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STELLINGEN

1. De interpretatie van metingen aan spin-glazen is slechts zinvol

als ook de invloed van het "time window" van het experiment

wordt beschouwd.

Dit proefschrift hoofdstuk 4.

2. Het systeem (Th,Nd)Ru_ kan in een bepaald concentratiegebied

worden beschouwd als een supergeleidend spin-glas.

Dit proefschrift hoofdstuk 3.

3. Bij de bestudering van ontmengingsverschijnselen in legeringen

is het van belang experimenten onder gewichtloosheid uit te

voeren.

4. In verband met de mogelijke beïnvloeding van chemische

processen door snelle elektronen, verdient het aanbeveling om

in studies van adscrptieverschijnselen d.m.v. Auger-elektronen-

spectroscopie ook Röntgen-fotoemissiespectroscopie als controle

techniek toe te passen.

5. Uit experimenten aan levende organismen waarbij gepoogd werd

een van een magnetisch moment voorzien medicijn door middel

van een uitwendig magneetveld te immobilisieren, blijkt dat da

noodzakelijke veldsterkte veel kleiner is dan op grond van de

stroomsnelheid en viscositeit van het bloed moet worden

verwacht. Het verdient aanbeveling dit mechanisme te onder-

zoeken door middel van metingen van de susceptibiliteit in een

loodrecht wisselveld.

C.F. Driscoll et al. Microvascular Research 21_, 353 (1984).

6.. Bij de interpretatie van recente metingen van de magnetische

susceptibiliteit van (Eu Sr, )S in wisselvelden bij hoge
X X *"*X

frequenties is ten onrechte geen rekening gehouden met de

temperatuur-afhankelijkheid van de diëlectrische constante.

G.P. Singh et al., Phys. Rev. Lett. 5^, 1791 (1983).

J. Lemke, M.S. Thesis, University of Bochum (1973).



7. Het verdient aanbeveling te onderzoeken of de spin-flop

overgang in een 2-dimensionaal antiferromagnetisch systeem te

beschouwen is als een Kosterlitz-Thouless overgang.

L.J. de Jongh and H.J.M, de Groot, Solid State Commun. 53,

731 (1985) .

8. De veronderstelde supergeleidende triplet-grondtoestand van

het zware-fermion systeem UPt., kan worden geverifieerd door

meting van de stroom-s^annings karakteristiek van het ac-

Josephson effect in een microgolfveld.

G.R. Stewart et al. Phys. Rev. Lett. 5_2, 679 (1984).

J.A. Pais et al. Phys. Rev. B15, 2592 (1977).

9. Binnen de huidige contractperiode van promovendi is het niet

mogelijk werkelijk statische experimenten aan spinglazen bij

temperaturen ver beneden de invriestemperatuur uit te voeren.

10. Ter voorkoming van de zogenaamde "Kentersturz", veroorzaakt

door drukverschillen aan weerszijden van het zwaard bij het

windsurfen met hoge snelheid, zou men de oppervlakte van het

zwaard dynamisch moeten verkleinen.
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CHAPTER 1

GENERAL INTRODUCTION AND SURVEY

1.1. Scope of the thesis

Small amounts of magnetic impurity atoms, randomly dissolved

in a nonmagnetic host material, reveal a variety of interesting

physical properties, which depend strongly on the concentration of

impurities. These properties have received a great deal of interest

since the discovery of the Kondo-minimum in the electrical re-

sistivity [l].

The experiments in this thesis are arranged in three separate

chapters. Each of them has been written in a self-consistent form,

with its own introduction, description of the results and dis-

cussion. Therefore each chapter can be studied independently with-

out being obliged of the other chapters. A disadvantage of this

method is that sometimes repetitions are inevitable or it appears

to the reader that e.g. the term spin glass has non unequivocally

been used. This is definitely a consequence of the variety of such

spin glass systems,, so chapter 1 is given as a description of the

existing random magnetic materials, and the magnetic ordering

phenomena which could be observed.

The experimental techniques which have been used are described

in chapter 2. With respect to the temperature range we have built

two different low temperature facilities.
4

i) For T >1K : a standard He bath cryostat for measuring
susceptibility and magnetization

ii) For 0.015 <T< IK : a 3He-4He dilution refrigerator with the

susceptibility measuring device inside an

epoxy mixing chamber to ensure good thermal

contact.

Chapter 3 of this thesis is devoted to the problem of coexis-

tence of superconductivity and magnetism in (Th,Nd)Ru2 [2,3].

This system exhibits very interesting superconducting and magnetic

properties, because it changes its behaviour from a superconductor

9



to a ferromagnet and exhibits the coexistence of superconductivity

and random magnetic freezing in a restricted temperature and con-

centration range. Fiela memory effects and reentrance of super-

conductivity at very low temperatures are observed. Moreover the

Ru2-intermetallic compounds show the alloying effects, i.e. an in-

crease of the superconducting transition temperature T with in-

creasing number of magnetic impurities [2,4] . This effect has also

been studied by replacing Nd by La and investigating the pressure

dependen* f Tc and the temperature dependence of the critical

fields H nd H . Susceptibility (ac and dc) and resistivity

measurements as a function of temperature were performed to

reveal the characteristic magnetic and superconducting properties

of these samples.

In chapter 4 we try to figure out the differences between

spin glasses and superparamagnets. Both types of magnetism obey

characteristic behaviour. The different systems, CuMn [8]

Dy(PV)0, [6], (Eu,Sr)S [7], Ho-borate glass, and Co-aluminosilicate

glass [9] which we have studied, show in a restricted concentration

region for T < T, (T_: the freezing temperature) a maximum in the

susceptibility, frequency dependences of Tf, time dependent magne-

tization and other effects. These features are usually ascribed to

spin glasses. By means of frequency dependent susceptibility

measurements a distribution function of relaxation times was ob-

served. Employing a phenomenolojical model enables to distinguish

between a spin glass and a superparamagnet and even to specify the

randomness of a dilute magnetic sample.

The results of susceptibility and magnetization measurements

of nonstoichiometric (Al,Fe)V,05 are discussed in chapter 5. The

susceptibility of Fe V̂ O,- shows two magnetic transitions indicating

that two magnetic subsystems are present. In the case of Al V-O,-

as well as in the mixed samples (Fe,Al)Q 33
V2°5 o n lY o n e transition

is observable. Here we attribute the magnetic ordering to anti-
4 +

ferromagnetically coupled pairs of V ions, which are randomly

distributed. The results can be described by a simple model con-
4+ 4+

taining V dimers with effective spin S=0 and paramagnetic V ions

with S=h. The second transition appearing in Fe V̂ O,. is interpreted

in terms of a spin glass phase formed in the iron sublattice [10].

10



1.2. Magnetia ordering phenomena in random magnetic materials

The main feature of materials with randomly distributed mag-

netic impurities in a nonmagnetic host is the absence of long-range

magnetic order even at very low temperatures. But the impurity

moments are blocked or frozen below a certain temperature and have

all possible orientations with respect to the random character of

the distribution of impurities. Here the magnetic properties show

a wide variety of interesting phenomena depending on the magnetic

concentration as well as the transport properties of the host

material.

Already with very dilute 3d-magnetic impurities solved in a

noble metal one observes the so-called Kondo effect, a minimum in

the low temperature resistivity. This is a consequence of a loca-

lized magnetic interaction of the isolated impurity spin with the

conducting electrons flj.

With increasing concentration spin-spin interactions become

more important, leading to a new magnetic phase which is called

spin glass. This term was first used by B. Coles [ 11] pointing to

an amorphous spin structure and its similarity with ordinary

glasses. Here, there is no sharp phase transition but a gradual

change in behaviour of the viscosity, density, volume, etc. as the

molten liquid is cooled into an amorphous solid.

Upon further enhancing of the magnetic impurity concentration,

the materials becomes less dilute. Now the overall magnetic prop-

erties are governed by direct magnetic interactions {ferro- and

anti ferromagnetic) caused by atomic short-range order. Thereby

the effective cluster spin is locked into a favourable alignment

axis which is caused by the geometric anisotropy of the cluster.

Certainly not all spins or clusters participate in the freezing

process since there are always some loose spins at finite T J12].

One of the most intriguing features of spin glasses is the

well defined sharp maximum in the temperature dependence of the

ac-susceptibility which was at first discovered by Cannella and

Mydosh in random AuPe-alloys [13] and indicates- a sort of magnetic

transformation. The temperature of the susceptibility maximum is

called the freezing temperature Tf. However, at this temperature

specific heat and resistivity experiments do not show a distinct

anomaly [ 14] , and tha exact nature of the freezing process is

11



presently still unsolved. There are two lines of thoughts which

focus on this problem.

The first one replaces the randomly situated moments on a

regular lattice having a Gaussian distribution for the exchange

interaction strength [ 15] . This model is regarded in terms of a

phase transition and various critical phenomena and exponents for

thermodynamical quantities can be calculated [16,17].

The second approach describes the freezing process by a super-

paramagnetic blocking of the moments and the susceptibility maxi-

mum is a result of a distribution of blocking temperatures [ 18,19] .

At first sight this appears to be a strong evidence against a phase

transition, since a phase transition should take place at a unique

temperature. But a (dynamical) phase transition could be accom-

panied by long relaxation times which would produce an apparent

freezing temperature that decreased with increasing experimental

time scale, but which eventually saturates at the true transition

temperature for a hypothetical experiment with an infinite long

time scale [20]. However, long time magnetization measurements

(t > 2 days) do not give any indication for a saturation effect[21].

The phenomenological Néel model of superparamagnetism [ 18]

has been widely used for small particles and rock magnetism. Here

superparamagnetic (large effective moment) clusters exist at high

temperatures, but due to an energy barrier they become "blocked"

at low temperatures. Spin flip transitions require thermal acti-

vation over the energy barrier E which for spin glasses have a

certain probability distribution P(E). These transitions occur at
9

a rate T = T exp(AE/kDT) where x is typically of order 10 s.o o o
if the relaxation time T becomes larger than a typical time of

measurement x , then the particle magnetization is frozen with a

blocking temperature T_, given by AE(TD) = kTDln(x /x ). Thus, there
o D o m o

arises a distribution cf blocking temperatures f(T_).

The freezing occurs when a significant number of clusters

are blocked and thereby unable to contribute to the susceptibility;

thus a x-peak appears at Tf. Wohlfahrt [19] has developed a proce-

dure for determinig the distribution of blocking temperatures

f(TB) directly from x (T) :
, , d(XT)/dTr u B ; lim(xT) *

•JI-HDO

12



For metallic spin glasses, f(T_) exhibits a very sharp step at T^

which then goes through a maximum and slowly tappers off at low

T_ [22,23] . This rather unique distribution function indicates a

cooperative behaviour at Tf.

However, in insulating spin c, .cises a much broader spectrum

for the distribution f(Tn) has been found which depends in the

case of (Eu. rSr0 ,-)S strongly on the preparation conditions[24,25 ].

This difference in broadness may be attributed to the presence or

absence of conducting electrons which leads in a metallic spin

glass to a more cooperative behaviour owing to the "long range"

character of the RKKY exchange interaction.

About ten years ago the spin glass effect was believed to be

limited to noble metal hosts with 3d-magnetic impurities. Today we

have a variety of quite different systems showing spin glass or

spin glass-like behaviour, such as metals including superconductors

with magnetic impurities, metallic glasses, dilute magnetic insu-

lators, and insulating glasses [2,3,9,26-29] . Whenever long-range

ferromagnetic order breaks down one can find spin glass behaviour,

created by the competition between ferro- and antiferromagnetic

exchange. The first one is responsible for the intercluster

interaction (cluster formation) and the second one for the intra-

cluster interaction [23]. But even in antiferromagnetic systems

without long-range order spin glass effects have been observed.

Solely antiferromagnetic spin coupling will lead to frustrated

spins and according to Toulouse [30] these effects are highly

important in the formation of the spin-glass state. By that the

spin-glass state may be regarded as a general solid state property

with the three basic ingredients: randomness with competition be-

tween ferro- and antiferromagnetic interactions and/or frustration.

13
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CHAPTER 2

EXPERIMENTAL TECHNIQUES

In this chapter we briefly describe the experimental equip-

ments, which have been built for our investigations discussed in

this thesis. With respect to the temperature range, we distin-

guish the set up for temperatures above IK and below Ik.

2.1. Temperatures above IK

In order to study ac- and dc-susceptibility above IK we used

a standard He glass dewar and a mutual inductance technique [1].

With this technique the sample is placed inside a coil system

which consists of one primary coil and two secondary coils. The

secondaries are wound in opposite direction and connected in series

so that the output voltage is zero when there is no sample inside

the coil system.

2.1.1. Some technical details

A schematic drawing of the set up is shown in figure 2.1. The

apparatus is made of two concentric glass tubes {1,2}; the space

between them can be evacuated to about 10 Torr. The primary

coil {3} is wound directly on the outer glass tube and consists of

1200 turns two layers of superconducting NbTi-wire with copper-

coating (total diameter: 125 ym). The length is 750 mm and the

inner diameter 20 mm. These dimensions give at a current of 3.8mA

a magnetic field of 1 Oe. Two secondary coils are wound from

copper wire (120 ym) consisting of 1400 turns (6 layers) each {4}.

The length of a secondary one is 20 mm and the distance between

both centers is 30 mm. In a field of 1 Oe (f=348 Hz) one turn of

the secondaries gives an output voltage of about 5 uV. After re-

winding a few turns of one of the secondaries we had adjusted the

empty coil system to only 2.5 yV output voltage. This small off-

balance signal can easily be eliminating by adjusting the offset

17
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Fig. 2.1. Sohematio drawing (not to soale) of the apparatus used for

measuring the ao- and do-susoeptibility above IK. The numbers

are explained in the text.
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voltage of the lock-in amplifier. By that, no further bridge cir-

cuit is needed, to compensate off-balance signals.

The assembly is immersed in the liquid helium bath, thereby

keeping the coil system at a constant temperature. A CuNi-tube {5}

is placed inside the inner glass-tube on which lower end a Kapton

foil cylinder, followed by a "coil foil" cylinder {6}, made from

vertically glued copper wires (250 pm) is fastened. A carbon re-

sistor (270 Q at room temperature) and a Pt-100 resistor, which

both are used as thermometers {7}, and a heater (2QIQ){8] wound

from Evenohm wire (~580fi/m) are attached to the "coil foil"

cylinder. The sample holder {9} is made out of Delrin and exists

of two separated containers. One of them is filled by a standard

paramagnetic salt and the other contains the sample investigated.

The distance is choosen in such a way, that there is no mutual in-

fluence on the measurements of their species. This arrangement

has the advantage that the assembly can be calibrated at any tem-

perature (1K<T<3OOK) and frequency (0<f<10KHz). The double sample

holder is screwed at its upper end to an epoxy contra piece finally

attached via a Kapton foil cylinder {10} to a very thin CuNi tube

{11}. The CuNi tube than is thread to a stainless steel rod {12},

which then runs to the room temperature part via a set of two

O-rings {13} and is finally connected to the pneumatic cylinder

{14}. This arrangement tightens the inner part against atmospheric

pressure. The inner tube could be filled with any kind of gas

(He,N9,...) or could be pumped vacuum to about 10 Torr. During

a measurement the inner glass tube was usually filled with He gas

at the pressure of the bath.

The space between both glass tubes was also filled with a

certain amount of He-gas in order to establish the exchange of

heat between sample and He-bath. Temperatures larger than those

of the surrounding He-bath are attained by lowering the He exchange

gas pressure and regulating a dc-current through the heater, by

means of a PJD regulator. No temperature gradient between both

centers of the secondary coils was measurable within the accuracy

of a calibrated Ge-thermometer [ 4] which was mounted in the sample

holder. The terperature stabilization is optimal, when the current

through the heater is as small as possible.

19



2.1.2. AC-suseeptibility measurements

The electric circuit for measurements of xa is schemetically

given in figure 2.2. The sample is placed in a coil system con-

sisting of one primary coil and two secondary coils. The ac-current

is supplied to the primary coil by the oscillator of a Lock-In

amplifier (EGG 5204) :

V . = V cosut
pr.\m o

= V O s ( w t + 6 )-

co = 2?rf

Thereby the primary coil creates an osci l la t ing f ield:

H(t) = K cos (iot+<S) .

Thus, leading to chapter 4:

M(t) = M + Re H xexp[i(iot+.ó)]
5 O

= Mg +x'HoCOS(u)t+ó)-x"Hosin(wt+6) .

The (magnetic or superconducting) samples are placed at the center

of one secondary coil. By means of the pneumatic system [2] , the

Lock-In Amplifier

Integrating VM Filter

Fig. 8.2. Sahematia view of the eleatrie circuit for measuring' either

aa- or do-susoeptibility.
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sample could move between the centers of the secondary coils

creating a voltage, which is proportional to the susceptbility

of the sample. The flux $ through the secondaries is given by:

* = * + * = JBds - /Ids, ,
S S S 2 A:

 l A2
 Z

where A is the surface of the coil. By identical geometrical

dimensions of the secondaries (A,=A» and s =s2) and by using:

B = S + 4irS

we can write:

$s = /Hds + 4ir/Mds - f Eds

= Cx + C„ [x'cos(wt+6) - x"sin(ut+6)] .

This finally gives a voltage:

dd>
V. , = -C — - = C*[X'sin(cüt+6) + x"cos (ut+6) ]
i n d dt

which is led to a two-phase Lock-In amplifier via a low noise

transformer (PAR 190).

When absolute susceptibility values are desired it is neces-

sary to calibrate the system by measuring the output signal of a

known paramagnetic sample. We used manganese ammonium tutton

salt [3]- Mn(NH.)_(SO.)- x 6H2O - for temperatures above IK and

frequencies below 10kHz, where the out-of-phase component (x") is

known to be zero in zero magnetic field [15] . The absolute accuracy

of the calibration is about 1% and Lhe reproducibility of the

phase setting is also ~1 •

2.1.3. DC-susaeptibility measurements

The signals in the dc-experiment can easily be detected with

the same coil system used for the ac-measurements [5] . In order to

do so, the Lock-In amplifier is decoupled from the coil system,

as can be seen in figure 2.2. The current for the superconducting

primary coil is supplied *->y a constant current source (0-5A)

creating small magnetic fields up to 0.125T. The secondary coils

are connected to an integrating digital voltmeter by a 50Hz- and
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a low pass filter which minimizes the noise. If the sample is

moved in a constant magnetic field from one secondary coil to the

other an induced voltage is obtained:

V = -C ^Vind L dt .

where the flux <t> is given by:

$ = {Eds
A

with

B = S + 47TM .

If H is independent on time and if H and M are parallel to ds, we

can write:

$ = J(H + 4irM)ds

Thus, we have:

V = C ^Vind L2 dt

The time integral of this voltage is proportional to the magneti-

zation :

/lvinddt = C 2 M •

We used for these measurements an integrating digital volt-

meter • IDVM (LDJ 710). The instrument is a precision voltage inte-

grator which firstdigiti2.es the input signal into a series of

pulses. ï'ne pulses are then counted and the result is displayed

on a i\ digital panel meter. This procedure eliminates the drift

associated with analog integrators [5] . Moreover the IDVM has a

certain threshold voltage to avoid the counting of signals due to

thermo-voltage effects. The calibration can easily be done by the

same method mentioned in section 2.2.2. A more extensive descrip-

tion is given in Ref. [6] .
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2.2. Temperatures below TK

2.2.1. Introductory remarks

The performance of experiments at ultralow temperatures

requires a refrigerator which can cool the sample and can keep it

cold for a sufficiently long time. The only method for this purpose
3 4

is the continuous dilution of He in He. Fol]owing the discovery

by Walters and Fairbank [7] of the phase separation phenomenon in

He- He mixtures, London, Clark, and Mendoza [8} proposed a power-

ful method of refrigeration, based upon dilution across the phase
3 4boundary of He and He. The first partial sucessful device was

reported by Das , de Bruyn Ouboter, and Taconis [9] who obtained

temperatures of 200mK. A more succesful dilution refrigerator was

designed by Hall, Ford, and Thompson [101 . Their refrigerator,

based on the idea of He evaporation and continuously operating,

reached a minimum temperature of 65mK. Since that time many

improvements have been made to the design of dilution refriger-

ator, particularly by Whoatley[ll] and Frossati [12,13] . During

this period the cooling power has increased by more than a factor

of 100 and the low temperature limit has been pushed down to

below 2mK.
3 4

A mixture of He and He forms a single phase for all concen-

trations above 0.8K (see for example figure 1 in Ref. [13'). By

lowering the temperature this mixture separates into a He-rich
4

phase and a He-rich phase which concentrations have the following

temperature dependences:

\

n. = 0.85T/3exp(-0.56/T) for 4He

n3 = 0.0648(1+8.4T
2+9.4T3) for 3He .

The ability of a dilution refrigerator to reach very low tempera-
4

tures depends on the fact, that the He-rich phase contains almost

6.5at% He in solution down to the lowest temperatures. Figure 2.3

shows a schematic diagram of a He dilution refrigerator. Because
3 4 3
He atoms are lighter than the He atoms, the He floats on top

4 4

of the He-rich phase. The He-rich phase has superfluid properties

and consequently the He atoms are virtually not hindered to move

through it. The concentrated He phase in contact with the concen-
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Fig.2.3. Diagram of a continuously operating dilution refrigerator

(from Hef. [IS]).

trated He phase is in fact analogous to a liquid in contact with
i ts vapour. A liquid can be cooled by evaporation and if we con-

3 4
tinuously remove the number of He atoms in the He-rich phase
(dilute He phase), He atoms "evaporate" from the concentrated

4
phase to the dilute phase ( He-rich phase) to replace these atoms.
This process absorbes heat equivalent to the latent heat of eva-

poration and thus, the system cools.
3 4 3

In a He- He dilution refrigerator the He atoms are continu-

ously removed from the dilute phase by distilling them of this

fluid in a "still". Dilution cooling occurs in the mixing chamber.

The He gas, which has been pumped off is recondensed to a liquid

by a condenser which is mounted at the lK-plate. The flow impedance

provides that the pressure in the condenser reaches a value, that

the incoming gas liquifies there. The liquid He passes a number

of heat exchangers where it is cooled by thermal contact with the

contra-flowing cold liquid. Finally the liquid He enters the

mixing chamber and fills up the concentrated He phase.
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2.2.2. Some teahnioal details

This section describes the modification of a commercial
3He-4He dilution refrigerator (S.H.E. DR 11364). Here we renewed

all the delicate parts except the lK-plate, the condenser and the

vacuum jacket.
3 4For the construction of the He- He dilution refrigerator we

claimed several conditions:

i) a simple construction which enables us to perform

measurements at reasonable low temperatures

ii) increase of the cooling power

iii) possibility of a variety of experimental techniques

A schematic drawing of the apparatus is given in fig. 2.4 which

also shows the vacuum jacket and the lK-plate.

A. The Still:

Since the still {l} is required to evaporate preferentially He
A

one attempts to reduce the He film flow by introducing an orifice

into the pumping line. This however, has the disadvantage, that

the He gas flow is also reduced by the reduction of the cross

section of the pumping tube. Therefore we made use of a small

heater {2} attached at the upper end of the still but partially

thermally isolated by a very thin stainless steel tube (see also

fig. 22 in Ref. 11).This heater burns the He film by a minimum

of heating power. The inner part of the still is not connected
A

with the pumping tube and a He film which flows in the inner tube
A

cannot reach some warmer parts. The He film flowing inside the

stainless steel tube will immediately be burned off by approaching

the film burner and can condense back via the inner tube. On the

bottom inside of the still we have mounted a heater (in the form

of a disc) and a thermometer to adjust and control the temperature

(T s t^^ » 700mK). At the outside of the still we can screw a copper

cylinder {3} for thermally shielding the heat exchanger and mixing

chamber.

B. The continuous heat exchanger:

The return He is cooled in a coaxial counterflow heat exchanger

{4} with the inner tube carrying the returning He. The continuous

heat exchanger is constructed, as follows:
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1 K-plate

— 6

Fig.2.4. Schematic drawing (not to scale) of the dilution refrigerator.

The numbers are explained in the text.
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A capillary of CuNi with an inner diameter of 1.4mm,an outer dia-

meter of 2mm,and a length of 3m is wound into a spiral, which at

least should have an outer diameter of 4mm and a length of approxi-

mately lm. This spiral is then slided into a capillary with an

inner diameter of 4mm and a length of lm, which finally is formed

into four spirales with a diameter of approximately 80mm. Although

the diameters of the capillaries are not critical, the inner tube

must have sufficient flow impedance, to recondense some remaining

vapour of He at the concentrated side. Therefore the inner ca-

pillary should become flattened by wounding it into a spiral.

All soldering is carefully done with Pb-Sn solder, without

resin using a minimal amount of acid flux.

C. The mixing chamber

The design of the mixing chamber {5} does not have a large influ-

ence on the performance of the dilution refrigerator, but more of

the type of the measurement which can be done. Frequency dependent

susceptibility measurements require a minimal amount of metallic

material in the region of the coils. Therefore we have designed a

dubble walled mixing chamber, which is fabricated from Epoxy. The

space between both walls works as a capillary to remove He atoms

from the dilute phase and furthermore this space acts as a thermal

shielding. The inner wall is made from two layers of Kapton foil.

The mixing chamber is closed at the bottom by a conical plug {6}

which can be tightened by a small amount of thermal grease

(Apiezon N). On the top of the plug one can install the actual

experimental arrangement, thermometers, and heater {7}. This has

the advantage that sample and thermometer are in contact via the

liquid, so at low temperatures an optimal thermal coupling is

provided. At the top of the mixing chamber a small container is

attached {8}, which consists of a thermometer and heater to con-

troll the incoming liquid He. All connections at the mixing

chamber are glued with Stycast 1266 and Stycast 2850FT.

The cooling power at lOOmK is approximately lOuW and the

maximum gas flow which could be reached is 80nmol/sec [14] . Usually

a minimum temperarure of 35mK was reached in the continuous mode

and in the single cycle mode the dilution refrigerator runs down

to approximately 15mK.
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2.2.3. AC-susoeptibility measurements

The method used for measuring the ac-susceptibility at low

temperatures is basically the one described in section 2.1.2.

However, in the dilution refrigerator it was not possible to move

the sample between the secondary coils, since that would introduce

to much heat. In order to obtain absolute susceptibility values,

each sample was measured at temperatures 1.3 < T £ 4.2K with the

apparatus described above. With these absolute values the signals

obtained in the dilution refrigerator were fitted for 1.3 < T< 4.2K

and by that we could determine for each measuring frequency the

off-balance signal which had to be subtracted from the measure-

ments. The off-balance signal was found to be temperature indepen-

dent, at least for 0.1 < T < 4.2K, but changes from run to run by

approximately 10% which can be explained from the thermal strain

during cooling down of the system. The phase setting was only 5

reproducible, but it could also be checked by the method described

above. Furthermore, two separate coil systems were mounted which

allowed the measurements ot two different samples with one filling
4

of liquid He.

The calibration of the thermometer (Matsushita, 75f2) has been

done against a calibrated Ge-thermometer [4] down to 500mK and by

measuring the susceptibility of Cerium Magnesium Nitrate (CMN) at

lower temperatures. Most of the measurements have been performed

during cooling of the set-up, as it was found that a temperature

gradient did arise in the mixing chamber for T > 700mK during

warming up.
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CHAPTER 3

COEXISTENCE OF SUPERCONDUCTIVITY AND

MAGNETISM IN (Th,Nd)Ru2

If one wishes to investigate the coexistence of

superconductivity and magnetism, one should

choose a system with the highest value for T

and the weakest exchange interaction.

(B.T. Matthias, Bochum 1979).

In this chapter we focus attention on superconductivity and dilute

magnetism, spin glass- or spin glass-like behaviour, and the

interaction between these phenomena in the random pseudobinary

system Th Nd Ru~ .

3.1. How the problem of a magnetic superconductor originated, a

historical overview and introduction.

The interplay between superconductivity and magnetism has

intrigued theoreticians and experimentalists alike for more than

25 years. In 1957 Ginzburg [l] first pointed out, that the two

phenomena, superconductivity and ferromagnetism, were mutually

exclusive within the same material, owing to the fact, that super-

conductivity is suppressed by an external magnetic field. Matthias

and coworkers carried out the first experimental investigations

in 1958 {2, 3]. The early experiments were performed on systems,

which consisted of a superconducting element, e.g. La, or compound,

e.g. CeRu2, into which small concentrations of magnetic rare earth

impurities with partially filled 4f shells were introduced. What

they found was of great importance: superconductivity is not only

destroyed by ferromagnetic ordering, but also by a rather small

amount of paramagnetic impurities (La: 1 at.% Gd). Above this

critical concentration one has observed sharp maxima in the ac-

susceptibility [2, 4], which today we take as characteristic of

spin glass freezing. In this random binary alloy the scattering
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of conducting electrons by paramagnetic impurities has a strong

destructive effect on the superconductivity. This means one has

to search for materials where scattering effects are particularly

weak. The intermetallic compound Ce. Gd Ru, [3] seemed to satisfy

this condition. The critical value for x, where the superconduc-

tivity is destroyed, is x=0.13. Even here the kind of magnetic

order, which was observed, was of short range. In LaEu coexistence

of superconductivity and magnetism on a microscopic scale was

discovered using the Mössbauer experiment [5].

The first theoretical treatment goes back to Anderson and

Suhl [6]. They considered dilute alloys and predicted the existence

of small ferromagnetic domains with an average size of about 50 A

in a superconducting matrix. This so called "cryptoferromagnetic"

state was created by the RKKY indirect exchange interaction

between the magnetic ions. Even here the magnetic order is of

short range, and today the term 'superconducting spin glass' seems

also to be appropriate for these materials. The characteristic

length for the superconductivity is the coherence length £,

typically about 100 A , and that for the magnetic order, the

correlation length y*. The ratio y*/£ seems to be an important

parameter for coexistence systems, and if y*/C<<l a Cooper pair

does not see the correlation of the magnetic moments [7] .

The the -ry for the effect of paramagnetic impurities on the

superconductivity was formulated in 1961 by Abrikosov and Gor'kov

(AG-theory) [8]. This theory leads to the following well known

expression for T as a function of the paramagnetic impurity

concentration x:

ln(Tc/TcQ) = ^(i + |) - ij/(i) (3.1)

with \ji= the digamma function,

p= 1/(ÏÏTSTC) and

T = magnetic scattering relaxation time.

For very low magnetic impurity concentrations expression (3.1)

reduces to:

^ (3-2)
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with x .. being the critical concentration for superconductivity

and with

T S = kB/ [xN(Ef)J
2S(S+D]

expression (3.2) gives:

Tc " Tco = 2^~ x N(Ef)J
2S(S+l) (3.3)

6

During the sixties this theory was confirmed by a large

number of experiments on random alloys. But also deviations of

this theory have been observed. Some representative phase diagrams

showing deviations from the AG-theory are shown in figure 3.1.

They can be due to ordering of the magnetic impurities, to the

Kondo effect, or to crystalline electric field effects. An

extensive overview is given by Roth [7] and Maple [19]. Figure

3.2 shows a superconducting and magnetic phase diagram for a

random binary or pseudobinary alloy with temperature independent

and weakly interacting magnetic moments. The suppression of the

superconducting transition temperature T follows the AG-theory.

The superconducting and magnetic phase lines intersect at a

certain concentration x . The intersection of both lines may
c

indicate the coexistence of superconductivity and magnetism under

the area of both curves. The magnetic order, which appears just

above x is of the spin-glass- or cluster-glas:i type, depending

on the amount of magnetic impurities. La^S, doped with Gd

impurities represents in an ideal manner such a phase diagram

[10, 14]. As is shown in figure 3.3 the suppression of T

corresponds directly with the AG-theory and the magnetic order for

concentrations x>0.027 could be identified as a spin glass. Also

an attempt was made to establish coexistence of superconductivity

and spin glass ordering at very low temperatures. However, the

strong destructive pair breaking effect of Gd on the superconduc-

tivity is not favourable for the coexistence.

i\t the end of the seventies coexistence of superconductivity

and magnetism was found in ternary compounds, such as the Chevrel

phases (RE MOgSg) [12], and RE Rh^B^ [13], where RE denotes a rare

earth element. The ternaries differ from the random binary and

pseudobinary alloys in that they contain an ordered sublattice of
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Fig.3.1. Three typioal examples for superconducting phase diagrams showing

deviations from the A-G theory, e.g.: antiferromagnetic ordering of the

moments, Hondo effect and crystalline electric field effects.

Fig.3.2. Typical superconducting and magnetic phase diagram for a random

binary or pseudobinary alloy. T represents the superconducting transition

temperature and T„ the magnetic ordering temperature.

.- 'so
16 »

Fig. 3.3. The superconducting and magnetic phase diagram for La,S.:Gd 110,11]
SC: superconducting phase, PM: paramagnetic phase, SG: spin glass phase,
FM: ferromagnetic phase.
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magnetic rare earth ions. The occurrence of superconductivity,

even in the presence of large concentrations of RE ions, can be

attributed to the crystal structure of these materials, which is

built up from RE ions and transition metal clusters. Since ordered

ternary compounds are beyond the scope of this thesis the reader

is referred to the reviews "Superconductivity in Ternary Compounds"

I and II, edited by B. Maple and 0. Fischer [14].

3.2. Motivation for the (Th,Nd)Ru„ intermetallic compound.

In contrast to the ternary compounds we have investigated

the random pseudobinary system Th._ Nd Ru2• The compounds ThRu2
and NdRu_ belong to the wide class of Laves phase compounds, which

have been of considerable interest for many year. . An overview of

the superconducting transition temperatures Tc and ferromagnetic

ordering temperatures T is presented in figure 3.4 for the Laves

phase compounds of the type RERu~. All alloys, containing atoms

which are lighter than Pr and heavier than Er show superconduc-

tivity, the others order ferromagnetically . The substitution

of magnetic ions into a superconducting alloy usually results in

a rather weak depression of T with a small maximum at low concen-

trations [15]. However, if magnetic 3d metals are substituted for

Ru, a rapid decrease in T is observed (even nonmagnetic metals

substituted for Ru have a rather strong effect on T ). This

indicates that the superconductivity is carried by the Ru-chains.

The exchange interaction between the conducting electrons and the

localized spins is extremely weak [16], which makes the A, B Ru9
(A: nonmagnetic RE-, B: magnetic RE element) most favourable for

investigation of the simultaneous existence of superconductivity

and magnetism. In the past, several attempts to study this

coexistence have been made [15, 17, 18, 19], but to our knowledge

no direct observations of spin glass freezing in the superconduc-

ting state has been reported, apart from that in (Th,Nd)Ru_ [23].

This system was choosen because of its expected, very small

depression of the superconducting transition temperature,

dT /dx^-2K [16], which should enable us, to go to fairly large

(*) Neither values for T nor T for TmRu2 and YbRu2 could be

found in the literature.
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Fig. 3.4. Superconducting transition temperature T - black circles (left

scale) and magnetic ordering temperatures T - open circles (right scale) for

laves phases as a function of the atomic weight of the Rare Earth
element.

O Nd • Ru

Fig 3.S. Cubic laves phase structure as for (Th,Nd)Ru,
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x values, and possibly beyond the percolation limit for long range

ferromagnetism which is 0.425 for the C15 diamond magnetic sub-

lattice. Moreover, the total exchange between the conduction

electrons and the magnetic impurity spins is very small and

negative. This then offers the opportunity to study the supercon-

ductivity over a wide range of magnetic short-range order, i.e.

ferromagnetic cluster sizes, for x<0.4. At this concentration the

low temperature magnetic ordering is expected to be composed of a

randomly frozen array of large ferromagnetic clusters, which is

named a cluster glass [20]. The Nd -ion is split by the crystal

field into a Tg doublet ground state and two excited Tg levels

with AE=120±30 K [24]. Thus at low temperatures Nd can be con-

sidered as an effective spin S=l/2 system with g=2.684, which was

confirmed by magnetization [22] and ESR measurements [16].

6.Z. Sample preparation and arystallographia properties.

The investigation of superconductivity and magnetism requires

very pure elements, since small amounts of magnetic impurities can

have a dramatic reduction on the superconducting transition

temperature. The purity of the appropriate components were all at

least 99.99% with less than lOppm Fe [22]. The samples were

prepared by repeated arc melting in a water cooled copper crucible

under 0.5 atmosphere Argon gas. The weight loss during melting

was of the order of 1%, which is mainly attrib^,ed to a loss of

Th. The samples had an almost spherical shape with about 4 mm

diameter (m=«450 mg) . They were annealed at 900°C for three days

and subsequently quenched into ice water. This procedure yields

well-ordered intermetallic compounds with a homogeneous distri-

bution of Th and Nd, which manifests itself by the observed sharp

superconducting transitions.

ThRu2 and NdRu2 crystallize in the C15 structure, which is

shown in figure 3.5. Each Th-atom is surrounded by 4 Th-atoms and

12 Ru-atoms. Each Ru-atom itself is surrounded by 6 Th-atoms. Both

systems have nearly identical lattice constants with a difference

of not more than 0.5%: a_, =7.649A and aN,=7.614A. Furthermore it

was found by Wilhelm and Hillenbrand [15], that many of the RE-ions

have a considerable solubility with each other in Ru. Therefore,

one expects no problems from the metallurgical point of view.
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Nevertheless as in nearly all alloys, one has to take into account

atomic short-range order (ASRO), which leads, in the presence of

magnetic impurities, to magnetic short-range order (MSRO), and

consequently to the formation of magnetic clusters. Hence in most

alloys the question remains unresolved whether the samples are

really homogeneous on a microscopic scale, even when no inhomo-

genities are detectable by metallographic methods.

3.4. Experimental results on (Thn Nd )Ru„.
1 ~tC CC ó

We have determined a most unusual superconducting magnetic

phase diagram for (Th. Nd )Ru9 [23]. Depending on the concentra-

tion x we can distinguish three different ranges with character-

istic physical properties: i) for 0<x<0.3 superconductivity,

ii) for x>0.4 ferromagnetism, iii) and in the intermediate range

0.3<x<0.4 the coexistence of superconductivity and short-range

magnetic ordering, which is composed of a randomly frozen array

of ferromagnetic clusters (named a cluster glass). The next three

parts of this section are devoted to the coexistence state and we

try to analyze the "alloying effects", i.e. the unusual dependence

of the superconducting transition temperature T at low Nd concen-

trations (0<x<0.34).

3.4.1. Susceptibility and resistivity measurements.

Susceptibility and resistivity techniques are commonly used

to obtain superconductivity and magnetic properties of metallic

alloys. When a sample enters the superconducting state the

magnetic susceptibility becomes diamagnetic (negative) at the

transition temperature T due to the Meissner effect. Below this

characteristic temperature the resistance disappears completely.

We define the superconducting transition temperature T in both

kind of measurements as the point of inflection of the observed

transition. The susceptibility of ferromagnetic alloys below the

ordering temperatures T reaches the inverse demagnetization
— 1factor D (D=4.18 for a sphere). The characteristic feature of

random alloys (e.g. spin glasses) is the typical cusp in the

ac-susceptibility, denoting the freezing temperature.

In the following we discuss the results of susceptibility
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and resistivity measurements in zero field and in small external

magnetic fields for samples with x=0.32, 0.33, 0.35, 0.36, 0.37

which are presented in figures 3.6-3.10. The samples used in the

susceptibility experiments had an almost spherical shape (d=:!4 mm)

and for the resistivity experiments we used a bar (lmm x lmm x 7mm)

The temperature dependence of the ac-susceptibility in zero

field and in a field yQH=0.0l T for (ThQ 6 8
N dn 32^Ru2 i s s h o w n i n

figure 3.6. The superconducting transition temperature in zero

field is 1.65 K. Above the transition one measures a small para-

magnetic signal. As the temperature is decreased below T the sus-

ceptibility becomes negative and constant indicating that the

sample is superconducting. However, at T*=400 mK a small maximum

is just observable and could distinctly amplified by applying a

small external magnetic field, e.g. 0.01 T.

Figure 3.7a presents the ac-susceptibility as a function of

temperature for (Th~ cyNdg TT'1*11? in various external magnetic

field. This sample becomes superconducting at T =1.50 K. At low

temperatures in the superconducting state, we again find the

maximum, but much more visible than before even in zero field.

Cooling the sample in external magnetic fields enables us to

increase the maximum and drive the system more and more magnetic,

thereby progressively destroying the superconductivity. These

maxima indicate the freezing temperature for the randomly

distributed magnetic impurities. Surprisingly the applied magnetic

field can penetrate into the sample, although it is in the super-

conducting state. This is only possible, if there are non-super-

conducting pathes, probably built up by cluster formations of

magnetic moments, i.e. a self-induced vortex state. In an external

magnetic field the density of vortices is enhanced, thereby

suppressing the superconductivity.

The dc-resistivity of another sample with nominally the same

concentration x has an identical behaviour as car. be seen in

figure 3.7b. The superconducting transition temperature, T =1.65K,

is somewhat higher than measured by ac-susceptibility probably

due to a slightly different composition or to the first super-

conducting short circuit. As it is clearly seen, an external

magnetic field can induce the reentrance from the superconducting

into the normal state. For magnetic fields \i H>0.05 T the super-
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(a) Temperature dependence of

the susceptibility cooled in

various magnetic fields:
O = o, • MQH - 6.6 mT

A u H - 17 mT

fW Temperatwre dependence of

the resistivity cooled in

various magnetic fields:

• \XQH = O, O \ioH = 20 mT

G u tf = 30 mT, + ji H = SO mT
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10 T(K) 1 5

Fig. 'A.8. a) Temperature dependence of the susceptibility cooled in various
magnetic fields for (ThQ 6^dQ 3S)Ru2 : O

= 10 mT
= o, • p H - 2 ml,

b) dependence of the freezing temperature T as a function of applied
field (see text).

a) memory effect of applying a magnetic field at 300 mK (arrow) followed

by zero field cooling (see text). The maximal applied field was:

° 1 J / = 0, k uo# = 5.0 mT, X \1QH = 9.4 mT, O \iQH - 12.2 mT, • \i H ~ Id.5 mT
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conductivity is completely quenched for T<600 mK, as evidenced by

the fact that the resistivity again reaches its residual value.

For smaller magnetic fields, u H=0.0 2 T, one creates an inter-

mediate or partial superconducting state.

In figure 3.8a we exhibit the behaviour of the ac-suscepti-

bility as a function of temperature for (Thg g5N<^0 35^Ru2 ^n

various external magnetic fields. As the temperature is reduced

we find a paramagnetic increase and at Tc =1.15 K the sample

enters the superconducting state, followed by a reentrance into

the normal state at Tc =800 mK. Finally it becomes supercon-

ducting again at Tc,=180 mK. Cooling the sample in a very small

external magnetic field (u H=2mT) reduces remarkably both super-

conducting phases showing that the superconducting state is

rather weak. Let us now first consider the "high temperature"

superconductivity. If we apply a magnetic field, y H>5mT, the

superconductivity disappears completely and we observe here a

maximum in the ac-susceptibility. The amplitude of this maximum

and its temperature T decreases with increasing magnetic field.

These are features one usually finds in spin glasses, or in

general, random, magnetic materials with short-range ferromagnetic

order.

In figure 3.8b we have plotted the field dependence of the

freezing temperature T . If we now try a crude extrapolation back

to zero field, represented by the broken line, the maximum and

thus the freezing process should appear at T =850+30 mK indicated

by the arrow in figure 3.8a. As soon as this short range order

freezing process takes place the sample immediately reenters into

the normal state. This can be understood by the onset of internal

fields where the moments start to freeze out. This internal field

remains more or less constant due to the randomness of the

magnetic orderinq as the temperature is lowered. Therefore the

sample again becomes superconducting at Tc,=180 mK.

To demonstrate that this low-temperature superconducting

phase is due to the random orientations of ferromagnetic clusters,

we did the following experiment. We cooled the sample in zero

field and stabilized the temperature at 300 mK. Here the sample

is in the normal state. Then we switched on a magnetic field up to

a certain value. After a few minutes we switched the magnetic
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Fig. 3.9. Temperature dependence of the susceptibility (a) and resistivity (b)

in zero field for (ThQ e4

1.0 T(K1 1.5

Fig. 3.10. Temperature dependence of the susceptibility for (Thn eJ*dn „

cooled in zero field ( O ) and in a field of 10 mT ( * I
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field off and cooled the sample further in zero field down to

20 mK. (Before switching on the field to another value, the sample

was warmed up to * 1.5 K to remove any partially frozen field) . As

can be seen in figure 3.8c with this method we are able to suppress

the superconductivity. Thus the sample remembers that it has been

subjected to a magnetic field. This "field-memory effect" is a

consequence of being able to align the ferromagnetic clusters by

an external magnetic field away from their random orientations to

a more uniform one. Thereby one enhances the mean internal field

which suppresses the superconductivity.

As was mentioned above the high-temperature superconducting

phase is suppressed by the random freezing process. This effect

is indeed rather subtle. In figure 3.9a, we present the ac-suscep-

tibility and dc-resistivity for a sample with slightly more Nd,

the compound (Th„ g,Nd„ -,,-)Ru.,. Both measurements were done in

zero field. Here the temperature dependent ac-susceptibility no

longer exhibits the high-temperature superconducting phase, but

shows instead a maximum at T =9 70 mK, indicating the freezing

process. The superconductivity at low temperatures remains rather

unaffected. In figure 3.9b the resistivity data as a function of

temperature are shown. The arrow indicates the freezing temper-

ature T from the susceptibility measurements. As can be seen from

the resistivity measurement the sample tries to enter the super-

conducting state, but is immediately hampered by the freezing

process. This leads us to conclude that superconductivity and

cluster glass freezing can only coexist if the freezing temper-

ature T is far enough below the superconducting transition temper-

ature T .

Further increasing the amount of Nb leads to the total

suppression of the low temperature superconducting phase, as can

be seen in figure 3.10 for (ThQ 63NdQ 37)Ru2. At T =1.14 K we

observe a rather sharp maximum in zero field. By cooling the

sample in a small external magnetic field, this maximum is

drastically suppressed indicating that the dominant intercluster

exchange interaction is ferromagnetic. At the lowest temperature

the in-field values are somewhat larger than the zero field one?

which could probably be explained by the existence of some

remaining small superconducting domains.
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Collecting all the critical temperatures Tc and T we come

to the superconducting- and magnetic phase diagram for

(Th. Nd )Ru9 which is shown in figure 3.11. For 0<x<0.3 we have

observed superconductivity, however, with an unusual Tc(x)

behaviour. The buperconducting transition temperature increases

with increasing number of magnetic impurities, has a maximum at

followed by a rapid fail. This will be further analysed in

section 3.5. For x>0.4 we have observed ferromagnetic order [22].

Since the nearest neighbour site percolation is x =0.425, we

denote the magnetic order for x<0.4 as a cluster glass where

ferromagnetic short-range order is dominant. Therefore we have

found for 0.3<x<0.4 che coexistence of superconductivity and

cluster glass ordering.

3.4.2. Cvitiaal fields.

The critical field, especially its dependence on temperature

and impurity concentration, can provide information on the

magnetic order that might coexist with superconductivity. A type

II superconductor unlike a type I superconductor is characterized

by two critical fields: the lower one H and the upper one Hc .

For magnetic fields smaller than Hc a complete Meissner state is

observed, which means that all magnetic flux is ejected and so

B=0 inside the sample. Above Hc bulk superconductivity is

destroyed and the sample is in the normal state. At fields

HCl<H<Hc_ magnetic flux quanta can penetrate the sample, thereby

forming normal regions with a diameter of the order of the

coherence length $. These normal regions are embedded in a purely

superconducting matrix. This state is called the vortex-state.

In this section we present the critical field values

measured by susceptibility and resistivity. We assume, that the

critical fields estimated by susceptibility measurements are close

to Hc , whereas Hc_ may be identified by the critical field in

resistivity experiments. This appears to be reasonable regarding

the usual magnetization curves for type II superconductors. Since

lim dM/dH=x the maximum in the magnetization curve indicating

—* O |H C l will be equivalent with the intersection of the suscep-

tibility with the field axis. This may not be completely correct,

especially if magnetic impurities are present. The onset of
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2.12. Field dependence of the aa-susceptibility at 40 mX fov

a)

b) (Th0.65M0.3S)Ru2
o) fx dH for (Th Q line represents the calculation

from the susceptibility experiment. Note the different horizontal scales.

The broken line is a visual extrapolation up to y H = 0.42 T, which value

has been determined by the resistivity experiment (see text)
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internal fields for temperatures T<T could bias the result.

However, this influence is difficult to determine and correct for.

Figure 3.12a,b presents two characteristic ac-susceptibility

curves as a function of the external magnetic field at constant

temperature for (ThQ g7NdQ 33)Ru2 and (ThQ 6 5
N d

0 35>Ru2. The

samples were cooled in zero field down to 50 mK. Then at this

constant temperature a magnetic field was stepwise increased up

to 0.125 T, returned to zero and, after reversing the polarity,

increased again in the negative direction. As a consequence of

the isothermal remanent magnetization of a cluster-glass both

samples of (Th Nd ) Ru9 show a remarkable hysteresis.

Regarding first the sample with x=0.33, the diamagnetic

susceptibility decreases with increasing field. If the field

becomes large enough the sign of the observed signal changes

indicating Hc . For magnetic fields H>HCl the susceptibility

exhibits a maximum followed by a downturn. Coming back from the

largest field value (y H=0.125 T) the observed susceptibility

shows large hysteresis, which is probably due to the isothermal

remanent magnetization of a cluster glass. Increasing slowly the

negative field up to the maximum value and reducing it to zero

gives on the left site of the graph the same behaviour. Repeating

these cycles (zero field-*positive field->-zero->-negative field+zero)

always results in the same symmetrical curves. In order to compare

these measurements with the commonly used magnetization diagrams

we have calculated x ^H f°r t n e above measurement. The result

is shown in figure 3.12c. The minimum in this curve represents

the magnetic field, at which the magnetic flux starts to penetrate

the sample. Additionally the upper critical field HC2, as deter-

mined via resistivity measurements, is also shown. The curve

obtained and the upper critical field value may be connected by

the broken line. This behaviour demonstrates the general agreement

with a magnetization experiment (see fig. 3.18).

The same cycle (positive field-»-negative field) was also

performed to the sample (Th,. g^Nd» .jc)1*11?' which has shown the

three phase transitions in the ac-susceptibility as a function of

temperature. This sample was also cooled down to 40 mK in zero

field. There it is superconducting (Tc =180 mK). At very small

external magnetic fields the diamagnetism disappears and we
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Fig. 3.13. Critical fields obtained from the measurements by stepwise changing

the field at constant temperature. T represents the respective freezing
g

temperatures determined by the positive maximum in the susceptibility. The

open symbols have been determined by increasing field, the closed symbols by

decreasing field: A O • • • determined by susceptibility measurements;

V T determined by resistivity measurements.
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observe a positive susceptibility. Subsequently the field

dependent susceptibility passes through a weak maximum and then

decreases slowly with increasing field. Coming back from the

maximum field the susceptibility stays positive but shows some

small hysteresis. As soon as the sign of the applied field has

changed, the susceptibility decreases and becomes slightly

negative, i.e. diamagnetic. Increasing the negative field further

the susceptibility increases first up to a maximum and then

gradually decreases. Upon decreasing the negative field to zero,

at very small negative fields, the susceptibility shows the

downturn to a minimum at small positive fields and finally merges

with increasing positive field the virgin curve. Once the virgin

curve has been traced we always find this symmetric behaviour by

repeating the cycle (zero fields-positive field->-zero fields-negative

fields-zero field) .

Figure 3.13 gives the critical field values for (Th, Nd )RU2

with x=0.32, 0.33, 0.35 as a function of temperature which have

been taken directly from the measurements. All the open symbols

have been observed at increasing field and the closed symbols at

decreasing field. For x=0.33 both set of values determined by

susceptibility (Hc symbols O • and resistivity (Hc symbols V T )

are given. In the range of the freezing temperatures, T , which

are marked by arrows the critical field values are strongly

reduced and followed at lower temperatures by the onset of

hysteresis. The width of the hysteresis increases with x, and for

x=0.35 the susceptibility does not really show diamagnetism below

180 mK, if it has been subjected to a "large" magnetic field. As

was already mentioned above, this hysteresis is a consequence of

the isothermal remanent magnetization of a cluster glass.

The dashed line in figure 3.13 represents an extrapolation

of HCj according to the commonly used quadratic dependence:

Hc (T) = H (0) [1-(T/T )2] (3.4)
1 Cl c

After correcting the observed field values for demagnetizing

effects we can calculate the London penetration depth X by:
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The dotted line in figure 3.13 is calculated using a formalism

for Hc givan by Werthamer et al [24] :

h*(t) = H (-dH /dT) (3.6)
C2 C2

with t=T/Tc

From these equations we can calculate the coherence length E, by:

.2
Hc (3.7)

The Ginzburg Landau parameter K is defined as the ratio of the

penetration depth A and coherence length E,

K = A/C (3.8)

The various values, determined from the above equations are

listed in table 3.1.

X

0.32

0.33

0.35

HCl(T)

observed

0.066

0.040

0.020

HC2(T)

corrected

0.110

0.067

0.034

HC2(T)

0.420

M0) (A)

(T=0-9Tc)

2300

2950

4060

5(0) (A)

(T=0.9Tc)

1200

K

(T=0.9Tc)

2.5

Table 3.1. Lower critical fields (as observed and corrected for

demagnetizing effects), upper critical field, London penetration

depth, coherence length, and Ginzburg-Landau parameter for

different concentrations of (Th-, Nd )Ru0.

3.4.3. Discussion and conclusion.

In the previous sections we have presented some experimental

evidence for the coexistence of superconductivity and short-range

order by a systematic study of the (Th, Nd )Ru2 system. By

exploiting the small pairbreaking effect of Nd in ThRu2 we were

able to trace the superconducting transition up to the percolation

limit for long-range ferromagnetism (x =0.425). In doing so we

have demonstrated that superconductivity can coexist with a

cluster-glass ordering of ferromagnetic clusters provided that

the mean cluster si::e is small enough (x<0.35). Unfortunately
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there exists no satisfactory theoretical description of this

situation. However, we can at least offer a phenomenological

picture following the model of cryptoferromagnetism of Anderson

and Suhl [6]. The most suitable system to search for cryptoferro-

magnetism would be those in which the s-f or s-d exchange inter-

actions are quite small [29], which means that larger concen-

trations of magnetic impurities could be used. Such a situation

is in principle present in (Th Nd )Ru_ [16]. The key idea is

that the total energy of a system coexisting in the ferromagnetic

and superconducting state can be lowered if the ferromagnetic

state adjust itself to form correlated regions or domains which

are smaller in size than the superconducting coherence length. The

dominant magnetic order is ferromagnetic but of short range. The

characteristic length for magnetic order is the correlation length

Y *. Using the series expansion of Sykes and Essam [28] we can

calculate a mean cluster size for different values of x in

(Th. Nd )Ru0 according tol —x x £

y* =

with j=0.6875 for a three dimensional latt ice.

X
0.32

0.33

0.35

0.36

Y
45

53

79

ion

Table 3.2. Correlation length y for different values of

The calculated values for y* are listed in table 3.2. For

x=0.33 we had already estimated the magnetic coherence length £

(see table 3.1) and so we can determine the ratio y /5*0.13. As

was noted in section 3.1 the ratio y /%, seems to be an important

parameter for the coexistence of magnetism and superconductivity,

and if y /£<<1, as occurs here, a Cooper pair does not feel the

correlation of the magnetic moments.

Furthermore on the basis of the various temperature and field
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dependences we can make the following statements:

i) spin-glass-like freezing can occur far below T without

destroying the superconductivity and we anticipate that

(ThNd)Ru_ will not be the only system to exhibit such

behaviour.

ii) if the freezing temperature T <T we observe a remarkable

quenching of the superconductivity, followed by a recovery

of superconductivity at very low temperatures, where the

superconductivity can overcome the internal field quenching.

iii) a field memory effect associated with the isothermal remanent

magnetization of a cluster glass can be used to suppress the

superconductivity at the lowest temperatures.

iv) there is coexistence of a weak superconductor and random

magnetic short-range order with greatly reduced critical

fields below the freezing temperature. The borderline for

the coexistence seems to be where the ratio of the magnetic

correlation length to the superconducting coherence length,

Y /£, exceeds 0.2.

v) the cluster-glass state is composed of large ferromagnetic

clusters which become frozen in random orientations at T

but which can easily be aligned in a small magnetic field.

The inclusion of ferromagnetic clusters in a superconductor has

many interesting possibilities not only for memory effects but

also for flux line and pinning behaviour. Moreover, in technical

applications superconductors are often exposed to external

magnetic fields and it is important to know how possible internal

fields combine with the external ones.

3.5. Unusual T -behaviour in (ThRE) Eu „fRE: tld.la) .
a c

3.5.1. Introductory remarks.

The concentration dependence of the superconducting transition

temperature T in (Th, Nd ) Ru9 exhibits an anomalous behaviour

for 0<x<0.2. It has been estimated previously [16], that the

suppression of Tc with Nd concentration should be dT /dx=-2K.

However, "alloying effects" cause an initial increase in T upon
c

substituting Nd for Th in ThRu, rather than a decrease of T .

These "alloying effects" are also observed in the superconductor
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CeRu-, with magnetic impurities [15] and can be discussed in the

context of the McMillan formula [30]:

Tc = (0/1.45)exp{-l.O4(l+X)/[X-p*(l+0.62>)] (3.10)

where G is the Debye temperature, p the Coulomb repulsion term

and X the electron-phonon coupling constant, which may be written

as

X = N(0)<l2>/M<u)2> (3.11)

where N(0) is the density of states at the Fermi level, I the

electron-phonon matrix element, M the atomic mass and <w > average

of the squared phonon frequency.

The initial rise in T can, therefore, be attributed to an

increase in the density of states N(0), an enhancement the

electron-phonon matrix element <I >, a decrease of the atomic mass

M due to the lighter Nd atoms and/or a decrease of the average

phonon frequency <w >. These four factors lead to an increase of

the electron-phonon coupling X and consequently to an increase of

T . In the following sections we investigate the "alloying effects"

in more detail by substituting La or Nd for Th and by measuring

the critical fields and the pressure dependence of T .

3.5.2. Normal/superconducting phase diagrams.

In (ThNd)Ru~ the T behaviour at low Nd concentrations is
£. C

influenced by two contributions, namely the above-mentioned

alloying effects and the influence of the paramagnetic impurities

on the superconductivity usually described within the framework

of the AG theory (see section 3.1). The simplest way to separate

the magnetic contribution is to substitute an equivalent non-

magnetic element. Since Nd belongs to the lighter rare-earth ele-

ments, we have studied the system (Th, La )Rui. All samples were

prepared by the method described in section 3.3. Similar to the

(Th, Nd )Ru, system, (Th, La ) Ru0 has the C15 structure over the
J.""*X X £i A ™ X X &•

whole concentration range [ 15] . As is shown in figure 3.14, all

samples investigated show sharp superconducting transitions, in-

dicating well-ordered intermetallic compounds with an homogeneous

distribution of Th and La. In figure 3.15 we have summarized the
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TIK]

Fig. 3.14. Superconducting transitions measured by ac-susoeptibility for

various concentrations of (Th^ La )Ru0 : O x = 0.1, • x = 0.2,

• x = 0.3, f x = 0.7, A x = 0.8, X x - 0.9. The solid lines are a

visual guide.

54



2 -

I

/

-

1

)

1 1 ' [

X\
0.2 04

T "

X

• T

•

.1.

06

- r • *— | - - " T

/

_ j i J .

08

" "l
-i

"I
/

i

-I_J
1

Fig. 3.15. Superconducting phase diagram for (Th^ La )Ru0 (symbol 9) and

(Th1 Nd )Ru„ (symbol O). The solid lines are a visual guide.

0
0

05

10

15

—«,

-

-

01

1

02
I

i

03 04 x
< 1

" ^ dT, /d!< = - 2 K _

-

-

Fig. 3.16. Difference in the superconducting transition temperature of

(Th, La)Ru2 from those of (Th,Nd)Ru2 where

various lines are explained in the text.
= T (Nd) - T (La). Thea c

superconducting transition temperatures T . The values for x=0
and x=l have been taken from Ref. [ 31] . For comparison, the T -
values for (Th. Nd )Ru, are also shown. Both sets of samples show

X " X X £.

indeed a comparable T -behaviour at least for 0<x<0.3 indicating

that even in (ThNd)Ru, the alloying effects are dominant. As a

function of the concentration we observe for both type of compounds
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an increase of T up to x=0.2 followed by a rapid fall, which leads

in the case of (Thg ^La^ 5^Ru2 t o a minimum T -value of 0.51K. On
the La-rich side T increases ansin with concentration x and onc
both sides of the phase diagram 0<x<0.2 and 0.0<x'l we find the

same initial slopes for the increase of T , i.e. dï,/dx=+12K.

Regarding the Th-rich side of the phase diagram (0<xs0.3) we

remark that the superconducting transition temperatures for

(Th,La)Ru2 are systematically higher than those of the (Th,Nd)Ru2
system. In order to separate the magnetic contribution in (Th,Nd)Ru_

we have plotted in figure 3.16 the difference of the T -values for

the respective concentrations, under the assumption that Nd and

La are otherwise similar enough. For concentrations 0<x<0.2 the

difference slope d(ATc/dx) representing the magnetic pair break-

ing of Nd appears to be -1.6K, in close agreement with the value

of -2K deduced by Barberis et al. [16] from Knight-shift measure-

ments. This then supports our assumption, that (Th,La)Ru_ can be

regarded as the non-magnetic equivalent for (Th,Nd)Ru„. If the

concentration exceeds x=0.2 one finds deviations from the linear

dependence. This deviation is larger than the AG-theory predicts,

probably because direct Nd-Nd interactions become important and

the AG-theory is no longer valid. Using the observed slope

d(AT )/dx and the value N(0), determined in section 3.5.3, we can

calculate the effective exchange interaction for Nd with the con-

duction electrons in ThRu- to be J = 0.005 eV.

2.5.3. Critical fields

According to eqs. 3.10 and 3.11 the density of states N(0) at

the Fermi surface plays an important role in determining the super-

conducting transition temperature T . Critical field measurements

offer a possibility to deduce the density of states N(0), since

the thermodynairical critical field Hc and N(0) are coupled via the

following BCS-relation [ 32] :

ipoHc
2(0) = jN(0) (1.76kBTc)

2 (3.12)

The thermodynamical critical field can be calculated via:
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d H
c

H (0)

Tc

and the definition

dHc2 dHc

/ 2 K = [ ~dT~ / "dT"1 tc • (3.14)

The critical fields of the (ThRE)Ru2(RE:Nd,La) alloys were

determined from ac-susceptibility and dc-magnetization measure-

ments. The susceptibility has been measured by stepwise changes of

the magnetic field. The magnetization of the samples was contin-

uously recorded as the magnetic field was slowly increased from

zero to above the upper critical field and then slowly reduced to

zero. Two typical traces of the magnetization are shown in figure

3.17. With increasing field the negative magnetization increases,

passes a maximum, then slowly decreases and finally reaches zero

at H C 2. These recorded curves are not fully reversible and exhibit

some hysteresis effects. In the case of pure LaRu2 a peak effect

occurs near H c indicating flux-pinning behaviour. We assume that

grain boundaries in these polycrystalline samples serve as

effective pinning centres for the magnetic flux lines. At small

fields we observe a constant slope in the magnetization curves.

However, approaching the maximum, deviations from this constant

slope occur, indicating that magnetic flux is penetrating the

sample. The determination of the lower critical field Hc. has been

done by extrapolating the constant slope on both sides of the

maximum represented by the broken lines and their intersection.

For a wide field region below Hc„ we also find a reasonably

constant slope in the magnetization curves. By extrapolating this

slope to zero magnetization, i.e. the intersection of the broken

line and the field axis (see figure 3.17), we have determined H C 2.

The upper critical field values H C 2 as a function of the reduced

temperature are shown in figure 3.18a for (ThLa)Ru2 and in figure

3.18b for (ThNd)Ru-. The theory of Werthamer et al. [24] developed

for the calculation of upper critical fields in type II super-

conductors ĉ >n be used to extrapolate the measured values to the

temperature range not accessible to our experimental equipment.

The following equation allows us to calculate HC_(T) knowing the
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Fig. 3.17. Two typical traces of magnetization Vevsus magnetic field curves:

(a) LaRu2 and (b) (ThQ - gjRu .
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Fig. 3.18. Upper critical fields H (t)

versus reduced temperature t - T/T .

(a) (Thn La )Ru0 compounds:l~x x z x - 0,

V x - 0.3,X x = 0.1, T x - 0.2,

O x = 0.9, • x - 1.0

The solid lines represent the fit to

the Werthamer et at. theory (see text)

(b) (Th,_ NdJRu2 compounds: • x - 0,

1 x - 0.1, V x = 0.33.

The solid lines represent the fit to the

Werthamer et at. theory (see text).
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theoretical h (t)

h* (t) = H (t)/(-dH /dT), , (3.15)

c2 c2 t-i

with t=T/T .

For all samples of (ThLa)Ru-> as illustrated in figure 3.18a

we find a monotonie increase of H with decreasing temperature.

Furthermore, a good agreement of the data and Werthamer et al.

formular is evident. However, in the magnetic superconductor

(ThNd)Ru2 we observe strong deviations from the theory, as can be

seen in figure 3.18b. The drastic effect of the Nd impurities on

the upper critical field curve is obvious, and H (T) exhibit a

nonmonotonic character for the samples with x=0.2 and x=0.33

(for the latter sample, Hc has been determined from resistivity

measurements, see figure 3.13 in section 3.4.2). This anomalous

behaviour of Hc (T) can be explained by the presence of magnetic

impurities and their short range order. For both samples we could

only use a few data points between 0.8<t<l for an extrapolation

which will lead to a less accurate determination of H at T=0.
C2

In figure 3.19 we have plotted H (T=0) as a function of con-

centration for both systems (ThLa)Ru9 and (ThNd)Ru2. The overall

concentration dependence of H (0) reflects in a perfect manner
2

that of the superconducting phase diagram given in figure 3.15.
With increasing amount of La or Nd the upper critical field

H (T=0) increase up to a maximum value at x=0.2, followed by a

steep decrease, and on the La rich side a small increase. All the

H -values for samples containing the magnetic Nd-ions are

systematically smaller than those containing the nonmagnetic La.

Unfortunately, we were not able to perform magnetization

measurements below 1.5 K, and therefore we do not have any H

values for La concentrations 0.4<x<0.8.

The temperature dependence of the lower critical field H

was determined by two different magnetization methods and from

ac-susceptibility measurements. All observed values followed the

quadratic behaviour described by eq.3.4. In this manner we have

calculated H (T=0) and these values are presented in figure 3.20.

With increasing concentration of La or Nd the H (T=0) values

are reduced. In the case of magnetic Nd-ions H extrapolates to

sharply zero, the superconductivity disappears at x*0.36. However
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O 02 04 06

Fig. 3.19. Concentration dependence

of the upper critical field H (0)
c2

for (Th1 La )Rup (symbol # J and

for (Thn Nd )Ru„ (symbolOü). The

lines are a guide to the eye.

0 02 01 06

Fig. 3.20. The lower critical field-

H (0) as a function of concentration

for (Th,La)Ru2 ( # • + ) and

(Th,Nd)Ru f O O X ) . The circles

were determined using a Foner magneto-

meter, squares were obtained by means

of an integrating digital voltmeter

and crosses and plusses have been

measured by ao-susceptibility.
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for the nonmagnetic La case H (0) exhibits a minimum for x=0.5
cl

and increases slightly on the La-rich side of the diagram. Un-

fortunately, for the sample (Thg 5Lag 5^Ru2 w e could only perform

ac-susceptibility measurements to determine a critical field. We

are wary of the difficulites to define a lower critical field by

an ac-susceptibility experiment, since the experimentally obtained

susceptibility X is strongly influenced by the shape of the

sample and the amplitude of the oscillating field. This problem

has been extensively studied by van der Klein [ 33] . Nevertheless,

in view of the ac-experiments performed on (Th, Nd„) Ru-, (symbol X

in figure 3.21) we can state that the values obtained, are at

least very close to the lower critical field H . From these

measured values we can derive several quantities, which are

listened in table 3.3, using eqs.(3.12-3.14). Furthermore, the

(Thl-xLax)Ru2

X

0

0.10

0.20

0.30

0.90

1.00

Tc

(K)

3.47

4.73

5.87

4.55

3.05

4.30

KGL

1.2

7.0

7.0

5.6

4.0

2.8

(T)

0.272

0.290

0.338

0.244

0.284

0.402

N(0)

, States,

eV atom

2.5

0.9

0.8

0.7

2.0

2.0

Y
. mJ .

atom K"

14.1

4.0

3.6

3.1

9.5

9.5

(Th Nd )Ru7
X~" X X £

0

0.20

0.33

3.47

4.55

1.51

1.2

8.9

2.5 *

0.272

0.206

0.081

2.5

0.5

0.8

14.1

2.4

3.1

Table 3.3. Superconducting transition temperature T ., Ginzburg-

landau parameter K_,.> themodynamiaal critical field p H (0),

density of states at the Fermi surface N(0)j and Sommerfeld para-

meter y .for several concentrations and samples of (Th,La)Rur> and

(Th,Nd)Ru„. ( this value has been taken at T=0.9T from

table 3.2).
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Ginzburg-Landau parameter K „ L has been determined as follows.

First, we calculate the Maki parameter K~ from the slope of the

maanetization near H (see e.g. figure 3.18a,b) for different

temperatures.

dM
dH Hc 2

(3.16)

Secondly, since the three maki parameters K , K_, K,, and the

Ginzburg-Landau parameter K „ L become identical for T=Tc, we have

extrapolated the obtained K-values to T . Only K-values at T are
c c

presented in table 3.3.

The thermodynamical critical field values have been determined

from eq.(3.13). If we calculate the lower critical fields H

from H (0), using table I in Ref.t 36] , we find good agreement with

the experimental values for H for (Th. La )Ruo with x=0, x=0.9,
C1 -L X X £

and x=1.0. However, for other concentrations 0.1<x<0.3 the

measured values are about a factor 3 to large. A possible expla-

nation is the enhancement caused by flux pinning, which could

lead to an excessively large value of the apparent H f 37] . We

have not investigated this point further.

The values of the density of states at the Fermi surface N(0)

determined from eg.(3.12) are also listened in table 3.3. N(0) can

further be used to calculate the specific heat coefficient. The

appropriate conversion is [ 29]

A comparison with the experimental y is only possible for LaRu~{ 34].

From specific heat measurements y has been found to be

13.85 mJ/mole K . This value differs from the calculated one

(9.5 mJ/mole K given in table 3.3. However, in the specific

heat experiment [34] T has been determined to be only 3.08 K.

This value differs remarkebly from the one we have found (4.3 K),

probably due to our use of higher purity metal components and/or

a better stoichiometry. In figure 3.21 we present the calculated

values N(0) for several concentrations of (Th,La)Ru2 (symbol O )

and (Th,Nd)Ru2 (symbol • ). Alloying ThRu2 with La or Nd results

in a distinct reduction in N(O). This is in remarkable contrast

to the observed increase of T . Apparently, another mechanism
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0.8

Fig. 3.21. Concentration dependence of the calculated density of states at

the fermi surface N(O) for (Th- NdJRu0 (symbol • ) and tTh^ La )Ruo

(symbol O ; . Values given by Davidov et al.[25] are also shown (symbol • ) ,
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has to be taken into account in order to explain the unusual

T -behaviour, such as an enhancement of the electron-phonon
c
coupling and/or a shift to lower phonon frequencies. The results

for N(0) calculated by Davidov et al.[35] for ThRu2 and LaRu2
are also shown in figure 3.21 (symbol • ), and are in good agree-

ment with our results.

3.5.4. Pressure dependences.

In this section we report our investigations of the pressure

dependence of T in (ThNd)Ru2 and (ThLa)Ru2 intermetallic com-

pounds. The high pressure technique is a very useful method to

generate an often small, but well-controlled, continuous variation

of the pertinent solid state parameters, such as the density of

states, exchange interactions, or electron-phonon coupling.

Modifying solid state parameters by changing the chemical com-

position of a system can cause relatively large and unknown

changes in its properties. By applying pressure to a supercon-

ductor one can nicely study the solid state parameters mentioned

above via changes in T . Unfortunately, at present there exists

no microscopic theoretical treatment of the pressure or volume

dependence of T . Even the pressure dependence of normal state

properties is poorly understood, and so, one cannot expect to get

a complete understanding of the parameters involved. However, the

observed pressure variations when viewed within the different

theoretical frameworks such as BCS-theory [ 32] , McMillan formalism

[ 30] or AG-theory [ 8] permit us to, at least, probe the con-

sistency of assumptions used in the determination of parameters

from the experimental results shown in section 3.5.2. The in-

fluence of pressure on the solid state properties of dilute-

magnetic materials, such as Kondo systems and spin glasses, has

extensively been studied by Schilling [ 38] . We used a hydrostatic

pressure technique [39] and a commercial E.H.E. SQUID magneto-

meter. The experimental details have been described elsewhere [31].

We have investigated the pressure dependence of Tc in

(Th1_xLax)Ru2 and (Th1_xNdx)Ru2. Our main region of interest is

between 0 Sx S0.35. First we discuss the compounds containing the

magnetic Nd-ions. Here we observed a small but distinct reduction
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.94-

O 2 4 6 8 10 12
P(kbar)

Fig. 3.22. Reduced temperature t = 1Q/1 c as a function of applied pressure

for several concentrations of (Th-. Nd)Ru0: O x = 0, • x - 0.1,j l ~x x &
A x = 0.2, • x - 0.3, • x = 0.32.

p(kbar) 5

0 3

Fig. 3.2?. Superconducting transition temperature T as a function of

oonaentpation and pressure for (Th,Nd)Ru„.
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of T with increasing pressure [ 31] . In figure 3.22 we have

plotted the reduced superconducting transition temperature

t=T /T„ , [T =T (P=0)], as a function of applied pressure for

several concentrations. As can clearly be seen, the pressure de-

pendence dt/dP increases with increasing amounts of magnetic im-

purities. But in comparison with the concentration dependence,

this pressure dependence is rather weak. Figure 3.2.3. presents

a three dimensional diagram for the superconducting transition

temperature Tc as a function of concentration x and applied

pressure P. Surprisingly in (Thi_xLa )RU2 we did not observe any

pressure dependence of Tc within our experimental accuracy

(At=+10mK). This indicates that the pressure effects observed in

(ThNÜ)Ru2 compounds are mainly due to the magnetic impurities.

Differentiating eg.3.5 witn respect to the pressure we obtain:

d(AT ) dT dTr IT2 dN(0) dj
£_ = —°- ^2. = -x S (S+l) {J + N(0)2J — } <3.17)

dP dP dP 4kB dP dP

By measuring the pressure or volume dependence ATc=T - T C O and if

the pressure or volume dependence of N(0) is known or can be esti-

mated, one can determine the volume- or pressure dependence of

the exchange interaction.

Due to the similarity of the concentration dependence of

(ThNd)- and (ThLa)Ru2 we assume that the pressure dependence of

N(0) will be identical in both systems. In (ThLa)Ru2 no pressure

dependence could be found, indicating that N(0) is rather in-

sensitive to applied pressure- In the analysis of the pressure

dependence we can thus restrict ourselves to the pressure depen-

dence of the properties of the magnetic impurities. Using the

AG-theory, we now have

dT irz d:T
— - * -x S (S+1)N(O)
dP 4k dP (3.18)

B

Within the Ag-theory one should therefore observe a pressure de-

pendence directly proportional to the concentration of magnetic
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Fig. 3. 24. Pressure dependence of the superconducting transition temperature

T as a function of concentration x. The solid line has been drawn to the

first three data points and is used in eq.(3.18) (see text for details).

impurities. As shown in figure 3.24, we obtain an approximate

linear behaviour consistent with that in figure 3.16, at least

for Nd-concentrations x < 0.2. At higher concentrations deviations

are expected due to direct coupling between the impurity spins,

and the AG-theory is no longer valid. From the linear behaviour

in figure 3.24 we can determine, knowing N(0) and S,

2l
dP

= 0.74 x 10-6
kbar

Taking the effective exchange interaction J calculated in section

3.5.2, and the indication in Ref.[ 16] that the effective exchange

interaction J for Nd in ThRu2 is negative we find

- 0 . 0 7 X 1 0 - ^

which is rather small in comparison with the pressure or volume

dependence of T in (La,Gd) alloys [38,40].
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3.5.5. Summary

In the preceding sections we have focussed our attention on

the "alloying effects" appearing in the Ru2-intermetallic compounds.

The unusual T behaviour of an increase of Tc with increasing

number of magnetic impurities had previously been observed [ 15] ,

but no clear explanation has been given. By subtracting the Tc

values of (ThLa)Ru2 from those of (ThNd)Ru2, we could demonstrate

the influence of the magnetism on the superconductivity (see

figure 3.16). Here we found a suppression of the superconducting

transition temperature (AT /dx) = 1.6K , close to that value

estimated by Barberis et al. [16]

With critical field measure-nentŝ . we tried to determine the

influence of the density of stages at the Fermi surface N(0) on

the superconducting transition temperature T . The concentration

dependence of N(0) is in contradiction with the concentration

dependence of T and Hc2- This indicates that some other mechanism

is responsible for the unusual Tc~behaviour. A phonon softening

or an enhancement of the electron-phonon coupling could possibly

explain the increase in T , but such effects can only be verified

by cither ultrasound attenuation experiments or point contact

spectroscopy.

No pressure dependence of T could be observed in (Th. La ) Ruo
C 1 —X X *£

for 0 < x< 0.3. This is rather surprising, because (Th,La)Ru2 is

believed to be a d-band superconductor and, therefore, should ex-

hibit a certain change in T with increasing pressure [41]. On the

basis of the pressure experiments we suggest, that the Fermi level

of these compounds is located in the s-band just below the d-band

or in a pronounced minimum of the d-band, since in these cases

N(0) will be only weakly dependent on pressure.

Due to the similarity except magnetically of La and Nd we

further conclude that the observed pressure dependence of T in

(Th,Nd)Ru2 is of magnetic origin. For small concentration it in-

creases approximately linear. This result is consistent with the

AG-theory. In systems with negative exchange parameter, J is

universally found to increase in magnitude with pressure [ 38] .

This then gives the reason why T decreases with increasing

pressure. Cn the other hand, if the AG-theory is able to describe
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the T behaviour in (Th^ Nd JRiij for 0<x<0.2, then direct inter-

actions between Nd spins are negligible. Consequently one can

expect that the average cluster size for xX).2 is not to large

and that the claimed coexistence of superconductivity and cluster-

glass ordering [23] for 0.3<x<0.4 is an appropriate picture to

describe the observed experimental results.
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CHAPTER 4

MAGNETIC RELAXATION IN SPIN GLASSES

AND RELATED COMPOUNDS

Bei zunehmender Verlangsamung der Umklappur.gen

muss eine Verzögerung in der Einstellung des

mittleren magnetischen Moments, also der

Suszeptibilitat, erfolgen,und es ware interessant

zu wissen, ob bei den tiefen Temperaturen der

Versuche von Kamerlingh Onnes und Oosterhuis nicht

schon Andeutungen solcher Verzögerungen beobachtet

werden können.

(W. Lenz, Physik Z. 21, 613 (1920)).

4.1. General introduction to magnetic relaxation.

The problem, how fast the magnetization of a specimen

follows a change of the external magnetic field is a long standing

one. The pioneering work in this area was mainly of Dutch origin

[1]. Today, with the investigation of spin-glasses and related

systems, this problem has again become a topic for experimenta-

lists as well as theoreticians. Unfortunately, different spin-

glass-like systems do behave quite differently, when their

magnetic response is studied as a function of time. In this

chapter we will try to develop a phenomenological model, of which

parameters can be used to characterize the system and do have a

physical meaning as well. In order to define the quantities

appearing in the model, we start out with an introduction to

magnetic relaxation in paramagnetic systems [2].

In paramagnetic substances the magnetization vector M,

induced by the magnetic field H is proportional to the inverse

temperature T according to a Curie-law:

ft = § 3 = xo3/ (4.D
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where C is called the Curie constant and xo the static suscepti-

bility. In general x is a second order tensor, which could be

diagonalised by choosing the principal axis of x as a reference

system and which effectively reduces to a scalar, if the magnetic

field is applied along one of these principal axes, e.g. the

z-axis. In this case H and M are parallel and we may write:

M = x -Hz Ao z

A small variation of the magnetic field will result in a

variation of the magnetization. For the magnetic field along the

z-axis we write:

H(t) = H + AH (t)

and for the magnetization along the z-axis:

M(t) = M + AM_(t),

where h and M are the equilibrium values, AH (t) and AM (t) is

the variation of the magnetic field and the resulting magnetization

respectively. Furthermore, it is assumed, that the field variation

AHz(t) is small enough such that a description in a linear approx-

imation is allowed.

If we consider the response of the magnetization to a

negative field step

H + AH for t<0
H ( t ) " H for t>0

than the variation of the magnetization is defined by:

AM, (t) = M(t) - X„H B <j>(t)-AH (4.2)

where <J>(t) is called the relaxation function, with <j)(0) = x an<3

<|) (°°) =0. In general $(t) is a tensor, but can be treated as a

scalar, if MilH and if the crystal is isotropic. A continuous

field variation AH(t) can be considered to consist of n steps at

successive times in the limit n-*-<». Since due to linearity all

contributions may be added, the variation of the magnetization as

response to this field variation can be written as:
00

AM(t) = - f (d<f>(T)/dr) -AH(t-r)dT (4.3)

o
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Experimentally the magnetization or susceptibility is studied

in an oscillating field, h-e l w , which may also be applied

parallel to the z-axis. Then eq. 4.2 becomes

CO

AM(t) = - f (d())(T)/dThe;L(1)te~luTdT (4.4)

o

using the Fourier-transformation:

<f>(u) = £ f *(t)e"i(1)tdt (4.5)

and by partial integration of Eq. 4.3 we find

AM(t) = AH(t) (xo-iwiT<J>(w)) (4.6)

By that we define the complex susceptibility at a certain

frequency:

x'w) =x' (u)-ix" (w) = xo-i™o<l> (w)

where the imaginary part is given by:
oo

X" ( a ) ) = RE(<j>(w)) = - f < | ) ( t ) c o s ( j j t d t ( 4 . 7 a )
ÏÏ0J TT J

O

which is the Fourier spectrum of the relaxation function. We also

derive for the real part:

X'fu) = x o - w <|>(t)sinu)t dt (4.7b)

o

If we consider the relaxation to take place according to an

exponential decay,

4><t) = (x(0) - X(°°))e~
t/T , (4.8)

we find by Fourier transforming eqs. 4.6a,b the well known Debye

formulae:

(4.9a)
1+0) X'

and

X" (ui) = [x(o)-x(»)l ml 0 (4.9b)
1+0) T
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The real part x1 (u) an<3 the imaginary part x" (") a r e connected by

the so-called Kramers-Kronig relation, obtained by eliminating

<|>(t) in eqs . (4 . 7a,b) :

, , , , , , 2 f°\x"(y-^X"(u) (4.10a)
X' (u)-X1 (°°) =^r 2 2 wl

' ui, - ui
o 1

o r r e v e r s e l y :
ui [x ' (a).) ~x ' (u) ]

=-^ = ( 4 . 1 0 b )X(U) f
o Wl W

It is often convenient to present experimentally observed

susceptibility data in a form that x' an(3 X" a r e shown in the

same picture. A simple evaluation of eqs.(4.9a,b) shows that the

relation between the real and imaginary part of the complex

susceptibility is the equation of a circle:

lx' to) - Xto^-XO»)]2
 + [X»(U)]

2 = i[x(o)-X(-)] (4.11)

Thus, by plotting x" versus x' t n e so-called Argand diagram or

Cole-Cole plot with its midpoint on the real axis is obtained.

The right hand side of the semi-circle is governed by the low

frequencies (OO<<T ) , and the left hand side by the high

frequencies (W>>T ). The top of the semi-circle is reached at a

frequency W=T

Eqs.(4.9a,b) can be expanded into Taylor series:

2 4
X1 (ÜJ) ~a 1-a 2 (WT) -a3(i)T) -

which shows that x' (u) is an even function and x" f60) is a n

function of w. By calculating dx'/d(u) and dx"/d(u) we find

b1-3b2(cüT)
2-5b3(o)T)

4-

d x -2a2uT-4a3 (IDT) -

which leads to:

dv"
-A— = oo for u) ->• o
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Thus, the slope of the tangent to the Argand diagram goes to

infinite as w approaches zero (right hand intersection with the

real axis) . A similar expansion can be done for 1/u) . Then one

finds the infinite slope of the tangent, as w approaches infinite

(left hand intersection with the real axis).

So far, the implication of this model to magnetic systems

can only be understood if more physical insight is given about

the relaxation process, i.e. the meaning of T in eg.(4.8). In

non-zero static magnetic fields the relaxation mechanism may occur

due to the so-called spin-lattice interaction in which a redistri-

bution over the energy levels appears as a consequence of an

interaction between spin system and lattice oscillators. The

expression for the complex susceptibility in this case can be

derived from thermodynamical considerations. This derivation was

originally performed by Casimir and du Pre [3] . In their model a

magnetic substance is considered to consist of two parts: the

spin system containing the magnetic properties and the lattice

system containing all the other properties. Each system itself is

in internal thermal equilibrium with a temperature T (spin
s

temperature) and T^ ( lattice temperature), respectively. The

spin-lattice interaction causes a heat flew from the spin system

to the lattice, proportional to the difference in temperature:

dQ/dt = -a(T - T,) (4.12)
S J-

Furthermore it is assumed that the temperature of the lattice

remains constant and equal to that of the surrounding. Deviations

of these assumptions have been extensively investigated by van der

Marel and coworkers [4]. By a sudden change of the magnetic field

the spin temperature will change from its equilibrium and energy

will be transferred between spin-system and lattice. In other

words, the spin temperature T relaxes to the lattice temperature

T^. The relaxation time constant is given by:

x1 = CH/a

where CH is the specific heat of the spin-system at constant

magnetic field. The above considerations lead to the following

expression for the complex susceptibility [3] :
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Am ^o

X(u) = X + - , (4.13)

where Xm is t n e isothermal susceptibility and xc
 t n e adiabatic

one. Splitting eg.(4.13) in a real and imaginary part one

obtains the equivalents of eqs.(4.9a,b):

X *~X
X'(u) = Xs + 9̂ r (4.14a)

and
WT,

(XT-XS) r^> (4.14b)
1+W T,

The isothermal susceptibility xT is measured for UT.<<1 and

corresponds to the situation where the energy level populations

oscillate sinussoidally with the oscillating field, so that the

spin temperature remains constant during a cycle. At weak external

magnetic fields this susceptibility is equal to the static value

defined in eq.(4.1).

At frequencies so that WT,>>1, the susceptibility reaches

its adiabatic value x i n which the spin-system can be considered
s

to be isolated from the lattice.

In this chapter we consider the internal relaxation only,

i.e. the so-called spin-spin relaxation that usually occurs at a

time scale where the spin-system is already isolated from the

lattice. Furthermore, we essentially performed our experiments in

zero-magnetic fields where the spin-lattice relaxation is known

to be zero [51. This means that in the relaxation processes of

our interest T in eq.(4.8) is the spin-spin relaxation x .
s

Consequently x(0) in eqs. (4.9a,b) becomes xs
 a n d X (") represent

the high frequency case where the spin system is no longer able

to follow the oscillating field. For convenience we have sche-

matically plotted x' and X" a s a function of frequency for a non-

zero-field situation of a paramagnet in figure 4.1.
4.2. Magnet-Co relaxation in spin glasses.

The at present unsolved spin glass problem has continued to

attract a great deal of theoretical and experimental interest.

Spin glasses have been viewed upon the basis of two different
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Fig. 4.1. Real- and -imaginary part of the ac-susceptibility as a function of

frequency in a non-zevo field situation.

concepts. The first one assumes a phase transition, to take place

at the so-called freezing temperature T_ where the cusp in the

susceptibility appears. The second considers a blocking process

of magnetic clusters, a sort of reduced rotational freedom of

magnetic entities. By that the systems exhibits some viscous

behaviour, similar to the molecular movement in ordinary glasses.

AC-susceptibility x(w)=x'~ix" is one of the most frequently used

experimental techniques applied to spin glasses. At the freezing

temperature T_ the ln-phase component x' exhibits the charac-

teristic cusp-like maximum, but the out-of-phase component x"

shows a distinct anomaly T^T,. The presence of out-of-phase

signals is always a consequence of one or more relaxation

processes [7, 8, 9] .

In metallic spin glasses we have to bear in mind that the

spin system consists of a complex of magnetic ions and conducting

electrons. The properties of such a complex in the paramagnetic

state has been extensively investigated using Electron Paramag-

netic Resonance [6] . Since the thermal contact with the surrounding

is also governed by the conducting electrons, it will be difficult
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in that case to distinguish between spin-spin and spin-lattice

relaxation, because these measurements are performed in external

magnetic fields.

Usually, systems with two (or even more) different atoms

show a tendency to atomic short range order (ASRO) depending on

the heat of formation. If one of these atoms is magnetic, one

consequently has magnetic short range order (MSRO), produced by

mainly ferromagnetic clusters already above Tf [10,11,12] . Owing

to the random distribution of magnetic impurities one can assume

that even these clusters are randomly distributed. If the spin-

glass effect is indeed due to clustering there can be very little

doubt, that a distribution of clusters, concerning size, shape

and orientation must exist in a real alloy or compound. The idea,

to explain the characteristic spin-glass features in form of a

distribution of relaxation times, has already been used by several

authors [8,13,14,15,16]. However, a distribution function which

can be calculated directly from the measurements has not been

established up to now in literature. Most of the experiments

carried out on spin glasses have different time windows and by

that allow only limited conclusions. But all the measurements

indicate clear evidence of continuous evolution of correlations

among the spins accompanied by the development of a whole spectrum

of relaxation times from well above to below T~. The "short time"

experiments such as Neutron Spin Echo (NSE) [17] and muon spin

depolarisation (uSR) [18] show also the existence of rather short

relaxation times (x * 10 s) above and even below T~ especially

in metallic spin glasses with 3d magnetic solute atoms. Addition-
-4ally rather long relaxation times (T * 10 s) arise at T_ as

evidenced by ac-susceptibillty [7,8,14], and not seldom extra-

polations of time dependent dc-magnetization measurements below

T, lead to astronomically long relaxation times [19,20].

According to this picture of randomly distributed clusters

in a non-oriented surrounding we suggest that a distribution

function g(T) has to consist of two parts:

g(T) = 9 C S(T) + 9fs(
T> (4.15a)
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with the normalization condition:

OO 00

I gcs(T)dT = 1 and j gfs(T)6(T-Tfs)dr = 1 . (4.15b)

o o

The first one describes a broad spectrum of relaxation times

according to a broad distribution of clusters which are randomly

in size, shape and orientation. One expects that the large total

magnetization of a cluster could lead to rather low frequency

processes, because such a "mass" behaves rather slowly. The

second term describes the spins which are in subtle equilibrium

between direct or dipolar exchange and anisotropy, they are

frustrated. The equilibrium of these spins is much easier dis-

turbed i.e. they respond to an ac-field up to much higher

frequencies and we assume that these spins obey a delta function-

like distribution of relaxation times.

4.3. A phenomenologiaal relaxation model.

In the following we try to develop our phenomenological model

with respect to the ac-susceptibility. The frequency dependent

complex susceptibility x^) with a single relaxation time constant

can be written as:

f„
(o)-xf

of which the real- and imaginary-part are given by eqs.(4.9a,b)

Here x (°) i s the isothermal susceptibility in the limit uTg<<l,

of which temperature dependence is Curie-Weiss law. The suscep-

tibility x(°°) in the limit UIT .>>1 is expected to be very small

and one may choose it zero for free spins. Splitting eq. (4.16)

in a real and an imaginary part, we therefore can write:

Xfs<°>xrs
(u) = 7 r W - (4-17a)

1+CÜ T f s

a n d (o).u,T
f8

( 4- 1 7 b )
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In the case of spin glasses deviations of a semicircle in the

Argand diagram have been observed [7] . The Argand diagram is

flattened and one has only an arc of a semicircle, which indicates

that the relaxation process is not characterized by a single

relaxation time; that is one has to introduce in eg.(4.16) a

distribution function g(T):

d-r
cs

An arc of a semicircle is schematically shown in figure 4.2. In

this figure the parameter a is defined for any point on the arc

where the angle between a and b is equal to (1-a) •TT/2. The complex

susceptibility which describes such a flattened Argand diagram is

ther given by [21]:

*cs(ü))~Wo) =
xcs ( o )" xcs ( a > )

l+(i0ITcs)
1-a

(4.18)

Eq. (4.18) can again be separated into its real and imaginary

part:

Fig.4. 2. Sehematieally dream Argand diagram for a spin glass with a

distribution of relaxation times oharaaterized by the parameter a
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X'

Y I
xcs

where

s = loguT

^cs

1
2

(o) =

X c s

1

o x c s cosh

1

(1-a)

sinh(1-a)s
cosh (1-a) s -f si

X7T

s + sinia-rr

(4

(4

TT

.19a)

.19b)

c s

The same considerations which have been perforu.̂ d to eqs.

(4.9a,b) can be applied to egs.(4.19a,b) and by calculating dx'/ds

and dx"/ds we finally find:

sinh(l-a)s) + tanyan coth(l-a)s .

x
dy' 1

If an <<1, than s=lg<joT -*•-"> and: —^— = -cotjair

dx"

which reduces to zero if cx=l and becomes infinite if a=0 {seee q s . ( 4 . 9 a , b ) . I f cox > > l f t h a n s = l g u j T „„" ! - c o a n d :
OS CS

dv' .1

dX"
 l

with the same limiting cases as above. Thus, the width a of the

distribution defines the angle formed by the tangent to the

Argand diagram if it intersects the real axis. Note, that eqs.

(4.19a,b) are valid only for a certain frequency range. For the

high frequency limit where single spin relaxation takes place and

for the very low frequency limit, where long time relaxation

possibly due to quantummechanical tunneling [19] (T >200X10 S)

occurs, one cannot expect eqs.(4.19a,b) to satisfy the Kramers-

Kronig relation.

The distribution function which corresponds to eg. (4.16) is

given by:

ww = *— <4-2o>2TT cosh [(1-a) ln- r / t ]-coscm
CS

where a determines the width of the distribution.

This function is in practice very similar to a Gaussian distri-

bution, but mathematically easier to treat. Furthermore, this

distribution has successfully been used to describe dielectric
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relaxation [21], which is indeed rather similar to magnetic

relaxation [22]. By measuring the frequency dependence of the

in-phase component x'(w) ar>d for the out-of-phase component x" (.in)

at a certain temperature and by fitting the sum of eq.(4.16) and

eq.(4.l8) to these results, one can directly calculate a distri-

bution function g(lnx) . We may hope, to characterize the

different systems via the temperature dependence of the different

parameters. Owing to the enormous variety of different spin-glass

systems, this will prove the usefulness of the model, especially

if the temperature dependence of the parameters can be correlated

with the intercluster coupling strength [12].

The total susceptibility for a spin glass or related compound

is the sum of the contributions mentioned above. The susceptibi-

lity Xf (°°) f°r free spins is zero if there is no or only a

negligible interaction between the spins. Thereby Xf (°) follows

a Curie law:
Cfs

x (o) = -^- for T>0 (4.21)
ts T

where C, is the Curie constant for one so-called free spin.

The temperature dependence of the susceptibility of a single

cluster above a so-called "blocking temperature" T_ [13] is also

Curie-like:

Xcs(°> " XC8<-> =AX C S = ^ | f o r T>,,B (4.22)

where C denotes a Curie constant for clustered spins and 0 a

possible intercluster interaction strength. Balow its "blocking

temperature" T„ the cluster is no longer able to follow the

oscillating field (UT = >>!) an(^ attains a constant value which is

considerably smaller than at T„ [13]. Thus the total suscepti-

bility of a spin glass can be regarded to consist of two parts A

and B for T>T„ and of three parts A, B and C for T<TB with:

A = N f g X f 8(o),

B = NcsA*cs a n d

*cs

where N- and N represent the number of free spins and clusters,

respectively, and x_= is temperature independent. If N_ and N
C5 XS CS
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are temperature independent, the parameters A and B should

exhibit a T dependence at least for T>T„ according to eg.(4.21)

and eq.(4.?2). However, if B varies faster with temperature, an

effective Curie constant has to be introduced in eq.(4.22) which

is temperature dependent. This can be understood by assuming that

the number of spins per cluster will be temperature dependent

which may arise due to an intercluster interaction with a strength

of the order of our measuring temperature.

Next to we will discuss the parameter a which determines

the width of the distribution. As it is known, the cluster for-

mation in a spin-glass starts already above the freezing teiupej:-

ature Tf [10]. Therefore a finite value for a should already be

observable above T, (ot̂ o for T>Tf) , but its temperature dependence

is difficult to predict and has to be determined experimentally.

For T>>T, the parameter a will be zero (infinite small distri-

bution) and probably reaches one, if T approaches zero (infinite

broad distribution).

The cluster relaxation time constant T follows the Néel
cs

picture the exponential Arrhenius law T =T exp(AEa/k„T), whereas

the relaxation time constant T, for paramagnetic spins is T-

independent. For non-metallic systems T^ is expected to be about
_Q

 r s

10 s in zero magnetic field and if dipole-dipole interactions

are dominant [ 2 ] . The shortest relaxation time observed in metallic

systems is the Korringa relaxation time (* 10 s) .
4.4. Comparison with experiments.

In this section we compare the phenomenological model,

described above, with measurements performed on different spin

glasses or related systems. Owing to the fact that the relaxation

time spectrum in these materials usually is rather broad and

could easily exceed 12 orders of magnitude in frequency, one has

to carry out the experiments on different experimental set ups.

AC-susceptibility is one of the most common techniques on spin

glasses. The low frequency limit is about 1 Hz and the highest

frequency is about 10 Hz for a non-resonant method. However,

eddy currents in metallic spin glasses will falsify the result,

if f>l K Hz, even when the samples are powdered. Smaller

frequencies (f<l Hz) can be reached by SQUID-techniques [23] and
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higher frequencies (f>10 Hz) by neutron spin-echo (NSE) and

muon spin depolarisation (pSR) experiments [17,18]. These experi-

ments are not accessible in our laboratory, so we will use data

from literature. For convenience we use in the following only the

frequency f which is equal to CO/2TT in the equations of the

preceeding sections.

4.4.1. CuMn: 5 at.% - an archetypal example for metallic spin-

glasses .

Because CuMn is one of the most extensively investigated

spin-glasses [9], it seems reasonable, to use this system as a

standard. Moreover, CuMn has a large concentration region of ASRO

(0<x<30 at.%), with a comparatively weak anticlustering and no

long range ordered intermetallic compounds. Above 30 at.% the

anticlustering in CuMn starts to change into clustering and

segregation of a-Mn occurs [24]. The nearest and next-nearest

neighbours are ferromagnetically coupled with JN
a!+75 K and

JNN * + ^ K' w^ e r e a s th& coupling for further distances (up to

the fifth neighbour) is anti ferromagnetic J3_5«-33 K [8,25]. As

was mentioned before, ac-susceptibility measurements on metallic

samples are difficult to interpret for frequencies above 1 kHz

due to the effect of eddy currents. Therefore we have taken the

NSE data from Murani [16], including some susceptibility measure-

ments from Tholence [26]. The connection between the (NSE-) time

correlation function £(t) and the susceptibility is given by [16]:

l-C(t) = TX(f)/THxH , (4.24)

where x{£) is a frequency dependent susceptibility value at a

temperature T<Tf and T„-xH a high temperature normalization factor.

Using eq.(4.24), we have calculated from Murani's data the

normalized susceptibility as a function of frequency for different

temperatures, which is shov«n in figure 4.4. The freezing temper-

ature Tf of this sample has been taken to be 28 K [26]. At high

temperatures (T=100 K) the susceptibility follows approximately

a Osbye-curve according to eq.(4.9a) with a relaxation time
— 12

constant of about 2-10 s. By lowering the temperature one

observes a continuous development of relaxation times longer than
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10 s. If the freezing temperature is approached from above, the

relaxation times spectrum gets broader and if one passes T,, the

normalized susceptibility decreases accompanied by an enormous

broadness of the relaxation time spectrum with relaxation tiroes
—9several orders of magnitude longer than 10 s.

Using eg.(4.24) and the room temperature susceptibility value

given by Morgownik and Mydosh [10] we have calculated from Murani's

data the susceptibility per mol of Mn. For temperatures 5 K<T<50 K

we have fitted the model, described in section 4.3, ;o these data.

As an example the frequency dependence at two temperatures,

T=50K>Tf and T=20K<Tf, is depicted in fig. 4.4 where the solid

lines represents the fit to the data. For all temperatures the

relaxation time constant for the free spins has been taken constant
— 12Tf =2-10 s, which seems to be reasonable considering the data

presented in fig. 4.3. The average relaxation time constant of the
-12 -5

clusters, varies from 10 s at high temperatures to 10 s at low

temperatures. As is demonstrated in figure 4.5 this behaviour can

be related to an Arrhenius-law.

c s o a k B T ) (4.25)

For 1/T+O the solid line extrapolates to T = 10 s and its slope

has been determined as AEa/k_T = 73 K. For these calculations the

data point for T =0.2 K"1 has not been considered. These values

are much more reasonable than those, usually obtained from the

frequency dependence of the cusp temperature. Moreover, the energy-

value of 73 K is approximately equal to the nearest neighbour

interaction energy [25]

4.4.2. (Eiip 4Srn g) $ ~ a diluted magnetic semiconductor.

The unusual magnetic behaviour of the mixed EuS-SrS system

has led many investigators to classify this system as a spin glass

[27]. In this system there is supposedly a competition between

ferromagnetic and antiferromagnetic interactions and a random

distribution of Eu and Sr atoms on an fee sublattice. These

properties are basic ingredients for spin glasses, even though as

with many so-called spin glasses they are not fully satisfied.

In (Eu Sr, )S the interactions are mixed, but of short range, and

88



until now there has been no experimental evidence for a random

distribution of magnetic Eu atoms. On the contrary, at the large

x values (>0.13) needed to observe spin-glass-like effects one

might expect large deviations from randomness. For smaller concen-

trations (x<0.13) the system has already been classified as a

superparamagnet [27] and for concentrations above 0.5 the sample

exhibits ferromagnetic behaviour [28] .

Previous measurements on a (Eu~ 2Sr0 8^S s;i-n9le crystal [7]

show out-of-phase signals x"(<*>) which are much larger than those

observed in metallic spin glasses at comparable frequencies.

Furthermore, high temperature susceptibility measurements on a

(Eu„ iSr„ „)S single-crystal (Tf=200 mK) show already at about

16 K deviations from Curie-Weiss behaviour which is approximately

at the ordering temperature of the pure EuS ferromagnet. This

behaviour is evidenced in figure 4.6 and indicates the early stage

of ferromagnetic clustering.

By discussing the (EuSr)S system, one has to take care of the

chemical and cristallographical properties of this system. Only

for x<0.1 and x>0.6 the samples form an ideal solis solution. For

Fig.4.6. Inverse susceptibility as a function of temperature for a

. g)S single crystal. The high temperature extraploation

gives an effective moment of 7.6yt„ and a paramagnetic Curie

temperature of +2.2K.

89



0.1<x<0.6 one finds two cristallographic phases and it is rather

difficult, to quench the samples into one of those [29]. Further-

more, at x=0.i a peritekticum seems to exist [30]. The effect of

different preparation methods on the susceptibility has been

previously snen in (EuQ 5SrQ ,-)S [31] .

The frequency dependent susceptibility has been measured up

to 5 kHz using a standard mutual inductance technique and up to

0.5 MHz by a self inductance bridge [32]. Since it is necessary

to extend the frequency range up to about 10 Hz, we have also

used the NSE data of Shapiro et al [33] .

The results of the complex susceptibility as a function of

temperature for several frequencies are shown in figure 4.7. At

the highest temperatures (T>2 K), one sees no difference in the

in-phase component for the various measuring frequencies within

the experimental error. This feature plus the absence of any out-

of-phase component indicates that the measured x' is the equi-

librium susceptibility, i.e. the system is in thermodynamic

equilibrium. Decreasing the temperature, one observes a non-zero

out-of-phase signal starting at the higher frequencies. Similarly,

10 -

ar'

Fig,4. 7. Temperature dependence of the in-phase component x' (solid symbols)

and uut-uf-phase component x" (open symbols measured in zero field

for a (EuQ 4SrQ g)S single crystal. T V 2.?2Hz, • O 348Hz,

k A 5S68Hz.
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deviations of the in-phase signal from the equilibrium suscepti-

bility are evidenced. One also notes that the temperature of the

inflection point of x" corresponds to the temperature Tf of the

X'-maximum for each measuring frequency. For temperatures below

the susceptibility maximum, the various x' curves remain separated,

but they seem to converge. Qualitatively, the maximum of the

in-phase signal broadens and shifts towards higher temperatures

with increasing frequency similar to the result of previous

investigations on different spin glasses.

A comparison of the shift in T according to an Arrhenius

law leads to unphysical values for E /kB and the attempt frequency

(see also Ref. [27] ) .

By plotting the susceptibility data in the complex plane one

can illustrate the broadness of the distribution of relaxation

times. Figure 4.8 shows the Ar^and diagrams for different temper-

atures around the freezing temperature Tf. It is obvious that the
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Fig.4.10. Two characteristic fits to
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Fig.4.11. Average cluster relaxation

time, logi , as a function of the

inverse temperature for (Eu. 4Sv. JS.

The solid line has been drawn by

linear regression. Only one error bar

has been indicated.

curves cannot be described by semicircles, which indicates that
the relaxation process i s not characterized by a single relaxation
time. Unfortunately, ac-susceptibility measurements at higher
frequencies are not yet available and we have to rely on the
previously published NSE data [33] , by applying eg.(4.24) . In
figure 4.9 the normalized susceptibxlity data as a function of
frequency i s presented for different temperatures. At 3 K the
susceptibility obeys a nearly ideal Debye-like behaviour with a
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relaxation time constant of about 3x10 s. With decreasing

temperature one observes, analog to the CuMn-sample, a continuous-

ly increasing influence of relaxation times longer than 10 s.

If one passes the freezing temperature T^ the normalized suscep-

tibility decreases, and the distribution of relaxation times gets

broader. The fit to the data of two different temperatures is

shown in figure 4.10. By means of eg.(4.24) and the susceptibility

value at 30 K (x'=1.95 ^y) we calculated absolute susceptibility

values from the NSE data.

For the temperatures T=l.l K, 1.3 K, 1.5 K, 1.8 K, 3.0 K the

model is fitted to the data under the assumption, that the

relaxation times are temperature independent (10 s) within the

accuracy of the measurements and model calculation. The average

relaxation times of the clusters plotted in figure 4.11 they vary

between 0.16-10" s and 3*10 s, and one can relate this time

dependence to an Arrhenius law (eq. 4.25). For 1/T-MD the solid

line extrapolates to T =0.5-10 S and the slope gives AE /k =16 K.

Both values are comparable \o those one of CuMn: 5at.% at least

in order of magnitude. The energy-value of 16 K is very close to

the ferromagnetic ordering temperature of the pure EuS (T =16.5 K).

The question arises, whether there is a certain connection between

the activation energy and a local ferromagnetic ordering of EuS,

exceeding several unit cell parameters. It has been previously

observed with Magneto Optical Rotation (MOR)-technique that in

(EuSr)S ferromagnetic domains are formed below the Curie temper-

ature (T,=4.9 K), which have an extension of more than 100 ym at

least in two dimensions [34] . Neutron diffraction experiments

have suggested a reentrant transition into the spin-glass state

at 2.C<K. On the other hand, the MOR-microscopic investigation

for T<2.0K does not show any behaviour different from that for

2.OK < T < 4.2K.

Furthermore, we have measured the ac-susceptibility in small
_2

external dc magnetic fields (0<u H<10 T) at a frequency of 1969

Hz. De Almeida and Thouless [35] showed that in the presence of

a magnetic field the Sherrington and Kirkpatrick model [36] for

classical Ising spins exhibited an instability for purely random

interactions. Toulouse and Gabay [37] have extended these calcu-

lations for an m-component spin system and calculated the so-called

AT line:
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l-TAT(H)/TAT(o) = {(m+l)(m+2)/8]1/3h2/3
(4.26)

with h=g-pa-S-H/k T , T the transition temperature and m the

spin dimensionality. Furthermore, Gabay and Toulouse [37] found

another transition line. The GT line, which corresponds to a

transverse component of the freezing process. The GT line is given

by
99 9

(4.27)l-TGT(H)/TGT(o) = [h2(m2+4m+2)]/4(m+2)2

with h and m have identical meanings as for eq. 4.26. The predic-
tion of these two transi t ion lines has increased the experimental
effort for searching such behaviour, even though the precises
experimental definitions of T-T and TQT are s t i l l uncertain. We
have choosen the inflection point in the out-of-phase component
for the temperature definit ion, because the maximum of the in-phase
component of the ac-suscept ibi l i ty is considerably broadened by
an external magnetic f ie ld. This choice is reasonable, since x't")
and x" (w) a r e coupled by the Kramers-Kroning relat ions and a
maximum in x' i s equivalent with an inflection point in x"- The
precise determination was done by calculating the f i r s t derivative
dx"/dT from the data.

Fig.4.12. Data points in the H-T plane measur'ed at a frequency of 1969ÜZ
and a given magnetic; field. The solid li>ie has been draun
by linear regression.
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As it is demonstrated in figure 4.12 we found a H depen-

dence (AT-line) of the above defined transition temperature. From

the slope of the solid line, determined by linear regression, one

can calculate the saturation moment m =gSu_ according to eq. 4.26.
S D

With the values m=3 and T (o)=1.7 K, one finds m = 13.ly-. This

value seems to be rather large, but may indicate spin-clustering.

A saturation moment determined by magnetization measurements has

not been found in literature. Furthermore, we would like to

mention, that a quadratic field dependence (GT-line) could not

be obtained.

4 . 4 . i . Dy(I\ V )0. - a random anisott'opy system.
1 X 30 'J

We have investigated the Dy(P V )O. system in which a

random spin anisotropy is obtained by having identical magnetic

ions in a random surrounding, which induces different properties

at each ion site. In Dy(P. V )0. the DyJ ions are surrounded by
-j -j J. X X *i

six VO. or PO. , which induce a crystalline electric field at
3 +

the site of the Dy ions. The degeneration of the ground state

of the Dy ions, is removed and an easy axis is created for

each spin. In pure DyPO. the easy axis is directed along the

crystal c axis, in DyVO. along the a axis. In the mixture the

anisotropy of the magnetic ions is random in size and direction.

The magnetic interactions between the Dy ions are partly of

exchange and partly of dipolar character. In particular we know

that in DyVO^ almost 88% of the interaction energy is due to

dipolar interactions whereas in DyPO. 2/3 of the interaction

energy is due to exchange interactions. A straightforward

comparison of the Dy(P1_ V )0. system with theoretical predictions

is not possible, because most theoretical studies on random

anisotropy systems assume that the interactions between the

magnetic moments of exchange origin. In both pure substances an

antiferromagnetic transition occurs in which the spins are

aligned parallel to their easy axis. The transition temperatures

for DyPO^ and DyVO^ are 3.4 K and 3 K respectively. Previous

experiments on this system show that by admixture the anisotropic

character of the samples decreases and for x=0.40 the bulk mag-

netization is isotropic [38]. However, with elastic neutron

scattering no long range magnetic order could be found for
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0.26<x<0.83 down to temperatures of T=0.45 K. Evenmore, no
transi t ion perpendicular to the respective easy axes was observable
for 0<x<0.26 neither for 0.83<x<l. However, measurements of the
ac-susceptibi l i ty between 5 Hz and 6-10 Hz in external magnetic
field (0<u H<0.04 T), at temperature (0.02<T<20 K) and as a
functional concentration x yield well a defined maximum as function
of temperature for the concentrations mentioned above [39, 40].

The ac-suscept ibi l i ty as a function of frequency has been
measured at different temperatures for x=0.40 and x=0.83. The
frequency dependence of the out-of-phase x"^) component is shown
in figure 4.13. The double logarithmic scale was choosen to cover
the enormous frequency range. Both samples show qual i ta t ively the
same dependence on frequency and temperature. At a frequency of

7 7
about 10 Hz for x=0.83 and 3-10 Hz for x=0.40 a maximum in x" is
clearly observable indicating a relaxation process with a time

-9 -9
constant T , =16-10 s and T , =5-10 s, respectively. Within our
experimental accuracy the frequency at which the maximum i s

Fig.4.13. Out-of-phase component x" as a function of frequenay at several
temperatures for Dy(P1 VJO. : (a) x=0.40, (b) x=0.83. The thin
broken lines represent a Debye-ourve. The solid lines are fits to
the data (see text). Note the double logarithmic scale.
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attained is independent of temperature. At the highest temperature

(T=4.2 K ) , x" obeys approximately a Debye-curve. As the temperature

is lowered, the low frequency tail of x" (<*)) shifts upward indi-

cating that a distribution of relaxation times is necessary to

describe the curves. For temperatures below 1 K the out-of-phase

component x" flattens out with all curves remaining parallel to

one another. Unfortunately we were not able to measure the MHz

frequencies below 1 K, but regard the frequency dependence of

X" (ID) as a whole, the low temperature curves seem to extrapolate

to the maximum approximately log f*"7.5 demonstrated by the broken

lines. This behaviour signifies that the change in the distri-

bution of relaxation times occurs in the temperature range

0.8 K<T<1.6 K. This change can be attributed to an additional

appearance of relaxation times longer than lms and not to a sudden

shift in the average relaxation time.

Also here we attempted to explain this behaviour to consist

of two contributions. However, the classical cluster picture does

not really work. By diluting the majority component one decreases

the anisotropic character cf the samples. By that one can at least

have a "clustering" of the respective tetraheders (PO. or VO.),

which finally could lead to a local indirect correlation of spins.

However, these correlated spins will behave in principle like a

direct coupled cluster at least from a macroscopic point of view.

Other spins are in subtle equilibrium between direct or dipolar

exchange and anisotropy, they are frustrated. The equilibrium of

these spins is much easier disturbed, i.e. they respond to an

ac-field up to much higher frequencies. According to these

phenomenological idea, the two "types" of spins should be distin-

guishable from their frequency dependence of the susceptibility

and one would expect to observe two relaxation processes.

However, in a spin glass or related compound one cannot

expect a sharp separation of both processes, due to the random

distribution of orientation and shape of the correlated regions.

We therefore apply again our model to these data and the fit to

the experimental points is presented by the solid and broken

lines in figure 4.13. We find reasonable agreement with the

experiment. The dotted line represents a Debye curve according

to eq. (4.7b) with the respective relaxation time constant. Even
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above T, (at T=4.2 K) one does not observe a single relaxation

process because the experimental points deviate slightly from the

Debye-curve.

In the calculation described above, the relaxation time

constant for the not-correlated spins has been taken constant with

respect to the measurements in figures 4.13a,b. The average

relaxation time for the correlated spins follows an Arrhenius-law,

and is presented in figure 4.14. For 1/T-*O the solid line extra-
_9

polates to T -2.5 10 s for the concentration x=0.40 and to

T =10~ s for x=0.83. The respective excitation energies are 0.9 K

and 3.2 K. For the isotropic sample Dy(Pg govn 40'°4 t^1^s e n e r9Y

value is comparable with the temperature of the susceptibility

maximum at 0.85 K (for f=348 Hz). For Dy(PQ 1 7V Q 8 3)O 4 the energy-

value is close to the Néel-temperature of the pure substances

(similar to the result for the (Eu„ 4Srn c ) s s a m P l e ) •

We have also measured the ac-susceptibility in small external

magnetic fields (0<y H<40 mT) at a frequency of 348 Hz. Analogous

to the measurements on (Eu,Sr)S, the temperature T (H)
A A

is defined by the inflection point in the out-of-phase component

X"(T). For x=0.40 a H dependence is clearly observed, as shown

in figure 4.15. The measurement has only been performed parallel

to the c-axis due to the isotropic character of the sample. From

the slooe of the solid line (linear regression) in figure 4.15 we

have calculated the saturation moment by means of eq. 4.26. Using

'-6

-10

=0.9 K

Fig.4,14. Average aluster relaxation time, togx }as a function of the inverse

temperature for Dy(P, V )0. : O x=0.83, D x=0.40. The solid

lines have been calculated by linear regression. Only one error bar

has been indicated.
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Fig.4.15. Data points in the H-T plane

measured at a frequency of 348Hz and a

given magnetic field. The solid line has

been calculated by linear regression.

the values m=2 and TAT(0)=0.925 K we find mg=gSuB=l.3uB, which is

in reasonable agreement with those values extrapolated from

neutron scattering experiments [38]. The GT-line could not be

verified, and for x=0.83 we did not find any power law.

4.4.4. 92
bovate glass.

The experimental ac-susceptibility results for different

spin-glasses or, more general, dilute magnetic materials without

LRO show varying frequency dependences. On the basis of the Néel

model for superparamagnetism such a frequency dependence is

expected, but its form has not been predicted. The following

example, a Holmium borate glass, of which results have been partly

published [14] exhibits a rather strong frequency dependence as

can be seen from figure 4.16. The predominant magnetic interactions

are short ranged and of antiferromagnetic type. The characteristic

peaks in x' are observed at low temperatures. Also x" is clearly

non-zero already for T>T, and an inflection point seems to occur

at a temperature very close to that corresponding to the x'

maximum.

Above 1 K, there is no difference in the in-phase signal for

the various measuring frequencies observable within the experi-

mental accuracy. By decreasing the temperature below 1 K, one

observes a non zero out-of-phase signal, at least for the higher

frequencies. Similarly, deviations in the in-phase component are

obvious. Both features indicate that one no longer measures the

equilibrium susceptibility. For temperatures below the suscep-
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Fig.4.16. Temperature dependence of the in-phase signal x' (solid symbols) and

out-of-phase signal \" (open symbols) of the susceptibility for

(Ho203)Q 08(B2Oz)Q_g2 glass: « O f-5.44Hz, • Q f=696Hz,

A A f=1969Hz.
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Fig.4.17. Avgand diagrams for (Ho^Oj 08^B2°3^0 92 9^ass measured at several
temperatures. The black points mark the different frequencies f of
the oeoillating field (5.44Hz<_f <_1969Hz). The lines are arcs of
semicircles (see text for details).
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Fig.4.18. Out-of-phase signal x" as a function of frequency for different

temperatures. The solid lines are a guide to the eye.

tihility maximum the various in-phase curves remain separated, but

seem to converge to a non zero value, if T approaches zero.

Qualitatively the in-phase maxima broaden and shift to higher

temperatures with increasing frequency similar as observed for

(EuQ 4Sr Q g)S, but the frequency dependence of x i
n the Holmium

borate glass is much stronger. Furthermore, the shape of the

various x vs T curves is not so sharp and symmetric as usually

observed in archetypal spin-glasses.

Figure 4.17 shows the susceptibility plots in the complex

plane (x"=f(x')) f o r several temperatures 200 mK<T< 700 mK.

Clearly, the curves cannot be described as semicircles. Conse-

quently, a distribution of relaxation times is necessary to

describe arcs of semicircles in the complex plane. Again, the

maximum of the frequency dependent out-of-phase component x"(u)

provides a method to determine an average relaxation time for a

certain temperature. In figure 4.18 the out-of-phase component is

shown for the Ho glass. Clear indications of out-of-phase maxima

for several temperatures are observed with the maxima shifting to

lower frequency with decreasing temperature. Moreover, the out-of-

phase component does not flatten out, but keeps its form,

indicating, that the shape of the distribution function is> temper-

ature independent. Unfortunately, we were not able to perform
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frequency dependent measurements at these low temperatures in the

MHz-range. However as T approaches zero the measured susceptibility

becomes much smaller than usually observed in spin-glasses which

may indicate that the fraction of not-correlated spins is rather

small, or in other words, that nearly all spins are clustered.

Therefore, we apply the second term of our phenomenological model

to these data. A characteristic fit to the data is shown in

figure 4.19 for T=350 mK. The same good agreement has been

observed for all other temperatures in the range 200 mK<T<700 mK.

The average relaxation time of the clusters varies in this temper-

ature range between 0.5s<x <10~ s and follows an Arrhenius law

as can be seen in figure 4.20. For l/T-»-0 the solid line extra-

polates to I =1.4-10 s and for the activation energy AE /k_, one

o «o

obtains 3.4 K. This value may be comparable to the intercluster

interaction energy at least in order of magnitude.

2 3
loglf/Hzl

Fig.4.19. Characteristic fit to the \"

data (black points) for Holmium-borate

glass at 350mK, represented by the solid

line.

Fig.4.20. Average relaxation frequency

obtained in Holmium-bovate glass as a

function of the inverse temperature. The

solid line has been calcnlated by linear

regression.
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4.4.5. CoOAl O.SiO„: 14.3 at.% Co - Cobalt aluminosilicate glass.

Aluminosilicate glasses containing Co and Mn ions have also

been discussed within the picture of spin-glasses [14]. In the

high temperature regime (T>50 K) these glasses show Curie-Weiss-

like behaviour. The corresponding large negative Curie tempera-

tures, indicate the presence of strong antiferromagnetic exchange

interactions [41]. The characteric parameters, the effective

magnetic moment and the paramagnetic Curie-temperature are given

in table 4.1. In comparing these results, the difference between

both references is remarkable (the effective moment for paramag-

at.

11.

14.

16.

% Co

8

3

1

T

2

6

2

f

.5

.25

.3

K

K

K

0

-95

-44

-90

K

K

K

V

6

4

6

eff

.7 yB

• 73uB

• o u B

Ref.

41

42

41

Table 4.1. Some characteristic parameters for aluminosilicate

glasses containing Co.

netic Co + is 4.8u ) Verhelts et al [41] try to explain their

unusual high effective moment by a possible excess silica which

changes the local order near the Co ions. With X-ray analysis they

could not observe crystalline regions in their samples. This means

that crystallites if present in this material, were too small to

detect, but nevertheless a kind of superparamagnetism.

As in all insulating spin-glass-like materials, the tempera-

ture dependence of x' (see Fig. 1 of Ref. [43]) shows a strong

frequency dependence with the cusp-like maxima becoming progres-

sively more rounded and shifting to higher temperatures as the

frequency is increased. Fitting this frequency effects to eq.4.23

gives unphysical values [14]. Previously the out-of-phase

component has been measured ovei a wide frequency range [14,44]

but unfortunately only for temperatures T<T,. The frequency

dependence of x"(f) is presented in figure 4.21 for several

temperatures. The remarkable difference to the spin glasses

discussed before, is the presence of two maxima, both beeing

temperature dependent, lhis immediately rises the question,

whether the magnetic Co ions in this sample are randomly distri-

buted or two different types (size, shape, ....) of clusters or
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Fig.4. 21. Out~of-phase component x"(f)
obtained in CoOAl O7Si0 : 14at% Co as a
function of frequency at several tempe-
ratures: O T=6.0K, &T=5.0K, • T=4.2K,
X T=3.0K. The data are obtained by
Wenger [14] .

10

Fig.4.22. The solid line represents a

fit to the data of CoOAl£> SiO„.- 14at%Co

at T=4.2K. The low frequency- and high

frequency range have been considered

separately (see text for details).

TIK)

100 50 20

Fig.1.23. Average cluster relaxation time,

logx , for CoOAl„0?SiO„:. 14at% Co as a

function of the inverse temperature. The

closed symbols have been ogtained by

Wenger [14] and the alosed symbols by

Uemura et at. [44] : • low frequency time

constants, O • high ffequncy time con-

stants. The lines are a guide to the eye.
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spin correlations are preferred. The two out-of-phase maxima

indicate two relaxation channels which probably arise from

different kinds of Co surroundings, as already argued in Ref. [4Jl .

We have also tried to analyse the x"(f) curves with the

model described above. However, neither of these maxima is temper-

ature independent, nor can be explained by a single relaxation

process. Even more a temperature independent relaxation process

is not observable within ^he frequency range investigated. There-

fore the i sensible decision is to consider each relaxation

process se itely. A fit to the respective values for low

frequencies 0.6<f<300 Hz and for high frequencies 0.5 MHz<f<60MHz

is presented by the solid lines in figure 4.22. By that we have

determined for botn relaxation processes an average time constants.

The results are plotted in figure 4.23 and additionally we have

also shown some time constants determined by pSR measurements [45].

Let us first consider the "short time constants". For the high

temperature uSR measurements (100 K<T<10 K) üemura et al [45] have

determined an activation energy of approximately 80 K with

T = 10 s. If we do so for the low temperatures, we find AE /k =
° _q a B

20 K and T =2•10 S. But, regarding both measurements together,

the obtained average relaxation time constants cannot be described

by an Arrhenius law. Obviously, the average times seem to attain

a constant value as T approaches zero. Such a behaviour is not

observed in any spin glass-like material.

Unfortunately, for the "long time relaxation" process only

a few average values in a rather limited temperature range

(4.2K<T< 7K) are available, but if extrapolation is allowed we

get AE=/kT3=ll K and T = 3 - 1 0 ~
3 S . It is worth mentioning here, that

CL D O

this sample is investigated in order to observe possible field

dependences of the freezing temperature, especially searching for

some kind of power law according to a AT- or GT-line. But in our

experiments up to 40 mT no change neither in the in-phase maximum

nor in the inflection point of the out-of-phase component was

detectable within the experimental accuracy.
4.4.6. Analysis of the different systems.

In figure 4.24 we have plotted the factors A and B (see eg.

4.23) describing the fraction of single spins and correlated
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Fig. 4. 24. Parameters A and B as a function of the reduced temperature t = T/T.

for the different systems investigated. For Ho-borate glass (left

scdle) and for CoO-aluminosilicate glass (right scale) only the

parameter B is given (see text for details).
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spins (clusters) as a function of temperature. As explained

before, one would expect for noninteracting spins and cluster a

T"1 dependence for both factors. Indeed B increases with decreasing

temperature but only with the power -1 for the Ho-borate glass

(figure 4.24 d). Obviously the average number of spins per cluster

in these samples is temperature independent, which immediately

emphasizes the picture of superparamagnetic particles without

interaction. All other samples show deviations from this T

behaviour. In CuMn:5at.% (figure 4.24a), the fraction of clusters
-1 2increases proportional to T , and the number of free spins

decreases proportional to /T. Already existing clusters are

weakly growing or new clusters are forming at the cost of free

spins. Thereby the free spins do not exhibit the Curie behaviour

since their decrease in number is stronger than the increase

proportional to T . This effect could be due to an interaction of

rather "long range" mediated by the conducting electrons at least

in metallic spin-glasses.

The most dramatical deviations from the T behaviour show

the (EuQ 40
Sr0 60'S s a m P l e i n figure 4.24b. Here B follows approx-

imately a T~^ behaviour and A is proportional to T. The magnetic

properties of this sample are strongly affected by temperature

dependent clustering. Due to the lack of conduction electrons,

this effect cannot be cooperatively, but more locally, since the

range of the exchange forces are limited to one unit cell. By that,

one can explain the strong B- (and A-) dependence by a local

cluster growth or temperature dependent formation.

The Dy( p
1_ x

v
x)°4 samples (figure 4.24c) exhibit also devi-

ations from the T~l behaviour. But the picture of growing clusters

does not really work here. A random spin anisotropy is obtained by

having identical magnetic ions in a surrounding, which induces

different properties at each ion site. At least one can have a

"clustering" of the respective surrounding, tetraheders of PO^ and

V04 which of course could lead to local correlations of spins with

superexchange interaction. Previoisly [38], the magnetic order for

x=0.83 has been characterized by neutron scattering as 2-dimen

sional antiferromagnetic long range order (LRO) but without a

sharp onset. Our investigations classify the magnetic ordering

as a more short range type. The proportionalities for B~T
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and A~T " perhaps combines both pictures. With decreasing

temperature the temperature dependence of correlated ar Dt-

correlated spins is slightly reduced since a small amount of

there spins align parallel to the easy axes. The isotropic Dy-

sample (x=0.40) finally could be classified in order between CuMn

and (EuSr)S, at least with respect to the temperature dependence

of the factors A and B.

Both Dy-samples do not exhibit a maximum in B, whereas CuMn

and (EuSr)S do well. This maximum indicates the strong blocking

or freezing of some clusters. By that, they will have rather

large time constants and do not contribute to these calculations

(probably not even if frequencies of 10 mHz were available). This

effect is again sharper in CuMn than in (EuSr)S or in the Ho-

borate glass indicating the cooperative behaviour of the metallic

spin-glass. In CuMn the fraction of free spins seems to increase

again for T<Tf which is of course not reasonable. We see that the

influence of the free spins becomes more apparent due to the fact

that some of the clusters are already blocked or stable. 3y that

the model will incorporate an error in counting single spins and

clusters.

Unfortunately high temperature data (T>Tf) for the Co-alumino-

silicate glass were not available. Therefore comparison with the

other systems is difficult. Nevertheless a maximum in B can be

argued around the freezing temperature, similar to the Ho-glass,

as can be seen in figure 4.24d.

4.4.7. The distribution function.

The remaining step of the analysis is to calculate the

distribution function of relaxation time constants as defined by

eqs. (4.15a,b) . At first we focus attention to the parameter a,

as introduced by eq.(4.18). This parameter determines the width

of the distribution (eq.(4.20)) and its temperature dependence

will give information to characterize the systems investigated.

The samples CuMn: 5at.%, (EuQ_4SrQ 6)S, °y(p
0.60

V0.40)°4 a n d

°y^P0 83^0 3 7^4 e*hi-bLt qualitatively the same behaviour, namely

a parameter a with a temperature dependence, as presented in

figure 4.25a. Above the freezing temperature T f one observes

already a finite value for a indicating a finite distribution of
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relaxation times. This can be attributed to the presence of short

range magnetic interactions which causes the deviations from

paramagnetic behaviour in spin glasses [10]. With decreasing

temperature the parameter a increases, at least linearly within

our experimental accuracy, and may finally approach one, when the

reduced temperature t-+0 . Thus the distribution function gets

broader and broader with decreasing temperature. In fact, this

feature is present in all spin glasses and may be a more definitive

test for characterizing a material as a spin glass than the

maximum in x' versus T.

The temperature dependence of o for the two glasses (figure

4.25b) show a remarkable difference. The parameter a for these

systems is temperature independent, at least in the vicinity of

Tf. There exists a rather broad distribution of relaxation time

constants, but the shape of this distribution is temperature

independent. This supports the idea of noninteracting superpara-

magnetic particles. Once the thermal energy is small enough in

comparison with the exchange interaction energy some spins will

couple inside a group, thereby forming a cluster. The intercluster

interaction energy will be negligible which means that different

clusters may rotate independently. However, there exists a distri-

bution of clusters and consequently a distribution of relaxation

times constants which average value is no longe?r temperature

independent as been demonstrated in figures 4.20 and 4.23.

Finally, we calculated the distribution function of the

relaxation times. The result is shown in figure 4.26 for CuMn:5at.%

and in figure 4.27 for Dy(PQ 6 0V Q 4g)O4. Those for (EuQ 4Sr Q g)S

and DyfPg J^VQ 83^°4 a r e e<ïu;i-valent • we have plotted the whole

distribution at the respective temperature for mathematical

reasons only. Since it is not reasonable to have shorter time

constants than those for free spins, we have sketched only the

"long time side" by a hatching. Both samples exhibit qualitatively

the same be^'-viour. There is clear evidence for a distribution of

time constants distinctly longer than those for non-correlated

spins already far above the freezing temperature Tf. With

decreasing temperature and by passing T, the distribution flattens,

thereby progressively creating long time constants which easily

exceeds Is for T<<Tf. Both pictures reflect the temperature
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Fig.4.2? The distribution function of relaxation time constants for
CuMn: Sat% at several temperatures. Note the break in the
delta-line which is scaled by the ratio A/B (see text for
details).
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dependence of the arameter a and cT the average relaxation time

constant T for ^ correlated spins. The time constants forcs

CuMn: 5at.% develcpe somewhat faster to longer times in accordance

with the larger energy value determined by the Arrhenius law.

Moreover, the Delta function, describing the relaxation of the

"free" spins, is scaled with respect to the ratio of A and B. This

demonstraJ • s nicely, that the influence of the single spins is

reduced with decreasing temperature. For CuMn: 5at.% this is only

reasonable for T>T^ due to reasons mentioned before (see also

figure 4.22a). Owing to the fact that a is temperature independent

for the two glasses, the distribution remains qualitatively

comparable with those of CuMn: 5at.% or Dy(PQ 6 Q V Q 4O'°4
 a t T « T f .

4.5. Some final remarks.

To stimulate further research we have collected the parameters

in table 4.2. The difference between the spin glasses (SG) and

superparamagnets (SP) is clearly evidenced by the temperature

dependence of the parameter, at least in the vicinity of T,.

For Ho-borate- and Co-aluminosilicate glass we found a

temperature-independent distribution. In this case the temperature

dependence of the average relaxation time can be related to an

Arrhenius law, giving reasonable values for the activation energy

AE /k_ and an intrinsic time constant T . However, more measure-
a ü O

ments at higher frequencies and over a larger temperature region

are desirable for a better insight. On the basis of our result we

characterize both glasses as superparamagnets.

In spin glasses several authors have observed the dramatic

width of a distribution of relaxation time constants, which covers

usually the temperature dependence of the average relaxation time.

For our simple phenomenoiogical model we have shown that for

CuMn: 5at.%, (EuQ 4QSr.. C Q ) S and the two samples of Dy(P, V ) 0.,

these effects are responsible for the temperature dependence of

the time dependent measurements (at least ac-susceptibility).

Table 4.2. Some ahavaatsristia properties of the samples

discussed in this section.
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System

Tfs

o

&V kB

A

B

a

character

CuMn:5at%

2-10~l2s

10"12s

73 K

cc T 0 - 5

cc T- 1- 3

cc -t

SG

weak
cluster
growth

( E u0.4 S to.6 ) S

S-IO"1^

0.5-10~11s

16 K

a T

a T'4

cc - t

SG

strong
cluster
growth

x=0.83

16-10~9s

10-8s

3.2 K

cc T " 0 - 8 1

cc T " 0 - 8 4

cr -t

SG

partially
LRO

V )O.
K X 4

x=0.40

5'10~9s

2.5'10~9s

0.9 K

. T°-8

ex T " 1 - 2

oc -t

SG

intermediate
increase of
correlated
regions

Ho-glass

-

1.4*10~7s

3.4 K

-

cc T " 1

constant

SP

distribution

Co-glass

-

HF:

LF: 3-lO~3s

HF:

LF: 11 K

-

constant

SP

two
different
relaxation
processes

is independent
on temperature



Thereby, for the first time, physical values for the Arrheniua

law concerning spin glasses have been found. In addition, the

broad and temperature dependent distribution of relaxation times

signifies that a spin glass exhibit a glass transition at T_,

where the system falls out of thermal equilibrium for each

practical measuring frequency or observation time at least in zero

field. Some theories mention a transition from ergodic (T>Tf) to

a non-ergodic (T<T_) state. Critics of these ideas may immediately

mention that a possible equilibrium state could be obtained by a

dc-experiment. But even by cooling (or warming up) a sample the

temperature is changed every ~100 s, so the system is definitely

not in equilibrium regarding an average cluster time constant of
-4

-10 s and a=0.8. This raises the question whether a "true" dc-

experiment on spin glasses is actually possible. One could even

ask: "Is it possible to cool a spin-glass below T,"?

The analysis described above has been made with respect to

zero-field measurements. There the spin-glass behaves like a glass

[12] with respect to the spin system. The field dependent measure-

ments of (EuQ 4Sr Q 6)S and Dy(PQ 6QVQ 4 Q)O 4 give a H ' -depen-

dence or so-called AT-line in the H-T plane. For CuMn:2 at.% such

a behaviour has previously been estimated by magnetic torque

measurements, but in larger magnetic fields up to about IT [46].

The presence of an AT-line has been subsequently interpreted as

a phase transition. However, Wenger and Mydosh [4 7] have demon-

strated, that the H-T dependence determined from the mean-field

model of spin-glasses are by no means unique. They derived similar

power laws from the magnetic field-dependent superparamagnetic

relaxation.

At the end of this chapter we would like to suggest to

continue these investigations especially in non-zero magnetic

fields. This can possibly lead to some better understanding of

the dynamical character of the freezing process in spin glasses.
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CHAPTER 5

SUSCEPTIBILITY AND MAGNETIZATION OF

NONMETALLIC Fe AND Al VANADIUM OXIDE

BRONZES (VOB)

S.I. Introduction.

This chapter describes the magnetic behaviour of the so-

called 0-phase of the isostructural VOB of iron and aluminium,

e.g. 0-Fe V 2 O 5 (y=0.33-0.38), 0-A1 ,V 2O 5 (y=0.33-0.58) [ 1] and the

mixed 0-Fe Al n -,, V90,-. Both donor atoms M (Fe or Al) transfer

3 electrons to the vanadium atoms, thereby creating three V ions.

Thus the formula unit of M V2O,- may be written as

yM° + 2 V 5 + "• y M 3 + + 3y V 4 + + (2 - 3y)V 5 + . (5.1)

4 +
Therefore, in the Al-VOB only one kind of magnetic moments, V

having one 3d electron is present since the Al and V ions are

both diamajnetic. In the iron and mixed VOB additional magnetic

moments appear due to the Fe (3d ) ions. Investigations via neu-

tron scattering and Mössbauer spectroscopy did not reveal long-

range magnetic order [ 2,3] . On the other hand, in the Fe sub-
4 +

system as well as in the V subsystem anti ferromagnetic inter-

actions were found [3,4]. These interactions have to be of an

indirect superexchange type because all Fe and V ions are located

inside the oxygen octahedra. In the first approximation the Fe +

4 +
and V subsystem may be treated as independent. This is justified3+ 4 +by the values observed for the magnetic moments cf Fe and V
corresponding to the respective free-ion value when the high-

temperature susceptibility of both subsystems are considered

separately.
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Fig. 5.1. Projection of

the V„07_ structure in

the ac-plane [S].
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Fig. 5.2. Evolution of

the structure of VOB from

V'0,, by inserting addi-

tional oxygen and metal

atoms [6] .

Fig. 5.3. The donor atom

sublattiae:

9 oxygen atoms

% donor atoms.
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6.2. Structural description of the Q-phase of VOB

Depending on the amount of trivalent metal ions one can

distinguish three different phases which are listed in table 5.1.

Our investigations have been restricted to the G-phase of the

isostructural iron and aluminium VOB. These systems have the mono-
2

clinic structure with space group C^^ very close to that of

V,0, , [5,6). This structure consists of the distorted V0c octahedra
D 1Ó O

Phase

a

0

Z

A1yV2°5

0 < y < 0.03

0.33 < y < 0.58

0.64 < y < 0.67

FeyV2°5
0 < y < 0.02

0.33 < y < 0.38

0.50 < y < 0.57

CryV2°5

0 < y < 0.01

y = 0.50

Table S.I. The different cristallographic phases for M v

3 +(M : Al, Fe, Cr) ] .

5.1. The unit cell of VgO

structural formula is therefore vi2^26'

which share edges forming two kinds of single and double ribbons

parallel to the ab plane and running along the b axis. The two

kind of ribbons are alternately placed along the c axis sharing

the corners. The structure of VOB containing the M atoms can

therefore be deduced from that of V,0.3 which is shown in figure

contains two chemical units, the
e vOB-system has 6

chemical units per cristallographic unit cell, which corresponds

to M6yVi2°30" A projection of V g O ^ along the b axis makes 4

prismatic oxygen "tunnels" apparent which run parallel to the b

axis. In the lattice of V,O., these "tunnels" are empty. As is

shown in figure 5.2 it is possible to insert in each center of a

prisma [51 on oxygen atom, and in each center of a square a metal

atom. This then leads to the structural formula M4 V
1 2

O30* s i n c e

there are 6 chemical units per unit cell we obtain the non-

stolchiometric chemical formula MQ g6gV2Or, if each possible

metal place is occupied. This in turn produces a new group of the

oxygen octahedra (2/3 per Mv
v
2°5> whose centres are occupied by

the metal donor atoms. The donor sublattice is shown in figure

5.3. In fact not all donor-accessible sites can be occupied and

the homogeneous 0-phase of the Fe ind Al VOB may be prepared only
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when y is between 0.33-0.38 and 0.33-0.58, respectively [l], see

table 5.1.

The unit-cell parameters determined from the X-ray diffraction

[1,4] on the polycrystalline Al and Fe VOB are listed in table 5.2.

The unit-cell parameters of the mixed bronzes 8-Fe Al,. „_ V-O,-

vary continuously with x between the values given in table 5.2. [7] .

A10.33V2°5

Fe0.33V2°5

a(A)

12.19

12.16

b(A)

3.67

3.69

c(A)

10.31

10 .32

6(deg)

103.5

102.5

Table 5.2. Lattice parameters for Al- and Fe-VOB [1,4],

Therefore, one may conclude that the unit-cell parameters are only

slightly influenced by the type of the donor atom and the donor

concentration. It further suggests that the unit cell should be

considered as an almost rigid framework.

In order to stabilize this framework at least 50% of the

accessible donor sites must be occupied. However, due to the

significantly different atomic radii of Al and Fe, the upper

occupancy limit switches from 87% for Al-VOB to 57% for Fe-VOB.

As can be seen in figure 5.3, the tunnels are paired across the

ab plane in such a manner that tunnels from the adjacent unit

cells share one oxygen corner. The X-ray data do not enable us to

determine the precise distribution of the donor atoms over the

accessible sites. But we should not expect a regular distribution.

Consider the simple case of x=0.33, i.e. when 50% of donor sites

are occupied. The possibility, that only one tunnel in the pair

is f iled by donors with the second one empty, seems to be rather

unrealistic, since in this situation the oxygen atoms in the centre

of the latter tunnel lose their bonding to any metallic atom. Even

more important is the local-lattice distortion caused by the donor

atoms, which make longer arrangements of these donor atoms rather

improbable. Consequently, a more random distribution of linear or

zig-zag configurations, which contain only a small number of donor

atoms, is more plausible. This leads us to the conclusion that,

if the donor atoms are magnetic ones (Fe), there is, from the

structural point of view, no possibility to built up any long-
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range magnetic order in the corresponding sublattice.

Each pair of donor sites is surrounded in the ac plane by 6

vanadium atoms located in the centres of the octahedra sharing

edges with the tunnel edges. The possibility of a mutual Fe-V

substitution cannot be completely excluded, however, its proba-

bility is very limited [8]. Concerning the distribution of the

V and V ions around the donor atoms one may state that due to

the electrostatic balance the donor M ions are surrounded

preferentially by the V + ions while the V + are to be found

around the empty donor sites.

6.3. Experimental results.

S.S.I. The Al V 0 system.

The first step in describing the magnetic response of the

6-VOB is to elucidate the simpler system of 0-A1 VOB which contains

only one kind of magnetic moment, viz. V , since V and Al are

diamagnetic. The high-temperature, static, magnetic susceptibility
4+

measurements of the V subsystem reveal that for aluminium concen-

trations of x=0.33 to 0.55 the Curie-Weiss law is well obeyed

above 80 K. This is shown in figure 5.4a for y=0.33. The large

negative value of the paramagnetic Curie-Weiss temperature indicates
4 +

an anti ferromagnetic interaction between V ions. This behaviour
(see also below) can be explained by supposing that there are at
least two contributions to the overall magnetic susceptibility,

4+
one from the V with antiferromagnetic interactions, and, the

4 +
second, a paramagnetic contribution of independent V ions with

the Curie form C/T. As is clear from figure 5.4b, all the spins

do not seem to order antiferromagnetically at the lowest temper-

atures of measurement. When the temperature is lowered, only 50%
4 +

of the V spins enter into some form of nonmagnetic zero-spin

state, whereas the remaining ones stay paramagnetic. Thereby the
4 +

effective magnetic moment per mol of V is reduced by a factor 2.

Only at higher temperatures does the effective magnetic moment

approach «*1.8uB, corresponding to a collection of isolated V
 +

ions. We shall return to this problem in section 5.4. In the

8-phase of N a x
V2°5 a si1"!!31 behaviour of the magnetic moment was

observed 114] and EPR and x-ray measurements of the same material
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Inverse susceptibility per mol sample (O- -120 K) (a)

and effective magnetic moment per mol V (b) as a

function of temperature for Al. S2
V2°5'
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T (K)

Fig. 5.5. Dispersion x' and absorption x" °f the zero field ac-

suseeptibility as a function of temperature for various
AluV2°5 samPles- •i/-0. 33, m Oy-0. 36, 1 y=0 . 40, + Xy = O . 4 5,

Ai/^ö.55. The solid lines represent the fits of the dimer

model to the data (see section 5,4.1 ).

Fig. 5.6. Magnetization as a function of the magnetic field at

two different temperatures for Al . V J) : OT=1.60 K,

9>T=4.38 K. The solid lines represent the dimer model

fits (see section 5.4.1).
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have previously been analyzed with respect to a spin pairing of

V 4 + ions [15,16].

At low temperatures the magnetic susceptibility exhibits a

maximum at T =2.6 K almost independent of the Al concentration

except for the largest y-values as is shown in figure 5.5. This

maximum indicates a magnetic transformation as a consequence of a

spin pairing. The small absorption signal x"» which we observe in

all samples for temperatures T<T_,, is then a consequence of a slow

relaxation process. Further evidence for the anti ferromagnetic
4+

ordering of V ions follows from the magnetizations vs magnetic

field curves given in figure 5.6. Their negative curvature and

slow approach to saturation is characteristic for antiferro-

magnets. A 5T magnetic field was not sufficient to align the

spins ferromagnetically. Also no time dependences of magnetization

and hysteresis phenomena could be found.

5.3.2. The Fe VJO5 system.

Since in the A1-V0B two different magnetic species, viz. the
4 +

dimer with S=0 and the paramagnetic V with S=hi are present, the

behaviour of the -VOB containing the iron donors offers a more

complicated magnetic situation. This may be treated only approx-
4+ 3+

imately because of the simultaneous presence of the V and Fe

magnetic ions. Now the magnetic susceptibility of the Fe-VOB

contains an additional contribution, XFe/ describing the Fe sub-

systems. To first order we can superimpose the latter suscepti-
4 +bility on the V one. This is reasonable because the magnetic

interactions between both subsystems is not of great significance

based upon structural considerations. The interaction between two

identical atoms is the 180° superexchange via oxygen orbitals,

but one oxygen atom cannot be expected to also perform 90° super-

exchange for both iron and vanadium atoms in the same plane.

Furthermore, a direct exchange between iron and vanadium is

impossible, since both atoms are shielded in oxygen octahedra and

the dipole coupling is weak. Therefore, one has to deal with a

more indirect type of interaction, possibly that the ctonor atoms
4 +

influence the V subsystem through the local distortion of the

octahedra. This means that the strength of the interaction in the
4 +

V subsystem is dependent on the type of donor atom, i.e. its
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ionic radius.

At higher temperatures (above 120 K) the experimental suscep-

tibility may be fitted by a simple addition of the Curie-Weiss

susceptibilities xv and xF • I f w e subtract the measured suscep-

tibility of A1Q 3 3V 2O 5 from that of F»Q 33
V
2°5'

 w e obtain the

susceptibility of the Fe sublattice. Due to the fact, that Al

is non-magnetic the susceptibility of Al„ 33
V2°5 r e P r e s e n t s a t

high temperatures the paramagnetism of the V sublattice. The

inverse susceptibility of FeQ 3 3V 2O 5 as well as the susceptibility

of the Fe , which is representative for all samples containing

the iron, is shown in figure 5.7. This procedure enables us to

determine the effective magnetic moment per Fe ion, p, and the

Curie-Weiss temperature 0 for the Fe-subsystem. Both parameters

are plotted in figure 5.8 as a function of the Fe content y.

(If y<0.33 the respective amount of Al is substituted.) One should

note from figure 5.8 that the value of p remains almost constant

over the whole range of iron concentration. The strength of the

antiferromagnetic interaction indicated by the negative Curie-

Weiss temperatures diminishes when the Fe content decreases.

Furthermore, the deviation temperature T, (90-120 K) below

which the deviations of xF from the Curie-Weiss law become

discernible is roughly proportional to the iron content. The

deviations from Curie-Weiss behaviour at these high temperatures

indicate the early stages of clustering [9] based on antiferro-

magnetic exchange of the Fe atoius. A typical example of the

magnetization vs magnetic field curves of the Fe-VOB is shown in

figure 5.9 for various temperatures. All magnetization curves

exhibit a downturn and are far from saturation even in fields up

to 5T . Moreover, the curves recorded at the lowest temperature

exhibit some small magnetic hysteresis with the loops closing in

magnetic field of about 2.5 T. These effects become more apparent

at higher Fe content. No indication of a time dependent magneti-

zation was found to =«0.1% accuracy within the time interval

3-lOOOs after a stepwise switching on of the magnetic field.

At low temperatures, where the most interesting phenomena

occur, the ac-susceptibility exhibits two sharp maxima at T =9 K

and T^=14.5 K, see figure 5.10. The magnitude of both maxima is

suppressed and the shape rounded by the applied static magnetic
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Fig. 5.7. Inverse susceptibility of: •i?e„ ,,K„OC and OFc

sublattiae (see text,!. The solid line is the high

temperature Curie-Weiss extrapolation which gives

0= - 91 K and p=5.5p„.

0 01 02 03 Ot

Fig. 5.8. Negative Curie-Weiss temperature (9) and effective

magnetic moment (B) for the Fe-subsystem in Fe V„0. and
y * b

in Fe Al„ __ V nO c .y 0.33-y 2 5
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Fig. 5.9. Magnetization as a

function of the magnetic field

and various temperatures for

Fe
Q

T=25K, • T=12K

OT=9.0Kj +,X T=4.36K. Note

the small hysteresis at T=4.36K

(X increasing field, + dearea-

creasing field). The solid

lines are a visual guide.

~T 1 T

X

f\ Fig. 5.10. AC-susceptibility as

a junction of temperature for

different samples of Fe V'0':

A A y = 0.37, * y = 0.35,

T V y = 0.33. The closed symbols

are measurements in zero fields

the open symbols in a field of

H=0.4T. The absorption x" is

only given for y=o.35 in zero

field (symbol O ) which is

representative for all.
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field. At the same temperatures, 9 and 14.5 K, the absorption

signals, denoting relaxation effects, have sharp maxima. The

absolute value of the dispersion maximum at 9 K is roughly constant

for all Fe V,,0,-. But the one at 14.5 K increases remarkably in

magnitude as y increases. Owing to the fact that there is no long-

range order in the iron sublattice we conclude that the maximum

at Tf=14.5 K arises from a random freezing of the iron moments.

It is indeed very similar to the behaviour of archetypal spin

glasses, namely the susceptibility amplitude per mole is drastically

reduced by a small decrease of the magnetic impurity concentration.

A rather small change in the freezing temperature is also observed

in archetypal spin glasses, if the concentration of the magnetic

impurities is close to the border of long-range magnetic order [10].

5.3.3. The mixed samples Fe At. _, V00..

In the mixed VOB Fe Aln ,,_ V_Oj- the dispersion maximum at

Tf=l4.5 K is no longer observable. The reason may be that the

Fe subsystem turns into a dilute spin glass state, where the

amplitude of the susceptibility is known to drop drastically and

Fig. 5.11. AC-susaeptibility in zero field as a function of tempe-

rature for Fe Aln ,,, /.Ö,: A x=0.05S, X,+ x=0.111,

1X=0.22SJ O, • x=0.275. The absorption \" Is drawn for

x=0.111 and x=0.275.
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4 +
one is no longer able to resolve it from the V background. The

maximum at the lower temperature T M shifts from 9.5 K for

Fe0.2775A10.0555V2°5 t o 4" 7 K f o r Fe0.0555A10.2775V2°5' a s s h o W n

in figure 5.11. The absorption signal x" n a s roughly the same

magnitude over the whole concentration range, but its onset shifts

the same way as x' does with the iron concentration. A summary of

the characteristic temperatures T and T~ is given in the phase

diagram (figure 5.17) to be discussed in section 5.5.

5.4. Analysis of the results.

5.4.1. The Al-VOB system.

In this section we will analyse the various magnetization

and susceptibility results presented above. Let us consider first

the Al-VOB samples for which the susceptibility and the magneti-

zation are supposed to consist of two parts:

Xtot = al*V +

Mtot = a i \ +

Here xv
 an<l M , describe the susceptibility and magnetization of

the isolated V atoms. The second parts xD
 a n d M

D
 a r e t n e iso-

thermal susceptibility and magnetization per mole of dimers.

Following Carlin and van Duyneveldt [13] we can write the
4 + 4 +

Hamiltonian for the V -V exchange interactions in this

insulator as

where the sum is taken over all pair-wise interaction of spins

i and j in a lattice. By restricting ourselves to a dimeric

molecule the summation is limited to two atoms 1 and 2, so that

Jf = -2J S^i^

In this isotropic or Heisenberg Hamiltonian a negative J refers

to antiferromagnetic (singlet ground state) interactions and a

positive J refers to ferromagnetic (triplet ground state) inter-

actions. If an external field is applied along the 2-axis of the

131



pair, the complete Hamiltonian can be written as

K = 9-UB§zHz - 2J ^ . ^

where Sz is the operator for the z-component of the total spin of

the pair. This Hamiltonian has the eigenvalues

E 2 = - 1/2)J

in the excited state (S = 1 for J<0), and

and E. = 3/2J

in the ground state (S = 0 for J<0).

For N independent dimers the magnetization and molar suscep-

tibility can be calculated straightforwardly using

M = N k T (3In Z/3Hz)T

and

X = O M / 3 H z ) T

with Z = Ï. exp(-AE^/kT) being the partition function. This

calculation results in:

2N u_sinh(gu H,/kT
M = —2-3. _3_2 (5.3)
u l+exp(-2J/kT) +2cosh(gyDH /kT)

o Z

and - T
2H ^Mg/3kT

l+(l/3)exp(-2j/kT)

As T approaches zero the dimer susceptibility xD(
with J<0)

decreases, since at absolute zero all pairs are in the lowest

state and have no net magnetic moment. For T>0 some pairs are

excited and a finite susceptibility appears which increases with

increasing temperature. Setting dlnx/dT = 0 one finds a suscepti-

bility maximum at J/kT*-4/5. At T>T„ the disordening effect of

thermal agitation overcomes the ordening effect and for J<<kT the

susceptibility follows a Curie-Weiss law with xD
=(3/4)/(T-0).

The fit with equations (5.3) to the susceptibility and magneti-

zation data, which contains three parameters (a^, a.^ and T^) , is

shown in figures 5.5 and 5.6 by the solid lines. One finds a
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remarkable correspondence with the experimental magnetization for

A1Q 33V2°5- T h e r i t s t o t h e susceptibility data for T>TM, see

figure 5.5, also show reasonable agreement, except for „ 55^2^5'

This can be explained by the following considerations. As was

mentioned in section 5.1, the chemical formula is M2/3V2°5' * f

each possible metal size is occupied. In that case, according to

formula (5.1), all vanadium ions are magnetic (see also figure

5.12), which consequently leads to long-range anLI ferromagnetic

ordering. However, for y=0.33 only 50% (6 per unit cell) of the

vanadium ions are magnetic. If the number of three valent metal

ions is increased up to y=0.55, it can be calculated that 82.5%

of the vanadium ions are four valent, i.e. magnetic. This fact

and the absence of the absorption component x" indicate, that

the spins in this sample exhibit a more long-range ordering rather

than dimerization. All the other samples show a small but distinct

absorption component x".

Passing through T from above the theoretical curve continues

to represent isothermal conditions, while the presence of x" shows

that these conditions are not met in the experiment. Therefore,

100

dimer

75

50

25

EE -I

O 02 04 y 06

Fig. 5.12. Percentage of dimers in M +V 0, as a function of y.

y & o
The shaded area represents the stability range of

the Q-phase. The broken line is calculated for

0<y<_0. 66.
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one should expect that the observed ac-susceptibility data deviate

below the calculated curve. Since the contribution of dimers to

the total susceptibility varies between -50% in the case for

A 1 0 33V2°5 a n d ~ 6 8 % f o r A 1 0 45V2°5 ' S e e f i 9 u r e 5 - 1 2 ) , the calcu-

lated susceptibilities exhibits only a maximum at T = T
M f ° r the

latter one, where the contribution of the dimers is at maximum.

To demonstrate that the deviations in the ac-susceptibility

from the model fit for T<T are a consequence of nonequilibrium,

we have also measured the dc-susceptibility. The dc-measureraents

were chosen due to the rather small frequency dependence in the

range of 10 Hz < f < 3 kHz, indicating a broad relaxation time

spectrum with rather long relaxation time constants. A comparison

between v' and v, (zero-field cooled and field cooled) and the
ac &C

calculated ones is shown in figure 5.13. For temperatures T>T M

all experimental points coincide with those of the model calcula-

tion. For T<T M one observes clear deviations. In the ac experiment

we used a frequency of f=348 Hz. In the "zero frequency", dc

experiment we changed the temperature about every 3 minutes. Even

here the measured susceptibilities are smaller for T<T„ than the

calculated ones. A small difference between the zero-field cooled

and field cooled experiments is only found at the lowest temper-

atures . We suggest that in this system one has to deal with

relaxation time constants T > > 2 0 0 P (see also chapter 4 ) .

In figure 5.14 we illustrate for A I Q 33 V7 O5 t h e difference

between the calculated isothermal susceptibility (figure 5.14a),

and the susceptibility if all clusters were completely decoupled

for 'ï<T., [17] (figure 5.14b). The calculations were done by using

equations 5.2 and 5.3. Both cases are compared with the ac

measurement (figure 5.14c). As it is obvious the measured ac-

susceptibility for A I Q 33V2°5 *~S n e i t n e r the isothermal one nor

can the dimers be regü-rded as totally decoupled. In figure 5.14c
4 +we have subtracted the contribution of the paramagnetic V

background from the ac-susceptibility measurement (f=348 H z ) . The

result for the temperature dependence of the dimer susceptibility

(dashed line in figure 5.14c) is somewhere between both extremes.
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Fig. 5.13. Comparison between aa-, dc-susceptibiltiy and model

fit (solid line) of Al
U »

7V„0q:
o a 0

O x (3-18 Hz),
do

zero field cooled, + Xnn field cooled. The measuring

field for the dc-susceptibility was 250 Oe.
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Fig. 5.14. Calculated isothermal susceptibilities for isolated

V ions (dashed dotted line); exchange coupled spin

pairs, dimers, (dashed line) and the sum of both (solid

line), a) isothermal oase, b) clusters completely

decoupled, a) measurement (see text). The vertical

dotted line represents the experimental low temperature

limit.
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5.4.2. Samples containing iron donor atoms.

As was shown in figure 5.10 we observe a distinct absorption

signal x" f° r the Fe VjO,- (including two sharp maxima) indicating

that the measured ac-susceptibility is influenced by relaxation

processes. The same considerations as for Al V-O,- can be used for

the Fe V-O,- system. Also here we did not observe a strong

frequency dependence, the dispersion signal decreases with

increasing frequency, about 1% per decade, and the absorption

signal remained more or less unchanged within the expeLimental

accuracy. Therefore, we carried out additional dc-susceptibility

experiments, zero-field cooled and field cooled, for a sp.rupls

Fe0.37V2°5-

The results combined with the ac-susceptibility are presented

in figure 5.15. In these experiments the susceptibilities were

obtained by a stepwise warming up of the sample. For T>T, the

three sets of measurements coincide, but at T,=14.5 K (the temper-

ature of the ac-susceptibility maximum) the ac- and dc-values

begin to separate. The zero-field-cooled susceptibility has its

maximum at a somewhat lower temperature, whereas the field-cooled

Fig. 5.15. Various susceptibilities as a function of temperature

?or F&0.Z7V2°5: ° *AC* D XDC ^ro-fietd cooled, X XDC

field cooled. The do measurements were done in a field
of 250 Oe.
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susceptibility increases further with decreasing temperature.

Lowering the temperature further, one observes the second maximum

at T =9 K in the ac-experiment and also in the zero-field-cooled

dc-experiment, but at a slightly lower temperature. On the other

hand, the field-cooled experiment exhibits at T =9 K only a

plateau, and for T<7 K the signal increases again with decreasing

temperature. Whereas the zero-field-cooled susceptibility and the

ac-susceptlbility converge.

A simple way to view the differences.in these measurements

is as follows. In the ac-experiment (f=348 Hz) one is far away

from the equilibrium susceptibility for temperatures T<Tf.

Therefore one always observes values which are smaller than the

isothermal ones. The zero-field cooled dc-experiment necessarily

has a longer measurement-time constant compared to the ac- experi-

ment, but the general shape of both curves is rather similar. In

the field-cooled experiments, a spin-glass or an assembly of

interacting spins will always have a frozen-in magnetization

component along the field direction which will not greatly change

with temperature T<Tf [11, 12]. Thereby the randomness is reduced.

Such a situation may be considered similar to the c m obtained

in a zero-field experiment and waiting an infinitely long time

after switching on the magnetic field. From figure 5.15 it would

seem that the field-cooled susceptibility is closed to equilibrium

and that the peaks and downturns in the other susceptibilities

represent a dynamical freezing process. A distribution of blocking

temperatures according to the Wohlfahrt model [17] has previously

been calculated for Fe, ,.V,Or from magnetization measurements[181 .

The analysis of the Fe-VOB as well as the mixed samples in

terms of the dimer model is more complicated, since the measured

susceptibilities consist of at least three parts:

xtot XV + XD + xFe

Here \„ repr> sents the additional susceptibility of the iron
4 +

sublattice. The susceptibility of the isolated V atoms follows

a Curie law. If one keeps the concentration of donor atoms constant,
4 +

then the V contribution is supposed to be independent of the kind

of donor atCTPS. The concept of superposition suggests that we
4 +

subtract the contribution of the V subsystem from the total
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5.16. The total susceptibility minus the paramagnetic

V +)background (V +) for different samples of VOB:

•Fe0.3SV

V2°5' k F e

<>FeO.37VZ°S' •Fe0.3SV2°S> °Fe0.3?V2°S>
XFe0.2SAt0.11V2°5 0.11V2°S> QFe0.0SSAl0.Z75V2°5>

susceptibility. Unfortunately, it is rather difficult to calculate

the non-equilibrium susceptibility for T<TM> Therefore, we decided
4 "4*

to subtract only the paramagnetic background of the isolated V

atoms from the total susceptibility. The result for different

compositions and concentrations of the measured VOB samples is

shown in figure 5.16. The systematic concentration dependence and

the fa<-!t that the susceptibility x(T^°) tends to zero, which is

required for dimers, implies that the simple superposition

principle is valid. With increasing concentration of Fe one

observes a continuous increase of the absolute susceptibility per

mol sample. Furthermore, regarding the pure Fe-VOB samples, the

second maximum at T f ̂ 14.5 K becomes more pronounced and for

T>>TMor T^ one finds that xt t~X 4 + is proportional to the Fe

concentration.

6.5. Discussion.

The magnetic susceptibility of 0-VOB bronzes nicely charac-

terizes the magnetic properties of this system. The inverse
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susceptibility shows an apparent Curie-Weiss behaviour at higher

temperatures with a large negative paramagnetic temperature. It is
4 +

a remarkable fact that all the V spins do not couple antiferro-

magnetically, but some of th«m remain paramagnetic. At low temper-

atures the ac-susceptibility exhibits the sharp maxima for nearly

all samples investigated, indicating a magnetic transformation.

We have shown in the previous section, that the low tempera-

ture ac-susceptibility and magnetization of Al V-O- can be

quantatively described by two contributions: antiferromagnetically
4 +

coupled spin pairs of V ions and the remaining isolated ones.
4 +

Regarding the V-subsystem, it is clear that the V ions concen-

trate around the occupied donor sites. The formation of the

coupled pairs starts at rather high temperatures T,, where

deviations from Curie-Weiss behaviour are observed. In the temper-

ature range T <T<T, the thermal energy is large enough for a

continuous reorientation of the spin pairs between the three
4 +

V ions. At T=T„ this reorientation becomes blocked or frozen
M

resulting in a sharp dispersion maximum and the onset of absorption.

The random distribution of the donor atoms leads to a certain

.andomness in the dime1" or pair formation. Such a random distri-

bution of magnetic ions can lead to spin glass behaviour, with a

cusp in the ac-susceptibility, the onset of the absorption x" anci

irreversible properties in the magnetization. The experimental

observations on 0-Al VOB are similar to those found in archetypal

spin glasses. However, in contrast to a real spin glass one has

in this nonmetallic systam only one type of cluster, namely an

antiferromagnetically coupled one.

For y=0.33 we find that the number of dimers and paramagnetic

V ions is nearly equal. Higher values of y enhance the V

concentration and thereby the number of dimers. Also the inter-

action becomes stronger due to a small reduction of the mean
4 +

distance of the V ions. Hence the reorientation process of the

spin pairs is hampered, and this results in an increase of the

temperature TM of the susceptibility maximum as shown in figure

5.17. This figure illustrates the complete magnetic phase diagram

for the 0-VOB containing Al and Fe.

The 0-VOB containing the Fe donors presents a somewhat more

complicated magnetic situation owing to the two different magnetic,
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4+ 3 +
V and Fe , subsystems. The present state of its understanding

is far from complete. Nevertheless based upon our experimental

results we can at ltast offer a phenoraenological picture for the

observed behaviour.

The 15% difference of the ionic radii of Al and Fe

influences the geometry of the "tunnels" in which the donor atoms

are located. The substitution of Al ions by Fe ones causes an

extension of the "tunnel" cross section. This in turn should lead
4+ 4 +

to a decrease in the V -O-V distance which increases the super-

exchange interaction and starts the dimer formation at higher
4 +

temperatures. Due to the shorter distance of at least two V ions

the blocking of the dimer reorientation also takes place at higher

temperatures. This effect may be inferred from the magnetic phase

diagram in figure 5.17, where the increasing Fe content is

accompanied by a continuous increase of T,. up to 9.3 K, even if

all the Al is completely replaced by Fe.

The Fe V,O5 system exhibits a second sharp maximum at

1^^14.5 K in the dispersion x' as well as in the absorption x"

of the ac-susceptibility for 0.33<y<0.37. The experimental studies

of O-Fe VOB, including neutron diffraction [2] and Mössbauer

spectroscopy [3] do not indicate any long-range magnetic ordering

of the Fe sublattice. In view of this, the ac-susceptibility

maxima at T- suggest a short-range type of magnetic order, e.g.

a spin glass. Its freezing temperature T^ depends very little on
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the Fe concentration, as can be seen in figure 5.17. But the

susceptibility amplitude at T_ strongly decreases if the Fe content

is reduced. Close to the border of long-range magnetic ordering,

the freezing temperature of archetypal spin glasses is rather

weakly dependent on the number of magnetic impurities, but the

susceptibility amplitude drops drastically with a small decrease

of the magnetic concentration. Similar conditions could be present

in fe V^Oj, however, the dominant interaction here is antiferro-

magnetic and the long range order would be of this type. For

y=0.33 about 50% of the accessible donor sites are occupied and

it rises to 55.5% if y=0.37. Now we may be close to the onset of

long-range magnetic order in the Fe sublattice, but his long-

range order could not be sustained within the tetragonal lattice

symmetry.

The features mentioned above, as well as the anisotropic

quasi-one dimensional location of Fe ions inside the "tunnels",

which resembles the set of broken magnetic chains, shov; that the

low temperature short-range magnetic phase of the Fe subsystem

belongs to the wide class of spin glass systems. The unique

feature, distinguishing the O-Fe VOB from the most (but not all)

other spin glasses, is the kind of interaction. A RKKY-type of

interaction, which is characteristic for metallic spin glasses,

is impossible due to the lack of conducting electrons. Furthermore,

the large negative values for the paramagnetic Curie-Weiss temper-

ature indicate the strong antiferromagnetic character of this

system. Considering that the shortest Fe-Fe distance is 3.68A and

the oxygen atom is located in the middle, one may assume that the

Fe subsystem in Q-Fe VOB creates the spin-glass phase with only

the indirect superexchange. A small canting of the moments, which

would imply a small ferromagnetic component, cannot be excluded.

In conclusion we find that the 0-VOB with Fe and Al represents
+4

an interesting magnetic system where V moments are inuuced by

the donor atoms (Fe or Al). Some of these moments remain para-

magnetic down to the lowest temperatures, while others form an

antiferromagnetic dimer. The magnetic Fe donors create another

magnetic subsystem which freezes into a spin-glass state at low

temperatures.
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SUMMARY

This thesis presents the results of some investigations on

the magnetic orderirg phenomena in some randoi.. superconducting and

insulating materials. All of those samples do not exhibit a long

range (LRO) but only a short range magnetic order (SRO). This

order presents itself as a sharp or cusp-like maximum in the

ac-susceptibility at a well defined temperature, the so-called

freezing temperature T f. Random magnetic systems characterized by

a random freezing of moments with SRO are usually classified as

spin glasses.

Laves phase compounds, such as RERu2 (RE:rare earth element)

have been of considerable interest for many years. In Chapter 3

the results are described of an investigation of the coexistence

of superconductivity and random magnetic freezing in (Th,Nd)Ru.,.

This system was chosen , because its expected very small depression

of the superconducting transition temperature. On the basis of

various measurements as function of temperature and external

magnetic field we have found that spin glass-like freezing can

occur far below the superconducting transition temperature without

destroying the superconductivity and even that a sample may re-

enter the superconducting state below a freezing temperature.

Associated with the isothermal remanent magnetization of a random

magnetic material we have observed strong anomalies in the critical

field versus temperature curves. Also a magnetic field memory

effect has been found.

Chapter 4 is devoted to the study of relaxation effects in

spin glasses and related systems. A phenomenological model has

been developed to describe the frequency dependence of the ac-sus-

ceptibility of a broad range of different spin glass systems.

According to this model the spin-system can be divided into two

parts. The first one consists of the spins which are coupled into

clusters via short range magnetic intra cluster interactions and

the second part contains spins which are non-correlated i.e. for

which compensation between direct or dipolar exchange and aniso-
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tropy occurs. By means of this model we were able to calculate a

distribution function of relaxation times. The temperature depen-

dence of this width can be used to distinguish between superpara-

magnets and spin glasses. Furthermore we show that the susceptibi-

lity of materials with short range magnetic order is mainly

gouverned by the temperature dependence of the width of the distri-

bution function and the exponential temperature variation

(Arrhenius-law) of the average cluster relaxation time.

In chapter 5 ac-susceptibility and magnetization measurements

are presented for a series of vanadium oxide bronzes (VOB) such

as Al VJOJ, Fe V^Oj and the mixed compounds. We found that the

VOB samples with Fe and Al represent an interacting magnetic
4 +

system, where V moments are induced by the donor atoms (Fe or Al).

The low temperature ac-susceptibility can quantitatevely be des-

cribed by two contributions; one due to moments which form anti-

ferromagnetic dimers and another due to those spins which remain in

paramagnetic state down to the lowest temperatures. The magnetic

Fe donors create another magnetic subsystem. The local lattice

distortion, caused by the donor atoms, makes arrangements with

long range atomic of these donors improbable. Consequently, a more

random distribution of the Fe ions is plausible. Therefore the

magnetic ordering appearing in the Fe subsystem at low temperatures

is discussed in terms of a spin glass freezing.
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SAMENVATTING

Dit proefschrift behandelt de resultaten van een onderzoek

aan een aantal magnetische ordenings verschijnselen in verscheidene

supergeleidende en isolerende materialen met willekeurig verdeelde

momenten. Geen van de onderzochte materialen 1 svindt zich in een

over lange afstand magnetisch geordende fase; slechts korte af-

stands magnetische ordeningen komen voor. Deze orde manifesteert

zich in een scherp maximum van de susceptibiliteit gemeten in

magnetisch wisselveld als functie van de temperatuur. De plaats

van dit maximum definieert de zogenaamde invriestemperatuur, T_.

Magnetische systemen waarbij de magnetische momenten bij tempera-

turen lager dan TV in willekeurige richtingen invriezen worden

doorgaans aangeduid als spin glazen.

Verbindingen die kristalliseren in de Laves-fase, zoals RERu2

staan al enige jaren in de belangstelling. In hoofstuk 3 wordt een

onderzoek naar de coëxistentie van supergeleiding en willekeurige

magnetische invriezing in (Th,Nd)Ru., beschreven. Tot het onder-

zoeken van dit systeem werd besloten vanwege de verwachting dat

de onderdrukking van de supergeleidende overgangstemperatuur bij

toevoeging van de magnetische component Nd erg zwak zou zijn. Op

basis van verscheidene metingen als functie van temperatuur en

magnetisch veld is geconstateerd dat spin glas achtige invriezing

plaats kan vinden ver beneden de supergeleidende overgangstempera-

tuur zonder dat de supergeleiding verdwijnt. Zelfs kan een terug-

keer naar de supergeleidende toestand beneden de invriestemperatuur

worden gevonden. In het verloop van het kritische veld als functie

van de temperatuur werd een sterke afwijking van het normale gedrag

waargenomen die zijn oorzaak vindt in de isotherme remanente

magnetisatie.

Hoofdstuk 4 is gewijd aan de studie van relaxatie effecten in

spin glazen en aanverwante verbindingen. Voor deze systemen werd

een fenomenologisch model ontwikkeld om de frequentie afhankelijk-

heid van de susceptibiliteit gemeten in magnetische wisselvelden

te beschrijven. In dit model wordt aangenomen dat de frequentie
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afhankelijkheid van een spin glas systeem beschreven moet worden

als een resultaat van twee bijdragen. Eén bijdrage beschrijft het

gedrag van de spins die zijn gekoppeld in magnetische clusters

door korte drachts interacties. De andere bijdrage beschrijft het

gedrag van nagenoeg ongebonden spins waarvoor de som van wissel-

werkingen met de omgeving vrij wel nul is. Met behulp van dit

model kan een verdelingsfunctie can relaxatietijden worden berekend

waarbij al dan niet temperatuur afhankelijk zijn van de breedte

kan worden gebruikt om onderscheid te maken tussen spin glazen en

superparamagneten. Uit het model blijkt verder dat de susceptibili-

teit van materialen met korte afstands ordeningen sterk wordt be-

ïnvloed door de temperatuur afhankelijkheid van de breedte van

distributiefunctie evenals de exponentiële temperatuur afhankelijk-

heid (Arrhenius-wet) van de gemiddelde cluster relaxatie tijd.

In hoofdstuk 5 worden susceptibiliteita- en magnetisatie-

metingen besproken, uitgevoerd aan een reeks vanadium oxide bronzen

(VOB) zoals Al V-Oc» Fe V-O- en gemengde verbindingen. Die VOB
y 3̂"jL y 3+-1

preparaten met Fe en Al blijken wisselwerkende magnetische

systemen te vormen waarin V" momenten worden geïnduceerd door de

donor atomen Fe of Al. De ac-susceptibiliteit bij l«ge temperaturen
4 +van het V subsysteem kan kwantitatief worden beschreven door twee

bijdragen: namelijk één veroorzaakt door de ordening van een aantal

momenten in antiferromagnetisch geordende dimeren en een bijdrage

veroorzaakt door het paramagnetische gedrag tot de laagste tempera-

turen van de overgebleven momenten. De magnetische Fe donoren

vormen een derde subsysteem. De locale roostervervorming veroor-

zaakt door de donor atomen maakt het onwaarschijnlijk dat deze

donor atomen zich bevinden in lange geordende structuren. Dienten-

gevolge is een tamelijk willekeurige verdeling van de Fe atomen

het meest aannemelijk en wordt de magnetische ordening die plaats-

vindt in het Fe subsysteem bij lage temperaturen besproken in

termen van een spin glas invriesprocess.
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Oktober 1968 - maart 19 69

Stage bij de Westfalische Union AG (tegenwoordig:

Thyssen AG) te Harnm.

Oktober 1969 - september 1971

Studie in de electrotechniek aan de Technische Hogeschool,

Aken .

Oktober 1971 - juli 1974

Studie in de communicatietechniek aan de Gesamthoch-

schule Paderborn, afdeling te Meschede met grad. Ing.

eindexamen.

Maart 1975 - 28 februari 1980

Natuurkundestudie aan de Universiteit Bochum, met nadruk

op de Vaste Stof Fysica onder leiding van Prof.Dr. S.

Methfessel, doctoraal examen in de experimentele

Natuurkunde.

Sinds maart 1980:

Wetenschappelijk medewerker aan het Kamerlingh Onnes

Laboratorium van de Rijksuniversiteit Leiden, in de

Werkgroep MT IV onder leiding van Prof.dr. J.A. Mydosh.

Burgerlijke staat: sinds 24-9-1976 getrouwd, één kind.
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Nawoord

Het zou een misverstand zijn te veronderstellen dat de resultaten

die in dit proefschrift zijn beschreven, het werk is van één

persoon, zoals de voorpagina suggereert. Integendeel, het vormt

het resultaat van een vruchtbare samenwerking met medewerkers van

verschillende instituten en werkgroepen, waarbij ik geprofiteerd

heb van de kennis en ervaring van velen, die mij tijdens het

onderzoek steun hebben verleend.

De afgelopen jaren heb ik met plezier gewerkt in de metaalfysica-

groep. De wetenschappelijke discussies met P.H. Kes op het gebied

van de supergeleiding en J.C. Verstelle op het gebied van de

magnetische relaxatie hebben in belangrijke mate tot dit proef-

schrift bijgedragen. Bijzonder waardevol waren ook de samenwerking

en discussies met de groep quantumvloeistoffen III bij het

verbouwen van de He- He mengkoelmachine. Op technisch gebied

verleenden de heren C E . Snel, J. de Vreede, T. Nieboer en J.

Turenhout onmisbare medewerking. Op electronisch gebied kon ik

altijd een beroep doen op de heer G.L.E. van Vliet. Bij het uit-

voeren van de experimenten werd ik geassisteerd door Drs. A.J.

Dirkmaat, Drs. R.C. Brouwer, Drs. M.J.F.M. Rewiersma en J. van

den Berg. Voor de hoge frequentiemetingen heb ik altijd kunnen

rekenen op Drs. R. Horne en Drs. J.J. Baalbergen. Tekeningen en

foto's werden gedeeltelijk door de heer W.F. Tegelaar verzorgd.

Het proefschrift is op snelle en accurate wijze getypt door

mevr. J.M.L. Tieken.

It is my pleasure to acknowledge Prof.Dr. J. Schilling of the

Ruhr University Bochum, West Germany, for supplying us with the

technical details of the CuBe pressure clamp and for stimulating

discussions concerning the pressure results. I have benefitted

from the cooperation with and support of Dr. M. Peckala of the

Warsaw University, Poland. Stimulating discussions and the

performance of experiments with L.E. Wenger, Wayne State University,

Detroit, Michigan, have also contributed to this thesis.

Die (EuSr)S Proben wurden freundlicherweise von Dr. K. Westerholt

Ruhr Universitat Bochum und Prof.Dr. H. Maletta, Kernforschungs-

anlage Jiilich, West Deutschland zur Verfügung gestellt. Alle
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Dy(PV)O. Proben habe ich von Prof. Dr. M. Steiner und Dr. P.

Kettler, Hahn-Meitner Institut, Berlin, erhalten.

Dich, liebe Steffi, hätte ich eigentlich an erster Stelle nennen

müssen, denn du hast mir während der letzten Jahre viele Sorgen

abgenommen und ausserdem noch oft die Vaterrolle übernehmen müssen.

Schliesslich möchte ich noch meine Eltern erwähnen, die mit ihrem

Interesse an meiner Arbeit und mit ihrer steten Unterstützung für

mein Weiterkommen gesorgt haben.
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