

ex

37

24

10

-

Mm=6
sat

0.31

0.19

0.09

-

„•"=2
sat

0.26

0.13

0.07

-

They are given In table 5.2. In table 5.3, the estimates for the number of

magnetic Ce atoms are compared to the Ce neighbour coordination number

which follows from a simple binomial distribution. Neither the probability

for 3 or 4 Ce neighbours, nor the probability for 4 Ce neighbours exactly

reflects those estimates. However, if the overall picture is taken to be

that 3 or 4 Ce neighbours drive a Ce atom magnetic, numerous reasons can be

found why this behaviour is not exactly observed. To name but a few : the

first neighbour shell may not be the only one that counts; at higher Ce

concentrations, CEF effects may be more important than at lower Ce concen-

trations; the coordination may not be entirely random.

Table 5.3. Values for N , P, y and x (0). P, « is the probability of a

Ce atom having 3 or 4 Ce neighbours, P is the probability far 4 Ce neigh-

bours.

0

0

0

0

Unit for

X

.50

.38

.25

.15

A

Y

N m = 6

ex

14.3

9.3

3.8

-

N m = 2

ex

37

24

10

-

is mJ (mole Ce)

P3,4

35

16

5

2

K"2;

P4

6

2

-

-

unit

*
Y

167

179

163

120

for x

X*(0)

95

74

65

57

*(0) is

1

1

1

1

10-V

=5/2)

.54

• 12

.08

.29

(mole

]

3

2

2

2

Ce)

.3

.3

.3

.8

-1_
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In summary, it can be concluded that the local environment picture is a

reasonable one to adopt, since no conflict arises with the experimental

observations. Especially convincing in this respect is the behaviour of

the specific heat excess in a magnetic field, which simply causes a shift

of the excess to higher temperatures. In an alternative explanation,
2

which, in view of the upturns in the c /T versus T plot, might be found in

spin fluctuations, the effect would be quenched by tho field. This is

found, for instance, in CeSn, (Ikeda et al., 1982).

Values for x(^) and y resulting from this picture are given in table 5.3.

They have been called x(0) an^ Y because, in obtaining these values, two

corrections were made. The first is the usual correction for the matrix

contribution. The second is a correction for the percentage of Ce atoms

which was found to be magnetic. This correction is not important for the

lowest Ce concentrations, but is substantial for x = 0.5. The number of

magnetic Ce atoms was taken from an assumed degeneracy of m = 6, since this

degeneracy was also used in calculating x(0). Values for the ratio R,

according to eq. (4.9), are also given.

5.3 Kondo effect or valence mixing

5.3.1 (Ce,Y)Al. in terms of the Kondo model

The high values for y and x(0) c a n b e simply interpreted using the same

single-ion Kondo formula's as used in chapter 4. Especially with

eq. (4.8b), the Kondo temperature T„ can be estimated from the values of

y . The most accurate estimate can be made for x = 0.15, where no impuri-

ties effects mask the intrinsic specific heat. The value found for T then
K

is 47 K. This seems a very reasonable value in view of the susceptibility,

which becomes constant around 50 K. Most strikingly, however, is the

agreement with resistivity measurements (Steglich et al., 1977) from which

T was estimated to be 50 K.
K

The concentration dependence of T for x < 0.5 is given in fig.5.11.

Apart from the scatter, probably due to the uncertainty in the determina-

tion, TR increases smoothly with decreasing Ce concentration. Taken

together with the behaviour of T found for (Ce.La)Al,, the measurements

suggest that the monotonuous decrease in lattice parameter, going from

dilute Ce in LaAl2 to dilute Ce in YA1- results in a monotonie increase of
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100

0

Fig.5.11 Values of T for Ce Y, Al, derived from estimates of y. The error

bars are due to the uncertainty in the correction for the number of magnet-

ic ions.

T
K"

The discussion up to now has suggested a reasonable agreement between the

experimental and theoretical behaviour. Closer scrutiny, however, reveals

that some problems still remain, which have to do with the degeneracy of

the localized moment state. In the system (Ce,La)Al., it was assumed that

the measurements can be described in an S = 1/2 model. This was justified

by the well documented existence of CEF effects, which result in a doublet

as lowest lying state. In (Ce,Y)Al_, nothing is known about the existence

of CEF effects for low Ce concentrations, but the value of T at x = 0.15

is already of the order of what may be expected for the CEF splitting. It

seems therefore possible that the full degeneracy of J = 5/2 should be

taken into account. One indication for this possibility is given by the

ratio R^, defined in eq. (4.9) and given in table 5.3. For S = 1/2 Kondo

systems, this ratio is expected to be 2, which is rather lower than the

values found. For higher multiplicity, however, eq. (4.9) should be

replaced by

2.2
k

x(Q) (5.1)

(Noziêres and Blandin, 1980; Rajan, 1983). Values of R according to
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eq. (5.1) are also given In table 5.3 and come much closer to the theoret-

ical value, which is now 1.2. The change In multiplicity also has conse-

quences for the determination of T„. According to Rajan (1983), eq. (4.8b)

has to be replaced by

nkn
Y = (2J) ̂  (5.2)

which would enhance the calculated Kondo temperatures by a factor of 5.

This does not necessarily mean that the agreement between specific heat and

resistivity is lost. Calculations of the temperature dependence of the

resistivity for J > 1/2 have not yet been published but It seems possible

that the minimum is found at a temperature lower than T . This point will

have to be cleared when more theoretical work becomes available.

In view of the difficulties raised above, it Is only reasonable to mention

that still another interpretation of the data deserves attention, using the

concept of intermediate valency. A good starting point for a model of

intermediate valency is, again, the Anderson Hamiltonian, or Its periodic

variant (Leder and Mühlschlegel, 1978; see also the proceedings of recent

conferences on the IV problem, St. Barbara, 1981, Zurich, 1982). Recently,

a rather elegant approach was suggested by Ramakrlshnan (1981), which

explicitly Involves the high degeneracy of the niagnetic state. As this

model, at least qualitatively, accounts for a number of properties found in

IV systems, it will be briefly discussed in the next paragraph.

5.3.2 A model for IV systems

The model for a mixed valence impurity proposed by Ramakrishnan (1981)

is a configuration based version of the Anderson model which was already

encountered in chapter 1. The Hamiltonian for the Anderson model is given

by

H = ,S V k a + E S nf(J + U S nfffnf_a +
ka a a

The different terms represent the conduction-electron energies e. , a local

f level with energy E, a Coulomb repulsion term between the f electrons U,
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and a mixing term between f electron and conduction electron states V. In

the case of transition metals this Hamiltonian is often treated "symmetri-

cally", which means that the two levels E and E+U have the same distance to

the Fermi energy e . It is easily seen that this symmetric case cannot be

appropriate for mixed valence systems. If the presence of the 4f electron

at ef is identified with zero occupancy of the f level, then zero and dou-

ble occupancy would have the same probability when the f level is predom-

inantly singly occupied. The situation relevant to intermediate valency is

reached when one level (e.g. with energy E) is close to e , while the other

(with energy E+U) is far from e . This version of the model is therefore

often called the asymmetric, U-><» Anderson model. A Hamiltonian, more

appropriate to this situation is

H = I^n. + Eol0XO| + T
ka X

Instead of considering f-orbital occupation numbers, the empty state is

treated separately and is represented by a singlet |0> with energy e.,

while the (2J+1) degenerate f state at energy e, is denoted by |\>. The
A.

energy difference e,-E„ has been defined assuming that the electron making

the |0> •* \\> transition originates from the Fermi level. Ramakrishnan

(1981; see also Ramakrishnan and Sur, 1982) showed that the hybridization

term of eq. (5.4) can be treated in perturbation theory, even though the

obvious expansion parameter V/\e^-en\ is not small in the case of mixed
-1

valence. A small expansion parameter, however, is n , the degeneracy of
A,

the localized level. The parameter region where this expansion is valid

becomes clear by inspecting the energy shifts of the states |0> and I X> in

first order Brillouin-Wigner perturbation theory. The shifted energies can

be calculated according to

ka \ " (e0-ek>
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The shifted energies are En and E . The occupation factor of the band

states is given by f, . Note that the singlet-state energy only has an

effect on the energies of the occupied band states, while the degenerate

state energy is only influenced by empty states. For a band of width 2D

and a constant density of states N(0), integration of eqs. (5.5) yields

Eo • eo + V [~ln -rdbrT + * ( Eo-VT ) ] (5-6a)

( 5- 6 b )

where A = |v_ , |2N(0) and

B . « ,/, Zn , i b
+ A1 ',•

$(x,T) = In -|^j-+ Re 4,(1/2 + ^ J ^ ) (5.7)

(p(z) is the digamma function.

Confining the discussion for the moment to T = 0 properties, eqs. (5.6)

show that the singlet state is strongly favoured, simply by the degeneracy

of l\>. For instance, if the unperturbed energies are equal, E_ = £,= 0,

the energy shift for the singlet becomes

„ _ _ „ , _ u „ -n.Aln-£- (5.8)

which is much larger than the hybridization width A. In other words, if

the energy difference between magnetic and non-magnetic state is small, the

singlet is unequivocally stabilized by the sheer number of states with

which hybridization is possible. This also means that the transition from

a non-magnetic to a magnetic ground state as function of the energy differ-

ence E*~EQ only occurs when E, « E Q. This energy e is approximately

given by eq. (5.8) and yields, for D/A = 200 and n , e = -21 A. The per-

turbation expansion therefore seems valid precisely in the intermediate

valence range when e^ ~ eQ. If E, « E Q, the expansion is not valid, but

this condition almost describes the stable moment regime. It should be

noted that in that instance the Kondo effect becomes important, due to the

same hybridization term V , > but now in a second order process.
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E0'nX= 6 - |

En,ru=2

D/A = 200 -I
e0 = 0

T/A

0 50 100
Fig.5.12. Temperature dependence of En . for a typical set of parameter

u, A.
values.

The configurational energies are temperature dependent since the configura-

tional mixing is sensitive to the occupancy of the different levels. An

example of this temperature dependence, calculated from eq. (5.6), is given

in fig.5.12.

5.3.3 Susceptibility and specific heat of a mixed valent impurity

The behaviour of both specific heat and susceptibility can be qualita-

tively understood by means of a level scheme such as drawn in fig.5.13.

Above each lowest lying configuration, the hybridization with the conduc-

tion band results in a continuum of excited states. Starting with the

singlet as ground state, the low temperature specific heat is obviously

linear in T, since the occupancy of higher lying configurations is exponen-

tially small. Formally, this result follows from the expression
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f • ê (poEo ( 5 . 9 )

where P„ and P, are the Boltzman factors, given by
0 A.

PQ x = exp(-pE0>K)/[exp(-pE0) + n;

„2

. Expanding EQ(T) as

E0(T) - E0(0)

the linear coefficient -y is given by

2 ? nf
2a = 1/3* Kmr-h

(5.10)

(5.11)

The second equality is obtained from the normal Sommerfeld-Bethe expansion.

Fig.5.13. Schematic energy level diagram showing the result of hybridiza-

tion.

The parameter n, measures the valency, or the admixture of the magnetic

configuration into the ground state, and is given by

(5.12)
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The coefficient y is seen to depend inversely upon the energy difference

IE--E..I, which can be regarded as the characteristic energy for the system.
U \

This is obviously expected since a smaller energy difference causes a

larger density of the continuum states. At higher temperatures, the

increasing population of the magnetic configuration results in a Schottky—

like behaviour with a maximum around T ~ |E--e.|.
U A.

The behaviour of the susceptibility can be understood in the same terms.

The admixture of magnetic states into the ground state results, by a Van

Vleck-like mechanism, in a finite susceptibility at T = 0 (see also ^e

Chatel et al., 1977). Thermal occupation of the magnetic configuration

increases the susceptibility, while at very high temperatures both confi-

gurations are populated according to their degeneracy and the susceptibil-

ity resembles Curie-Weiss behaviour. A maximum in the susceptibility can

therefore be expected.

The low temperature behaviour of the susceptibility is found by writing

E0(H,T) = E0(H,0) + a(H)T
2 (5.13)

and Copulating x = -o2F/oH9B ~ -o2E-/oHoB since the contribution of the

entropy term to the free energy is exponentially small. This results in

^enf 2 k B T 2 2 1 2

0 A. U A.

2
Here, \L is defined as u = gT/J(J+l). The coefficient of the T term ofe e J

eq. (5.14 is slightly different from both references cited (Ramakrishnan;

1981; Ramakrishnan and Sur, 1982). The discrepancy has not been clarified,

but does not lead to qualitatively different results. It is still true,
2

and noteworthy, that the T -coefficient can only be positive, since

0 < n, < 1. This implies that a maximum in the susceptibility is expected

for all parameter choices. Also of interest is the ratio R given by

eq. (5.1)- Combining eqs. (5.11) and (5.14) yields R*V = 1. This value
J

also follows from other approaches to the intermediate valence problem

(e.g. Newns and Hewson, 1981) and seems fundamentally different from the

ratio for the Kondo problem Rj = 1 + 1/(2J) ( = 1+1/(n -1) ).

At higher temperatures the functional behaviour of x is given by
1 2 2

nxf"(x,T)
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where

f(x,T) - Aln (5.16)

$(x,T) being defined in eq. (5.7) (Ramakrishnan and Sur, 1982). Numerical

evaluation of this equation results in curves, shown in fig.5.14 (t).

I I T I

T/A

e0 = 0
D/A =200

Fig.5.14. Temperature dependence of the susceptibility for different sets

of parameter values.

(t) The analytical expression for f'(x) as given by Ramakrishnan and Sur

(1982) probably contains some printing errors.
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5.3.4 Discussion

The above description of the thermodynamic and magnetic behaviour of

mixed valent impurities was intended to show that these quantities do not

provide a simple distinction between IV and Kondo behaviour. Both effects

are marked by a transition from a magnetic into a non-magnetic state upon

decreasing temperature. Both show enhanced susceptibility and specific

heat at low temperatures. And the ratio R for Kondo systems (eq. (5.1))

is nearly equal to the ratio R for IV systems, at least when the magnetic

state is highly degenerate.

It might be objected that the presence of a susceptibility maximum in IV

systems makes a clear difference. However, i-ecent calculations (Rajan,

1983; see also Hewson et al., 1983) show that the susceptibility of a Kondo

impurity with J > 1/2 also has a maximum. Since it was argued before that

Ce„ ,-Y- O-A1- possibly behaves as a J = 5/2 Kondo system, the absence of a

maximum is contrary to the predictions in both the IV and the Kondo case.

However, too many problems have been put aside in the theoretical calcula-

tions to fully rely on them. Especially band structure effects, CEF

effects, and, in the case of mixed valence, the change of the Fermi energy

which should accompany the transition in a not infinitely dilute system,

have not been taken into account.

Problems of the same kind are found in the interpretation of electrical

resistivity data. Although compounds which have been classified as IV

materials, such as CeSn. and CePd, generally show a positive low tempera-

ture resistivity coefficient (Stalinski et al., 1973, on CeSn,; Scoboria et

al., 1979, on CePd ), the behaviour is difficult to distinguish from the

one resulting from the combined influences of Kondo and CEF effects (Cornut

and Coqblin, 1972), especially when magnetic impurity scattering enhances

the low temperature resistivity (Scoboria et al., 1979; see also Sthioul et

al., 1982). Also, at least one system has been found, Ce Sc, Al,, where

the Ce icns appear to be in an IV state (Loewenhaupt et al., 1981), while

the low temperature resistivity coefficient is negative (Horn et al.,

1982).

Nevertheless, even though the different properties investigated can be both

ascribed to Kondo and to IV behaviour, and a clear verdict cannot be made,

it seems more reasonable to assume that the Kondo effect lies at the basis

of the observed behaviour. If it is assumed that the dilute compounds show
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IV behaviour, a rather large change in the ratio of the hybridisation

strength to the energy of the Af level would have to be envisaged, which

should derive from the effect of alloying. There are no indications from

other experiments for such large energy effects.

On the other hand, if the Kondo effect is assumed, the measurements can be

explained by a gradual increase of the Kondo temperature upon decreasing Ce

concentration, which is possibly caused by lattice contraction, in view of

the interpretation of the measurements on Ce La Al_. The increase of T
X 1 ~*X £. K.

of an order of magnitude does not seem unreasonable since T depends on

|N(O)r .1 exponentially. Also the measured values of %(Q) and y for

CeQ 1 5 Y Q QCAI») where the observations are not hampered by impurity

effects, show almost exactly the ratio predicted by the theory. The accom-

panying conclusion that the full J = 5/2 multiplicity should be taken Into

account makes CeQ 1 5 Y Q «5^2
 a n * n t e r e s t* nê system for further study since

Kondo systems with a high degeneracy are not yet generally known.
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6 THE SUPERCONDUCTOR CeCu Si-

Introduction

The last two chapters have shown that Ce ions in an RA1- matrix stand

model for a number of possible interactions of the localized electron with

the conduction electrons, which can either lead to a magnetically ordered,

or to a non-magnetic ground state. For both possibilities at least quali-

tative theoretical understanding exists. CeCu^Si, cannot yet be called a

model system since, rather surprisingly, it is still almost (t) the only

system known which displays the peculiar properties that are now to be

described. Roughly speaking, these properties are as follows : at room

temperature the Ce ions are clearly paramagnetic; upon cooling, a non-

magnetic state is formed around 10 K, but this is not the final state for

the system as, at about 0.5 K, a transition follows into a superconducting

state. Occurrence of superconductivity is not unknown for Ce-based sys-

tems. What sets CeCu Si2 apart is the apparent presence of a still rather

localized 4f electron which is crucial to the superconductivity. This last

observation, theoretically unforeseen and unexplained, has attracted much

attention to CeCu„Si, in the last three years and also has triggered a lot

of experimental work.

The first, and very strong indication for the occurrence of bulk supercon-

ductivity in CeCu Si- was found in the combined outcome of measurements of

the specific heat, the (ac) susceptibility and the resistivity (Steglich et

al., 1979b). The specific heat of the first sample investigated showed a

large jump Ac (Acv/cv ~ 0.8), at about 600 mK. At roughly the same tem-

perature, the resistance vanished and the susceptibility showed a change

with a diamagnetic direction. Even more important, the magnetic field

dependence of all three quantities proved to be same, which made it very

probable that the specific heat jump was due to the same effect which

caused the change in the other quantities. Finally, the specific heat was

found to be very large just above the transition temperature T , with a
—1 -2 c

linear coefficient y of the order of 1000 mJ (mole) K , which is

t Very recently, both UBet- (Ott et al., 1983) and UgFe ( DeLong et al.,

1983) have been claimed to show the same properties as CeCu Si,.
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reminiscent of values found in CeAl_ and CeAl,, and which are believed to

be due to the Kondo effect. It is important to notice that the value of

Ac in proportion to yT ( ~ 0.8, which is of the order of the BCS value of

1 .4) suggests that the quasiparticles which are responsible for the high

value of y> a r e involved in the formation of Cooper-pair states. This is

quite different from the behaviour of other superconducting rare earth com-

pounds such as ErRh.B, (Woolf et al., 1979), where the jump is clearly cou-

pled to a normal (small) value of y. Also in the few other superconducting

Ce compounds, such as CeCo , the situation is very different. The specific

heat of these compounds is low and they do not show any sign of f-electron

magnetism (Ross and Crangle, 1964; see also Probst and Wittig, 1978), which

will be shown below to exist over a large temperature range in CeCu Si-.

This chapter and the next chapter describe the results of experiments which

were performed following these first observations. Chapter 6 deals with

macroscopic properties. It begins with a description of the measurements

of the Meissner effect, performed to answer the essential question whether

the appearing superconductivity is indeed a bulk property of CeCu„Si,.

Next, the sample preparation will be discussed, as the properties of the

system proved rather sensitive to the sample quality. The third subject

will be the experiments probing the normal state of CeCu-Si-, namely meas-

urements of the susceptibility, the magnetization and the specific heat.

Finally, an analysis will be made of the measurements of the critical

field. Chapter 7 discusses nuclear magnetic resonance experiments on

CeCu2Si» in the normal state.
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6.1 The Meissner effect

Demonstrating the occurrence of superconductivity can be done by a

number of simple experiments, such as measuring the electrical resistivity.

Especially in compounds, it is slightly more difficult to answer the ques-

tion whether the appearing superconductivity is an intrinsic property of

the material, or due to a minority phase. One of the few ways to decide

this is to measure the amount of flux which is repelled by a sample when

cooled through its superconducting transition temperature in a (small) mag-

netic field. This so-called Meissner effect is a direct measure for the

amount of volume involved in the superconductivity, although, as will be

seen, several complications may arise.

The device used for these measurements is sketched in fig.6.1. On a

coil body of araldite and positioned on the mixing chamber of the dilution

refrigerator, a secondary coil of 5 turns of 140 \im Nb-Ti wire is wound.

This secondary is coupled to the signal coil of a SQUID system (S.H.E.

model 330), thereby establishing a flux-locked loop.

Mixing chamber

Fig.6.1. The device to measure the Meissner effect. P is the primary coil,

s is the secondary.
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Between secondary coil and SQUID the wires were tightly twisted and put

into a Pb-Sn tube which acts as a superconducting shield, in order to avoid

stray flux changes through the loop. In the same way as for the suscepti-

bility measurements described in chapter 2, the sample was wrapped into a

bundle of 100 urn Cu wires, which were fastened to the mixing chamber and

suspended In the coil. A static magnetic field could be applied by a pri-

mary coil, made of 50 um Nb-Ti wire with Cu mantle, wound on an aluminum

body that could be placed over the secondary coil. The superconductivity

of the Al body (T = Ï .0 K) made it possible to freeze in a field, which

was consequently very stable. Data are gathered as follows : at about 1 K

a magnetic field is froozen in and the cryostate is cooled down. When the

sample becomes superconducting, the flux penetrating it is pushed out of

the sample and through the enclosing secondary. Since the secondary is

part of a flux-locked loop, this flux loss is compensated by a supercurrent

which starts to flow along the loop. The flux-locked loop is coupled into

a toroidal rf SQUID (for details, see Lounasmaa, 1974) and the electronics

connected with the system again compensate the flux change with help of a

feed back loop, thereby generating an analog output signal which is propor-

tional to the flux change. The SQUID system therefore actually acts as a

nulling device, but can most simply be thought of as a four-terminal device

which converts a (low temperature) current or flux into a (high tempera-

ture) voltage. In the S.H.E. system the conversion ratio can be choosen to

be either 20 mV/^, 200 mV/$Q, or 2 V/$Q. <5Q is the flux quantum with a

value of 2.1xio"1 Ub.

To calculate the superconducting volume of a sample, it is necessary

to know the proportionality factor between the flux change in the secondary

and the analog output voltage, as well as the applied field. Estimates of

these numbers will be made, but it is simpler and more accurate to cali-

brate the signal with a known superconductor. In this case a very good

choice for this is Cd, a well known type I superconductor with a T of

520 mK (Roberts, 1976). Data taken on a bulk Cd sample are given in

fig.6.2.

One correction was made, namely for the signal in zero applied field, which

was not quite reproducible from run to run. Below 5 mA the signal depends

linearly on the applied current, which is proportional to the applied

field. Above 10 mA some deviation from linearity occurs, for which several

causes may be responsible. One is a possible thermal inequilibrium : by
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necessity, the sample is cooled from the outside and a superconducting ring

may be established on the surface, which traps the flux. Another is a

non-zero demagnetization factor; although the samples were longer than the

secondary, they did not have a circular cross-section, but a square one, as

they were cut with a diamond saw. At 70 mA B is reached and the super-
cl

conductivity breaks down.

I I 1 I I 1

0 10 20 30 40 50 60 80
Fig.6.2. Meissner signal as function of the external field for Cd. The

straight line is the initial slope as shown in the insert. The dotted line

is a guide to the eye.

Although the measurement shown in fig.6.2 provides a good calibration, it

is still an interesting question whether the measured signal corresponds to

something of the order of the full flux repulsion. Starting with a calcu-

lation of the applied field, the well-known formula for a magnetic field
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B = • / * " i = 3.33x10~2 i [T] (6.1)
+ r)2

inside a cylindrical coil gives

(4r r)
Here, r is the radius of the primary coil, 1 is the length, N is the

P

number of turns and i is the current. This estimate can be checked by cal-

culating the critical field for Cd which is reached at 70 mA. Eq. (6.1)

then yields B = 2.33 mT. The literature value for Cd is
B , = 2.8 ± 0.1 mT (Roberts, 1976) and therefore the value found here is
cl

rather 'coo low. The discrepancy is at least partly due to a complication

which is Ir-troduced by the measuring method : the Al cylinder acts as a

trap for the magnetic flux, resulting in an enhancement of the magnetic

field inside the cylinder once the sample becomes superconducting. The

resulting effective field is obviously given by B f f = A f/(A r - Aga)xB1 ,
where B, is the initially applied field and A are the area's of the

1 3 pr.sa

primary coil and the sample. For the actual dimensions of coil system and

sample, the enhancement factor is about 1 .12, yielding a value of the crit-

ical field B = 2.61 mT. This value is still slightly lower than the

literature value but adequate for the purpose of estimating the flux repul-

sion. The same enhancement factor F plays a role in determining the flux

change in the secondary when the sample becomes superconducting. This is

due to a filling factor of less than one, which results in a flux change of

A3? = B1 [Atr - F(Atr - Aga)] = 2.2xl0"
5 B1 [Wb] (6.2)

A is the area of the secondary (or transformer) coil. Finally, it is

necessary to know how much of the flux A$ is coupled into the SQUID. This

is given by :

The right hand side of eq. (6.3) is called the flux transfer factor. M

stands for mutual inductance, L for self inductance and N for number of

turns; the suffixes mean transformer coil, signal coil and leads, respec-

tively.

Values for M = 20 nH and L = 2 ufl have been given by the manufacturer,sc sc
L can be calculated using the formula for a circular loop :
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L = 4xl0~n uaN2 (li£ + 0.079 ) [H] (6.3)

where a is the radius of the loop and p the radius of the wire. This

results in L = 0.3 \xW. A typical value for the inductance of the leads

is 0.3 jiH/meter This results in a transfer factor $ = 0.04 A$. Combining

eqs. (6.1), (6.2) and (6.3), the flux coupled into the SQUID is found to be

: $ = 1.47xlO3i$o [Wb]. The output signal S is 20 mV/Su so that a full

Meissner effect results in a slope S/l = 29 V/mA. The experiment (fig.6.2)

shows an initial slope of 11 V/mA, or about 40 % of the expected effect.

This seemingly large difference is probably due to the estimate of L ,

which should be measured for a more accurate calculation. On the other

hand the result gives the correct order of magnitude and certainly shows

that the Meissner effect is reponsible for the observed signal. The value

of 11 V/mA will therefore be supposed to represent the full Meissner signal

and measurements on CeCu.Si. will be related to this value.

Turning now to the experiments on CeCu«Si~, it first should be men-

tioned that for a long time the properties of CeCu Si, could not be very

well reproduced and it will become clear that this is primarily due to com-

plications of the sample preparation. To be able to disentangle such prob-

lems it is useful to number the samples. The numbers used in the following

discussion refer to the same samples as the numbers used in the various

publications on CeCu-Si,,. The first samples were prepared in an induction

furnace and were not annealed before measuring. Transition temperatures

were found to vary between 550 mK and 650 mK, as determined with ac suscep-

tibility. However, the superconducting volume according to the Meissner

effect ("Meissner volume") differed much more. Fig.6.3 shows the measure-

ments on the sample with the largest effect (28 vol.%); the different

values found are collected in table 6.1 . Two samples were subsequently

annealed at 900 °C but, although transition temperatures increased, this

was found to result in a decrease of the Meissner volume. Two samples of

LaCu„Si„ were prepared in the same way, without annealing. Upon measuring

the ac susceptibility, both showed a shallow and broad transition at about

250 mK. One of these samples also showed some Meissner effect at this tem-

perature, estimated to be about 0.3 vol.%.

At this point some conclusions can be drawn by combining these facts with

some knowledge of the metallurgy of the samples.
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Fig.6.3. Meissner signal as function of the external field for 2 2

sample #3. The straight line is the initial slope. The dotted line Is the

initial slope for a sample of Cd of the same shape.

All samples were investigated by X-ray diffraction and no second phase

could be detected. Microprobe analysis revealed the existence of precipi-

tations of both a Si-rich phase and a Cu-Si phase with a Cu content of

about 80-90 at.%, but these were estimated to amount to less than 4 vol.%.

Therefore the amount of Meissner volume, especially for sample #3, cannot

be due to an impurity phase. This is accentuated by the fact that the sam-

ples of LaCu?Si. do not show a comparable effect, although possible impur-

ity phases, especially of Cu and Si, can be reasonably assumed to be

present there also. Furthermore, (Cu.Si) phases known to be superconduct-

ing have much lower transition temperatures, of the order of 50 mK (Luo and

Andres., 1970; Hoyt, 1978).

It may be thought that finding an amount of the order of 10 vol.% to show

flux repulsion does not make a convincing case for intrinsic superconduc-

tivity. It is known however, and it will also be shown below, that bulk

superconductors often show an incomplete Meissner effect. Flux transport

out of polycrystalline compounds can be impeded by such obstacles as lat-

tice defects, grain boundaries, normal conducting precipitations and
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temperature gradients. Furthermore, if B 1 is small, which is probably the

case (as will be discussed later), trapped flux may, by compression, drive

parts of the sample into the mixed state. In this respect an illuminating

experiment was done by Martini (1981), who found a flux repulsion of only

18 vol.% in a bulk sample of Pbg2lng. In a powder, flux has to be tran-

sported over smaller distances, and especially thermal gradients will be

smaller, so that a larger effect can be expected. A slightly different

problem is that the quality of the samples thus far investigated may not be

optimal. Especially in Ce compounds, where magnetic impurities are almost

always found, this may cause problems In the observation of superconduc-

tivity. Improvement of the sample quality and measurements of the Meissner

effect on powdered specimens will be discussed in the next paragraph.

Table 6.1. Transition temperatures and Meissner volumes of different sam-

ples of CeCu„Si„.

Sample

#

1

3

3, ann

4

4, ann

T(x)
c

(K)

0.54

0.60

0.64

0.57

0.66

M E

vol.%

10

28

7

6

-

7,

7,

10

10

La

Sample

#

bulk

powder

, bulk

, powder

:u2si2

T(x)
c

(K)

0.66

-

0.47

-

0.25

M E

vol.%

4

60

4

40

0.3

6.2 Sample preparation

CeCu-Si- is a member of a large class of rare earth materials which

crystallize in the same structure, often called the ThCr.Si» structure,

which is a ternary variant of the BaAl, structure, the two inequivalent

sites now being occupied by two different kind of atoms. The existence of

CeCu2Si_ was reported by Bodak et al. (1973) who studied the 600 °C

crosssection of the Ce-Cu-Si phase diagram, and by Rieger and Parthë

(1969), who synthesized a number of these ternary systems. The latter

authors reported that annealing was performed as a standard procedure

(900 °C, 100 h) although no specific purpose for this was given. Relative
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intensities of the X-ray diffraction pattern confirmed the space group of

the structure to be I4/mmm, with 2 Ce in 2(a) positions, 4 Cu in 4(d) and 4

Si in 4(e).

Ce Cu2 Si2

Ce

Cu

Si

Fig.6.4. The crystallographic structure of CeCu2Si2.

No mixing of Cu atoms and Si atoms between their respective sites was

found. The tetragonal cell of this structure is shown in fig.6.4. It is

clearly built of layers of Cu atoms and Si atoms, interspersed with layers

of Ce atoms. An interesting point is that the Cu positions are fixed in

the symmetry group, but the position z of the Si atoms along the c-axis is

free. For the series (R.E.)Cu„Si2, z is estimated to be 0.38 which means a

Si-Si distance of 2.5 2, rather near the distance of 2.3 X in covalent Si.

All this information notwithstanding, sample preparation of CeCu„Si2 is

(still) strongly hampered by the fact that the phase diagram is almost com-

pletely unknown, and if heat treatment of the samples is necessary, this

has to be found by trial and enor.
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After the first samples which were prepared in an induction furnace, a

series of samples was prepared by arc-melting, starting with proper amounts

of Ce, Cu and Si. Weight losses in this procedure were of the order of

0.3 %. X-ray patterns of the as-cast samples in all cases showed the pres-

ence of spurious phases. To estimate the temperature range to be used

for annealing, the melting point was observed visually and T estimated to

be 1620 ± 50 °C, in reasonable agreement with more recent DTA measurements

(Ishikawa et al., 1983), yielding T = 1545 °C. Annealing experiments were

performed in a quartz furnace reaching a maximum temperature of 1200 °C,

using quartz ampoules and samples wrapped in Ta foil. Also tried were

closed Mo containers in a high vacuum furnace. As annealing at 1000 °C

resulted in even more spurious X-ray reflections these experiments were not

pursued. Upon annealing in quartz ampoules the spurious reflections dimin-

ished in intensity with increasing annealing temperatures. Annealing for 5

days at 1100 °C caused them to disappear completely, which checked by

Debije-Scherrer diffractograms. Annealing at 1200 °C however showed

slightly degraded X-ray pictures. Consequently, several more samples were

prepared by annealing at 1100 °C. Lattice parameters were measured and

were found to be a = 4.102(1) X and c = 9.925(3) %, in good agreement with

the literature values (Rieger and Parthé, 1969). One sample was investi-

gated by microprobe and the residual amount of (Cu,Si) phases was below

0.1 vol.%.

The Meissner effect in this pure sample (#7) was also measured and the

results are given in fig.6.5 (t). The bulk effect was only 4 vol.% with

respect to a Cd sample. Then, both samples were powdered to a grain size

of about 40 nm and measured again. Powder signals were corrected for the

volume fill factor which was estimated to be about 60 %. This resulted in

almost the same magnetization curve for Cd, but the measurements on

CeCu,Si2 showed a huge increase to 60 vol.%. That this was no coincidence

was shown by measurements on another sample (#10), demonstrating an

increase from 4 vol.% (bulk) to 40 vol.% (powder) (see table 6.1). It

appears therefore that annealing results in a decrease of the amount of

(t) In this case, the external field was applied by a pair of Helmholz

coils outside the dewar. I am indebted to U. Rauchschwalbe, who performed

this measurement.
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spurious phases, as well as in a large Meissner volume. In the next para-

graph it will be seen that annealing also diminishes the impurity contribu-

tion to the magnetic susceptibility and both these facts make it relevant

to relate an experiment performed at the institute in Darmstadt (Lieke et

al.,1982).

-M

(units)

U-

3-

2-

1- /

1

0.2

i

f'

'V

0A

/ / —bulk
/ powder

CeCu2Si2(#7)
• bulk
• powder

06 Lii H ïin Tl

-

Fig.6.5. Meissner signal as function of external field for CeCu«Si„ #7, In

bulk and powdered state.The straight line is the Initial slope,

dash-dotted lines show the equivalent measurements on Cd.

Dotted and

A powdered, induction-melted sample (#8) was measured before annealing and

showed a Meissner effect of 0.5 vol%. Annealing of the powder at 1000 °C

incresed this value to 45 vol.%. Some of this powder was then brought to

1230 °C in the furnace of a DTA apparatus. After this no Meissner effect

could be detected, but upon annealing the sample once more at 1000 °C a

large part of the effect (35 vol.%) reappeared.
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Considering the large values found in the experiments on powders and

the very small estimated amounts of spurious phases in the same samples, it

now seems safe to conclude that the superconductivity is a bulk property of

CeCu.Si-. Paradoxically, these results may also explain the larger Meiss-

ner effect found in the earlier experiments on samples (#1-#4) which were

metallurgically less perfect. These samples probably consist of not very

well connected grains and therefore appear as a powder. A concluding

remark should be made with respect to sample preparation. In general, it

would be advantageous to avail of single crystal samples. The annealing

experiments suggest that the phase that becomes superconducting at low tem-

peratures is formed peritectically at a temperature between 1200 °C and

1600 °C. This would render growing of single crystals very difficult.

Recently, reports have been made of non-superconducting single crystals

(Aliev et al., 1983) which were carefully removed from a batch of polycry-

sCalline material. In view of the above, it may well be that this crystals

do not have the correct crystalline phase. Similar experiments in

Darmstadt (Bredl et al., 1983) showed non-superconducting single crystals

to have a Cu deficiency of about 20 %. Relevant measurements on single

crystals will therefore have to be preceded by clarifying the phase diagram

(t).

6.3 The normal state

Both the observation that LaCu^Si, does not become superconducting and

the results of the measurements of the specific heat, resistivity and ac

susceptibility, mentioned in the introduction, suggest the formation of a

Kondo—like state such as has been encountered before. In this case the

susceptibility would be expected to become constant at low temperatures and

it would be of interest to know its value. Susceptibility and magnetiza-

tion measurements were therefore undertaken on a number of samples. Also

the specific heat of one of these samples was measured between 1.4 K and

(t) Very recently, reports of systematic investigations on the correlation

between stochoimetry and superconducting properties have appeared (Spille

et al., 1983; Ishikawa et al., 1983). They show the superconductivity to

sensitively depend on the amount of copper. Even a small Cu deficit ap-

pears to lead to disappearance of the superconductivity.
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20 K.

In fig.6.6 the inverse susceptibility of CeCujSl, is given as a function of

temperature. Data were taken on a number of annealed samples which were

powdered to avoid anisotropy effects, possibly present because of the

tetragonal structure. The measurements proved to be reproducible within a

few percent, except at the lowest temperatures. An example of differences

occurring is shown in the insert of fig.6.6 where the susceptibility below

15 K of two different although equally prepared samples is plotted. This

observation is reminiscent of an impurity contribution and will be analyzed

with help of the high magnetic field measurements. Between 200 K and 700 K

the susceptibility shows Curie-Weiss behaviour, in agreement with earlier

measurements below 300 K (Sales and Viswanatan, 1976).

100-

0

50

0

_fx-i[106in^Ce

s

CeCu2Si2

J I
500 1000

Fig.6.6. Inverse susceptibility as function of temperature for CeCu Si,.

The drawn line is a guide to the eye. The insert shows the susceptibility

at the lowest temperatures for two different samples. The symbols (+) in-

dicate the value of the slope in high field magnetization measurements at

1 .4 K, 4.2 K and 20 K.
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Remarkably, especially in view of the rather normal value of

p ,. = 2.76 \x , is the excessively high value of 140 K for S™,. Above

700 K the inverse susceptibility starts to deviate from its linear

behaviour. This is often observed in Ce compounds and can be explained by

the presence of the (L + S =) J = 7/2 multiplet at about 3000 K.

Also measured was a sample of LaCu.Si.. The susceptibility was diamag-

netic and constant between 100 K and 300 K. It showed a small upturn at

lower temperatures which could be treated as an impurity contribution. The

resulting value for the susceptibility over the whole temperature range was
—9 3

X = -0.3x10 m /mole.

Magnetization measurements at 4.2 K up to 35 T are shown in fig.6.7 on the

two annealed samples (#10 and #12) whose susceptibility was shown in the

insert of fig.6.6. Again the samples were measured in powdered form. The

magnetization is seen to be low ( < 0.4^ at 35 T) and linear above 10 T,

both samples showing the same slope but a slightly different intercept. As

in capter 5, it is assumed that this behaviour is '.he result of a (slowly)

saturating impurity contribution, giving rise to the intercept and dif-

ferent from sample to sample, superposed on the intrinsic susceptibility.

0.4-

0.3-

U2 K
#10 1.4 K

20 K
# 12 U2 K

+ # 3 i.2K

0 5 10 15 20 25 30 35

Fig.6.7. Magnetization as function of applied field for several different

samples of CeCu.Sig at 1.4 K, 4.2 K and 20 K. Note the different scales.

Drawn lines show the slope in high fields.
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Also shown In fig.6.7 are measurements at 1 ,4 K and 20 K. The data at

1.4 K exactly copy those at 4.2 K, with the same value for slope and inter-

cept. At 20 K Interpretation is more difficult, but when the same impurity

saturation magnetization Is assumed as was found at lower temperatures, the

high field slope is seen to be lower. Values of the susceptibility taken

from the high field slope are also plotted In the insert of fig.6.6. The

measurements clearly suggest the intrinsic susceptibility to be constant at

least below 4.2 K. Analyzing the results by assuming the usual relation-

ship x(T) = X(°) + C / ( T + e) would thus seem appropriate. unfortunately,

this process did not give unambiguous results, due to the narrow tempera-

ture range where the assumption will be seen to be valid. Therefore the

value of x(0) was determined by averaging the values determined from the

magnetization measurements on a number of samples. The susceptibility

behaviour for each sample then was extracted by plotting (x(T) ~ x(°))

versus T, yielding values for C and e. Such a plot is given in fig.6.8 and

shows that the assumption of a constant susceptibility is only valid up to

6 K. Measurements on other samples essentially showed the same behaviour.

Values of x(°)> e a n d N » t h e nu"iber of Ce ions corresponding to the
mag

values found for C, are collected in table 6.2. The average value of

is 82.1 xlO~9m3/mole Ce.
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Fig.6.8. Example of the analysis of the low temperature susceptibility (see

text).
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Fig.6.9. Susceptibility and inverse susceptibility of CeCu.Si, as function

of temperature after impurity correction. The dash-dotted line is a calcu-

lation of the susceptibility including CEF effects. The dashed and drawn

lines are guides to the eye.

Table 6.2. Values for x(0), e a n d

mag

sample

-

-

-

#7

#10

X(0)

10"9m3/mole Ce

81.0

81.2

83.4

82.7

82.1

e

K

1.7

1.2

1 .5

0.71

0.57

N
mag

%

3.0

1 .0

0.8

1.6

1.0
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As the discussion has been centered fully around annealed samples, the

question nay be raised if annealing, which was shown to remove spurious

phases, also has had an effect on the magnetic behaviour. Fig.6.7 also

shows the magnetization measured on an unannealed sample (#3) at 4.2 K.

The initial susceptibility is seen to be much larger than for the two

annealed samples and this proved to be the case in general. Unexpectedly,

the slope in high fields is lower in thiis experiment than in the ones dis-

cussed above. This is most probably the effect of anisotropy, since the

measurement was performed on a bulk sample. Several other measurements

made on annealed bulk samples failed to give reproducible results, in con-

trast to measurements on powdered samples. This indication of anisotropic

susceptibility will be discussed in the next chapter on nuclear magnetic

resonance experiments, which allow for the observation of anisotropy

effects without the availability of single crystals.

With the knowledge that the susceptibility becomes constant below 6 K, the

next point of discussion is the behaviour at higher temperatures. Above

10 K the general shape of the inverse susceptibility curve suggests the

normal behaviour of a localized 4f electron in the presence of CEF effects.

The CEF Hamiltonian for the tetragonal case is given in appendix B and con-

tains three independent parameters, instead of one in the cubic case. Neu-

tron scattering experiments (Horn et al., 1981) resolved two inelastic

lines with energies of 14 K and 364 K, which were identified with CEF

transitions. From these a CEF scheme could be obtained. Values for

B-, B, and B, , as well as the resulting CEF wave functions are given in the

next chapter (table 7.2). They were used to calculate the susceptibility

as explained in appendix B. Because of the tetragonal structure, the sus-

ceptibility is anisotropic and the powder average is taken to be

where x a r e t n e susceptibilities perpendicular and parallel to the cry-
i , ii

stal c-axis. The result is shown in fig.6.9 and it makes clear that the

high value of 9 as found in the experiment cannot be explained by CEF

effects but represents a real reduction of the susceptibility. It is

improbable, however, that the origin of the high 0 is normal antifer-

romagnetic coupling between the 4f moments, since no ordering occurs even

at temperatures which are an order of magnitude lower than 8 .
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Apparently, other interactions are present that are capable of suppressing

the susceptibility In a way that mimicks antiferromagnetic coupling.

Specific heat experiments were performed on a sample of CeCu^Si, (#10)

which was prepared by arc-melting and annealing in the usual way. It

showed the magnetic characteristics as described above, with a rather low

magnetic impurity content (see table 6.2). Measurements on the supercon-

ducting properties (table 6.1) showed a rather low T of 0.47 K and a

Meissner effect of 40 vol.%. The results on the specific heat c are given

in fig.6.10. They are rather different from the data first published

(Steglich et al., 1979b). The values for c are of the same order of mag-

nitude as found earlier and the value of y can, by rough extrapolation,
~1 —2estimated to be about 1 J mole K , but the pronounced maximum at 3 K

found earlier is now replaced by a slow increase between 3 K and 10 K.

u T ~r ~r T -i i—r T T T" T

• CeCu2Si2

[KmoleCeJ

+ CeCu2Si2 B=5T
LaCu2Si2

A CeCu2Si2 -LaCu2Si2

/
/-I

1 -

T[K]

0
0 5 10 15 20

Fig.6.10. Molar specific heat of CeCu2Si_ and LaCu2Si2 as function of tem-

perature. Also shown Is a measurement on CeCu si~ in a magnetic field of
5 T.



- 118 -

The faster increase at higher temperatures is probably due to a normal pho-

non contribution as is suggested by the measurements on LaCu2Si2> also

shown if fig.6.10- In accordance with the susceptibility results, LaCu2Sl2

3.9 mjmole K andbehaves as a normal metal; a fit below 5 K gives y

p = 9.8xlO~5Jmole~1K~'4, corresponding to 8 = 463 K, calculated for 5 atoms

per formula unit. Subtraction of the two measurements presumably elim-

inates the phonon contribution to the specific heat of CeCi^Sij. The

result is also shown in fig.6.10, and c now seems to be constant above

5 K.

0.5

nn

i i i

A s
1 Rln2

/
_ 9

i i i
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1 1 ( 1 1 1 1 1

0 5 10 15 20
Fig.6.11. Entropy versus temperature calculated from the difference

Measurements were also performed in a magnetic field of 5 T. As shown in

fig.6.10 this only slightly changes the specific heat between 2 K and 7 K.

Fig.6.11 shows the entropy derived from the zero field measurements. The

value for S was estimated using y = 1 Jmole K

Especially the entropy suggests that the measurements can be inter-

preted in terms of a J = 1/2 Kondo model in a manner very similar to CeAl2.

Choosing T as the temperature where S(TR) = 0.5 R In 2 gives TR = 5 K, in
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good agreement with the temperature where the susceptibility becomes con-

stant. From fig.4.22 it is seen that at 4T = 20 K the theory predicts
IS.

S(4T ) = 0.8 R In 2, equal to the value from the experiment. Using T.= 5 K,
—1-2

from eq. (4.8b) follows y = 1.08 Jmole K , also in very good agreement.

Furthermore, the susceptibility becomes constant at about 5 K. It might be

objected that the specific heat does not show a maximum around 4 K. Maxima

have been reported (Steglich et al., 1979b; Stewart et al., 1983, on single

crystals), but are almost certainly due to non-stochiometry of the samples.

Recently, the specific heat of two non-stochiometric samples, CeCu. gSig

and CeCu- 2^^2'
 w a s measure<* (Klaasse, private communication) and is shown

in fig.6.12. The sample with the Cu deficit shows a clear maximum around

2 K, while the sample with Cu excess behaves as CeCu Si- itself, although

the specific heat is somewhat higher.

5r—r

CeCu19Si2
CeCu22Si2

0 5 10 15 20

Fig.6.12. Specific heat as function of temperature for two off-

stochiometric samples. Also shown is the behaviour of the stochiometric

compound.

It appears therefore that the intrinsic specific heat of CeCu„Si2 does not

show a maximum. It should be kept in mind that if CeCu Si, is a Kondo sys-

tem, it is a concentrated system which may show deviations in details from

the impurity case.

Finally, the quantity Rj (eq. (5.1)) can be calculated. The effective

g-factor of the ground state doublet can be found as described in appendix
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B and is g , = 1.65 \i . This results in RT = 0.52, which is surprisingly

611 B J

low. As discussed in chapters 4 and 5, the expected value for a Kondo sys-

tem is R = 1 + 1/2J, or 2 in this case, while even in the case of inter-
J

mediate valence behaviour R = 1. Therefore the value found for R is too

low in any case and means the opposite of enhancement : x(0) ^s t0° l°w

with respect to y. This reduction is possibly correlated to the anomalous

reduction of the suseptibility at higher temperatures, and may well be cru-

cial to the occurence of superconductivity in the many body ground state.
6.4 Parameters of the superconducting state

In the last paragraph it was shown that in the temperature decade

before superconductivity sets in, the electronic state of CeCu Si can be

described as a non-magnetic many body state involving heavy quasiparticles.

With help of critical field measurements it will be shown that the parame-

ters of the superconducting state can be understood by applying standard

theory to these quasiparticles.

The measurements on the Meissner effect already indicated that

CeCu„Si2 is a type II superconductor with a lower critical field of the

order of 2 mT. Later measurements (Rauchschwalbe et al., 1982) determined

B ~ 2.3 iT (sample #7). Upper critical fields were determined by ac sus-

ceptibility measurements, using a superconducting solenoid outside the
—2vacuum can, which produced a field of 7.23x10 T/A at the site of the coil

system. Transition temperatures were determined from the midpoints of the

inductive transitions; some examples are shown in fig.6.13. Fig.6.14 shows

the resulting critical field behaviour as function of the reduced tempera-

ture t = T (B)/T (0) for three different samples. Both the derivative

B' = - dB /dt| and B „(0) are different for the three measurements. A

slight upward curvature is observed at low fields, which is presumably

caused by sample inhomogeneity. Values for T , B' and B „(0) (estimated

by extrapolation) are given in table 6.3. The values found for B .(0) are

high in view of the rather low T£ and in this sense CeCu2Si2 is comparable

to Chevrel phase superconductors (Fischer, 1978). Values for B' of 5 T/K

are comparable to values found in these systems and 17 T/K is even much

higher. These values will now be used to estimate several superconducting

and also normal state parameters with a procedure which has been applied

earlier to A 15 superconductors (Orlando et al., 1979).
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Fig.6.13. Some examples of transition curves from ac susceptibility meas-

urements.
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Fig.6.14. Upper critical magnetic field as function of reduced temperature

for three different samples of CeCu2Si2< Dots : #4. Triangles : # 7.

Squares : #10. Dotted lines show the initial slopes.
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In doing this, some crude assumptions will be made. The Fermi surface will

be taken spherical, characterized by a wavenuraber k , and possible aniso-

tropy effects will be ignored (t)t as well as the possibility that CeCu2Si2

is a strong coupling superconductor despite its low T . Starting point for

the analysis is the expression for B taken from the Ginzburg-Landau (GL)

theory :

B c 2

where £(T) is the GL coherence length. Near T , £(T) behaves as

- t ) " 1 ^ 2 . Differentiating eq.(6.6) at T = T yields :

0̂0
B' 5—— [T/K] (6.7)

2

Since £(T) signifies the characteristic length for variation of the order

parameter tp in the GL theory it depends on the purity of the superconduc-

tor. Purity here has the usual meaning in terms of the ratio £/5n where X

is the electronic mean free path and £ the BCS coherence length. For

instance in the pure and dirty limits, £(T) can be connected to £ of the

BCS theory :

£(0) = 0.74 lQ pure (6.8a)

5(0) = 0.86 (1OX) dirty (6.8b)

2 2

Since 5Q ~ vp/Tc ~ fp/Y
T
c and since i ~ po/kF> where vp is the Fermi velo-

city and p is the normal state low temperature resistivity, the full

expression for B' in terms of measured quantities is found to be (Orlando

et al., 1979) :
2 T

B % = a —j£- + b -L [T/K] (6.9)
c2 fc4 po

Here, a and b are numerical constants, a = 7.95x10 [Tm K J ] and b =

(t) Recent band structure calculations (Jarlborg et al., 1983) support this

assumption.
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4780 [(TKm2a"1j"1].

Eq. (6.9) shows that B'2 increases with increasing resistivity. It appears

therefore that the differences in the behaviour of the critical field are

due to the differences In the purity of the samples. For sample #7 all

quantities are known to calculate k . Inserting y = 1

Jmole~'K"2 = 2xl0*Jm~3K~2, T = 0.64 K and pn = 3.8x]0~
8 Qm (Lieke et

C 10-1

al.,1982) in eq. (6.9) yields k = 1.7x10 m . This is very close to the

value k = 1.6x10 m , inferred from high temperature resistivity measure-

ments (Franz et al., 1978). It signifies that the Fermi wave number is

essentially the same for the electrons at high temperatures and for the

quasiparticles which take part in the superconductivity. This is one of

the key properties of a Fermi liquid in terms of Landau theory : interac-

tions leave the Fermi wave number unchanged but strongly influence electron

states near the Fermi surface. It is demonstrated by noting that the

values found for k lead to a normal value of about 2.5 cond.el./atom, but

that the Fermi velocity of the quasiparticles, given by

v = (k„ k )/(3hv) = 8.7x10 msec is very low with respect to the veloci-

ties in a normal metal, while the (isotropic) effective mass m = k„/v,,

~ 220 m- is very high.

Parameters for the superconducting state now follow simply. Using the

expressions given by Orlando et al. (1979) results in : the BCS coherence
— ft — ft

length Z, = 1.9x10 m; the mean free path A = 1.2x10 m; the London pene-

tration depth X = 2x10 m; and the GL parameter K ~ 22. The values form a

consistent picture; £Q ~ £ means that the sample is not yet in the "pure

limit". This is also seen in the value for K. The pure value is given by

K = 0.96 X L/£Q * 10. Finally, it can be seen from the value for B^2. The

second term in eq. (6.9) is even larger than the first one and the pure

limit would yield B' = 2 . 5 T/K.

The resistivity for sample #10 is not known but the sample seems to be

somewhat more pure from the magnetic impurity contribution to the normal

state susceptibility, in agreement with a low value for B'o = 5 T/K. Also
c2

for sample #4 the high impurity contribution to the susceptibility seems to
be correlated to a high value for B' . This sample appears to represent

-7
the dirty limit. For p only an upper bound pQ < 4x10 Qm is known (Rau-
chschwalbe et al., 1982). Using the measured value for B' eq. (6.9)

-7yields p • 2x10 Gm, which seems satisfactory.
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The above analysis has shown that the large derivatives dB _/dT at T can

be understood at least qualitatively by using existing theory. The follow-

ing discussion of the estimated values for B ,(0) is by necessity more

speculative. For this it is recalled that two different mechanisms lead to

the disappearance of superconductivity at a critical field : The interac-

tion of the external field with the electronic orbits, described by p.A,

where X is the vector potential, and the interaction with the electronic

spin S.Ö. The first interaction gives rise to the definition of an orbital

critical field B „, which is actually given by eq. (6.6)(t). To calculate

the orbital critical field, the expression

B*2(0) = -0.69 B^2 Tc [T] (6.10)

is used, which follows from the temperature dependence of B , according to

Helfand and Werthamer (1966).

Although this result was derived for dirty superconductors, it seems rea-

sonable to use it, since the samples under consideration at least have

Z,Q ~ A. Also, even pure type I superconductors behave according to

Bc2(0) = -0.5 B^2Tc, which is not very different from eq. (6.10). The

second interaction leads to the breaking up of the superconducting state

when the free spin energy ^ B becomes larger than the condensation energy

•jN(0)A (N(0) is the full density of states), resulting in the Clogston or

paramagnetic limit (Clogston, 1962) :

B p c = 1 . 8 4 T c [T] (6.11)

Values for B -(0), calculated from eq. (6.10) are given in table 6.3,

together with extrapolated experimental values for B „(0) (see fig.6.15).

Focussing for the moment on sample #7, the measured value B „(0) appears to
*

be much larger than B , which indicates the presence of other mechanisms,

such as paramagnetic limiting.

*(t) Eqs. (6.6) and (6.7) should have been written in terms of B , and B „*.

This makes no actual difference since paramagnetic limiting is negligible

at low field near T : B „' = B* .
c cz c2
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Table 6.3.

Sample

#

4

7

10

T

(K)

0.56

0.64

0.45

"Bc2

(T/K)

16.8

5.8

5 .0

Bc2(0)

(T)

3 .0

1 .7

1.4

B>>

(T)

6 .5

2 .6

1.6

To estimate these effects, eq. (6.11) is probably not applicable, as it was

derived for metals with a normal Pauli susceptibility and no enhancement,

but it seems reasonable to make the same calculation using the measured

susceptibility, as well as the measured y to assess the quasi-particle den-

sity of states. It then follows

B , = ( )7 T [T]

2 2
kN
2 2

For the free electron values y = n kgN(0)/3 and

(6.12)

. eq. (6.12)

simply reverts to eq. (6.11). For free electrons, the ratio R (taking J =

1/2 and g = 2) is equal to 1 (eq. (5.1)). Since this ratio is 0.5 for

CeCu^Si,, inserting the measured values for % and y results in

B . = 2.6 T [T] , which is /2 times larger than B at a given Tc« Values

for B and B . are given in table 6.4 and show that B ,, in the case of
pc pi Pi

the cleaner samples, is of the order of B „(0), in contrast to B c, which
is always lower.

It is not straightforward, however, to conclude that eq. (6.12) is there-

fore the correct expression to estimate the paramagnetic limit. When both

orbital and paramagnetic limiting mechanisms are present, the minimum crit-

ical field is given by (Orlando and Beasly, 1981)

°- + 2(B ) " 2 (6.13)

Values for B „ . , calculated with both B_, and B_„ are given in table 6.4
cZ.min' px pc

and are rather lower than the measured values. This is not surprising. It

is often observed (e.g. Fischer, 1978, on Chevrel phase superconductors)

that Bc2(0) is even larger than the paramagnetic limit alone indicates.
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Table 6.4.

Sample

#

4

7

10

B
pc

(T)

1 .0

1.2

0.8

B

(T)

1.3

1.7

1.2

c2,min

(T)

0.72

0.79

0.55

Bpl
c2,min

(T)

0.91

1.09

0.75

Bc2(0)

(T)

3.0

1.7

1.4

This is normally explained by assuming that a spin-orbit interaction is

involved in the scattering process on the impurity (Abrikosov and Gor'kov.,

1962). In the same way as scattering on impurities raises the orbital

critical field, this interaction results in an increase of the paramagnetic

limit. It is therefore a process which can be expected to occur in dirty

superconductors and that is actually where it is always found.

It is instructive to estimate values for the spin—orbit scattering parame-

ter X . Following Fischer (1978),the correction on the orbital critical

field due to paramagnetic limiting in the presence of spin-orbit scatter-

ing, is given by

B c 2 ( 0 ) = Bc2 ( 0 ) " °-022?; [T]

where a is the Maki parameter, defined by

(6.14)

a = /2Bc2(O)/B . From

eq. (6.14), \ can be calculated, which was done for both values B and

B ... The results are given in table 6.4. Qualitatively, the results using

B , are reasonable; the values for \ of samples #7 and #10 are roughly

equal, while the value for sample #4 is larger, in agreement with the fact

that it is dirtier. This is not found in calculating \ with B . The
so pc

value for X of sample #10 comes out even larger than the value for sam-

ple #4. This suggests that it is indeed reasonable to use eq. (6.12) in an

estimate of the paramagnetic limit.

Quantitatively, the values found for X are not easy to interpret. The
definition of X is

so

where
so

3I*BVSO

is the spin-orbit scattering time.

(6.15)

For sample #7, eq. (6.15)
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yields x = 7x10 sec, which is of the order of -u =
so_i ?

A/v = 1.4x10 sec, while the derivation assumes x » t, since
c SO

spin-orbit scattering is a second order process. This has also been found

in the A 15 superconductors (Fischer, 1978), and a clear understanding of

the physical interpretation of X therefore seems to be lacking.
SO

In summary, the values found for B .(0) can be qualitatively explained by

the same mechanisms which seem to determine the high critical fields in

A 15 superconductors, involving an orbital critical field and "hindered"

paramagnetic limiting. Again, the analysis finds sample #4 to be dirty,

while the other samples also do not yet represent the pure limit.
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7 NUCLEAR RESONANCE EXPERIMENTS ON CeCu Si,

7.1 Introduction

As a consequence of the interactions between nuclei and electrons in a

metal, nuclear resonance provides a sensitive, only weakly perturbing,

microscopic probe of the electronic structure of the metal. This is best

illustrated by writing down the several possible interactions between a

nucleus with spin I and a conduction electron with spin s (Bloembergen and

Rowland, 1953) :

where y is the gyromagnetic ratio, t is the position of the electron with

respect to the nucleus, Q is its electrical quadrupole moment and q is a

parameter of the electric field gradient at the nucleus. The first three

terms contribute to the local magnetic field at the nucleus and cause a

change in the Zeeman splitting and therefore in the resonance condition.

The fourth term has a slightly different effect; because of its electros-

tatic nature it pairs up time-reversed states and is therefore not diagonal

in an HL. representation. It causes level splitting even without the pres-

ence of a magnetic field, and this makes it possible to perform nuclear

quadrupole resonance (NQR) experiments (if qQ # 0). The first term in

eq. (7.1) is the well-known contact interaction, which produces a magnetic

field at the site of the nucleus due to the finite probability of s elec-

trons at ? = 0. Without an external magnetic field there is no net magnet-

ization of the conduction electrons, but in a field a net moment occurs,

proportional to the Pauli susceptibility x • This results in an important

contribution to the Knight shift K, which is defined by :

K 5 " V ^ ~ ' H const <7'2a>

or,

const (7.2b)
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where v ,H are the resonant frequency or field in the metal, while
mm n J

v ,,H - are the resonant frequency or field in a suitably chosen refer-

ence material. Note the slight difference in the definition of K depending

upon the mode of the experiment. Since the polarization is usually propor-

tional to the applied field, K is independent of the field. The second

term in eq. (7.1) is the dipolar interaction between nuclear spin and

electron spin and causes an anisotropic Knight shift. As will be seen

later, the average over all crystal directions of this shift turns out to

be zero. The third term is the interaction of the nuclear spin with the

electronic orbital motion.

Nuclear resonance experiments also contain a dynamic aspect which

appears in the characteristic times to establish thermal equilibrium for

the different components of the nuclear magnetization. The interactions

leading to relaxation are in general the sane as those which produce the

Knight shift, but the shift is determined by the static hyperfine field,

while the relaxation time involves fluctuations in the hyperfine field.

The relaxation time for the component of the nuclear magnetization along

the external magnetic field (mostly called z-) direction is called T. . A

major contribution to T.. , in metals, comes from the contact interaction,

which is also responsible for a contribution to the (isotropic) Knight

shift K. . The relation between the two quantities, for a system of non-

interacting conduction electrons, is given by the well-known Korringa rela-

tion (1950) :

(7-3>

Interactions which are responsible for relaxation processes in the xy

plane are usually indicated with T . A major source for this relaxation

time is the nuclear dipolar interaction.

In case of problems such as intermediate valence effects and moment

co-ipensation, NMR and NQR experiments are increasingly used to gain addi-

tional information on a microscopic scale, even though It is often not pos-

sible to use the R.E. nucleus. For instance in the case of Ce, no stable

nucleus with a nuclear spin exists. Information on the 4f moment can still

be obtained, however, since the 4f — conduction electron interaction causes

a transferred hyperfine field and accompanying shift on the neighbouring

nuclei,
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27
such as the Al nucleus in CeAl,. Anomalous changes in the transferred

hyperfine field were found in a number of IV compounds (MacLaughlin, 1981).

CeCu„Si„ poses a number of challenging questions with respect to its

electronic structure and nuclear resonance experiments are made possible by

the presence of three suitable nuclei, Si and ' Cu. After a descrip-

tion of the experimental techniques, both shift and relaxation time meas-

urements will be discussed.

7.2 The experiment

Two different methods can be used to perform nuclear resonance exper-

iments. The first is continuous wave NMR in which the spin system is con-

tinuously irradiated and the response (usually the absorption) is monitored

as function of the irradiating frequency or applied magnetic field.

Although sensitive, a disadvantage of this method is that it does not allow

for simple measurements of T. , since that quantity only appears in the

intensity of the measured signal in a rather complicated way. The second

method is that of pulsed NMR in which the spin system is excited by a

short, high power pulse of rf radiation and the relaxation to equilibrium

is measured while the transmitter is turned off. This technique is very

suitable for the measurement of relaxation times and it is also possible to

find the shape of the absorption line, which contains the Knight shift.

The pulse method was used in the experiments and will be described below.

A good review on both methods is given by Weisman et al. (1973).

The simplest way of describing a pulsed NMR experiment is in a classical

way. A sample is placed in a magnetic field H. which points along the z-

direction of the laboratory coordinate frame. A coil is wound around the

sample with its axis in the x-direction. This signal coil is used both to

produce a rf pulse of finite duration, represented by an alternating mag-

netic field H cosut and to detect a nuclear induction signal when the

transmitter is switched off. Initially the nuclear magnetic moment jï = yh?

( = SUjjï; y i s t n e gyromagnetic ratio; g is the nuclear g-factor; ^ is the

nuclear magneton) points along Ho> When the pulse begins, at t = 0, the

equation of motion for the nuclear moment becomes :

^ 5 = 5 ^ Y(H02 + H,x (e
lwt + e"11*) ) (7.4)

Here, the alternating field H has been decomposed on two fields Hj,
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rotating with frequency u in opposite directions in the xy plane. The time

dependence of ^ can be simplified by going over into a rotating frame where

the component of H which rotates in the same sense as the precession of \i,

is at rest. The counter-rotating component can be neglected in this

transformation. Eq. (7.4) then becomes

-^ $ = Ê x ((YH0 - o))z + yHjX ) (7.5)

If the frequency of the alternating field satisfies the resonance condition

U- = yH-, eq. (7.5) simply describes a precession of p around the x-axis

with a precession frequency yH.. . A pulse of duration tw rotates the moment

over an angle 8 = yH t . By choosing t such that 9 = it/2 (a "it/2-pulse")

the moment is rotated into the xy plane; in the laboratory frame it then

rotates about the z-direction with the resonance frequency u . This rota-

tion produces an induction voltage in the signal coil which can be meas-

ured. Since the lifetime of the macroscopic moment is finite, the signal

decays with a relaxation time T„ which contains both irreversible decay

processes measured by 1^ and reversible processes such as a magnetic field

inhomogeneity (spins in different parts of the sample have different pre-

cession frequencies). In many instances the decay is mainly determined by

reversible processes so that T„ « T„. In these cases T, can be measured

by a pulse sequence which produces the well-known spin-echo. When the mag-

netization in the xy plane has disappeared because different precession

rates have dephased the individual spins, this process can be reversed by

applying a it pulse at a time t after the %/2 pulse which rotates the spins

around the x-axis through 180°. Full coherence is reached at a time 2t,

after which the dephasing sets in again. Because of this effect the %

pulse is sometimes referred to as a refocussing pulse. A schematic

representation of the n/2 - x sequence leading to spin-echo formation is

given in fig.7.1. The amplitude of the echo is a measure for the amount of

magnetization present in the xy plane at the time 2-t and T, can be measured

by varying %.

Longitudinal relaxation times T. cannot be measured with this pulse

sequence. To measure T a three pulse sequence can be used. A it/2 pulse

turns the magnetization into the xy plane; a z-component starts to build up

again and after a delay t this partly restored z-component is rotated into

the xy plane by a second u/2 pulse. The amplitude of the free induction

decay as function of x gives T ; again, when T, « T. , a refocussing pulse



Fig.7.1 . The formation of a spin echo by means of a it/2 pulse (at t=0) and

a it pulse (at t=%). The /mclear magnetization M. is viewed in the rotating

frame. The double arrow shows the original magnetization, single arrows are

dephasing components.

The experimental equipment to measure relaxation times consisted of a Matec

transmitter (type 5100 mainframe, 515 plug-in) which could produce 1 kW

peak power over a frequency range 0.5 Mhz - 25 Mhz. The frequency was

determined by a separate high stability source. The (Matec 615) receiver

employed phase-seasitive detection and a variable delay line in the refer-

ence rf signal was used to optimize the phase relation. After detection,

the output of the receiver contains the echo envelope. The amplitude of

the echo was measured with a boxcar inf-^rator with differential sampling

gates; one is positioned in the top of the echo, the other Is placed in the

noise. Finally, the output of the integrator was stored in a Nicolet sig-

nal averager to enhance the signal to noise ratio by measuring the same set

of variable delay times x a number of times. The magnet was a normal elec-

tromagnet which could produce fields up to 1.2 T with an inhomogeneity of

the order of 1x10 . The signal coil was made of Cu wire. The number of

turns was adapted to an rf frequency range of 6 MHz - 10 MHz. Stranded



Fig.7.2. Block diagram of the measuring system for both shift and relaxa-

tion time measurements. Pulse and gate sequences for both shift and relax-

ation time measurements are also indicated.

Automatic execution of the measurements was made possible by a control

unit which generated pulses of variable width at variable intervals. These

were used as gate pulses for the transmitter and the boxcar integrator and

to trigger for the signal averager. A block diagram of the measuring sys-

tem is given in fig.7.2. To obtain a full relaxation curve the time x

between the first and second n/2 pulse was usually divided in 50 steps of

equal distance between t. ~ 1/10 T̂  and t^^. ~ 10 T p for which ïj was

first estimated in a preliminary measurement. A serious source for errors

can be drift in the electronics which influences the echo amplitude S ( T ) .
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Measurements often take one to several hours for typical metallic T^s : at

room temperature the signal is weak and a number of sweeps are needed to

enhance the S/N ratio while at liquid He temperatures T] often has

increased considerably in accordance with eq. (7.3). To avoid these prob-

lems each measurement on S(t) was followed by a measurement on the full

magnetization S(=>), which in practice meant S(10 T }). Subtracting these

measurements removed the long term drift to first order. Often, the relax-

ation function obtained by this method is easy to interpret. An example is
90

given by a measurement on the Si nucleus in CeCu2Si2 at 77 K. The Si

nucleus is particularly easy to use since I = 1/2 so that no quadrupole

effects can interfere and the relaxation of the two level splitting follows

the normal rate equation

£ n = 2W ( n0 - n ) (7.6)

where n is the spin population difference, nQ is the equilibrium poprlation

difference and W = W, = W, is the probability per unit time for a transi-
t +

tion of the spin to the opposite level. Writing T^ = 1/2W, eq. (7.6) has

the familiar solution

-t / T,
n = nQ( 1 - e (7.7)
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(if n(0)=0), predicting an exponential relaxation rate. Fig.7.3 shows the

result of the measurement at 77 K. In this case, signal averaging is
29

necessary because the signal from the Si nucleus is rather weak compared
27

to, for instance, Al, which can be seen by comparing the induction signal

V for both nuclei. At constant frequency, V. ~ |i(I+l) where \i. is the
—2

nuclear magnetic moment. It follows that V _./V. ... = 6.5x10 . Further-
29 l,oi l,A±

more the natural abundance of Si in Si is only 5% while this is 100% for
27 29 —3

Al in Al. The signal of Si may thus be expected to be only 3x10 of

an Al signal. The number of sweeps for this measurement was therefore 730,

which is rather large. The result in fig.7.3 is plotted as ln(S(») - S(x))

versus x and the relaxation seems perfectly exponential. A best fit of the

slope of the curve gives T1 = 19.6 ± 0.6 ms. In accordance with this value

the variable delay time t varied between 1 ms and 201 ms ( ~ 10 T_) in

steps of 4 ms while S(«>) was measured with a delay time of 200 ms. The

width of the it/2 and n pulse were determined by optimizing the echo ampli-

tude and were 8 ps and 17 (j.s, respectively. With these parameters, one

sweep took 15 s, while the whole measurement lasted about three hours.

In principle, an excellent method for measuring the absorption line is the

so-called Fourier Transform NMR, which is based on the theorem that, under

the condition ^ H Q « kgT the Free Induction decay is the Fourier transform

of the absorption spectrum x"'(w)* In consequence, a single measurement of

the FID would be sufficient to find x"( u) (Abragam, 1961; Lowe et al.,

1957). Based on this principle, a simple method can be used to trace the

absorption line, which was first described by Clark (1964). He used the

fact that the Fourier transform at one frequency can be simply established

by integrating the spin-echo, if the signal is phase-coherently detected.

This is easy to see. The free Induction decay after the %/2 pulse is

described by S(t)cosd)..t. S(t) is the envelope and u0 is the resonance fre-

quency. Demodulation with a frequency u results in a signal proportional

to S(t)cos[(u-co0)t-<|>] where $ is a controllable phase shift between the

transmitter rf pulse and the receiver reference frequency. The signal can

be rewritten as S(t)[cos(<i)-w )t cos<)>+sin(u>-ü)0)t sinij>]. For integration of

this signal the boxcar is used with a sampling gate which is much wider

than the echo. The second sampling gate is again placed in the noise. The

integrated signal is :

09

V(o)-uc) - A /S(t)[cos(u>-u>0)t cos* + sin(ü>-ü)0)t sin* ] dt (7.7)
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A is a proportionality constant. Eq. (7.7) is the sought-for Fourier

transform and is therefore equivalent to

= B [ x"((J-w0)cos(j) + x'(w-wo)sinij> ] (7.8)

Setting $ = 0, the absorption line can be measured by sweeping the fre-

quency (or field). This method only works, however, if the frequency spec-

trum of the rf pulse is (much) larger than the width of x " ( u ) . or>

inversely, if the rf pulse width Is much smaller than the inverse absorp-

tion line width. In metals, where the absorption lines can have a width of

the order of 10 mT - 100 mT, this condition is often not fulfilled. How-

ever, the technique of integrating the echo can still be used. The echo

does not contain the spectral information any more, but the integral of the

spin echo is simply a measure for the number of nuclei in that part of the

absorption line and formally it would not even be necessary to detect the

signal phase-sensitively. The advantage of shorter measuring times, which

can be obtained by FT NMR, is thereby lost and a time consuming sweep of

the full absorption line is needed. In the experiments described here, the

frequency was kept constant and the field H- = U„/Y was swept. The block

diagram for the measurement set-up is given in fig.7.2. An echo was pro-

duced in the normal way using a TC/2 - it pulse sequence. The sweep rate was

determined by the control unit which triggered the signal averager, the

boxcar integrator and the transmitter. The signal averager produced a 0-10

V analog output which increased proportionally to the advance of the chan-

nel counter. The external sweep input terminals of the magnet control unit

required 10 V for the whole field range of the magnet and in order to scan

over smaller ranges the output voltage of the signal averager was converted

to a smaller voltage and superposed on a constant off-set by some inter-

mediate electronics.

The sweep rate depended on a number of conditions. The sampling gates of

the boxcar integrator must be much wider than the echo width. If the gate

is chosen too small, improper integration can occur both because oscilla-

tions in the wings of the envelope, which may be hidden in the noise, are

not taken into account and because the echo generally is not symmetric

about the main peak. This can introduce a spurious shift in the centre of

gravity of the line. The condition for the gate width t is roughly t yAH

» 1, where AH is the absorption line width. Another parameter of interest

is the RC time (= "memory time") of the integrator, which must be long



29
Fig.7.4. Absorption line of the Si nucleus in CeCu2Si2 at 77 K for a

resonance frequency of v = 7914 kHz.

Under this condition a number of measurements on the echo, roughly given by

n ~ "c__/t , must be done before the integrator reaches the correct value
th

and in the experiment only the n measurement was stored in the signal

averager. Lastly, the wait time between measurements must be of the order

of 5 T. to restore the full nuclear magnetization.
29

As an example, a measurement of the absorption line of Si in CeCu Si. at

77 K is given in fig.7.4. This was a measurement over 3 mT. The sampling

gate width was t = 460 \is and the RC time was 3000 us while every 5 t h

measurement was stored. The wait time between measurements was (5 T = )

100 ms. One point therefore took about 0.5 s. The line was recorded in

800 channels which took 7 minutes and the whole measurement, an average

over 16 sweeps, lasted about two hours. The absorption line width is about

1 mT, which means that t yAH ~ 25 » 1.

The Knight shift of this line was determined by numerically calculating

the centre of gravity H and using eq.7.2b. In order to avoid errors due

to a lag of the field with respect to the control voltage, all calculations

on absorption lines were done on averages of equal numbers of increasing

field sweeps and decreasing field sweeps. Furthermore a correction was

made on the values of the magnetic field. This field was constantly meas-

ured and controlled by a rotating coil but the absolute uncertainty in the
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field ( ~2xlO~S was too high for the necessary precision. The field was

therefore calibrated frequently by determining the resonance frequency of

A1C1 in a liquid solution.

Both relaxation time and shift measurements were performed in a glass

dewar system with which temperatures between 1 .3 K and 300 K could be

obtained. Below 4.2 K the temperature was measured with a (He) pressure

gauge; above 4.2 K a carbon glass thermometer was used.

7.3 Experiments on the Si nucleus

Measurements were performed on samples of both CeCu2Si2 and LaC^Si.,.

The samples were prepared by arc-melting and annealed at 1120 °C for 100

hours. X-ray pictures did not show any indication of a second phase. The

samples were powdered to a grain size of less than 100 \w in order to avoid

skin depth problems. Absorption spectra were measured between 1 .5 K and

300 K and the isotropic shift was calculated from the centre of gravity of
29

the absorption lines- The gyromagnetic ratio for Si was taken to be

8.458 MHz/T (Carter et al-, 1977).

Fig.7.5. Dependence of the Si isotropic Knight shift K.±so on the bulk

molar susceptibility xm of CeCugSig. The symbols (+) are taken from Sam-

pathkumaran et al. (1979). Triangle : LaCu2Si2 at 77 K.
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Table 7.1. and Tj T of

T

(K)

4.2

77.3

0

0

K

.084
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+ 0

+ 0

.01

.02
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48
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K
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i+ 1.3
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Fig.7.5 gives the results of the isotropic shift K , plotted against the

intrinsic susceptibility xm- ^ i s the susceptibility as determined in

chapter 6, given in fig.6.9. Above 77 K the results agree well with those

of Sampathkumaran et al.(1979), whose results on the Knight shift are also

plotted in fig.7.5. If the shift is caused by a temperature-independent

transferred hyperfine field H (r ), due to an electronic spin at distance

r , the relation between K and x l s given by

K
Hhf*m

iso
(7.9)

where H.f = SH.-(r.). Eq. (7.9) implies that a plot of K. vs y yields

a straight line. This has been found for a number of rare earth interme-

tallic compounds (Carter et al. , 1977) Fig.7.5 shows that K. (x_) is

linear between 300 K and 7 K, but two values measured between 300 K and 500

K (Sampathkumaran et al., 1979) suggest that this is not the case over the

whole temperature range. This is also suggested by the value of the Knight

shift in LaCu„Si„. If the conduction bands in CeCujSi, and LaCu2Si2 are

similar, the values for K (^) at temperatures where the 4f contribution

is negligible, can be expected to be of comparable size. The Knight shift

of LaCu2Si2 was measured at 77 K and 4.2 K. Values are given in table 7.1

and suggest the shift to be temperature independent. The value of 0.08% is

larger than is found by extrapolating the linear part ofK. (Xr, -,.) of
Q Q ISO F311JLX

CeCu2Si2 to x_(
LaCu2Si2^ = 3* 1 0 m /m°le La» as indicated in fig.7.5. The

value Xpauji
 w a s obtained by correcting the measured susceptibility

X = -0.3x10 m /mole for diamagnetic core and band contributions (see Car-

ter et al., 1977).

A possible mechanism for this apparent non-linearity in K (Xm) ^s a tem-

perature dependence of the hyperfine coupling. This may be expected if the
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hyperfine coupling is anisotropic. The presence of crystal fields (as dis-

cussed in chapter 6) then causes different couplings of CEF states to

neighbouring nuclei and the hyperfine field becomes temperature dependent

due to the change in population of the CEF states. The coupling is then

formally described as

K(9,<t>,T) = Hhf(9,d),T)x(e,<|),T) / N ^ (7.10)

where the bars denote averages over all directions of the angles 6,<)>.

This behaviour of K (x_) appears rather similar to the behaviour found

in CeAl„ (MacLaughlin et al., 1981). Non-linearity in that case was found

below about 150 K, which is of the order of the CEF splitting in CeAl .

The CEF splittings in CeCu?Si? are larger, with two doublets at 144 K and

360 K above the ground state (Horn et al., 1981; see fig.7.9), which may

explain that deviations are present already at room temperature.

A small anomaly occurs in K (x_) below 7 K. for the four points meas-

ured below this temperature, the shift is constant (as is the susceptibil-

ity) but K i g o lies above the extrapolated linear part of the plot. It may

be thought that this is due to the increase of demagnetizing effects

because of the increase in susceptibility, since for this effect the meas-

ured susceptibility should be considered (including impurity effects),

instead of the corrected susceptibility. The demagnetization correction to

the Knight shift is given by(AK). = -Np6x> where N is the demagnetization

factor of the sample, p is the density and Ax is the change in susceptibil-

ity (Bakonyi et al., 1982). N is unknown, but can maximally be 1. Between

7 K and 4.2 K the average change in susceptibility yields AK, ~ 0.01%,
dem

smaller than the observed change of 0.04%. Between 4.2 K and 1.5 K,

AK ~ 0.04%, but in this temperature range the observed shift does not

change. It appears therefore that the anomaly is not caused by demagneti-

zation effects.

An increase in the hyperfine coupling was observed in a number of well-

known IV compounds around the characteristic temperature (MacLaughlin,

1981). Such a change has not been observed for Kondo systems (Alloul,

1977), although not many experiments have been performed.

At low temperatures, the absorption line developed considerable
29

anisotropy. The Si nucleus has a spin 1 = 1/2 and occupies an axially

symmetric site. In these circumstances the resonance frequency due to
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anisotropic effects becomes (Carter et al., 1977)

v = vQ + vrefKa(3cos 6 - 1) (7.11)

Here, v_ contains the isotropic contribution to the shift, K is a measure
{j 3.

for the anisotropy and 8 is the angle between the axial shift tensor and

the external magnetic field. K is defined by

Ka = T " K l
(7.12)

where K is the shift for 9 = 0° and K is the shift for 8 = 90°.
II X

-1 -1 0

Fig.7.6. (a) Anisotropic powder pattern according to eq. (7.13). (b) The

effect of Gaussian broadening near the singularity at x = -1 .

In a powder the line shape ("powder pattern") can be found by calculating

the frequency distribution g(v) as function of 8 from the relation g(v)dv =

[dcos6|. Following the calculation of Cohen and Reif (1957) of the powder

pattern due to an electric field gradient, and using x = (v - vn)/av0 with

a = K /(1+K ) (from which follows av_. = v ,K ), g(x) is found to be
3 ISO U TTfii 3

g(x) = 4-
1 1

2 3 a v
-1 < x < 2

0

g(x) = 0, otherwise (7.13)

The boundary conditions for x follow from the condition 0 < cos 9 < 1. The

line shape given by eq.7.13 is shown in fig.7.6a. It has a singularity for

x ™ -1, or 8 ™ u/2, and a step at x = 2, or 8 ™ 0. These singularities can

therefore be used to obtain K and K.. Almost always, dipole broadening
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and magnetic field inhomogeneities obscure the singularities and .their

identification becomes difficult. To estimate this effect, the influence

of Gaussian broadening upon the line shape was calculated, following Adams

et al. (1966). In the neighbourhood of the 90° singularity, the broadened

absorption line is given by

2
]
— dy (7.14)

0 ( Ay ) 1

The different constants are contained in A and a is the width of the Gaus-

sian distribution. To avoid complications near y = 0, this integral can be

written as

800 = 2 .-K»-y>/a I' (I)1'2 \li; +

+ 4 ƒ (Z)l/2 (1=21) le-[(*-y)/a ]
2
 d (7.15)

0 A ° a

The first term on the right vanishes for a -> 0, b -> °° and the second term

can be calculated numerically. The resulting powder near the 90° singular-

ity is given in fig.7.6b. The maximum in the intensity has obviously

shifted to higher frequencies and the calculations show that the ratio of

intensities g(v . „)/g(v ) is 0.84. The frequency (or field) of the 90°

singularity in an anisotropic, Gaussian broadened powder pattern is there-

fore found at the low frequency side of the maximum at 84% of the peak

height.

The 0° singularity is easier to determine. The calculation for a

broadened step function shows the singularity to be at 50% of the step

height.

Fig.7.8a shows the clearly broadened absorption line measured at 4.2 K.

The positions where the fields B. were determined are indicated. In

fig.7.8b an earlier measurement at 4.2 K is given which showed an anomalous

line shape. It turned out that this was caused by the presence of pre-

ferred orientations In the powder. Simply "re-packing" the powder resulted

in the normal line shape of fig.7.7a. K was calculated according to
3

eq. (7.12). A check on the determination of K was given by comparing

the isotropic shift calculated from the centre of gravity according to

eq. (7.2b) with the isotropic shift calculated from K. = 2/3 K, + 1/3 KM.
i s o l ii



29
Fig.7.7. Absorption line of the Si nucleus in CeCUgSij at 4.2 K for vr =

7914 kHz. (a) Random powder, (b) Preferred orientations present.

iso
A possible contribution to K arises from the dipole coupling between

Ce 4f moments and the Si nuclear spin. This contribution was estimated by

calculating a dipole sum over a number of lattice sites and was estimated

to be (K ),. ~ -0.015%, which is an order of magnitude smaller than the

observed value at 4.2 K (K ~ -0.2%). This suggests that the hyperfine

coupling is anisotropic, or that the anisotropy of the static susceptibil-

ity is important, or that both effects play a role. An anisotropic hyper-

fine coupling Hhf a is difficult to identify. As Hhf ~ Kln/x„ -
 Kj/Xx'

the experimental anisotropic susceptibility needs to be known.



Fig.7.9. Energy levels of the Ce 4f electron as determined by neutron

scattering experiments. Taken from Horn et al., (1981).

On the other hand, under the assumption of an isotropic coupling, the

effects of the anisotropic susceptibility can be calculated, although with

some difficulties. Fig.7.9 shows the CEF level splitting and table 7.2

shows the wave functions as determined by neutron scattering experiments

(Horn et al., 1981); in chapter 6, these were used to calculate the average

susceptibility and in the same way the anisotropic susceptibility may be

calculated. The result, which is given in fig.7.10a, is difficult to com-

pare directly with K since the calculated susceptibility considerably
£1

overestimates the measured susceptibility (see fig.6.9). It was then



attempted to take this reduction into account in the following way : the

powder averaged (isotropic) susceptibility can be phenomenologically

described with help of a molecular field-like parameter \(T) :

Fig.7.10. (a) Calculated anisotropic susceptibility xa0 (dash-dot line) and

X . (dashed line). (b) x ^ on an expanded scale, (c) xa^ f°*
 t h e alterna-

tive CEF scheme (see text), (d) K versus T.



Values for \ were found by setting x in eq.7.16 equal to the experi-
lso, A.

mental value x • The resulting \(T), given in fig.7.11 is only slightly
sxp

temperature dependent, below 60 K. using these values for \, % . was cal-

culated from eq. (7.17) and Is given in fig.7.10b, together with K . It is
3

seen that x >» in contrast to x ., has the same temperature dependence as
K . However, the slope dK /d% , is an order of magnitude larger than found
a a a A

from the isotropic shift and susceptibility dK /d% , which is in con-

flict with the hypothesis of an isotropic H .

Fig.7.11. Molecular field parameter \ as function of temperature derived

from the measured and calculated susceptibilities of CeCu_Si_.

The sensitivity of j to the choice of CEF parameters was checked by cal-

culating it in another CEF scheme chosen as follows : assuming that the

level splittings can be taken from the neutron data, there are still a

number of possibilities for B„, B^ and B^. For constant ratio B^/B^ there

are two possible sets of CEF parameters, which naturally yield quite dif-

ferent wave functions. The second set is also given in table 7.2. For

these parameters, again \(T) and % were calculated. \(T) was found to be

quite insensitive to this change in parameters. The results for x \ a r e

given in fig.7.10c; they are qualitatively different from the observed

K (T). These calculations therefore seem to corroborate the original
3

choice of CEF parameters and indicate that the anisotropy in the static

susceptibility is an important contribution to K . Susceptibility measure-

ments on single crystals would be necessary to disentangle these effects.

However, the behaviour of K. as well as the different values for H, , .
iso nf,iso

and H also point to anisotropy in the hyperfine field,
tit j 3



Turning now to spin-lattice relaxation measurements, fig.7.12a gives
29 -1

the temperature dependence of the SI spin-lattice relaxation rate T, .

The rate peaks around 10 K and falls off sharply at low temperatures. Beloxj

30 K, measurements were made at both singularities of the absorption line,

which yielded relaxation rates T~ and T~ , respectively. For this, the

spectrometer band width was adjusted to be much smaller than the splitting.

29
Fig.7.12. (a) Inverse relaxation rate of the Si nucleus as function of

temperature. (b) Anisotropic relaxation times observed at low tempera-

tures. Squares : data obtained at E . Triangles : obtained at B.. •
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Fig.7.12b shows that anisotropy is als present in the relaxation and T (

= T~1
lso) and T " ^ can be defined in analogy with K i g o and Kg (eq. (7.12)).

Apart from the normal conduction electron scattering, an important relaxa-

tion mechanism is caused by fluctuations of the Ce-spin, which cause a

fluctuating hyperfine field at the nucleus. Also, correlations between Ce

moments will have influence on the Si relaxation rate. A definition of a

effective Ce spin fluctuation time was given in an analysis by MacLaughlin

et al. (1979). This definition is based on a calculation of T~ in systems

with electron - electron interactions by Moriya (1963), who found

1 7 ? X T ( " »q)
i;1 = 2Y

2kBT ï |Hhf(q)|
2 T „ " (7.18)

q n

where H,,(q) is the Fourier transform of the hyperfine field Hhf(
ri)> which

was introduced in eq. (7.9). The effective spin fluctuation timex is

defined by normalizing eq. (7.18) by the hyperfine field H from eq. (7.9)

and the 4f isotropic susceptibility x , which results in
m

Here, Xm" has been taken independent of q, which means that uncorrelated

spin motion is assumed. Note that if the coupling between the electron and

the nucleus were local, as in the case of conduction electrons, the factor

involving the hyperfine fields would be unity. Combining eq. (7.19) with

eq. (7.9) then gives t in terms of measurable quantities :

<7-20>
Kiso,fTlT

where the subscripts f indicate the 4f contribution to the quantities

Involved. Eq. (7.19) shows that T ,, can be connected to the magnetic

quasi-elastic contribution to the double-differential cross section as

measured in a neutron scattering experiment (Marshall and Lovesey, 1971)

,8nre.2 kl A

Here, r is the electron radius, k, and Kn are the ingoing and outgoing

neutron wave vectors and x " is the imaginary part of the susceptibility,
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averaged over three directions. Neutron experiments trace the full fre-

quency dependence of %" (q,u>), while T „ measures x"(w,q)/w at the low

(nuclear Larmor) frequency u . It can be she». that, if the shape of
n -1

x"(u) is Lorentzian, the half-width r/2 is proportional to T ' . The pro-

portionality constant is given by the prefactor in eq. (7.19). If several

different 4f moments contribute to the Si relaxation in a uncorrelated way,

this prefactor can be interpreted as an effective Ce coordination number :

(7.22)
n .. ,„0 .2
eff (Hhf)

In other words, since the neutron experiment senses a single Ce spin and

the NMR experiment senses the uncorrelated motion of several Ce neighbours,

the relation between r/2 and "n/tgff *s expected to be

•—= ft ff j (7.23)
Xe£f e f f 2

The main difficulty in using eq. (7.20) to estimateT , is to determine the
—1

conduction electron contribution to the observed values of K and T, .
iso 1

For this, values for LaCu Si», given in table 7.1, were used as estimates

of the corresponding values of CeCu.Si-, and the 4f components were

obtained by subtraction. Fig.7.13 shows the temperature dependence of

"n/t „,, calculated both with and without this correction, as well as the

width r/2 of the quasi-elastic neutron scattering line (Horn et al., 1981).

Clearly, the conduction electron correction is important, especially at

higher temperatures. The NMR estimates of "n/t ,., H e above T/2, and

although the experimental ratio has a large uncertainty, it is of the order

of 5, which is the number of nearest Ce neighbours to a Si site. At tem-

peratures below 50 K, the ratio begins to decrease, and at 10 K the esti-

mate for "h/t f f has become of the order of r/2 ( ~ 1 meV). The fact that

"h/T ., continues to vary below 10 K suggests that the low temperature

coherent ground state is not yet fully formed even around 2 K. The

observed anisotropy in T.. cannot be interpreted at the moment since too

much uncertainty exists about the question of an isotropic or anisotropic

hyperfine field. The possibility that t „ itself might be anisotropic can

only be investigated through susceptibility measurements in single cry-

stals.



Fig.7.13. Temperature dependence of "n/t .„ (see text) compared to the tem-

perature dependence of r/2 (Horn et al., 1981). Drawn lines are guides to

the eye.

7.4 Experiments on the Cu nuclei

It would be of interest to check the conclusions drawn from measure-

ments on the Si nucleus by measurements of the Cu resonance. This proved

not possible because of the large quadrupole interactions, affecting both I

= 3/2 nuclei. The consequences of the quadrupole interaction for the

absorption line follow from the interaction Hamiltonian (Slichter, 1978)
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2
v is defined as v = 3e qQ/2I(I-l)h. This is a convenient measure for the

quadrupole coupling since it signifies the splitting in zero magnetic

field. The magnetic field direction z' does not coincide with the princi-

pal z-axis of the EFG tensor. Eq. (7.18) is confined to an electric field

of axial symmetry which is the case for Cu in CeCu.Si.. Calculating the

resulting energy levels by perturbation theory up to second order gives the

different transition frequencies (Jones et al., 1966) :

m«--nn-l

[(102m(m-l) - 181(1+1) + 39)|i2

- ( 6m(m-l) - 21(1+1) + 3 (7.24)

Because the quadrupole interaction has shifted the different energy levels

in different ways, there now are 21-1 transition frequencies. The powder

pattern is found by the method already described (Cohen and Reif, 1957) and

is, for first order and I = 3/2, given in fig.7.14a.
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Fig.7.14. (a) Powder pattern for an I 3/2 nucleus due to quadrupole in-

(b) Cen-teractions. Drawn lines show the effect of symmetric broadening

ral line in second order. A is defined as [1(1+1)-3/4]VQ/16VQ.

In second order, the central transition splits up and developes two singu-

larities and a step as shown in fig.7.14b. Also, as can be inferred from

eq. (7.24), the centre of gravity changes, which means that quadrupole
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effects In second order contribute to the isotropic shift. This contribu-

tlon is of the order (e qQ/nyH.) . It is, of course, possible to calculate

this contribution exactly and in practice it can be determined from the

singularities of the central line but this method will not be discussed

here since it is not relevant for the measurements. The reason for this is

given in fig.7.15 which shows a broad field sweep made on CeCu Si at 77 K.

The different transitions, which have been identified in the figure, are

rather far apart, indicating very large quadrupole effects. Furthermore,

the low field singularity of the Cu nucleus (j = 12.090 MHz/T) almost

coincides with the high field singularity of the central line of the

Cu nucleus (y = 11.285 MHz/T). It is clear that a qualitative analysis

of this spectrum, involving the determination of the centres of gravity,

would be rather difficult. The Si resonance is also present and falls com-

pletely outside the Cu absorption lines, which makes it very suitable for

the measurements. What can be estimated from the spectrum of fig.7.15 is

the strength of the quadrupole coupling v . In a measurement where the

frequency is swept, v simply follows from eq. (7.24) as the difference

v-/_ l/? ~ v-1/? •?/? s^ n c e the second order term shifts these satellites

in the same direction. Unfortunately, in an experiment where the field is

swept the formula's have to be converted from constant field to constant

frequency, which can be tedious. In this case the conversion is done by

writing down the field-frequency relation for the transition ±3/2 *-*• ±1/2

at v ,H+
 a n d V_>H_' F r o m e<l* (7»24) then follows

v± = l H ± ± l v Q + I f - (7.25)

2
The constant A contains v and a numerical factor. Furthermore, ^ Is n o t

the bare gyromagnetic ratio but still contains the (an)isotropic shift.

This will be neglected. From the two equations (7.25), A can be eliminated

and v- can be written in terms of H+. The result is

( 7- 2 6 )

where v now is the spectrometer frequency.



Fig.7.15. Full spectrum of CeCu.Si. at 77 K. The absorption lines result-

ing from the Si and Cu nuclei are indicated.

Using eq. (7.26) the quadrupole splittings, at 77 K, were determined to be

v (63Cu) = 3.27 MHz and v (65Cu) = 3.02 MHz. The difference is due to the

different quadrupole moments of Cu (Q = -0.211 barn) and Cu (Q = -0.195

barn) (Carter et al., 1977) and the ratio v /Q is equal for both nuclei.
2 , Q

It should be noted that the ratio e qQ/ynH. is of the order of unity. Qua-

drupole, effects therefore play a large role and in a meaningful analysis

of the spectrum fourth order effects should probably be considered.

The large splitting makes it possible to perform zero field (NQR) measure-

ments. This was used to study the detailed temperature dependence of the

quadrupole coupling constant at low temperatures. Since the frequency

could not be swept, the echo was simply recorded at several fixed frequen-

cies. At the resonance frequency the echo should be of a normal shape;

off—resonance, oscillations develop in the wings and in this way v can be
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determined. Fig.7.16 shows the echo from Cu at 4.2 K for several dif-

ferent frequencies.

The temperature dependence of v is given in fig.7.17. At low tempera-

tures v is constant within less than 1%, while the value at 77 K has

diminished somewhat, which is often found in metals. Note that v as

determined from the wings of the NMR absorption spectrum comes out somewhat

lower, which may be due to fourth order effects. The fact that v does not

change around the temperature where the magnetic - non-magnetic transition

takes place (~ 5 K) once more indicates that little or no valence change is

involved in the transition. Measurements on EuCu„Si (Sampathkumaran et

al., 1979b) and Yb „Y. 7CuAl (Aarts, unpublished result) show that around

the valence transition (and possibly driven by the accompanying volume

change) v may change drastically as function of temperature.

In summary, the following conclusions have been reached. Apart from the

anomalously reduced susceptibility, the behaviour of CeCu2Si2 between 300 K

and 10 K seems mainly determined by CEF effects. Both the isotropic and

the anisotropic shift show the presence of anisotropy in the hyperfine

field. Calculations on the effective Ce spin fluctuation time indicate

that the Ce moments are uncorrelated, which again shows that the reduced

susceptibility cannot be interpreted in terms of an antiferromagnetic Ce -

Ce interaction. Below 10 K, both the small increase in the transferred

hyperfine field and the changing ratio between "n/x ,, and F/2 suggest the

onset of spatial correlations between Ce spins.

Finally, it is interesting to note that in many respects, CeCu SI, rather

looks like CeAlo. In both systems, the magnetic properties at higher tem-

peratures show the characteristics of a loacalized 4f electron, although,

in both systems, the susceptibility is anomalously reduced. Going to lower

temperatures, the susceptibility of CeCu Si remains anomalously low, while

the susceptibility of CeAl_ regains a value which can be understood from

the CEF scheme. Also the temperature dependence of the hyperfine coupling

is stronger in CeAl2 than in CeCu2Si2. From this point of view it is less

surprising that the first system orders magnetically, while the second

becomes non-magnetic. The question, however, what causes the difference in

behaviour going from high to low temperatures, has still to be answered.



Fig.7.16. Quadrupole echo shapes at 4.2 K. Data of 256 sweeps were accumu-

lated, (a) also shows the position of the two it/2 pulses. Vertical scales

of (b), (c) and (d) are expanded two times with respect to (a).

Cu
Fig.7.17. Quadrupole coupling constant of 63 as function of temperature.

The triangle shows the value determined from the wings of the NMR absorp-

tion spectrum according to eq. (7.26).
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APPENDIX A IMPURITY CORRECTION OF THE SUSCEPTIBILITY

On several occasions, measurements of the susceptibility resulted in %

versus T curves which show an upturn at the lowest temperatures. This may

not be an Intrinsic effect, but the contribution of a small amount of mag-

netic impurities to an otherwise constant susceptibility. In that case the

susceptibility can be written as

X(T) = x(0) + TÏê (A-1)

where C is the Curie constant of the impurities and 9 accounts for the

interactions between them. The hypothesis can be tested by plotting

x(T)(T+9) versus (T+8), which should yield a straight line. Often,6, which

is not known beforehand, is only of minor importance and can be neglected.

A check on the validity of this procedure comes from the measurements in

high magnetic fields. In high fields, the impurity contribution to the

magnetization would be saturated and the slope of the magnetization then

should correspond to x(0). Also, the impurity saturation magnetization

should correspond to the Curie constant C from the susceptibility analysis.

It is interesting to note that the fields necessary to saturate the impuri-

ties at helium temperature are rather high, often above 10 T. This is

found for Ce. ,CY„ OCA1_ (chapter 5) and CeCu,Si_ (chapter 6), but was also

found before (Dijkman, 1982). The nature of the impurities is not exactly

known, but since the effect is common in Ce compounds, it is believed to

stem from magnetic Ce atoms, which are stably trivalent, probably due to

the vicinity of lattice defects. The amount of such trivalent Ce atoms is

mostly of the order of 1 L
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APPENDIX B MAGNETIZATION OF A Ce3+ ION IN THE PRESENCE OF CEF EFFECTS

The concept of Crystalline Electric Fields is especially well known in

rare earth magnetism since the high degeneracy of the localized states is

almost always lifted by electrostatic interactions. In the model normally

used, the Hamiltonian is based on the symmetry of the point group of the

lattice site of the 4f electron, while the strength of the crystal field is

left as a free parameter. Much experimental evidence exists to show that

this approach is relevant; the absolute value of the crystal field strength

(or even its sign) cannot be simply determined, since it depends on

interactions of the localized electrons with ligand fields, as well as with

conduction electrons (see Williams and Hirst, 1969; Lethuillier et al.,

1977; Devine et al., 1981).

In this appendix an outline is given of the (standard) calculation of mag-

netization and susceptibility in the presence of crystal fields of cubic

(CeAl„) or tetragonal (CeCu.Sij) symmetry. The standard notation is used

for the Hamiltonian and can be found in the article by Hutchings (1964).

It takes the form

HCEF = 4°2 + B4°4 + B6°6 (B-])

For Ce, with J = 5/2, no matrix elements of the operator 0, exist and this
o

term can be left out. Furthermore, for cubic symmetry no matrix elements

of 0 exist. The term B^O^ consists of two parts :

B4°4 = B4°4 + B4°4 (B-2>

0 4
Again for cubic symmetry, the ratio of B, to B, is fixed and equal to 1/5.

0The one remaining free parameter is B,, which is therefore proportional to

the resulting level splitting. In the tetragonal case there are three

parameters : B,, B, and B,. The 0-operator equivalents in terms of the
it 2̂

angular momentum operators J ,J are given by

0° = 3J2 - J(J+1) (B.3)
I z

0° = 35J4 - 30J(J+l)J2 - 25J2 - 6J(J+1) + 3J2(J+1)2 (B.4)
H Z 2 Z

j 1 * " j'l] (B.5)
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(Hutchings, 1964). To calculate the magnetization, a Zeeman term is added

to the Hamiltonian :

Hz = «jlW-* (B-6)

H = H C E p + Hz (B.7)

Here, J is taken to be in the <100> direction of the crystal, while the

magnetization points in an arbitrary direction. Diagonalization of the

resulting matrix can be done numerically; in this work, the IMSL routine

EIGCH was used. Fig.B.I shows the energy of the different levels as func-

tion of the applied magnetic field for two different directions of the

field.

Fig.B.I. Energy levels as function of magnetic field for a Ce ion in a

cubic crystal field. The vertical line shows the experimental magnetic

field range (maximally 35 T) for a CEF splitting of 100 K.

From the ensuing eigenvalues E. and eigenvectors |i>, the magnetization

follows according to :
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-PE
2e (B.8)

Here, p = 1/k T, while E. is the energy of the i-th level.

As measurements have been mostly done on powders, it is also necessary to

know the average of the magnetization over all directions of the magnetic

field, which is formally given by

u/2 2it
M = -X- f f M(G,(|))sineded(ti (B.9)

4lt -ill 0

Approximating this expression becomes necessary for the more lengthy prob-

lem of the electron-phonon bound state (chapter 4), in order to save com-

puter time. A simple approximation, although not founded on any expansion

of the magnetization, is given by

R - ( 6M<ioo> + 12M<uo> + 8 M o n > > / 2 6 ( B-1 0 )

Another approximation can be found from the expansion of M in the three

direction cosines a., a,, a,:

M = MQ + M ^ a ^ + a ^ + a
2 , ^ + M ^ a 2 ^ ^ ) (B.ll)

The average of this expression yields

B = M0 + ¥\ + £0*2 (B-12)

This can be compared to the result (B.10) by noting that

M<100> = M 0 ' M<110> " «0 + 3«1 • M<11,> = M0 + 3*1 + "27*2 <B'13>

The average of eq. (B.10) then corresponds to

M = MQ + 0.218M1 + 0.0114M2 (B.U)

The average shown in fig.B.2 is calculaied according to eq. (B.10).

Fig.B.3 shows the deviations of the average according to eqs. (B.10) and

(B.13)from a numerically calculated average, using eqs (B.9) and (B.8), for

typical values of the CEF splitting and the temperature. The deviations do

not exceed 1 % in the relevant magnetic field region and both averages

therefore appear perfectly useable. Averages according to eq. (B.12) were

used for all calculations.



Fig.B.2. Magnetization of a Ce ion in a cubic crystal field for different

directions of the magnetic field. The dotted line shows the average ac-

cording to eq. (B.10).

The susceptibility can simply be calculated from % = M/H, where the magnet-

ization is calculated in a field H « kBT/(i_ji . Although this method gives

the required results, it does not give much insight into the physics of the

calculation. It is useful to avail of an analytical expression, at least

for the susceptibility. The susceptibility can be calculated using its

defining relation :



Fig.B.3. Comparison between the approximations of the magnetization aver-

aged over all magnetic field directions, and a numerically integrated aver-

age (eq. B.9). Curve A corresponds to eq. (B.14), curve B corresponds to

eq. (B.12).

As only the behaviour of the energy near H = 0 is of interest, an expansion

of E. can be made in powers of H
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Taking the limit H-»0 :

X = ~U2an ~ Pa^) (B.21)
T) 1

The coefficients a and a simply follow from perturbation theory, which

can be seen by writing down the perturbation of the energy (up to second

order) due to an operator of the form g (IJL H.J :

V 0 = ail'Hl (B.22a)

| .^ E. - \ a2ilH' <

Here, t is the unit vector along the direction of 3. Combining eq. (B.22)
H

with eq. (B.21), the susceptibility is given by

2e
(B.23)

1 ]*i Ej Ei

Eq. (B.23) consists of two terms of which, apart from Boltzman factors, one

Is proportional to (3 and represents the susceptibility due to occupation

unbalance In a multlplet split up by a magnetic field (In the limit H-»0;

this Is called the Curie contribution); the other is temperature indepen-

dent and derives from the admixture of a separate multiplet (Van Vleck con-

tribution) In eq. (B.23), the wave functions li> are eigenfunctions of

H___. They can be derived by numerical diagonalizatlon, or analytically,

but only the results, given in |m > representation, are given here for
J

reference purposes. The standard nomenclature V, is used to make connec-

tion with the notation from group theory.

Cubic (general case) (B.24)

F8

r7

J (l/c -
j , O

^3,4

1*2
a =

= a|±5/2>

= 1+1/2>

= al±5/2>

/1/6 , b =

- b|+3/2>

+ bl+3/2>

/5/6
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Tetragonal (special case of CeCu.Si») (B.25)

T^2) : *5 6 = cl±5/2> - d|+3/2>

r : *3j=

c =0.83 , d = 0.56

2 = d|±5/2> + cl+3/2>

In the cubic case, wave functions are independent of the CEF parameter B ;

in the tetragonal case this is not so, as can be seen from the fact that

for the choice B° = 0, B^/BA = 1/5 the wave functions (B.24) have to revert

to (B.20).

In both cases of interest, the ground state of the system is a doublet. As

a number of theories for interactions of the localized moments with the

conduction electrons are for S = 1/2, the question is relevant to what

extent these doublets resemble a spin 1/2 doublet. Taking the cubic case

as an example, the energy splitting A of r_ in an external magnetic field

is given by :

K*1l8JJ,l*1> - ^ I g j J J V 1 - 2gj(5/2a
2-3/2b2) = J° (B.26)

For this (B.24) is used and the Lande factor g =6/7. Comparing this to the

splitting of a spin doublet Ag/(i„u H = 2g.S, it follows that r? can be

treated as a spin doublet with an "effective" g factor of 10/7. For exper-

iments probing the energy distance between the levels, such as specific

heat, this g factor describes the situation sufficiently, the more so since

the lowest order deviation from linearity is B (see eq. B.22b) and there-

fore does bot contribute to the energy difference. For susceptibility and

magnetization the second order (Van Vleck) contribution may be more impor-

tant, as it depends on values of matrix elements. This can be shown by

writing down the susceptibility for the r, ground state from eq. (B.23),

taking E_ = 0 and T « A/k-, A now being the crystal field splitting :

r7 B
2 2

0y-> Z^r1 + —^ 1 (B.27)

Eq. (B.27) is written in a form which again shows the S=l/2 behaviour of

the Curie contribution. The Van Vleck contribution is given by eqs. (B.23)

and (B.24) as a = £ |<<j,. |j [tp.N|
2 = 32(ab)2. This is a substantial part

i*j Z J
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of the susceptibllty as is shown by the ratio of the two terms :

)2g236g2a (5/3)2g2

(—£-) I [ 5—±1 = 4.8 \ (B.28)
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SUMMARY

The problems which are connected with the appearance or disappearance

of local moments in metals are well reflected in the magnetic behaviour of

Ce intermetallic compounds. Because of the localized nature of the 4f

electron, the interaction between magnetic moments is relatively weak.

Together with the relative proximity of the 4f level to the Fermi energy,

this means that different mechanisms which destabilize the magnetic moment

may be encountered. Even in concentrated systems a (partial) compensation

of the magnetic moment by the conduction electrons may occur (Kondo

effect), while configuration mixing between 4f - and 4f -like state also

may lead to a non-magnetic ground state (mixed valence). This work

describes experiments on two Ce compounds which are typical examples of

such unstable moment systems.

The first of these is CeAl, which at low temperatures, shows coex-

istence of antiferromagnetic order and the Kondo effect. To suppress the

long range order, two different non-magnetic ions, La and Y, are substi-

tuted for Ce. The increasing dilution leads to totally different magnetic

properties of the two systems. In Ce La, Al2, both crystal field effects,

the Kondo effect, and interactions between the magnetic moments are present

in the whole concentration range. Measurements are presented of the mag-

netization and the susceptibility in different magnetic field and tempera-

ture regions. An analysis of these measurements, using a model for the

crystal field effects, developed by Thalmeier and Fulde, shows the agree-

ment between the measurements and the calculations to be reasonably good

for CeAl., but this agreement becomes worse upon decreasing Ce concentra-

tion. This behaviour cannot be accounted for by reasonable changes in the

CEF parameters and is therefore ascribed to the increasing importance of th

Kondo effect. A phenomenological description of the observations is given.

In Ce Y, Al„, the magnetic interactions between 4f moments disappear

much faster. Below x = 0.9, the ordering does not seem to be long range

any more, but of a spin—glass type. Below x = 0.5, no magnetic order

exists. A number of features found In the low temperature susceptibility,

magnetization and specific heat can be analyzed in a local environment pic-

ture, which assumes the magnetic character of a Ce ion to depend on the

number of Ce nearest neighbours. The non-magnetic Ce ions again show Kondo

behaviour, although, formally, an explanation in terms of mixed valence
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cannot be ruled out. Interpretation in terms of the Kondo effect shows

that the Kondo temperature increases with decreasing Ce concentration, or

with decreasing lattice parameter, which is the same behaviour as found in

(Ce,La)Al,. Also, the measurements indicate that on the dilute side,

(Ce,Y)Al cannot be described by a S = 1/2 model, but that the full six

fold degeneracy should be taken into account.

The second compound reported on is CeCu,Si2, the first "heavy-fermion"

superconductor to be investigated. Already very early specific heat and

resistivity measurements indicated that the superconducting state is possi-

bly formed by the quasi-particles of a nor-magnetic many body singlet

state, and not simply by the (sd) conduction electrons. This being a novel

phenomenon, a number of experiments were performed to test this picture and

to obtain a detailed description of the behaviour of CeCu„Si„. Measure-

ments of the Meissner volume, upon improving the sample quality, confirmed

the superconductivity to be intrinsic. The temperature dependence of the

upper critical field could be explained by existing theory for superconduc-

tivity; especially the unusually high slope in the critical field curve

seems to be connected to the low Fermi velocity of the quasi—particles. In

the normal state, the temperature dependence of the susceptibility could be

described by CEF effects on a localized 4f electron, although the magnitude

of the susceptibility was found to be much lower than was calculated. A

transition into a Kondo-like state was found below 10 K from susceptibility

and magnetization meanurements. Again, the susceptibility appeared

anomalously low, this time with respect to the linear specific heat coeffi-

cient. Nuclear spin resonance experiments on both the Si and Cu nuclei

confirmed this picture. The temperature dependence of the hyperfine field

above 10 K shows the behaviour often observed for a localized electron,

while a change in the coupling appeared below 10 K. The hyperfine field

coupling seems not completely isotropic, since anisotropy in the shift

could not be fully explained by the anisotropy of the susceptibility, due

to the tetragonal crystal structure. Relaxation time measurements in com-

bination with the isotropic shift yielded a measure for the Ce spin fluc-

tuation time, which was found to be clearly temperature dependent. Com-

parison with quasi-elastic line widths from neutron scattering experiments

indicated the onset of correlations between the Ce magnetic moments at low

temperatures.
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SAMENVATTING

De problemen die samenhangen met de aan- en afwezigheid van locale

magnetische momenten in metalen worden goed weergegeven door het magnetisch

gadrag Ce intermetallische verbindingen. Doordat het 4f electron in Ce

nogal gelocaliseerd is, is de wisselwerking tussen de magnetische momenten

zwak. Dit, gevoegd bij het betrekkelijke kleine energie verschil tussen

het 4f niveau en de Fermi energie, betekent dat verschillende mechanismen

waargenomen kunnen worden die het magnetisch moment minder stabiel maken.

Zelfs in geconcentreerde systemen kan een (gedeeltelijke) compensatie van

het moment door de geleidingselectronen voorkomen (Kondo effect) en ook

configurationele menging tussen 4f - en 4f - achtige toestanden kan leiden

tot een niet-magnetische grondtoestand (intermediaire valentie). In dit

werk worden experimenten aan twee Ce verbindingen beschreven die als voor-

beeld kunnen gelden voor systemen met dergelijke instabiele momenten.

De eerste van deze twee is CeAl„, waar, bij lage temperaturen, zowel

antiferromagnetische orde als het Kondo effect gevonden worden. De mag-

netische orde werd onderdrukt door het substitueren van twee verschillende

niet-magnetische ionen, La en Y. Dit verdunnen blijkt tot geheel verschil-

lende magnetische eigenschappen voor de beide systemen te leiden. In

Ce La, Al„ blijven zowel kristalveldeffecten, als het Kondo effect, als

wisselwerkingen tussen de magnetische momenten bestaan in het hele concen-

tratie gebied. Het resultaat van metingen van de magnetizatie en de sus-

ceptibiliteit in verschillende magnetische velden en bij verschillende tem-

peraturen wordt gegeven. Deze metingen worden geanalyseerd met behulp van

een model voor kristalveldeffecten, dat ontwikkeld werd door Thalmeier en

Fulde. Het blijkt dat de overeenstemming tussen berekeningen en experiment

redelijk goed is in het geval van CeAl„. Deze overeenstemming wordt

slechter naarmate de Ce concentratie afneemt, wat niet met redelijke aan-

names voor veranderende kristalveld parameters verklaard kan worden. De

conclusie is dat het Kondo effect in toenemende mate belangrijk wordt, en

een simpele fenomenologische beschrijving van dit gedrag wordt gegeven-

In Ce Y. Al, verdwijnt de magnetische orde snel met toenemende Y con-

centratie. Beneden x = 0.9 treedt geen lange-afstands orde meer op, maar

lijkt het magnetisch gedrag op dat van een spinglas. Beneden x = 0.5 is

alle magnetische orde verdwenen. Het lage-temperatuur gedrag van de sus-

ceptibiliteit, de magnetizatie en de soortelijke warmte kan worden
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beschreven met locale omgevingseffecten. Hierbij wordt aangenomen dat het

magnetisch karakter van een Ce ion afhangt van het aantal naaste Ce buren.

De niat-magnetische Ce ionen vertonen weer de kenmerken van de aanwezigheid

van het Kondo effect, hoewel een verklaring met behulp van het concept

intermediaire valentie, op basis van de metingen, formeel niet uit te slui-

ten valt. Als het Kondo effect aangenomen wordt blijkt dat de Kondo tem-

peratuur toeneemt met afnemende Ce concentratie, of ook met afnemende roos-

terparameter. Dit zelfde gedrag werd gevonden in (Ce,La)Al_. Tevens

wijzen de metingen er or dat de resultaten niet beschreven kunnen worden

met een S = 1/2 model, maar dat de volledige sesvoudige ontaarding in aan-

merking genomen moet worden.

De tweede verbinding waaraan gewerk werd is CeCu-Si„, een verbinding

die nu bekend staat als de eerste "zware fermion" supergeleider. De eerste

metingen van de soortelijke warmte en de electrische weerstand gaven al aan

dat de supergeleidende toestand mogelijk gevormd wordt door de quasi-

deeltjes van een niet-magnetische veel-deeltjes toestand, in plaats van

door de (s- en d-achtige) geleidingselectronen. Dit is een nieuw

fenomeen, en daarom werden een aantal experimenten gedaan om deze

beschrijving te testen, en om een meer gedetailleerde beschrijving van het

gedrag van CeCu„Si„ te krijgen. Metingen van het Meissner effect aan kwal-

itatief verbeterde preparaten toonden aan dat de waargenomen supergeleiding

inderdaad intrinsiek is. De temperatuurafhankelijkheid van B „ kon verk-

laard worden met bestaande theorie van supergeleiding; in het bijzonder de

ongebruikelijk hoge helling in de kritische-veld curve lijkt het gevolg van

de traagheid van de quasi—deeltjes. In de normale toestand kan de tempera-

tuurafhankelijkheid van de susceptibiliteit beschreven worden met kristal-

veld invloeden op een gelocaliseerd 4f electron, hoewel de absolute waarde

van de gemeten waarden veel kleiner is dan van de berekende. Een overgang

naar een Kondo-achtige toestand werd gevonden beneden 10 K, door analyse

van susceptibiliteits- en magnetlzatiemetingen. Ook de susceptibiliteit in

de niet-magnetische toestand lijkt abnormaal laag. Kernspin-resonantie

experimenten, uitgevoerd aan de Si en Cu kernen, bevestigden het beeld. De

temperatuurafhankelijkheid van het hyperfijnveld boven 10 K vertoont een

gedrag wat vaak wordt waargenomen bij gelocaliseerde electronen. Beneden

10 K verandert de hyperfijnveld-koppeling. Deze koppeling bleek tevens

niet geheel isotroop : de waargenomen anisotropie in de Knight shift kan

slechts ten dele verklaard worden door de anisotropie die verwacht wordt in
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de susceptibiliteit tengevolge van het tetragonale kristalveld. Relaxa-

tietijdmetingen en waarden voor de isotrope shift tezamen geven een maat

voor de Ce spin fluctuatie tijd, die duidelijk temperatuur afhankelijk

blijkt. Een vergelijking met quasi-elastische lijnbreedtes, gevonden in

neutronenverstrooingsexperimenten, wijst op toenemende correlaties tussen

de Ce momenten bij lage temperaturen.
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