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CHAPTER I

INTRODUCTION

v"

The application of high magnetic fields constitutes an im-

portant tool in experimental solid state physics. For example we

mention De Haas-Van Alphen effect and cyclotron resonance stu-

dies in metals or semiconductors, critical fields in super-

conductors, Faraday rotation in magnetic materials and the meas-

urement of magnetization curves in paramagnetic or antiferromag-

netic substances.

In order to produce fields of the order of 10 tesla or

higher three different methods have been used. These are: i

(i) high-power Bitter-type coils; (ii) superconducting magnets •?
- |

and (iii) pulsed-field magnets. The maximum fields reached thus !
" !

far by these methods are about 22 T, 18 T and 60 T, respectively. ;

With a combination of a Bitter coil inside a superconducting '• \

solenoid fields up to 30 T have been obtained. .'

The methods (i) and (ii) have the advantage that the fields \,

can be produced for long periods. However in method (i) the

Joule heating limits the maximum attainable fields, whereas in

method (ii) the problem of the Lorentz forces becomes a limiting

factor for fields of 20 T, even if superconductive materials with

higher critical currents would become available for the construc-

tion of the coil system.

In order to obtain fields above 30 T one is thus forced to

reduce drastically the time period during which the field is

produced. The pulsed-field method was first introduced by Kapitza. In the

modern version a high capacitance condensor is discharged across a

copper solenoid during a very short time. In the non-destructible

magnets the Lorentz forces again pose an important problem that

has to be overcome, but they have the advantage that the fields

are still reasonably homogeneous over a considerable volume, so

that experiments can be relatively easily performed even when

cryogenic equipment is used. In the destructive methods a small

coil, usually consisting of one or a few turns only is compressed

in order to obtain flux concentration. The imnlosion is some- .-



times brought about with the aid of explosives; in this case both

coil and sample are destroyed. Although fields of the order of

a few hundred tesla have been obtained, experiments are difficult

..-.' to perform, the fields are highly inhomogeneous and it is diffi-

cult to measure reliably the field strength.

In this thesis a number of experiments are described using

the pulsed-field magnet at the Kamerlingh Onnes Laboratory. The

main parts of the apparatus were constructed by H.A. Jordaan,

following earlier work of J.C.A. van der Sluijs. A description

of the installation is given in chapter 2 in particular as re-

gards the improvements that we have introduced. Although a max-

imum field of 52 T has occasionally been obtained non-destructive oper-

ation of our coils is limited to fields of about 40 T.

J We have applied the method to study the magnetization be-

J haviour of materials in which antiferromagnetic interactions

. ] prevail. Such interactions will oppose the saturation of the

; ; magnetization by the applied field. Roughly speaking an anti-
1 ferromagnetic interaction of energy J, where J/k is of the order

, /' of magnitude of 1 kelvin, corresponds to a Zeeman energy of a

magnetic ion in a field of about 1 tesla. In our equipment we

have 40 tesla available so that antiferromagnetic materials with

transition temperatures of the order of 10 K or lower can easily

be saturated. The materials experimentally studied include both

magnetic insulators and metallic magnetic systems.

Clearly, the short times involved in the pulsed-field method

also has its disadvantages. In our case the pulse has the shape

of half a sine curve, with a total duration of 18 ms. Therefore,

the characteristic time constant of the apparatus, by which we

mean the time during which the field can be considered as ap-

proximately constant (say within a few % ) , is of the order of

TO
S=!10~4 s. xn metallic systems with high conductivities the

occurrence of eddy currents may severely limit the penetration

depths for pulsed fields. For that reason, the experiments had

to be performed on very finely grained samples ( < 100 pm).

Also, in insulating materials, the time variation may nose a

problem, if relaxation processes occur with time constants com-

: ' parable to or larger than TO. For instance,a slow spin-lattice

10



relaxation will lead to a variation of the spin-temperature dur-

ing the field pulse, through the magnetocaloric effect:

(9T/9B)S= -T(8M/8T)B/CBr where CB is the heat canacity in constant field.

In the work presented here we have always paid attention to

the just-mentioned problems and therefore we have checked wher-

ever possible the results of the pulsed-field method against data

obtained in steady fields in the lower field range. At our labo-

ratory we had available a superconducting solenoid with a maxi-

mum field of 11 T for such purposes. In this apparatus the dif-

ferential susceptibility can be measured as a function of the

field, and by integration the magnetization versus the field can

be obtained. In addition, the equipment has the advantage that

the frequency of the a.c. signal may be varied from 0.2 Hz -

15 kHz, which enables one to study the relaxation times involved

in e.g. the spin-lattice or the spin-spin interaction. In some

cases these relaxation processes proved to be quite interesting,

warranting a separate study (e.g. chapter 4).

The plan of this thesis is as follows. In chapter 2 the ex-

perimental equipment used is described. In chapter 3 a number of

results obtained on magnetic chain systems are discussed. In

these systems the magnetic interactions in one crystallographic

direction is very much stronger (e.g. 100 x) than in the remain-

ing ones, so that they can be described as an array of very

loosely coupled linear magnetic chains. As far as the magnet-

ization behaviour is concerned, their properties are not much dif-

ferent from that of the isolated chain. The advantage is that

linear antiferromagnetic chains constitute the only examples of

magnetic: systems for which accurate (in some cases even exact)

predictions for the behaviour of the magnetization are available.

In chapter 4 the magnetization behaviour of three S=l com-

pounds with a singlet ground state are studied. In these systems

the spin triplet is split by crystal-field effects. The upper

doublet lies at an energy of about 5-11 K above the singlet-ground

state. By the application of a field of 5-9 T one of the doublet

levels crosses the lower singlet, producing a magnetic ground

state.

In chapter 5 measurements on a number of dimeric and te-

ll



trameric magnetic clusters are described. The magnetic moments

forming the polyrmclear cluster are coupled by antiferromagnetic

interactions ranging in strength from 1 K to 10 K. Finally in

chapter 6 we present magnetization curves for three different v"

dilute magnetic alloy systems, namely PdMn, CuMn and AuFe, in

each case for a number of different concentrations (1-10 at.%)

of the magnetic atoms (Mn or Fe) that are dissolved in the non

magnetic Pd, Cu or Au matrices. These alloys are of current

interest, since, they are regarded as prototypes of the so-

called spinglass system.

In conclusion we mention that the material presented in tnis • _

thesis has been or will be the subject of a number of publica-

tions in the literature. Below we have given a summary of these j

papers.

i
Section 3.1) J.J. Smit, L.J. de Jongh, H.W.J. Blote and D. de :

Klerk, Proc. Conf. "Physique sous Champ Magnetique ' J

intenses", Grenoble, Ed. Colloques internationeaux '

C.N.R.S. No. 2£2 (1975), 253. '•'

3.2) J.J. Smit, M. Mostafa and L.J. de Jongh, J. de Phys.

39_ (1978) C6-725.

3.3) J.J. Smit, J.A.C. van Ooiien and L.J. de Jongh,

Physica (1979), to be published.

3.4) J.J. Smit and L.J. de Jongh, Physica (1979), to

be published.

4.1) J.J. Smit, L.J. de Jongh, D. de Klerk, R.L. Carlin

and C.J. O'Connor, Physica 86-88B (1977) 1147.

4.2) J.J. Smit, H.J. van Wijk, L.J. de Jongh and

R.L. Carlin, Chem. Phys. Lett. 62_ (1979) 153.

5.) J.J. Smit, J.A.C. van OaLjen, J. Reedijk and

L.J. de Jongh, Physica (1979) to be published.

6.1 6.2 6.3) J.J. Smit, G.J. Nieuwenhuys and L.J. de Jongh,

Solid State Communications (1979) to be published.
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2. 1

CHAPTER 2

EXPERIMENTAL METHODS

PULSED MAGNETIC FIELDS.

A cross section of a typical coil used in the oulsed-field

experiments is shown in fig. 1. The coil is wound from rectan-

gular annealed copper wire (3.4 x 1.6 mm). To oppose the strong

Lorentz forces on the windings, the coil is encased

in a stainless steel wall of 2.5 cm thickness and is vacuum

impregnated with epoxy resin (araldite). Usually once a year a

coil is reimpregnated with transformer oil to fill up small

cracks in the insulation. This gives an substantial prolongation

of the magnet's lifetime.

brass

stainless steel

89 mm

celonon 0.3 mm

Fig. 1 Cross-section of the 52 T pulsed-fie Id magnet. When a field well

over 'SO T is produced the delrin core is removed.

The magnet circuitry consists, besides the magnet coil, of
a large capacitator bank and switching devices, which are ex-
tensively described elsewhere [ 1| . The condensor battery is

13



divided into nine sections of five condensors of 660 uF each,

which are connected in parallel to a capacity of 0.03 F. The

condensors can be charged up to 3.5 kV, which corresponds to an

energy storage of 180 kJ which is tapped from the mains via a V

3.5 kV rectifier. After the charging, each section of condensors

is electronically switched in parallel by ignitrons to the magnet

circuitry. The maximum current per ignitron amounts to 2 kA at a

pulse duration of 20 ms, which yields a maximum current of 18 kA.

The current I through the magnet is determined by the inductance

of the coil L , the capacitance C and the resistance R of the

circuitry. This is the well known problem of an RLC-circuit and _

the solution is a damped oscillation given by:

I(t)= (Vo/uiL) (exp(-Rt/2L) ) sin wt .\

co = ((1/LCHR2/4L2)}^ = H/T (1) j

where V is the condensor voltage before the discharge and T p ,

is called the pulse time, since the oscillation is interrupted j

by the ignitrons as soon as the magnet current reverses sign.

Typical values for the design in fig. 1 are R(77 K)=20 mfi

L^lmH, C=0.03F and Tp= 17.5 ms. When the damping factor in (1) <

is near unity, the magnet current has the form of half-a-sine

wave. The magnet is cooled with liquid nitrogen to obtain a

smaller R/L ratio. Before usage in the actual experiments at low

temperatures, new magnets are "trained" with a series of pulses

of increasing heights. By this process the magnet wall is de-

formed by the strong Lorentz forces, giving the barrel shape

depicted in fig. 1. This deformation at liquid nitrogen temper-

ature result;; in a cold work-hardening of the stainless steel

mantle, which is exploited as a method for obtaining reinforced

walls. A new coil may then be wound which fits the so-obtained

wall. The deformation of a new coil placed in such a mantle is

further controlled by measuring the change in resistance and

inductance at a temperature of 77 K. When a field of well over

30 T has been generated the delrin core (see f.ig. 1) can be re-

moved, which results in a larger accessible field volume and a

better cooling of the magnet.

14



With the magnet of fig. 1, having 325 turns in 12 layers a

field of 52 T has been reached [2] in a magnet bore of 19.5 nun.

The Joule heating in such cases warms the coil up to above room

temperature. We typically have 4 T/kA and the inhomogeneity is

less than 1 % at ± 1 cm around the center.

In the experiments at low temperatures a double walled dewar

with a thin tail is placed inside the magnet bore. The magnet

itself is rigidly attached to the outor wall of the cryostat.

To avoid vibrations between the magnet and the experiment, the

inner wall of the cryostat as well as the experimental equipment

inside the dewar have been fixed to each other with

the aid of small mechanical point-contacts.

In the experiments magnets of the same design as in fig. 1

have been used in the field region up to 45 T. In that range the

magnet can repeatedly produce fields up to 40 T for more than

500 times without break-down of the coil.

The height of the magnetic field is measured by integrating

the signal from a small pick-up coil, situated in the center of

the magnet in the interspace of the double-walled cryostat. This

pick-up coil has been calibrated against the optical Faraday

rotation of a flint-glass cylinder. When plane polarized light

is traversing a diamagnetic substance, placed in a magnetic

field, the plane of polarization is rotated. The angle of ro-

tation 9 depends on the length of the light path in the flint-

glass cylinder and the magnetic induction: 0=V.l.B. The pro-

portionality constant V is called the Verdet constant and de-

pends on the wavelength of the light. The

light emerging from a sodium arc is fed through a bundle of

glass fibers into the cryostat. Above the flint glass cylinder

in the center of the magnet a polaroid sheet is placed. A mirror

at the bottom of the glass cylinder reflects the light which is

passing the polarizer once more and is fed into a photomultiplier

tube. The angle 0 can be determined from the intensity, I, of the

returning light, using the law of Malus: I=Iosin
26 or

G= arc sin /l/Io-

The proportionality constant between the Faraday rotation and

the magnetic induction was calibrated using proton- and vanadium

15



nuclear magnetic resonance [ 3] in steady fields up to 15 T, the

highest fields being realized with a recently built NbjSn super-

conducting magnet. Using a sodium light source we found a ro-

tation of 29.0 °/T with the flint-glass cylinder at 4.2 K.

Because of the inhomogeneity of the magnetic field the cali-

bration was obtained with an accuracy of 1 %. Subsequently the

same glass cylinder was placed in the pulsed magnetic field and

in an analogous way we could determine angles of rotation up to

1160°. In high magnetic fields the larger angles can be de-

termined with a better relative accuracy, since the light maxima

correspond exactly to 180° rotation, following Malus' law. There-

fore we could calibrate the pick up coil with relative accuracy ""

better than 1 %; however, the above systematic uncertainty of 1 %

remains. j

References:

1] J.C.A. van der Sluijs, thesis Leiden (1967) and H.A. Jordaan, R. Wolf

and D. de Klerk, Physica _69 (1973) 129.

2] H.A. Jordaan, R. Wolf and D. de Klerk, Physics Lett. 44A (1973) 381.

3] K.M. Diederix and J.P. Groen kindly performed the N.M.R. experiments.
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2.2 MAGNETIZATION MEASUREMENTS IN THE

PULSED-FIELD MAGNET

When a single pick-up coii is wound on a sample placed in

the pulsed magnetic field a voltage will be induced that is pro-

portional to the time derivative of the magnetic flux through the

coil. Since most of the samples that are studied here have weak

magnetic volume susceptibilities, the largest part of the pick-

up signal is induced by the magnet itself. In fact this is the -

way in which we measure the field strength, as discussed in sec-

tion 2.1. In order to detect the susceptibility of the sample a }

coil system is needed that has no mutual inductance with the mag- '•

net coil. Of course this is easily realised in a homogeneous mag- j

netic field by making a second identical coil wound oppositely ,'

to the first one. However the field pattern of the pulsed niag- ' j

netic field is not constant in space and time. At the high cur- '

rents and magnetic inductions, that are used, it becomes impos-

sible to avoid vibrations of the magnet construction. Furthermore i

eddy currents flow in the stainless steel mantle of the magnet

and in the dewar walls, which add a time dependent variation to

the field pattern. Of course the oscillation time of the magnet

circuitry is not a primary perturbing effect, since it essential-

ly introduces a varying flux in the sample that we measure by the

pick-up coils. The former effects require a detection system that

is insensitive to all fields from the outside, while its sensi-

tivity to the magnetic induction of the sample is high and not

strongly dependent on the sample position. As discussed by

Gersdorf et al. [ 1] such an ideal detector can in principle be

made from two concentric spherical or ellipsoidal coils with a

constant winding-sneed in the z direction. But a more oractical

approximation to the latter situation is realised by a combina-

tion of four cylindrical coils as shown in fig. 1.

The inner coil corresponds to the inner "ellipsoid", while the

three outer coils are connected in series oppositely wound to

17



nl 1 nl
— • Figr. 2 Schema l tea I

drawing of the mci/r- winn

coi'l. uystem. The avi'cvc

indicate the distances

V£ and l^, while n^ and
n% are turndannitles.

the inner coil. For the calculation of such a coil system, the

axial field in the center is expanded in a power series of

spherical harmonics, as can always be done within a small sphere

[2] not reaching the corners of the coil:

Bz(p,e)=Bo{l+E2(p/a1)
2P2(cos0)+E4(p/a1)

4P4(cos9)+ }

and E = {dzn B (z,o)/(dzrn} /(2n!)B

where p and 6 are the spherical coordinates , a is the radius

of the coil and the P^(cos 6) are Legendre polynomials.

The coefficients E2n depend only on the geometry. It is now re-

quired that no net magnetic flux is detected by the coil

system for the successive orders in the series expansion (1).

Rewriting eq. (1) in cylindrical coordinates (r,z), because of

the axial symmetry of the problem, and integrating over the

volume of the coils we obtain three relations between the para-

meters of fig. 1. Defining as in [ 3], b1=l1/r1, b2=l2/ri,

b3=l3./r1, d=l4,/ri, r=r2/r2 and n=n2,
/n1 these relations read as

follows:

b1+b2-b3-n
2r2d=0

- 4nr2d3+3nr4d=0

8(b^+b2-b3) - 20 (b̂ +b̂ -bĵ ) + 5 ( b ^ b ^ b ^ -8nr2d5+20nr4d3-

5nr6d=0

These are three relations between six parameters so that we can

18



choose the values of three of the variables and solve the

others. In this way we have constructed a coil system compensated

to the fourth order in the polynomial expansion of the field.

The coil system has an inner diameter of 8 mm, an outer diameter

of 14 mm and a total length of 2 6 mm. The coils were wound on

an epibond holder and also every layer of windings was impreg-

nated with epibond, such as to obtain a rigid structure. The

epibond material has favourable properties [ 4] for our applica-

tion since it is nonmagnetic (x =9.10 m-̂ /kg) and can withstand

repeated thermal cycling to liquid helium temperatures. Several

precautions had to be made because of the required high sensi-

tivity of the coil system, which, in addition, has to be insensi-

tive to the very high transient fields that are present. Solders

near the coil system are avoided and all connecting wires are

bifilarly twined and rigidly attached to the construction. The

coil system itself is fixed in the cryostat with a plastic

spacer (delrin).

The precise compensation of the coil system is obtained experi-

mentally by adding or removing a few turns of the smallest coils

(fig. 1) and, lastly, by electronically subtracting the signal

of a small auxiliary coil. The induction voltage from the coil

system is proportional to the susceptibility of the sample

times the time-derivative of the applied magnetic induction. By

integrating electronically the above induction voltage as well

as the field- calibration signal with respect to time we obtain

the magnetization versus field. The coil system can detect a

minimum magnetic moment of 5.10 Am2 and its calibration factor

(see below) reproduces within 2 % after thermal cycling between

room temperature and liquid He temperatures.

A typical example of the measured signals is shown in fig. 2.

Here a relatively strong magnetic moment (M) of the compound

ZrGdjS^ and the applied field (B) versus time are shown. To

separate the magnetization signals originating from the sample

and that from the empty apparatus we have always performed a

dummy experiment without sample. In fig. 2 this empty-apparatus

signal (MQ) versus time is shown (at the same sensitivity). After

subtraction of M from the total magnetization signal we obtain the

) I
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magnetization of the sample itself (M).

i

10
time(ms)

Fiij. 2 Typical example (ZrGdoS^ at T=4.2 K) of the measured signals for

the magnetic induction (B), the magnetic moment (M) and the empty apparatus

signal (Mo). Mo is measured in the next field pulse.

The calibration factor of the signal versus magnetization is

determined by comparison with the signals of ionic compounds

with a well-known saturation moment. For that purpose we use

mainly S-state magnetic ions, like Mn(NH4)2(SO4)2"6H2O,

Mn(C5H5NO)6(BF6)6, Mn(N2H5)2(SO4)2 and Cs2NaGdCl6. In each se-

ries of experiments we have always performed at least one cali-

bration. The sensitivity of the coil system is weakly dependent

on the sample volume. A suitable compound to study this effect

is the strong magnetization signal from ZrGd2Sg, which has a

moment of 7pg per Gd-ion [ 5] . We often use the ZrGd2S5 powder

sample as a reference signal. The sensitivity of the coil sys-

tem is a few % higher in the central region: for example the

sensitivity for a cylindrical powder sample of diameter 0=4 mm

and length 1=4 mm is 4 % higher than for a similar sample having

0=7 mm and 1=20 mm. Consequently the measuring sensitivity is

20
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also not very dependent on the position of the sample in the

coil. We also checked the dependence of the calibration factor

on the sample size, e.g. taking different single crystals of the

same material. The calibration accuracy in most experiments is

3 %, however when large empty-apparatus signals occur in high-

field pulses this may increase to 5 %, due for example to non-

reproducing vibrations in the construction.

The sample is mounted in a holder or on a pedestal made

from nonmagnetic materials like delrin or epibond. The samples

are immersed in the cooling liquid and small holes in the holders

provide a good heat contact. Single crystals were attached to

the pedestal by using vacuum grease (Apiezon) and/or oaraffine

wax.

References:

[ 1] R. Gersdorf, F.A. Muller and L.W. Roeland, Proc. Conf. Champs

Magnetiques Intenses, Grenoble, (1966) 185.

[2] D.E. Montgomery, Solei.oTd magnet design, New York (1969) p. 232.

[3] W. Breur, thesis Amsterdam (1973).

[4] G.L. Salinger and J.C. Wheatley, Rev. Sci. Instr. _31 (1961) 872.

[5] CM. Plug, thesis Leiden (1977).
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2.3 SUSCEPTIBILITY EXPERIMENTS IN STATIONARY

MAGNETIC FIELDS.

As a conseq.ience of the short duration of the field in the

pulsed-field apparatus spin-lattice and/or spin-spin relaxation

effects might occur, and in the conducting materials (chanter 6)

also eddy current-effects can influence the measurements. For

these reasons we have usually checked our pulsed-field data

against experiments in (lower) stationary fields.

For that purpose we utilized a number of superconducting

magnets which are available at our laboratory. We frequently

used a 11 T superconducting solenoid, which has a homogeneity of

1 % in a central region of 4 cm along the longitudinal axis.

This equipment also has the possibility of inserting a He-cool-

ing device, with which temperatures down to 0.3 K can be reached.

A detailed description of the magnet is given in [ 1] and of the

He apparatus in [ 2] . Furthermore, we sometimes used other mag--

nets [ 3] with lower maximum fields (< 6 T), because of higher

accuracy of the field values and better stability and homogeneity.

In all these equipments we have two concentric ^He dewars. The

outer one cools the magnet, while the inner cryostat, being in-

serted into the magnet bore, is available for the experiments.

If the sample is immersed in the cooling liquid, the temper-

ature is determined from the vapour pressure or a resistance

thermometer.

When the -%e-cryostat is used, the temperature of the sample

in zero magnetic field is measured by a germanium resistor. In

the presence of a magnetic field a capacitance thermometer (Lake

Shore 400 GR, SrTiO3) is used to stabilize the temperature. The

heat contact between the sample and the thermometer is provided

by He exchange gas.

In the steady field experiments we measured the differential

susceptibility with the method of mutual induction. In the center

of the magnet a coil system is placed, which consists of a pri-

mary coil, producing a small oscillating field of 400 A/m (5 Oe)
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and two oppositely wound identical secondaries placed above

each other. The sample can be mechanically displaced from one

secondary coil into the other. The empty-apparatus signal is

thus eliminated since the change in mutual induction is propor-

tional to two times the susceptibility of the sample. The induced

voltage may have a phase shift due to relaxation mechanisms, as

discussed below. This induction voltage is fed into a lock-in

amplifier (P.A.R. model 124 A) and the signals in-phase and

out-of-phase with the primary current can be detected separately

(P.A.R. model 127).

A theoretical approach to the problem of spin-lattice re-

laxation was put forward by Casimir and du Pre [ 4] , who dis-

tinguished the temperature of the spin system Ts and the lattice

temperature T-̂ . In thermal equilibrium the spin- and the

lattice temperatures are equal. When a small oscillating field

of sufficiently high frequency w is applied, the temperature of

the spin system, Ts, will oscillate around the lattice temper-

ature, Tj, because of the magneto-caloric effect:

(3T/SB)S = -T(9M/3T)B/CB. In the approximation of Casimir and

du Pre the rate of heat exchange between the lattice- and spin

system is assumed to be proportional to the difference Ts-T^.

This leads to a description of the relaxation in terms of a

single relaxation time T. The in- and out-of-phase components of

the complex susceptibility x =X'~iX" are found to be given by

the expressions:

x'= x"= (X T-X S)/(I+M
2T 2),

where X T = ( 9 M / 3 H ) T and xs = OM/3H)g. Plotting x" versus x' will

yield a semicircle with the top at WT=1, SO that T can be found

from the frequency dependence. From the formulae it can be seen

that for (o << T"1 or m >> T"1 the real part x' of the suscep-

tibility will be equal to XT o r XS' respectively. Thus for low

and high values of the a.c. frequency we are in the isothermal

or adiabatic limits, respectively. Of course the theory will

only be an approximation since different relaxation processes

may occur simultaneously.

The thermodynamical conditions in the pulsed-field method

*,..
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can also become adiabatic, viz. as soon as the characteristic

time constant T C of that apparatus becomes of the order of the

relaxation time(s) T involved. Therefore the knowledge of T, as

can be obtained from the frequency dependent susceptibility

study, is very useful to check to what extent isothermal or

adiabatic conditions are approximated. However it has to be

noted that in the pulsed-field experiment the temperature of the

spin system will vary drastically during the field-pulse as

soon as adiabatic conditions are approached.

We furthermore remark that in case the frequency becomes

very large as compared to the inverse spin-lattice relaxation

time, one may approach the situation in which the spin system

itself is no longer in equilibrium and one can no longer de-

fine a spin temperature. This is the regime of spin-spin re-

laxation for which, in principle, a formalism quite analogous

to that of Casimir-du Pre may be applied (provided again that

a single relaxation time would be involved). In some experiments

we have indeed encountered such effects (section 4.1).

As regards the metallic samples time-effects can result from

the eddy currents which will oppose the penetration of the field

as soon as the field variation is too rapid. Indeed, our initial

pulsed-field experiments on bulk metallic samples showed large

differences between the parts of the magnetization curves meas-

ured with increasing or decreasing field. By changing to finely

powdered samples, with grain sizes less than 100 mi, these

problems could be overcome in most cases encountered.

In conclusion we remark that for "historical" reasons in

some of the sections of this thesis the Gaussian system of units

has been used, whereas in others the S.I. system has been ad-

hered to, since this has been accepted as the standard inter-

national system of units. For covenience we list below the con-

versions for the thermodynamic quantities of interest here:

S.I. unit = Gaussian units

magnetic induction (B) I T = 10^ G

magnetic field (H) 1 A/m = 4n 10~3 Oe

weight magnetization (M_) 1 Am^/kg = 1 Gcm-Vg
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molar magnetization (Mmo2e) 1 ^m /mole

molar susceptibility (X_oie) 1 n

= 103 Gcm3/mole

= (47T)"1 10+6cm3/mole.

V
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CHAPTER 3

EXPERIMENTS ON LINEAR ANTIFERROMAGNETIC CHAINS

3.1 MAGNETIZATION MEASUREMENTS ON ANTIFERROMAGNETIC Mn2+

CHAINS IN PULSED FIELDS UP TO 400 kOe.

Abstract:

The magnetization curves in fields up to 400 kOe have been measured

on a number of manganese compounds, that are well described by a system of

linear antiferromagnetic chains, with a weak coupling between the chains. The

materials studied include: Mn(N2H5)2(S04)2, [ (CH3)AN] [ M11CI3] (T.M.M.C.) and

Mn(NC5H5)2Br2.

The aim of this investigation is to obtain information about the

field dependent behaviour of the S=5/2 linear Heisenberg chain, considering

also the influence of the anisotropy. The experiments are compared with

theoretical predictions for the above model, obtained from calculations on

rings with a f inite number of spins.

The study of magnetic Heisenberg chains has received consid-

erable interest in recent years, but measurements of magnet-

ization curves have only been made in copper chain compounds

[ 1-3] , which have S=h- We present here an experimental study of

the magnetization curve of manganese chain compounds (S=5/2) at

both high and low values of kT/ | j | , where J is the intrachain

exchange constant. In addition we present theoretical results

for the magnetization curves of Heisenberg chains for various S

values, based upon machine calculations on rings containing a

f ini te number of spins N = 3, 4, 5, . . .

The specimens studied include a powdered sample of

Mn(N2H5)2(SO4)2 and a single crystal of [ (CH3)4N][MnCl3](T.M.M.C.).

In the l a t t e r case the magnetic field is paral lel to the chain

axis. From specific-heat measurements at our laboratory [4] the
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chain character of the first compound has been evidenced, yield-

ing J/k = -0.54+0.03 K and a small anisotropy parameter

D/k = -0.04 K, corresponding to an anisotropy of the Ising type.

The interaction between the chains is estimated as about

J'/j| * 10~2. The intrachain interaction J has been ascribed to

superexchange involving two oxygen atoms and one sulfur atom.

The one dimensional character of T.M.M.C. has been quite well

established, the ratio |j'/J| being probably as low as 10 . For

the exchange constant the values J/k = -6.3, -6.5, -6.6, -7.7,

have been reported [ 5,6,7].

There is a smal (~ 1 %) anisotropy of the XY form which is

mainly due to dipolar interactions [6,8].

From the above J/k values one can estimate the saturation

fields at T=0 K to be 80 kOe and 970 kOe for Mn(N2H5)2(SO4)2 and

T.M.M.C. respectively.

The experimental equipment, previously described [ 9] , is a

pulsed-field installation by which sine shaped pulses with a

duration of 17.5 ms and a maximum pulse height of 517 kOe can be

generated. The magnetization is measured by integrating the out-

put signal of a pick-up coil system. This system is constructed

astatically in order to minimize the coupling with the field coil.

The measurements were performed at liquid He and H2 temperatures.

In fig. 1 typical examples of the magnetization curves meas-

ured for Mn(N2H5)2(SO^)^ a r e shown. For this compound a transi-

tion to long-range 3-dimensional order, due to the interchain

interaction, has been observed at 2.1 K from a small A-anomaly

in the heat capacity [ 4] . We could not detect aporeciable differ-

ences in the magnetization curves just below and just above Tc,

which may be ascribed to the large amount of short-range order

present above Tc.

Before discussing the measurements we will present the re-

sults of our machine calculations on finite spin systems. First

we consider the case T=0 K. One of us [ 10] has calculated the

eigenvalues of the hamiltonian:

* = " ih 2J s±.S1+1
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1.11 K 2.17K 4.23 K
14.41 K

Mn(N2H5)2 (SO4)2

0 H > 100 200 300 kOe 400

Fig. 1 Magnetization curves of

4.23, 14.41 and SO.46 K.

at temperatures 1.11, 2.17,

for rings containing a varying number N of spins and for several

S values. The maximum value of N is 8 for S=l, N=6 for S=3/2 and

N=5 for S=5/2. For the case S=^, calculations on rings up to

N=ll have been performed by Bonner and Fisher [ 11] , who also

derived the infinite-chain magnetization curve by extrapolation

to N=°°.

Proceeding in a similar way, we have obtained the magnet-

ization curves at T=0 K for S=l, 3/2 and 5/2, which are compared

to the S=!5 curve and the molecular field (M.F.) prediction in

fig. 2.

Evidently there is some ambiguity in extrapolating from

finite N to N=°°. For instance, for a ring of five S=5/2 spins,

there are 13 pairs of |<SZ>| values at T=0, H=0, of which the

corresponding lowest-energy levels cross successively with in-

creasing field strength. Hence the saturation magnetization is

reached here in 12 magnetization steps. For each N value a first
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1.0

0.5

M/Mc

0

T=0
Heisenbepg chains

0gHBH/4-Z|J|S 1.0

Fig. 2 Magnetization curves at T=0 of 3=1, 5/2 and 5/2 Heisenberg chains,

as obtained from the extrapolation of the machine calculations on finite

rings. For comparison also the S=h curve of Bonner and Fisher [ 10] and the

molecular field result MF are shown.

extrapolation to N=<*> was made by connecting the midpoints of the

steps by a smooth curve. In this way' magnetization curves are

obtained for N=3, 4, 5, etc. The final extrapolation to N=°° was

obtained from these curves by observing the (alternating) trend

displayed by the curves for N is odd and N is even. The result-

ing error estimated for the N=°° curve in fig. 2 is a few % for

S=5/2 and less for lower S. Furthermore, we remark that the

Bonner and Fisher result for S=k is in good agreement with

Griffiths' exact calculation [12] for this case.

For non-zero temperatures kT/|J| the magnetization was calcu-

lated by weighing all eigenvalues with the appropriate Boltzmann

factors. The extrapolation to N=°° was again made from the alter-

nating (apparently converging) trend in the results for even and

odd N. The separations between the curves for various N are ra-

pidly decreasing with increasing kT/|j|.
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F-if/. 5 Comparison of Mn(N2^5)p/SOj)g magnetisation curves (dash-dot) at

T=2.22 and 20.46 K with the theoretical predictions of a Heisenberg S=5/2

chain, with J/k= -0.54 and -0.59 K (full curves). Molecular field predict-

ions are indicated by open circles (C).

In fig. 3 we compare the measurements on Mn(N2H5)2(SO4)2 at

T=2.22 K and 20.46 K with theory. At T=2.22 K the theoretical

curves are given for J/k= -0.54 K (as found by Klaaysen [ 4])

and -0.59 K, the error bars denoting the estimated uncertainty

in the extrapolation to N=<=°. The experimental curve (dash-dot)

is seen to lie in between, leading to the estimated value

J/k= -0.56+0.03 K. At 20.46 K there is no appreciable difference

between the theoretical curves for J/k= -0.54 K and -0.59 K.

Moreover at this high kT/|j| the chain calculation is indistin-

guishable from the molecular field result, indicated by the

open circles (fig. 3). The experimental curve is seen to lie

below the theoretical curve over most of the field region. We

ascribe this to the combination of magnetothermal and relaxation

effects, which manifest themselves in a difference between the

magnetization curves obtained with increasing and decreasing

30



field. For the experimental curve shown we took a mean curve

lying in between the two. At liquid He temperatures the above

mentioned effects were found to be negligible.

From the above considerations we may conclude that both the

heat capacity and the magnetization curves of Mn(N2H5)2(SO4)2

can be adequately analysed in terms of the S=5/2 Heisenberg chain

model, both experiments agreeing to J/k= -0.55±0.02 K. In our

calculations the influence of the small anisotropy (D/J=0.07)

upon the magnetization curve is neglected. It may be remarked

that this anisotropy could explain (see below) the fact that

the experimental curve lies slightly below the theoretical

isotherm for j/k= -0.54 K, which was the value used in the heat

capacity analysis [ 41 .

Turning now to the measurements on T.M.M.C., it is clear that

the large J/k value prevents us to reach the saturation field.

J/k = -6.5

N] [Mn CL3] r

0 H 100 200 300 kOe 400

Fig. 4 Magnetization curve of T.M.M.C. (0) at 20.48 K compared with calcu-

lations for the Heiscnberg S=b,':) chain, with J/k= ~6.b and -7.7 K. "he field

is applied a'Dru: the chain axis.
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In fig. 4 we compare the magnetization curve measured at

T=20.48 K with the calculated curves for the Heisenberg linear-

chain model. We have plotted two curves with J/k= -6.5 K and

J/k= -7.7 K as found in earlier studies [6,7]. Our experimental

result is indicated by the open circles, to which the chain cal-

culations with J/k= -6.7+0.3 K provide an optimal fit.

Clearly the larger J-value is excluded by the present exper-

iment, which is in good agreement with J/k= -6.6 K and J/k=

-6.5 K derived from the spin-^ave dispersion curve [6] and the

analysis of the high temperature susceptibility (60 < T < 170 K)

in terms of the series expension [ 6] , resp.
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2.74 K ~~

Mn (NC5 H5) Br2

2.69 K

0 g|!BH/4Z|j |S 2

Fig. 5 Magnetization curves (at the same kT,'\j\ value) of two compounds

having widely different anisotropy. The horizontal axis is scaled by plot-

ting g\igH/(4z\j\S). The upper curve is measured for Mn(N pHc) gfSO,,) <>, with

D/J=0.07, while the lower curve is measured for Mn(NC\fl^)^BV2 wi-th D/J=0.7.

Finally we report some preliminary experimental results on
the series of compounds MnL2X2, where L=NC5H5 or N2C3H4 and
X=C1 or Br. Heat capacity experiments [ 4] have shown that these
materials can also be described as weakly coupled Mn2+ chains.
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The values obtained for the anisotropy, however, are consider-

able larger : D/J=0.6 to 0.7, and 0.3 to 0.4 for the Br and Cl

s a l t s , respect ively. The J/k values are in the range -0.5 to

-0.8 K. As an example of our resu l t s we show in f ig . 5 the curve

for a powdered sample of Mn(NC5H5)2Br2 obtained at T=2.69 K. For

th i s material Klaaysen et a l . have deduced J/k= -0.53 K and

D/k=0.37 K.

For comparison we have measured the curve for

Mn(N2H5)2(SO4)2 (D/k= -0.04 K) at the same kT/ | j | va lue , in

order to demonstrate the effect of a large anisotropy. I t i s

seen that the anisotropy lowers the powder-magnetization at the

same f ield value, which i s to be expected from an anisotropy of

the form DSZ
2.
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3 . 2 HIGH-FIELD MAGNETIZATION STUDY OF THE ANTIFERROMAG-

NETIC CHAIN SYSTEMS IN [ (CH3)3NHI 3Mn 2X 7 (X=Cl ,Br )

AT 4 . 2 K.

Abst rac t :

Magnetization curves in f i e lds up to 40 T a t a temperature of 4.2 K

have been measured for [ Ch^^NH] 3Mn?X7 (X=Cl,Br). These ma te r i a l s cons i s t of

two independent ant i fer romagnet ic Mn chain systems.

It has recently been shown by Caputo et a l . [ 1] that the Mn

ions in the compound [(CH3) 3NH] 3M112CI7 (T3Mn2Cl7) occur in two

different types of chemical linear chains, both running paral-

lel to the hexagonal axis. Projections of the structure as

viewed nert̂ endicular and parallel to the c-axis are given in figure 1. The

Mn atoms are either octahedrally or tetrahedrally coordinated by

chlorine atoms, and the chains are well separated from one an-

other by the (CH3)3NH groups.

Susceptibility experiments on powders of T3M112CI7 were also

performed by Caputo et a l . [ 1) , whereas MacElearney [ 2| inde-

pendently studied the single crystal susceptibil i t ies of this

material, as well as of the s is ter compound [3] T3Mn2Br7 (which

is probably isostructural) . All susceptibility data were analysed

assuming antiferromagnetic Heisenberg interactions between Mn̂ +

ions along the chains and zero magnetic coupling between chains.

Values found for the intrachain exchange constants, J o c t and

t e t r ' a r e tabel
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Fig. la Projection of the structure of

to the chain axes [ 1} .

y, as viewed perpendicular

U: O C: <B Mr,: • Cl.

Fig. lb Vrojecliov. of the structure of T^'-'nyCl.y Looking down the c-a.ris
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Table I: Values for the exchange constants along the octahedra

and the tetrahedra. Uncertainties in the last digit are given

in brackets.

Joct/k(K) J t e t rA(K) Ref. ^

T3Mn2Cl7 -8(1) -0.196(3) 1

-11(6) -0.20(1) 2

-8(1) -0.20(5) this work

T3Mn2Br7 -4.5(8) -0.206(7) 3

-4.5(5) -0.20(5) this work

The value Joct/k=-8 K for the octahedra chains in T3Mn2Cl7 is !

quite close to the interchain exchange J/k--7 K in the prototype j

linear chain antiferromagnet [ (CH3)4N]MnCl3 (TMMC). This is to j

be expected since the octahedra chains are quite similar to those , j

occuring in TMMC. The values found for Jtetr a r e m u c n smaller )

because of the less favourable superexchange paths along the . i

tetrahedra chains (involving two Cl anions).

We have performed high-field magnetization measurements on

single-crystal specimens of T3Mn2X7 (X=Cl,Br) that were kindly

provided by Dr. McElearney. The samples were in the form of long

rods, with the field parallel to the rod axis, which also is the

c-axis. A previously described f4] pulsed-field apparatus was

used, which produces field-pulses in the form of half-a-sine,

with a pulse duration of 20 ras. Calibration of the signal was

accomplished by comparison with the saturation moments of para-

magnetic salts.

The behaviour of the magnetization, as shown in fig. 2,

agrees with the assumption of two independent antiferromagnetic

chain systems, with |Jtetr|<<|Joct|. From the value Jtetr=-0-
2 K

one expects a saturation of the magnetization of the tetrahedra

chains in relatively low fields already. Indeed, the magnet-

ization is rapidly increasing in the low-field region, reaching

a value of half the saturation moment at about 10 T. For higher

fields the magnetization rises much more slowly, reflecting the

contribution of the octahedra chains with their much largerintra-
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chain exchange.

The solid curves in figure 2 represent calculations assuming

again fully isolated antiferromagnetic chains. In a previous

Fig. 2 Experimental

magnetization curves at

4.2 K for TsMn2Cl7 (M)

and TsMn2Cl? (9). Solid

curves are theoretical

"predictions, as dis-

cussed in the text.

v"
i
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publication [5] we have already presented predictions for the

magnetization of the antiferromagnetic S=5/2 Heisenberg chain at

various relative temperatures kT/|J|, as obtained from extra-

polations from finite rings containing up to 5 spins. We have

used these predictions to estimate the contributions of both the

octahedra and tetrahedra chains, varying the values for Joct and

Jtetr so as to obtain the best fit for each compound. The re-

sults for the exchange parameters are included in table I and

compare favourably with the earlier estimates. The present ex-

periment determines more sensitively the larger exchange Joct

than do the susceptibility measurements. Thus both types of ex-

periment nicely complement each other, and appear to agree with

the assumption of two independent antiferromagnetic chain sys-

tems in these materials.
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3 . 3 S U S C E P T I B I L I T Y AND HIGH-FIELD MAGNETIZATION

CURVES FOR C u B r - ( N - C . H , ) _ : AN ALTERNATING
i. 4. 4 O I

ANTIFERROMAGNETIC S=% HEISENBERG CHAIN

Synopsis.

Magnetic susceptibility data (for 1.2 < T < 300 K) and

high field magnetization curves (up to B = 35 T, at temper-

atures T = 1.2 and 4.2 K) are presented for the linear chain compound

CuBr2(N2C4Hg)2. Both types of measurements are in excellent agreement

with a model assuming an alternating antiferromagnetic exchange

for the copper S=j moments along the chain. The fit to theory

gives J/k = -10.4 ± 0.4 K and an alternation ratio of 0.4 ±0.1.
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Recent interest in dimerized antiferromagnetic linear chains

has been stimulated by the discovery of the so-called "Spin-

Peierls" transition in the quasi l-dimensional magnetic system

TTF+CuS4C^(CF3)2 I 1] • I n that case the dimerization is a temper-

ature dependent proces, starting only below a transition temper-

ature Tc above which the system is a uniform antiferromagnetic

(AF) linear chain. The transition is brought about by an interac-

tion between the spin system and the lattice, the uniform AF chain

being unstable with respect to spin dimerizatior.

Alternatively one may study a quasi 1-d compound in which di-

merization is present at all temperatures, e.g. in which it is a

consequence of the crystallographic structure of the compound in

question. The alternation of the exchange along the chain may thf.n

I arise from the occurrence of two different types of superexchange

j paths connecting the magnetic ions. An example of such a system

j has been found in Cu (NO3) 2 • 2 . 5H2O [2,3] . As pointed out by

I Diederix et al. [4] the advantage is that in such cases the two

1 exchange constants J and aJ (with a < 1) along the chains may be

considered as temperature independent (in first approximation),

and thus likewise the alternation ratio a. The hamiltonian of

such a system may be written as (S=k):

* = -2J JL ^

The eigenvalues for finite chains and rings for this hamiltonian

have been calculated [5] for n up to 10 and 12, respectively,

following earlier work by Duffy and Barr f 6] . The thermodynamic

properties of the infinite chain are estimated by extrapolation

to n=°° and will be used in this paper to fit the experimental

data.

The compound CuBr2 (N2C4H6 ) 2 (catena-di-p-bromobis(N-methylimidazole)

copper(II)) that we have studied is one of a large series of re-

lated compounds CuX2L2 with X=C1, Br and L=substituted pyridine,

imidazole or pyrazole [ 7]. In these materials the metal ions are

surrounded by a distorted octahedron of four halogen atom.s and

two ligands L. The octahedra share edges of halogen ions co form

linear chains of metal ions separated by the unidentate non-

bridging ligands.
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Fig. 2 Susceptibility data plotted

as x versus T. Open and closed

circles refer to data taken with the

vibrating sample magnetometer and

with the Faraday balance, respectively.
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The chain structure is given in fig. 1, which clearly shows the asymmetry

in the two Cu-X-Cu bridges connecting the Cu ions along the

chain. This asymmetry is a consequence of the Jahn-Teller distor-

tion of the octahedral surrounding. Yet, the structure in fig. 1

would lead to uniform magnetic chains, since all Cu ions along

the chain are equivalently coupled. Indeed, most of the compounds

of this series show the usual behavior of an (uniform) antiferro-

magnetic S=% Heisenberg chain. The alternation found below for

CuBr2(N2C^Hg)2 has therefore to be explained by an irregularity

in the chain structure, as could result e.g. from a canting or

rotation of the neighbouring octahedra along the chain. Unfortu-

nately, crystallographic evidence for such an effect is not

available at oresent [ 8] .

I Polycrystalline samples of CuB^ (^C^g) 2 were prepared in the

way described in ref. 7. We report susceptibility data collected

by the following measurements: (i) vibrating sample magnetometer

data for 4 < T < 80 K; (ii) Faraday-balance data for 70 < T<300 K;

and (iii) a.c. susceptibility for 1.2 < T < 4.2 K. In addition, hrigh-

field magnetization curves were obtained at T=1.2 K and 4.2 K, using

a pulsed-field apparatus described elsewhere [ 9]. This magnet

produces a field pulse of half-a-sine shape, with a duration of

about 20 ms and a maximum height of about 40 T. The characteris-

tic time constant T Q of this apparatus (i.e. the period at which

the field can be considered as approximately constant) is there-

fore of the order of xo - 10 s. This is of importance in con-

nection with spin-lattice relaxation effects. For,as soon as the

spin-lattice relaxation time T R becomes larger than xo, the mag-

netization will no longer be measured under equilibrium condi-

tions because of the magnetothermal effect. Thus,for T R << T O and

Tj> >> T O the experiment will be performed under isothermal and

adiabatic conditions, respectively. We will show below that in

the present case we are in between these two limits.

In figs. 2 and 3 we give the results of the various suscepti-

bility measurements plotted as x"1 versus T (high-temperature

range) and as x versus T (region of the maximum), respectively.

A crucial feature is the fact that the powder susceptibility
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vanishes for T •* 0, which is clear evidence for the occurrence

of Cu^+ dimers in this material, the exchange coupled spin (S=%)

pairs producing a singlet ground state. From the crystal structure

[ 8] one would conclude that if dimers are present, these will be

coupled by weaker interactions into chains. The curves in fig. 3

show fits to the data using the alternating chain, S=^, antiferro-

magnetic Heisenberg model of eq. 1 with a = 0.4, the uniform (».= 1)

antiferromagnetic Heisenberg S=h chain, and the isolated S=%

dimer model (a=0). These fits were brought about by scaling the

temperatures of the theoretical maxima to that of the experiment,

and by using g = 2.13 as following from the Curie-Weiss plot in

fig. 2. The fit to the alternating chain model yields the values

J/k = -10.4 + 0.4 K, a = 0.4, g = 2.13 + 0.03 for the exchange

parameters and the (powder) g-value. The g-value is close to the ,:
result g = 2.14 + 0.01 found from the ESR spectra [71, which j

showed a single broad line (at 77 K) presumably due to exchange (

coupling and/or spin-lattice relaxation effects. The alternating •' i

chain prediction is seen to describe the experimental data within

a few % over the whole investigated temperature range, in contrast { '

with the other two models. For T > 70 K the experimental data as

well as the various theoretical predictions show no substantial

deviations from a Curie-Weiss law, with 8 = -(7 + 2) K (cf. fig.2).

Another characteristic property of the alternating S=^ anti-

ferromagnetic Heisenberg chain is the occurrence of two critical

fields in the magnetization curve at T = 0. For B < Bc^ the

magnetization remains zero (it is a singlet-ground-state system),

for fields Bc^ < B < B 2 the magnetization increases to reach

its saturation value at B = BC2. These features are clearly

present in our high-field magnetization curves displayed in

fig. 4. In particular the data taken with the He bath surround-

ing the sample at a temperature of 1.2 K (i.e. - 0.1 |j|/k)

approximate quite well the theoretical prediction for the T = 0

behaviour. The latter is shown as the solid curve in fig. 4, and

was calculated with J/k = -11.3 K, a = 0.4 and g = 2.10. (The

accuracy in the absolute values of the experimental magnetization

data is a few % ) .

We have not considered it worthwhile to extend the theoretical : '
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Pig. Z Susceptibility data versus temperature for T < GO K, compared

to theoretical predictions for the uniform chain model (dashed curve), the

alternating chain model (solid curve), and the isolated dimer model (dot-

dashed curve). Open and closed circles refer to data derived^ from vibrating

sample magnetometer and pulsed-field magnetization measurements, resp.
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calculations for the magnetization curve to finite temperatures,

since the temperature of the experimental spin system is not

well-defined anyhow, through the combination of the magneto-

caloric effect and the spin-lattice relaxation. Evidence for the

latter effects were seen experimentally from a difference of a few

% in the magnetization curves for increasing and decreasing

fields (the data shown in fig. 4 are averages over the two

curves). In addition we observed an increased evaporation of the

''He bath following the field pulses, indicating a heat dissipa-

tion in the sample due to irreversible processes (see e.g. fig. 9

of ref. 4 for the theoretical isentropes). The irreversibility

can be explained by the fact that the experimental conditions

are in between the isentropic and isothermal limits. Indeed, by

decreasing the duration of the field pulse from 18 to 11 ms, we

observed an increase of the relaxation effects as reflected by

larger differences between the curves measured in increasing and

decreasing fields (from 5 % to 15 % for a starting-temperature of

1.0 K). As a consequence of the just described uncertainties in

the magnetization data, we put most weight to the value for

the exchange constant J/k = -10.4 ± 0.4 K following from the

susceptibility curve, which is somewhat lower than that derived

from the magnetization curve (-11.3 ± 0.6 K). As shown in ref. 3

the ratio Bc2/Bcl is a function of a only (for

T = 0) . From our magnetization curve at 1.15 K we estimate

Bc2/Bcl = 2.0 ± 0.3, resulting in a = 0.4+0.1. This value

for the alternation paramater a is nicely confirmed by both ex-

periments. From the absence of a discontinuity in the measured

X versus T curve, and from the fact that the prediction for the

alternating chain fits the experiment up to T = 300 K, one would

conclude that the dimerization is already present at room temper-

ature. Indeed in measurements of the specific heat by the method

of differential thermal scanning no evidence for a peak due to a

crystallographic transition could be found in the range 100 -

300 JC.10 If this is correct, then one should be able to distinguish

different superexchange paths for the Cu ions along the chains

already at room temperature. Since the superexchange is very

sensitive to slight changes in bond lengths or bond angles, in
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FIELD-DEPENDENT MAGNETIC PROPERTIES OF THE EASY-PLANE

ANTIFERROMAGNETIC LINEAR CHAIN COMPOUND C

Synopsis.

The differential susceptibility of CS2C0CI4 has been measured

as a function of magnetic fields up to 4 T. Estimates of the spin-lattice

relaxation times have been obtained from the frequency dependence of the

ac-susceptibility. A magnetization curve up to 16 T was measured at

T = 1.15 K using a pulsed-field apparatus. The data show the saturation of the

magnetization of the ant if erromagnetic chains for B < 3 T ;it temperatures

T < 1 K.
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Introduction.

In the compound CS2C0CI4 the Co + ions are tetrahedrally sur-

rounded by the chlorine atoms [ 1] . The orbital ground state for

Co^+ is then a singlet, with four-fold spin degeneracy. An axial v"

distortion, combined with the spin-orbit interaction, splits up

this multiplet into two Kramers doublets. From susceptibility

[2,3] and specific heat [3-5] measurements it has been concluded

that the \±h> doublet is lowest, the |±3/2> doublet being an

amount 2 D/k = 13.5 ± 1 K higher in energy. Since the magnetic

exchange is small compared with this energy difference, the

|±3/2> doublet is already depopulated in the temperature region

of the magnetic ordering phenomena (T .< 3 K) . The specific heat
data (measured in zero field) turned out [4] to be well escribed by j

an anisotropic interaction hamiltonian of the form: 'j

, Tl( = ~2 <iTj> {jl(SixSjx + SiySjy» + J//SizS
jZ

} (1> ;

! with an effective spin S=^ and effective exchange parameters ' I
1 J, - 4 J,, for the lowest |±%> doublet. It is important to ,

'• note that the anisotropy in the effective exchange parameters is ' ••

due [4] to the anisotropy in the expectation value for the mag- '

netic moment in the | ±\> ground doublet (Ĵ /jj, ~ g^/g^g^ = 2g//:).

The exchange acting between the real spins S=3/2 of the Co ion

is probably isotropic in spin-space.

Besides this spin-anisotropy in the effective exchange para-

meters, another important feature found [4,5] was the high

degree of lattice-anisotropy for the magnetic interaction. Spe-

cifically it was found that the magnetic lattice in CS2C0CI4 can

be considered as an assembly of weakly coupled antiferromagnetic

chains, the exchange along the chains being given by the hamil-

tonian (1) with j^ = -1.35 K (j/; = Jj_/4) and the interactions

between the chains being about two orders of magnitude weaker

[ 4] . Thus the form of the specific heat curve was found

to be closely resemblant to the (exact) theoretical prediction

for the S=^ XY chain [ 6] . Since the full XY anisotrooy (Jf/ = 0

in hamiltonian (1)) is not reached in this compound, the best

fit to the experimental data was obtained using the hamiltonian

(1) with J|_/Jp = 4. The weak interchain interactions lead to
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long-range magnetic ordering at Tc = 0.22 K.

These findings stimulated us to further investigate the low-tem-

perature magnetic properties of this material. In this note we

V"' report studies of the susceptibility and magnetization in high

magnetic fields. Since Ĵ  is small, saturation of these anti-

ferromagnetic interactions will occur in fields of a few Tesla

already. The a.c. susceptibility was measured by an induction

nethod with the frequency GO as another variable parameter. By

varying u> both the isothermal and the adiabatic susceptibility

could be measured as a function of the field, and an estimate

of the spin-lattice relaxation time could be obtained.

i Experimental details.

' The differential susceptibility as a function of the (con- f

j stant) magnetic field was measured at temperatures 1.15 K and
i

• 4.23 K in the equipment of Van Duyneveldt, which is described

I elsewhere [ 7] . The induction coil has two oppositely wound sec-

i ondaries placed above one another, and the samnle is moved from

one coil into the other to eliminate the empty apparatus signal.

Parallel to the a.c. field, a stationary field is provided by

a superconducting magnet with a maximum field of about 4 m.

Additional measurements at T = 0.55 K were taken in a similar

set-up described by Van der Bilt et al. 18], in which a He-

cryostat is used to cool the sample and a superconducting mag-

net with a maximum field of 11 T is available. In this apparatus

the temperature was measured by a germanium thermometer in zero

field, and stabilized during the field run by means of a capac-

itance thermometer.

Another experiment was performed at T = 1.15 K using a pulsed-

field magnet described elsewhere [ 9] . The field versus time curve

has the form of half a sine, with a pulse duration of about 18 ms.

The magnetization is obtained by integrating the signal of a

pick-up coil system that is astatical with respect to the pulsed

field.

In all these experiments the data were calibrated by compar-

ison with paramagnetic salts like Mn(NH4)2(SO4)2•6H2O.

Another important point is the direction of the applied field
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with respect to the crystallographic axes of CS2C0CI4. The field

was parallel to the c-axis of the orthorhombic unit cell for the

following reasons. In CS2C0CI4 there are two types of inequiva-

.. lently surrounded Co ions [ 1] that are transformed into one v

,.< another by the symmetry operations allowed by the crystal struc-

ture. Although the local z-axes of the Co ions along the same

chain are parallel, the z-axes of Co2+ ions in adjacent chains

make a large angle with one another. The easy plane (XY plane)

of magnetization is perpendicular to the local z-axis for each

Co ion. Consequently the Co2+ ions in the crystal have only

one direction in common, which is within the XY plane for each _

ion, and which is the orthorhombic c-axis. This direction is

easily found from the morphology of the crystals (the longest

! axis). Accurate alignment (within 1°) was thus possible, as

I checked by X-ray analysis [10].

i It is further noted that for sufficiently high applied fields

; : the effective spin S=^ formalism for the lowest doublet will no '
i

I longer be applicable. This can be seen most easily by consider- <

t , ing the single-ion hamiltonian for the true spins S=3/2 of the \;

Co2+ ions. Neglecting the exchange and considering that the

applied field is perpendicular to the symmetry axis the single-

ion hamiltonian would read as
Ks.i = D { iz " F(S + 1)> - UBgxBxSx (with Bx = UoHx) (2)

where D > 0 and where we have neglected a possible small ortho-

hombic crystal field term. The eigenvalues of this hamiltonian

are of course well known, namely

- /PT'-2 -E = ± h b - /D' + ht t Db and
± r <£ A A A . «. .

E = ± ^ b + A) 2 + b^ + Db (with b =9LURBv)

The splitting of these levels as a function of b is shown in

fig. 1. Clearly, for b >, D, corresponding to fields of the

order of 5 T, the applicability of the effective spin S=^ pic-

ture for the lower doublet will no longer be justified.
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Result and discussion.

The response of the magnetization to a small oscillating

field is given by the complex susceptibility X = X1 ~ ix"- In

case the spin-lattice relaxation process can be described by a

single relaxation time T, we may use the Casimir-Du Pre formu-

lae [ 11] for the frequency dependence of x1 and x":

X' (to) = Xs + (XT ~
i J-

 2 2
1 + 0) T

1 + 10 T

In the limit of very low and very high frequencies the real part

X1 of the susceptibility becomes equal to the isothermal suscep-

tibility, XT =•= (3M/3H)ip, and to the adiabatic (isentropic) sus-

ceptibility, xs ^ OM/3H)g, respectively. Furthermore, a plot of

X"(w) versus x'(w) for different to yields a semi-circle (Cole-

Cole plot or Argand diagram) of diameter (XT ~ Xs'' the maximum

X" value occurring for OJT = 1. In figs 2a and b we show plots of

X" (OJ) versus w and an Argand diagram of x" (w) versus x' (w) ,

respectively. These data were taken at T =1.15 K and at a

(constant) field of 2.6 T. This field was chosen since x"(H)

proved to be largest for this value. The solid curves in these

figures give the prediction according to the Casimir-Du Pre

formalism, yielding T = 7.7 ms for the spin-lattice re-

laxation time. A similar series of measurements at T = 1.15 K

and B = 1.8 T gave T = 11 ms; at T = 4.23 K, B = 2.6 Twe ob-

tained T = 1.4 ms.

A systematic study of the field- and temperature dependence

of T was not made, since we merely wanted to estimate the

frequencies needed for x1 to reduce to the isotnermal ix^ o r

adiabatic (xs) limits. In fig. 3 we show the field dependence of

X' at T = 0.55 K, 1.15 K and 4.23 K, respectively. For T = 0.55 K

the sensitivity of the apparatus did not allow for frequencies

low enough to measure the isothermal susceptibility. The data

shown are for a frequency high enough that x' = Xg- F o r the

other two temperatures sufficient variation of the frequency was

possible and the open and closed symbols refer to XT anc^ XS'

respectively.

In fig. 4 the magnetization is plotted as determined at

T = 1.15 K with the pulsed field magnet up to i'o T. Since the
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Fig. 5 Field dependence of the isothermal susceptibility for the

Heisenberg (solid line), the anisotropic Heiseriberg (J^'J//

dot-dashed line) and the X-Y model (dashed line) at kT/\j\

0.8b2. For comparison the data of Cs^oCla at 1.15 K ar.d

U/2TI = 3.7 Hz are plotted with g .,-•/.- a>:J J.'k= -1.,-fi K.
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Fig. 6 Field dependent isothermal susceptibility for the Heisenbevg

model (solid line) and the hamiltoniar. (2) with a molecular

field approximation for the exchange (dashed line). The

circles represent the data for Cs.jC0C.l4 at -7.SS K and

w/2ir = 41 Hz.
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pulse duration is 17 ms, which is comparable to the snin-lattice

relaxation time, the magnetization process will be in between

the isothermal and isentropic limits. This leads to irreversible

behavior (the spin-temperature becomes a function of the field

through the magnetocaloric effect) which is reflected in the

differences between the curves measured in increasing and de-

creasing fields. The dashed curve is the mean of these two. The

solid circles represent the isothermal magnetization up to 3.5 T,

which was obtained by integrating the measured isothermal sus-

ceptibility versus field curve at the same temperature. These

points agree very well with the mean of the pulsed field curves.

In order to estimate the value of the saturation magnetization

we made a Curie-Weiss plot of the susceptibility along the c-axis

in the range 10 < T < 300 K, using the data of Figgis et al. [2]

and of McElearney et al. [ 3]. We obtained 0 ~-4 + 3 K and

POC = 27.2m
3 K/mol leading to g = 2.4 on basis

of S=3/2 . With this g value the saturation moment is calculated

as gSpB - 3.6 pg. The experimental magnetization curve in fig. 4

indeed tends to reach such a value. From the susceptibility and

magnetization curves in figs. 3 and 4, respectively, we may

conclude that for temperatures below 1 K the magnetization

contribution from the lower \±h> doublet is indeed saturated

for fields exceeding 3 T, the remaining contribution coming from

the higher lying |±3/2> levels. Furthermore the pronounced

maxima in the x versus B curves at these temperatures agree with

the convex shape expected for the magnetization curve of linear

antiferromagnetic chains [6,12,131• A detailed comparison of the

experiment with model calculations is unfortunately not possible

because theoretical calculations so far have been restricted to

the model hamiltonian (1) with a field term gPgBzSz added to it.

Experimentally, however, we have the field in the XY-plane and,

moreover, the contribution of the higher doublet as an additional

complication. In fig. 5 we compare the measured isothermal x

versus B curve at T = 1.15 K with predictions by Blote [ 14] , on

basis of finite rings containing up to 13 spins S=^, for the

hamiltonian (1) with the field term gpgBzSz added. Here we have

used the experimental value J/k = -1.35 K and g = geff = 4.8
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as appropriate for the lower doublet! 4|. Only the Heisenberg pre-

diction (J,=3n ) comes near to the experiment. The results for

J./jp = 4 and for Ĵ  = 0 (XY model) are further away (higher sus-

ceptibilities and lower saturation fields). This can be under-

stood from the fact that in the theoretical model • hamiltonian

(1) the introduction of the planar anisotropy reduces the

amount of antiferromagnetic correlations along the z-axis.

Furthermore, we have argued above that the experimental system

should rather be described by an isotropic exchange acting be-

tween the true spins, plus an anisotropy term due to the crystal

field. Thus the appropriate hamiltonian to describe the field-

dependent properties would be the expression (2) with the ex-

change term-2 .S. J (S^.S^) added to it. Unfortunately theoretic-

al results for such a hamiltonian are to our knowledge not avail-

able at present. What we have done is to calculate the x versus

B curve at T = 4.2 K for this hamiltonian (with J/k = -0.35 K as

appropriate for S = 3/2 [4], and g = 2.4) incorporating the ex-

change term within the molecular field approximation. The results

are compared with the experiment in fig. 6. Clearly the temper-

ature is still not high enough as compared to the exchange for

the molecular field model to be a good approximation. The

Heisenberg chain model prediction for the lower doublet only

(similar as in fig. 5) is included for comparison in fig. 6, and

the discrenancy with the experimental points demonstrate once more the con-

tributions from the higher lying doublet.

In summary, these measurements confirm the linear antiferromag-

netic chain character. The importance of short-range correlations

along the chains is revealed by the field-dependence of the mag-

netization and susceptibility, which evidence a convex character

of the magnetization curve at temperatures as high as T ~ 5 Tc.

The intrachain exchange cannot be accurately deduced from our

measurement, since a quantitative comparison with theoretical

predictions is not possible at this moment. However, the satura-

tion of the magnetization occurs at field values of

the same order as expected on basis of the J/k value found from

the specific heat.
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CHAPTER 4

EXPERIMENTS ON S=l SYSTEMS WITH A

SINGLET GROUND STATE

4 . 1 SUSCEPTIBILITY AND MAGNETIZATION OF THE SINGLET-

GROUND-STATE SYSTEMS N i ( C 5 H 5 N O ) 6 ( C 1 O 4 ) 2 AND

[ C ( N H 2 ) 3 1 V ( S O 4 ) 2 - 6 H 2 O AS A FUNCTION OF FIELD,

FREQUENCY AND TEMPERATURE

Pulsed- f ie ld magnetizat ion curves for Ni(C.H NO).(C1O,)2 and

"[ C(NH2)JV(SO,)2 '6H2O show a separa t ion of the ground-s ta te s i n g l e t and

the upper doublet of D/gp =41.8 and 40.6 kOe, r e s p e c t i v e l y . Addit ional meas-

urements of xC^jH.T) evidence pronounced s p i n - l a t t i c e r e l axa t i on e f fec t s

for the V s a l t , as well as c r o s s - r e l a x a t i o n within the S=l m u l t i p l e t .

In t roduc t ion :

I t has r ecen t ly been shown [1,2] t ha t in both

Ni(C5H5NO)6(ClO4)2 and [ C(NH2)31V(SO4)2•6H2O (GVSH), the ground-

state triplet splits into a lower singlet and an upper doublet

separated by D/k=5-6 K. The existing magnetic interactions are

subcritical, so that ordering cannot occur in zero field. How-

ever, an applied field H//z of about 50 kOe should cause a cross-

ing of the energy levels.

We report high-field magnetization curves (H//z; H =
max

300 kOe) on single-crystals at T=l-4 K, using a pulsed-field

set-up [ 3]. The total pulse duration is about 20 ms, so that re-

laxation effects may appear if the associated times x equal or
-4 -3exceed a characteric time T % 10 -10 s. This situation wasc

found and to study the nature of these effects, additional meas-

urements were made of the differential susceptibility,
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X(W)=8M/3H=X'(w)-ix"(w), a s a function of frequency w, and of H

and T. Here \{ui) is measured by mutual induction; the constant

field is provided by a superconducting solenoid [ 4] .

1.0,.

Ficj. 1 Pulsed-field magnetization curves of Ni(C^H5N0)6(Cl0^)g. Solid

curves: calculated isothermal behavior for D/k=6.5 K, zj/k= -l.X K and

g/l=?..S2.

I. Ni(C5H5NO)6(C1O4)2:

Magnetization curves in the range T=l.1-4.2 K have been measured.

Fig. 1 shows data taken at various temperatures that have been

fitted to the predicted isothermal behaviour. The theoretical

expression for the isothermal magnetization M=Nog// pB
 <S>z> with

+ eh + e h) withthe field H//z is: <SZ> = (e
h - e~h)

h=g//pBH/kT
 a n d d=D/kT. Fits of this formula to the experiments

in fig. 1 were unsuccesful if no exchange was taken into account.

As discussed elsewhere I 5] , the presence of the antiferromagnetic

subcritical interactions between the Ni ions may (in the non-

ordered region) be taken into account by replacing the applied

field H by an effective field He=H + AM, where A=2z|J|/Nog//y|

(z= number of nearest magnetic neighbours). The error in the ab-

solute calibration of the magnetization signal was about 3 %, so
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we adopt the value g^=2.32 derived from the susceptibility [1]

instead of the present determination g// =2 . 30±0 . 07 . The fits shown

in fig. 1 then yield the values D/k=6 . 5-( 0.2 K and zJ/k=

-1 . 3±0.2 K.

Although the agreement with the isothermal predictions is

quite reasonable, some indications for relaxation effects were

nevertheless observed, which reveals itself by the fact that the

magnetization curves for increasing and decreasing fields do not

coincide completely over the whole field region (in fig. 1 we

show mean values for M(H), whenever this was the case). We

measured the a.c. suceptibility \(to) as a function of frequency

(W=2TTV), and for varying temperature and applied field. However,

only small effects in the absorption signal v" were detectable,

we could estimate the spin-lattice relaxation time from these

1
i n i i i i i i

>j_
- X'(H=0)

0.01

I I I i i i 1 1

372 s"

V is"1)
• M l

10'

Fig. 2 Imaginary part x" of the a.c. susceptibility .-;" ii'(C^!:;.!!0){•(<*;•• •).

.,•.•; (•• f'i'un,'.-'. nf fi-eq-<aiL'ii v. lh:ln taken at T=2.7 K and H=',-'O kOe.

data. For in-

stance fig. 2 shows a plot of x" versus v taken at T=2.7 K and

H=30 kOe. The solid curve gives the prediction of Casimir and

du Pre [6], valid when the relaxation takes place according to a
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single exponential decay. From the condition WT = 1 at the maximum

in fig. 2 the value T=0.4 3 ms is derived, so that i and T C are

indeed of the same order. This explains the observed slight de-

viations from isothermal behaviour. Clearly, however, the oppo-

site limit of fully isentropic behaviour (obtained for T>>T ) is

certainly not reached.

\.

2.0

1.5

1.0

0.5

0

Mmo ,e /H,ME

-

^ f • . J—

3

. . I • •

i
a

a •
•

0 /

0

o ° o D o a a n D D c

0
 D ° D GVSH
•

j ° • T=1.16 K

f o T-2.07K

Fk-Hc=40.6k0e

> HtkQel

25 50 75 103

Fig. 5 Pulsed-field magnetization curves of GVSH at T=1.16 and 2.07 K.

Solid curves: calculated isentvopic behaviour (startinn temperatures of 1.16

a>id 2.07 K) for D/k~ I. •?,' K3 J=0 and glf=2.00.

II. [C(NH2)3)V(SO4)2.6H2O:

The pulsed M(H) curves for GVSH are shown in fig. 3. In this

case isothermal conditions are not fulfilled. In fact,

the data even show substantial deviations from the behaviour

calculated assuming an adiabatic field variation [M(H) along the

isentrope in the H-T plane]. Besides spin-lattice relaxation,

small jumps in the curves near H=20 kOe point to additional re-

laxation processes occurring in the isolated spin system, as will

be further evidenced below. The relaxation effects clearly ap-

pear in the x'(w) data given in figs. 4 and 5 at T=1.15 and

4.17 K, respectively. In this experiment the variation in the

59



0.3

0.2

0.1

- XCcmVmole)

t GVSH Tz1.15K
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• 331 Hz

0 10 20 H w 30 40k0e 50

Fig. 4 Field-dependence of x'(u) for GVSH at 1=1.lb K, for different w.

Solid curves: calculated field-dependence of X-iso an<^ ̂ -ad a^on0 the isotherm

T=1.15 K (with D/k=&.4b K, <J=03 g#=2.00).

stationary field is isothermal (superconducting solenoid). How-

ever, by varying w, the differential x(w) c a n be measured under

adiabatic (Xad'' a s w e H a s isothermal (XiSO' conditions, at

each point along the isotherm in the H-T plane. The theoretical

curves for X&A
 and Xj_so in figs. 4 and 5 were calculated under

the above conditions, with fitting parameters: D/k=5.45+0.2 K,

g^=2.00i0.04 and zJ/k=0.0±0.2 K, agreeing with previous esti-

mates f 2] .

In fig. 4 it is seen that at T=1.15 K, the prediction for

X^so is closely approximated by x'f^/
 H) for V=3O)/2IT = 3 .7 Hz. For

frequencies exceeding 300 Hz, the adiabatic prediction is approx-

imated. At T=4.17 K (fig. 5 ) , the data for v-4 Hz are still close

to the isothermal prediction. However, for v=l66 Hz the data al-

ready fall below the calculated Xacj/' f°
r higher frequencies the

curves steadily approach the behaviour expected for the isolated
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spin system. Apart from the peak in x'(H) a t t n e level-crossing

field (Hc=40.6 kOe) , additional anomalies are observed at H=i Hc,

kH~ and 2R which are ascribed to cross-relaxations within thec -j c
S=l mu l t ip l e t [4] (involving 2, 3 and 5 spin processes , respect.).

For H=HC, x ' ( u ) a t t a i n s the ad iaba t i c value Xad'^c^ independent

of w, in accord with t h e o r e t i c a l expecta t ion . At T=1.15 K ( f ig s .

3 and 4) these c ro s s - r e l axa t i on e f fec t s are less c l e a r l y e s t ab -

l i shed due to the depopulation of the upper doublet l e v e l . Last-

ly , we s t r e s s the fact t h a t in a l l the experiments described the

samples were immersed in l i qu id ^He.
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• I

4.2 FIELD-INDUCED LEVEL CROSSING AT 8.7 T IN THE S=l

SINGLET-GROUND-STATE SYSTEM Cs,VC1,•4H_O.
j b 2.

Abstract:

The zero field splitting of the S=l ground state of CsjVCl&-AH2O is

determined as D/k=11.3 K from magnetization measurements in pulsed magnetic

fields up to 15 T in directions parallel and perpendicular to the symmetry

Introduction and experiment:

Transition metal ions with spin S=l as the lowest manifold

are of current in teres t , because such ions may have a positive

zero-field spl i t t ing D/k that leaves a nonmagnetic singlet

(ms=0) as the ground s ta te . In that case magnetic ordering can-

not possibly occur in zero applied field if D/k is appreciably

larger than | j | / k [ 1] . Application of a magnetic field of

strength D/g// UJJ parallel to the symmetry axis (z-axis) causes

one of the higher ms= ±1 doublet levels to cross the lower

ms=0 singlet , and cooling of the sample in the presence of a

field of such magnitude may eventually lead to magnetic order-

ing [2,31. The situation has been discussed extensively in the

recent l i te ra ture [2-5] .

I t was earl ier suggested from zero field susceptibil i ty

measurements [6]in the temperature range 1.5<T <20 K that

Cs^VClg•41^0 (formerly the stoichiometry was erroneously re-

ferred to as Cs3VClg-3H2O [7]) is a likely candidate for such a

level crossing experiment. These susceDtibility data could be

analysed in terms of a singlet-ground state S=l system with

D/k=11.6 K and g// = 1.93, ĝ  = 1.74 leading to an estimated level
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crossing field of 8.9 T. Here we recort the results of magnet-

ization experiments on crystals of the same batch as were used

in the susceptibility exoeriment. Magnetic fields un to 15 T

were obtained by a pulsed-field apparatus [ 8]. This installation

produces a sinusoidal field vs time curve with a pulse duration

of 18 ms. A single crystal of 70 mg, which had its longest edge

perpendicular to the z-axis, was mounted on a pedestal and

immersed in liquid ^He at 1.15 K. For the magnetization in the

z-direction M , the crystal orientation was rotated along the

longest axis (mounted perpendicular to the field) so as to pro-

duce the steepest magnetization step. The direction of the

5 10
magnetic field (tesla)

5

'•'£.'. 1 Pai'alicL eyrt-.pimcriial ma;j>ieti:;at,ion data f O of CnA'CL,••':}{.fi

. i i v J with a rJ.avtinj temperature of 1.1b K. Theoretical isntheyn.aL su

•-•/'(. sal<-\.:laied with ,;//=!.0-1 and P,'k=ll.';'> Y. (with yJ/^'-O ,oid :.:J,'k=O) a

:=:.lb ?'. Ifioiid li<\>.) <md at T=0.80 K (dotted line). The daenrd line

•>i,\r-:.it.i.(,r: ;Hth .j0 = j.:->i3 V,;'k=l'?,.; K and ::,J.'k=l K at T=l.Jh K (y'^-O
t> is) >

is a
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I

z-axis could be determined within an accuracy of 3 . The magnet-

ization perpendicular to the z-direction W- was obtained by mount-

ing the sample with its longest axis parallel to the field [ 7] .

Magnetization curves of CS3VClg • 4^0, in respectively, the

parallel and perpendicular directions are shown in figs. 1 and

2. For increasing and decreasing magnetic fields the magnetization

-signals differ by a few %. The experimental data points shown

are the average of these signals. The accuracy of the calibration

of the absolute magnetization-signals is 5 %.

v."

.1

5 10
magnetic field (tesla)

Fig. 2 Perpendicular experimental magnetisation data (C) of Cs^VClr-4H.-0 at

a starting temperature of 1.15 K. Calculated isothermal curves are for

D/k=11.3 K, g^l.BO, zJ/k=O, y^V=0 (solid line), and for D,'k=12.3 K,

gL=1.63, zJ/k=l K, xlW=?-Z> 10~8 m3/mol (dashed line).

Analysis:

Assuming in first approximation that exchange interactions

between V^+ spins are negligible, we can describe the system

with the single-ion spinhamiltonian (S=l)

7f=DS +p DB.g.S
Z £5

(1)
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where B is the magnetic induction in tesla and tjg is the bohr

magneton. The eigenvalues E^ are given by E^=0 and D±q// Ug B for

the parallel orientation and E-^D and ^D±^(D2+4g^yBB
2)^ for the

perpendicular orientation respectively. The isothermal molar

magnetization can then be obtained from the formula
3 3

M = N .2 n^ exp(-E./k T) ̂2 expf-E^/k T) , where

m. = dE./dB and N. is Avogadro's number.
X 1 i\

For zero exchange the level crossing field B^c is equal to

the field at which the magnetization (at low temperature) has

reached half its saturation value M^ = N.giJgS. Using this crite-

rion, we find Blc=8.65±0.10 T from the magnetization in the

parallel direction. The observed saturation value Mo=1.94i0.10 tJ_

yields g// = 1.94 ± 0.10 since <S > * 1 for B=15 T at this

temperature. Within the model of the spinhamiltonian (1) we then

have D/k=g^uBB. /k=11.3±0.7 K, where the error in D is mainly

due to errors in the determination of q/f . Using the above values

for D and g/f we obtain the isothermal magnetization in the par-

allel direction at 1.15 K as represented by the solid curve in

fig. 1, which does not appear to fit the experiment quite well.

On the other hand, for the perpendicular direction we obtain a

reasonable fit to the experiment (fig. 2, solid line) , by calcu-

lating the isothermal magnetization for this direction with a

g-value g,=1.8±0.1 and the same D parameter. These values com-

pare favourably with the above quoted results of Carlin et al.

[ 61 .

An explanation for the discrepancies from isothermal be-

haviour for M can be related to the pulsed field technique. The

pulse duration T O * 1 8 ms implies that spin-lattice relaxation

will become important as soon as the associated relaxation

time TS-|_ becomes of the order 0.01 T O, or larger. Only for

Ts]_<<ro will the isothermal magnetization be measured. For
Tsl ~ To t'le magnetization process is adiabatic (isentropic). In

that case the spin system would remain effectively isolated from

the lattice during the pulse and the snin-temperature will be-

come a function of the apnlied field through the magnetocaloric effect.
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As was observed in our frequency-dependent susceptibility study

on another V3+ compound [ C(NH2)3]V(SO4)2•6H2O [9], relaxation

times may become as large as 0.01 sec. at 1.15 K.

It remains to be explained why in the present compound the

magnetocaloric effect would only be observed for M and not for

M1.

To investigate this further we have calculated the isentropic

behaviour of M(B,T) and T(B) using the above values for D, ĝ

and g_L and taking T=1.15 K as the starting temperature in zero

field.

a
in
& 10

O

0
o

Bllz
/V/N?^0"9

1
y

Biz / '

y

M

0 = 0.8

0.5 1.0 1.5
temperature (K

2.0 2.5

Fig. 3 Calculated isentropic variation of temperature with field for both

the parallel and perpendicular directions (solid and dash-dotted lines,

resp.), using the parameters: D/k=11.3 K, g^l.94, g±=1.80, (zJ/k=O and

X// \_ -0). Dotted lines connect points of equal magnetization. The estimated

spin-tempp.yature variation during the field pulse is given by the dashed

curve.

The i s e n t r o p i c behaviour of T as a funct ion of B i s shown in
f i g . 3 for both B/ /z and B i z . Also shown are curves of constant
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magnetization (dotted curves). The reason why the magnetocaloric

effect does not affect M in our experiment is now evident: since

the magnetization M at a given field value is nearly independ-

ent of temperature over a wide temperature range, there will be

no observable difference between the isentropic and the isotherm-

al M (B) curve.

As regards the parallel direction, one observes from the

dotted curves in fig. 3 that the main portion of the magnet-

ization step (i.e. from M =0.1 M to M =0.9 M ) takes place in

a rather narrow field range around B^c=8.65 T. Therefore we

tried to fit this part of the experimental magnetization curve

with the calculated isothermal behaviour for various temperatures

below 1.15 K. Here we adopt the likely assumotion that purely

isentropic conditions are not fulfilled in the experiment. As

shown in fig. 1 the calculated isotherm for 0.80 K fits nicely

the experiment for O.KM / MQ < 0 .9 corresnondipg 7.5 T < B < 10 T.

Fitting the magnetization data outside this field range to cal-

culated isotherms, we then arrive at the dashed curve in fig. 3,

which would represent the temperature variation of the spin

system during the field-pulse.

The g-values derived here are well within the range of

possible values mentioned in the literature [ 10, 111 , which are

1.92 <_qf £ 1.99 and 1. 63 <_ g± <_ 1. 80 .

So far we did not include a temperature independent para-

magnetic (tip) term in our analysis, nor have we considered an

exchange contribution. Adding possible X// ̂  and Xj_ ̂ terms as

well as an exchange zJ/k (z= coordination number) to the set of

adjustable parameters g/f , g^ and D, evidently allows many possi-

bilities. For instance, the difference between the solid curve

and the experiment in fig. 1 could be accounted for by a ferro-

magnetic exchange of zJ/k=l K, However, the M curve would then

also have to be affected by the exchange, so that in order to

account for the experiment, drastic changes in g,, or the in-

clusion of a large x_[ ~ would be needed.

As a general conclusion we can state that exchange inter-

actions, if occurring, will be very small. In view of the large

number of adjustable parameters we have refrained from more ex-
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tensive analyses. As examples, however, we show in figs. 1 and

2 curves calculated with a small ferromagnetic exchange of 1 K,

in order to demonstrate the magnitude of the effect.
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CHAPTER 5

MAGNETIC MEASUREMENTS ON DIMERIC AND TETRAMERIC

FLUORO-BRIDGED COBALT AND MANGANESE COMPOUNDS.

Synopsis.

Measurements of the magnetic susceptibility (2 K < T < 100 K),

high-field magnetization (B m a x=30 T) and specific heat (0.1 K < T < 100 K)

are reported on the dimeric compounds [Co F Lj^CBF,^, with L = 3,5-dimethyl-

pyrazole (DMPz); 3,4,5-trimethylpyrazole (TMPz); and 4-ethyl-3,5-dimethyl-

pyrazole (EDMPz); as well as on the tetrameric compounds [Co F L 3] 4(BF 4) 4 and

[ Mn F L3]4(BF,)4 with L = N-ethylimidazole (NEtlz) and lastly on

[Co F I^^CBF^)^ with L = N-propylimidazole. In these materials the 3d-metal

ions are magnetically coupled via the fluor ligands with M-F-M- bond angles

of about 100° to form dimeric or tetrameric antiferromagnetic clusters.

In the dimeric and tetrameric compounds the metal ions are in 5 and in 6

coordinations, respectively.

The analysis of the experiments in terms of magnetic cluster models yields

an estimate of the exchange constants in the materials. For

I Co F (DMPz)3)2(BFA)2, [Co F (EDMPz)3J 2(BF 4), and [Co F (TMPz) 3] 2(BF 4) 2 we

obtain J/k - -0.2 ± 0.1 K, -I ± 0.5 K, and -1 ± 0.5 K, respectively. For

[Co F (NEtIz)3[ 4(BF 4) 4 and [ Mn F (NEtlz) 3] 4 (BF4)4 the values are J/k = -10 K

and -1.2 ± 0.5 K. Comparing these results with typical values for 180° fluoro-
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bridged exchange paths, namely 70-100 K for cobalt salts and 3-4 K for

manganese compounds, one observes a drastic reduction in the strength of the

antiferromagnetic exchange constant. This reduction ispredictedby recent theo-

retical models for the superexchange interaction.

1. Introduction.

The study of magnetic exchange between transition-metal ions

has been the subject of many investigations. In coordi-

nation chemistry, special attention has been given to linear-

chain systems as well as to clusters and dimers, usually with

ligands forming the bridges between the metal ions. In dimeric

systems, well-known series of compounds are the hydroxo-bridged

species Cu(0H>2Cu and Cr(0H)2Cr and the halogen bridged species

MX2M [ 1,2] .

Linear-chain systems frequently have the stoichiometry MX2L2 with

MX2MX2... bridges, in which X = halogen and L = organic ligand or

water [ 3,4] .

In trying to understand the nature of the magnetic interaction

there has been an increasing interest in the relationship between

structural data (M...M distances, M-X-M angles) and magnetic

interaction.

Although many investigations have been reported on bridging

ligands like 0H~, Cl~ and Br~, thus far no magnetic data are

available for simple dimers and clusters containing the F~ ion

as a bridging ligand.

Recently, we reported the crystal structure and the spectroscopy

of two different types of compounds containing the bridging

F~ ion, as well as some preliminary magnetic data [5-7] .

The f i r s t type concerns a series of compounds [Co F L3]2(BF4)2

with L = 3,5-dimethylpyrazole (DMPz), L = 3,4,5-trimethylpyrazole

(TMPz), or L = 4-ethyl- 3,5-dimethylpyrazole (EDMPz). In these

materials dimeric clusters of fluoro-bridged cobalt ions occur.

The second type concerns (Co F L3]4(BF4)4 and [ Mn F L3)4(BF4)4,
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Fig. la The coordination geometry around the cobalt dimer in

I CoF(DMPz) j] y,(BF'4)2- The inversion centre is situated in the centre of the

diner. Interatomic distances (in nm) and angles (°) have been indicated.

o
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O NITROGEN
-—/

Fig. 1b Drawing of the first coordination sphere around cobalt in the

telrameric cubane-type cluster in [CoF(NEtlz)3] ̂ (BF^)4. Mean distances and

angles are: Co-F=2.14(2)k; Co-N=2.19(3)k; Co-Co=3.29(2)k; F-F=2.71(1)K;

<F-Co-F=78.5(5)°; <Co-F-Co=100.b(5)°.
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where the ligand is L = N-ethylimidazole (NEtlz) or N-propylimi-

dazole (NPrlz) in the case of cobalt only. The change to this

ligand results in a fundamentally different chemical structure,

since in these materials tetrameric (cubane-type) fluorobridged

clusters are found. The cobalt and fluor ions are qn the corners
V"

of a (deformed) cube, the coordination of the cobalts being com-

pleted by the three ligands L, whereas the BF4 counterions fill

up the holes in the lattice.

In both compounds the Co-F-Co bond angles are about 100°, so

that they yield interesting examples of near 90° superexchange

paths, to be compared e.g. with the 180° superexchange paths

Co-F-Co occurring in compounds like KC0F3, RbCoF3, K2C0F4,

P^CoF^. In the latter case the exchange interactions are in the

range 70-100 K for cobalt, and in the range 3-4 K for the iso-

| morphous manganese salts [81. From the magnetic measurements des-

cribed in this paper, which include susceptibility, high-field

I magnetization and specific heat, we are able to estimate the ex-

change constants to be about -1 K or less for the Co dimers,

•• -10 K for the Co tetramer and -1 K for the Mn tetramer.

2. Crystal structure.

2.1 Dimeric compounds.

The X-ray structure of one of the compounds, viz. p-di-

fluorohexakis (3,5-dimethylpyrazole)dicobalt (II) bis(tetra-

fluoroborate), is described in detail by Reedijk et al. [6 ].

In fig. la a picture of the geometry around the cobalt in the

dimer is redrawn. The bridging unit is strictly planar. The

Co-Co distance is 3.092 (2)A, the two Co-F distances are 1.924(3)

and 2.146 (4)A, and the Co-F-Co angle is 98.8(2)°. Although the

bridge is rather asymmetric, the presence of an inversion centre

implies that the set of crystal field axes will be parallel

for the two cobalt ions constituting the dimer, so that they will

have the same axes of quantization. Although the structures of the

(TMPz) and (EDMPz) cobalt comoounds are less well-studied, spectroscopic

data (Ir, far Ir, UV) indicate them to be isostructural with

that of [Co F (DMPz)3l2 (BF4)2.

72



2.li Tetvamevic compounds.

From X-ray powder diagrams it has been shown that the com-

pounds [M F (NEtlz)3]4(BF4)4, with M = Mn, Co, Cd, are

isomorphous. The structure of the Co compound has recently been
4 +

refined [7]. The tetrameric fluorobridged C04F4(NEtIz)12 cluster

is shown in fig. lb. The cobalt ions are arranged in a cubane-

type cluster, in which the mean Co-F and Co-Co distances are

2.14(2)A and 3.29(2)A, respectively. The mean Co-F-Co angle is

100.5(5)°.

In this class of compounds the metal ions are surrounded by

a (deformed) octahedron of three fluor ions and three ligand

molecules. From the symmetry one would expect the main axis

(z-axis) of the crystal field to coincide with what would have

been the body-diagonals of the cube formed by the Co and F atoms,

had this cube not been distorted. In any case it is evident that

the axes of quantization of the individual Co ions constituting

the tetranuclear cluster will certainly not coincide.

3. Magnetic properties.

S.I Experimental details.

All experiments have been performed on powdered samples of

the materials, since single crystals of sufficient size for mag-

netic measurements could unfortunately not be obtained. The ex-

periments include susceptibility, high-field magnetization and

specific heat measurements.

The (initial) susceptibilities were deduced from low-field

magnetization data taken with a vibrating sample magnetometer ir.

the temperature range 2 < T < 100 K. High-field magnetization

curves (up to B m a x = 30 Tesla) were obtained using a pulsed-field

apparatus described elsewhere [9 ]. The field-pulse has a

sinusoidal shape (half a period), with a total pulse duration of

about 18 ms. In these experiments the samples were immersed in
4

liquid He at T = 1.2 K. The specific heat experiments were per-

formed with an apparatus employing a mechanical heat switch [11,

the accessible temperature region being 1 < T < 100 K. For theMn2 + tetrameric cluster additional data were taken in the range
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0.1 < T < 1 K, using a conventional adiabatic demagnetization

apparatus [11].

S.2 Theoretical models: some general remarks.

As a general interaction hamiltonian to describe the magnetic

exchange between the moments of the 3d ions in our samples we

may consider the following expression:

(1)Jf = -2J .2.
<i,3>

{aS.S.
IX j + b S . S . + c S . S. }ly jy IZ jz

For the cases a=b=0, c=l and a=b=l equation (1) reduces to the

Ising and Heisenberg hamiltonian, respectively, whereas the case

a=b=l, c=0 corresponds to the (less well-known) XY model. In

expression (1) J denotes the exchange interaction and S the spin.

Of the materials under investigation one would expect the

Heisenberg, S=5/2, model to be applicable to the Mn compound.

Since the Mn^+ ion has no orbital moment the interaction is

usually found to be quite isotropic. On the other hand, we should

keep in mind that the coordination of the Mn ion in

Mn4(NEtlz)j2F4(BF4)4 is highly asymmetric. For small values of J,

the crystal-field anisotropy might therefore be not negligible,

so that the Heisenberg model can only be considered as a first

approximation.

For the Co compounds the situation is more complex since

the orbital moment is only partly quenched. In the dimeric and

tetrameric clusters we have Co in five and in sixfold coordination,

respectively. For both cases, one would expect a lowest Kramers

doublet to be the only populated level at low temperatures (say

T 4 50). An effective spin S=^ formalism would then apply, and

the anisotropy in the effective g-tensor for this doublet would

indicate which of the model hamiltonians to be appropriate. In

case of a strong uniaxial anisotropy the cases g// >> gj_ and

9l >> g// would correspond with the Ising and XY model, respec-

tively. For the more general case of an orthorhombic anisotropy

the full expression (1) should be used for the interaction

hamiltonian.

Unfortunately no information is available regarding the
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crystal-field parameters for the investigated compounds. The rea-

sons are firstly that single crystals for susceptibility measure-

ments were not available. Secondly, ESR measurements on doped

samples of the isomorphous diamagnetic Cd tetramer proved to be

unsuccessful. Apparently, the magnetic ions do not distribute

randomly in the diamagnetic host, but have a strong tendency to

go into the same tetrameric or dimeric cluster. Thus the single-

ion spectra proved to be wiped out by exchange effects. For the

dimeric systems no diamagnetic isomorphous compounds exist at all.

In the absence of such information we will take the following

course. For the Mn compound we will assume the Heisenberg model

to be a reliable approximation. The results for the Co compounds

will be compared with predictions for all three models (Ising,

XY, and Heisenberg). We will argue below on basis of this com-

parison that the anisotropy is certainly not uniaxial, but must

contain a substantial orthorhombic component.

The theoretical predictions are obtained by applying these

model hamiltonians to dimeric and tetrameric clusters of magnetic

ions. Thus we have for an Ising, S=k dimer the hamiltonian:

S2)B1C — _ 9 T C C -•H ~ — — C. \i O - b 2

and for the Ising, S=^ tetramer:

(2)

(3)

Similarly, we have for the Heisenberg dimer and tetramer,

respectively the hamiltonians:

S 4 ) B

(4)

(5)

2+
where the S. denote the spinoperators for S=^ or S=5/2 for Co

or Mn . The calculation of thermodynamic properties of Ising or

Heisenberg clusters is a well-studied problem in the literature

[ 12] .
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Fig. 5 Susceptibility versus temperature for the tetramers
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respectively, the Ising model isith J/k= -5.0 K and g-4.2, and the Heiso^ib
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For instance the eigenvalues for the Ising and Heisenberg cluster

hamiltonians are, respectively:

E 1 = -J [S'2 - nS(S+l)] - gp n m . B (6) . ..
V" "

EH = -J [S'(S+1) - nS(S+l)] - guB ms, B (7)

In these expressions S1 denotes the total spin quantum number

S1 = S. + S2 + . . . + S of the cluster, n is the number of spins

forming the cluster, and m , = S1, S'-l, ..., -S'. The quantum
S A

number S1 for the total spin operator S' may take the values

0, 1, 2,...,nS or \, y,. . . . , nS in case nS is an integral or _

half-integral number, respectively.

For the XY-model the situation is slightly more complicated, I
j j

J but the calculation of the quantum mechanical energy levels •;

proceeds along the same lines. Thus, for the S=% dimer, the I

hamiltonian reads: \
i <

Jf^ = -2J(S^S2 + S YS Y) (8) |
*

giving a singlet ground state, a doublet at energy J and a " .

singlet at energy 2J. '

As a final remark we may add that in the above described

calculations it is assumed that the axes cf quantization (z-axis)

are the same for all the magnetic ions forming the cluster. From

the crystallographic data discussed in the previous section,

however, it is clear that this situation will certainly not be

found in the experimental tetrameric compounds. In case of the

Mn tetramer this will not be too serious a problem, because

of the assumed isotropy of the interaction. The apnlication of

the results for the Ising and XY models to the data for the C o 2 +

compounds should, however, be regarded as tentative only.

o.3 Susceptibility results.

The susceptibility data for the dimers and tetramers are

plotted as xT versus T in figs. 2a and 3a, and as x"1 versus T

in figs. 2b and 3b. It is clear from these plots that the inter-

actions between the magnetic ions forming the clusters are anti-
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ferromagnetic, the strength of the exchange being somewhat larger

for the tetrameric Co compounds than for the dimers.

We may obtain a rough estimate of the exchange in the Co

clusters by comparing with the theoretical predictions for the

susceptibilities of S=h dimers and tetramers. These predictions

are shown in fig. 4 for the Ising and Heisenberg models. It may

be noted that in all cases the susceptibility shows a broad

maximum at a temperature that is roughly equal to the exchange

constant |j|/k. Since for the Co dimers the susceptibilities

show no sign yet of a maximum in the investigated temperature

range (T > 2 K), it follows that |j|/k must be of the order of

2 K or smaller. For the Co2+ tetramers maxima are found at tem-

peratures of about 4 K. In figure 5 we show fits of the Heisen-

berg and Ising S=H tetramer predictions to these maxima. For these

fits the exchange J and the g-factor both appear as adjustable

parameters. The g-values found are of the order of 4.0 ± 0.2,

which is reasonable for a Co2+ powder simple, and the exchange

constants are J/k = -3.2 K and -5.0 K for the Heisenberg and

Ising case, respectively, in agreement with the above statement

that |j|/k~4 K. We note that for the fits shown in fig. 5 no account

was taken of the contribution to the susceptibility arising from

the excited Co doublets. These crystal-field contributions may

well amount to about 10 % of the x value at the maximum, in the

low-T range, and are likely responsible for the deviations be-

tween experiment and theory as the temperature is increased. The

fits are thus.only meant as a qualitative indication.

The susceptibility curve measured for the Mn tetramer will

be compared with theory below, after the discussion of the specif-

ic heat data for this compound.

3.4 High-field magnetisation data.

The high-field magnetization curves obtained for the dimers

and tetramers are shown in figs. 6 and 7 respectively. In fig. 7

we have included a curve measured for Co4 (O2C5H7)4(OCH3)4 (CH3OH)4

for comparative reasons. This compound was used as a test case,

since it has been shown from X-ray and low-field magnetization

studies I 131 to be a tetrameric cluster of ferromagnetically
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coupled Co ions. This is also evident from our powder magnet-

ization curve, since "saturation" already occurs in a field of

a few tenths of a Tesla. For the tetrameric cluster in

Co^(NEtlz)!2F4^BF4^4 the same value of about 2.4 Bohr magnetons

is only reached in a field of 18 T. This yields an estimate of

the antiferromagnetic exchange if we compare with the prediction

for the saturation field B s a t for a S=\ Heisenberg tetramer:
Bsat = 4 IJI/gPB- Taking g - 4.4 we obtain J/k = -13 K. For the

Mn2+ tetramer we have similarly the prediction B s a t = 20 |j|/gpB.

With the experimental value B s a t - 12 Tesla and g=2 one obtains

J/k - -0.8 K. These values are to be compared with those deduced

below from the magnetic specific heat data.

In fig. 7 it is seen that the Mn compound saturates at the

expected value of 5vig for the magnetization per spin (S=5/2) . On

the other hand the Co compounds in figs. 6 and 7 reach a value

of about 2.1-2.4yB in relatively low fields, whereafter one ob-

serves a linear increase (in first approximation) in the higher

field region. The slope of the magnetization curves in this region

is within the experimental error nearly the same for all the in-

vestigated compounds, and amounts to a susceptibility of about

2.3 x 10~7 m3/mole (or 1.8 x 10~2 e.m.u./mole).

We thus arrive at the following explanation for the magnet-

ization behaviour of the Co2 + salts. In the lower-field region

the ground Kramers doublet is saturated. The value of gS = 2.1 -

2.4 yields a powder g-value of 4.2 - 4.8 which is quite

reasonable for the ground doublet of Co . The nearly linear

increase of the magnetization at higher fields is due to the

contribution of the excited doublets. Indeed, the associated

susceptibility value of 1.3x10 e.m.u./mole is in the range in

which the Van Vleck susceptibilities for Co2 + are usually found.

In order to estimate the exchange constants for the Co2+

dimers we have analyzed the magnetization curves of fig. 6 in

terms of a Brillouin function, M = Mo Bs[gpBS/kT(B + Bmol)] plus

a Van Vleck contribution of 3.3 x 10~2 B (in units (JB) . In the

Brillouin function S=^f g=4.2 , B is the applied field and B m o l

is the molecular field, Bmoi = (2 |J|S/gue)•(M/MQ), arising from

the exchange interactions. In fig. 8 we show a comparison, where
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the solid curves a and b are the same experimental curves as in

fig. 6 for the DMPz and the EDMPz compounds, respectively. The

dashed curves c and d are calculated in the above way taking

J/k = 0 and -5 K, respectively. It follows that for the EDMPz

dimer (and also for the TMPz dimer, cf. fig. 6) the exchange J/k

is indeed of the order of -1 K (cf. section 3.2), whereas it is

at least a factor of five smaller for the DMPz salt.

Finally we discuss the "twists" in the magnetization curves

for the tetrameric compounds (curves b and c in fig. 7), which

suggest a two-step magnetization process. Obviously, this cannot

be a quantum mechanical effect since (i) the temperature is not

very small as compared to J/k; (ii) the phenomenon is the same

for both the Mn2+ (S=5/2) and the Co2+ (S=h) compound. We tenta-

tively ascribe the effect to a process in which two of the four

spins within each tetramer are flopped into the direction of the

field. This seems plausible in view of the site symmetry for the

metal ions, from which one would conclude that the moments will

be along the body diagonals of the cube in fig. lb (this orienta-

tion would also be favoured by the antiferromagnetic interaction,

since in a tetrameric cluster the spins cannot be aligned fully

antiparallel). Upon the application of a sufficiently strong

field the two spins within each cluster having the most unfavour-

able orientations with respect to the field will be overturned to

become aligned with the other two spins.

We remark that the initial experiments on the dimer compound

[Co F (TMPz)3]2(BF^)2 also showed a step-like magnetization be-

haviour (dotted curve in fig. 6). The measurements given by curve

c in fig. 6 refer to a freshly prepared sample of this material,

the magnetization having been measured at the same day the sample

was prepared. Similar differences were observed in the x~curves

(cf. fig. 2). We ascribe the effect to the presence of solvent molecules

(ethyl formiate) in the newly prepared samples. As the sample

ages, these solvent molecules gradually diffuse to the outside,

and the Co dimers apparently tend to form larger chemical clus-

ters, possibly tetramers. From x measurements it was found that

this process occurs gradually in the course of time. The clus-

tering tendency is apparently prohibited in the fresh samples
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by the presence of the solvent molecules.

3.5 Specific heat.

In discussing the specific heat data on the tetrameric com-

pounds we will start with the Mn salt, since this proved to

be the most complicated to analyse. This was due in part to the

fact that the experiments were performed on a sample that un-

fortunately turned out to be contaminated with another Mn phase.

This Mn phase apparently is present

in the form of paramagnetic impurities. The specific heat data

were taken on a newly prepared sample (about 20 g powder) follow-

ing the earlier susceptibility and magnetization measurements.

To check on the conclusions from the specific heat we repeated

the magnetization and susceptibility studies on the new samples.

These results are plotted as the dotted line in fig. 7 and as the

solid squares in fig. 12 below. In both cases the new results are

systematically lying about 30-35 % below the data on the initial-

ly prepared sample. The impurity problem arises with the Mn +

compound since it is difficult to prepare large quantities of the

pure material.

In fig. 9 and 10 we show the data obtained in the temperature

range T < 6 K and T > 6 K, respectively. Although the low-temper-

ature data do indicate the presence of a rather broad maximum,

as expected for the magnetic specific heat of a dimer or tetramer,

the height of this maximum falls short of the calculated one,

which is shown as the dashed curve in fig. 9. As explained above

we attribute this to the presence of another Mn phase, and accord-

ingly we scaled down the theoretical curve by a factor of 1.23

in order to fit the experimental maximum (solid curve). The posi-

tion on the temperature axis is fixed by the exchange constant,

and the solid curve corresponds with J/k = -1.50 K.

As seen from fig. 9 the theoretical S=5/2 tetramer specific

heat has an extensive high-temperature tail which is due to the

fact that the highest S'=10 multiplet is at an energy of 110|j|/k

(= 165 K) above the ground singlet (cf. eq. 7). Thus it is quite

impossible to approximate the magnetic contribution (e.g. a T-2
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Fig. 11 Specific heat data for [MnF(NEtls)3] 41BF4)4 in the low-temperature
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presents the remaining specific heat aj\sr subtract 7 the contribution

given by curves a and h from the experimental dau .
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tail as is usually done) and we have used the full theoretical

curve a in order to estimate the lattice contribution. This was

done as follows.

From fig. 10 it can be inferred that the total specific heat

at room temperature must be of the order of 250 J/mole K or about

30 R, where R = 8.314 J/mole K. Since each mode of oscillation

contributes an amount R to the specific heat this more or less

fixes the total amount of vibrational modes needed. These then

must be associated with the different atoms or molecules consti-

tuting the compound [ Mn F (NEtlz) 3]4(BF4)4 . Taking Mn, F,(NEtIz), and

(BF4) as separate units would lead to a to<-al number of 6 x 3 =

18 R which is certainly insufficient. We found it necessary to

approximate the Mn, F and (BF4) together by an 18 dimensional

Debije function (twice the number of modes), treating the three

(NEtlz) groups separately by a 9 dimensional Debije function. For

temperatures below about 10 K the contributions from these multi-

dimensional Debije functions may be approximated by a single

Debije function of dimensionality equal to the sum of the indi-

vidual dimensionalities. Thus we fitted our data below 6 K to a

27 dimensional Debije function, plus the magnetic contribution

represented by curve a in fig. 9. It turned out that an addition-

al Einstein function was needed to fit the experimental specific

heat, with an Einstein temperature of i'E = 32 K (cf. fig. 10).

In the temperature range T > 10 K the Debije term was split in

the 18 and 9-dimensional Debije functions. Again we found that

the measured specific heat could not be fitted in terms of Debije

functions only, and we have added a six-dimensional Einstein

function with 6 6 E = 225 K to obtain the fit in fig. 10. This

Einstein function may have to do with hindered rotational motions

of the NEtlz molecules, which may well lead to a Schottky-t.ype

specific heat contribution at temperatures of the order of

100-200 K. The Einstein function with 1 0 E = 32 K is perhaps re-

lated to some internal vibration within the BF4 tetrahedron. The

18 dimensional Debije function is associated with the Mn, F and

(BF4) because of the higher ^®0Q = 225 K involved, since we ex-

pected the stiffness of the NEtlz groups to be the smallest

( AD = 90 K) . As seen i.n fig. 10 a reasonable fit is obtained

V-"
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Fig. IS Specific heat data for [ CoF(HEtlz) ?\ ̂ (BFj) ,;i (circles) and for

[MnF(UEtlz)j] ,j(BF^)4 (crosses)^ solid curve in the lattice contribution

estimated, for the cobalt- compound (see fcea'fcj.
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with the above values. Evidently, there will be other combinations

of Debije and Einstein functions possible that lead to similar

agreement. However, this was not of much importance to us since

we were mainly interested in separating the lattice from the mag-

netic contribution for T < 10 K.

Returning then to the discussion of fig. 9 it can be seen

that there are still substantial differences between the exper-

imental data and curve a in the region below the maximum at about

1 K. This is displayed more clearly in fig. 11 where we show a

logarithmic plot of the data for 0.1 < T < 10 K. Curves a and b

are the same as in fig. 9. Furthermore the curve h aives an esti-

mated contribution due to the hyoerfine interaction AI.S between

the electronic and nuclear spins of the Mn ion, taking a value

of A/k = 11 mK, as is reasonable for Mn compounds. Sub-

tracting the contributions represented by curve h and curve

a from the experimental data in the range O . 1 K < T < 1 K , then

yields the dotted curve in fig. 11 as a remaining specific heat

contribution to be explained. We interpret this as being due to

the Mn ions appearing in the form of the paramagnetic impurities

phase in the investigated sample. A rough estimate of the entropy

underneath the dotted curve indicates that indeed about 23 % of

the Mn spins (which have a total magnetic entropy of Rln(2S+l)

~ 1.79 R) have to be involved, in nice agreement with the

factor of 1.23 needed to scale the theoretical tetramer specific

heat maximum to the experiment at T = 1 K.

Lastly, we produce in fig. 12 a comparison of the experiment-

al susceptibility of the Mn compound (solid circles) with the

prediction for a S=5/2 Heisenberg tetramer (dotted curve) with

J/k = -1.50 K, i.e. the value found from the specific heat. The

experimental data are above the theory even in the high-temper-

ature range. We tentatively ascribe this to the presence of inter-

actions between the tetrameric clusters. Since the susceptibility

is increased with respect to the isolated cluster result, these

intercluster interactions are apparently ferromagnetic in charac-

ter. This conclusion is confirmed by the fact that the magnet-

ization and susceptibility curves for the sample containing the

paramagnetic impurities are lying below those for the pure mate-

rial (cf. fig. 7 and 12) by a larger amount (30-35%) than would

be expected on basis of the specific heat results (23 % ) .
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Namely, in case of purely antiferro-

magnetic interactions, replacement of part of the tetrameric

clusters by paramagnetic impurities could only result in an en-

hancement of the susceptibility and magnetization. Unfortunately,

we see no way of estimating the strength of these intercluster

couplings.

We finally come to a discussion of the specific heat of

I Co F (NEtlz)214(BF4)4. Representative data for 1.5 K < T < 100 K

are plotted in fig. 13, together with some points for the Mn

tetramer for comparison (only for T < 6 K). The shape of the

lattice specific heat for the Co salt turned out to be quite

similar to that of the Mn compound. The solid curve in fig. 13 is

the same prediction for the lattice contribution as shown in

fig. 10, except for a downward shift by about 4 %. This fits the

Co2+ data quite well for 10 K < T < 60 K. Above 60 K there is an

upward deviation visible, which we attribute to contributions

from excited Co2+ spin doublets.

After subtracting the so-estimated lattice contribution, the

magnetic specific heat for [Co F (NEtlz)3]4(BF4)4 is plotted in

fig. 14. Integration of this specific heat curve yields an esti-

mated entropy change of about AS/R = 0.60, which is sufficiently

close to the expected In2 = 0.69 to prove that the Co ion is

indeed in an effective spin S=h ground state. We attribute the

difference to an overestimation of the lattice contribution to

the heat capacity. Next we compare the magnetic part with the

theoretical specific heats for S=% tetramers calculated for Ising,

XY or Heisenberg antiferromagnetic interactions, as shown in fig.

15. As an immediate conclusion we may state that the Ising model

is incapable of explaining the observed specific heat since the

height of the maximum is much too low for the Ising case. We

have therefore only compared the XY and Heisenberg predictions to

the experimental maximum in fig. 14, the fits giving the values

J/k - -10 K and J/k - -8 K for the exchange constants, respective-

ly. Obviously these fits can only be considered as qualitative.
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4. Conclusion.

The above described analysis of the magnetic measurements

have been complicated by the fact that for the Co compounds no

information on the g-tensor is available, whereas for the Mn salt

the sample used in the heat capacity experiments appeared to be

comtaminated by another Mn phase.

Nevertheless, we are able to give some rough estimates of the

exchange constants within the diraeric and tetrameric clusters.

For the dimers the magnetization curves give a pair interaction

of J/k = -1 ± 0.5 K for [Co F (EDMPz)3I2(BF4)2 and

[Co F (TMPz)3]2(BF4)2, whereas for [Co F (DMPz)3I2(BF4)2 the value

must be of the order of -0.2 K or less. Comparing the x versus

T curves for the tliree materials, a value of about -0.2 K for the

DMPz compound appears to be a reasonable estimate indeed.

For the Mn tetramer, the specific heat and susceptibility

data were fitted with J/k = -1.5 K, while the magnetization curve

yielded -0.8 K. It is possible that the difference is due to the

already mentioned ferromagnetic intercluster interaction, which

would decrease the field needed to saturate the sample. On the

other hand the value of -1.5 K may be an overestimate (cf. fig. 9).

We conclude therefore to J/k = -1.2 ± 0.5 K.

In case of tne Co tetramer the magnetization gives

J/k - -13 K, the specific heat - -10 K. If we allow for a weak

antiferromagnetic intercluster interaction (resulting in a higher

saturation field than for the isolated cluster), both values

would agree to J/k = -10 + 2 K. In contrast, the value found

from the X versus T plots is more than a factor of two lower

(-4 ± 2 K). We recall, however, that in the latter case the

measured X data have not been corrected for the Van Vleck contri-

bution arising from the excited Cô "1" doublets, which may in prin-

ciple account for 10-30 % of the observed susceptibility value.

Correction for this crystal-field contribution would certainly

result in a considerably higher estimate for the intracluster

interaction, so that a final estimate of J/k = -10 ± 4 K seems

a reasonable one.

Notwithstanding the large uncertainties in the above values,
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they nevertheless reveal an important fact, namely that the ex-

change interactions are considerably smaller for 90° superex-

change bonds than for 180° paths. We may compare our results with

the known interaction constants for the collinear Co-F-Co and

Mn-F-Mn paths in the perovskite-type and related fluorine com-

pounds [Q] . For a typical Co-Co distance of 4.1A the collinear

Co-F-Co bond yields J/k = -90 K(S=%). For manganese the corre-

sponding values are 4.2 A and J./k - -3.5 K.

Similar reductions are also found in other materials [ 1,2] .

We remark that they follow as a natural result from the effective

electron model for superexchange as treated by Jansen, Block and

coworkers [ 14] .
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CHAPTER 6

EXPERIMENTS ON GIANT MOMENT AND/OR

SPINGLASS-TYPE DILUTE ALLOYS •

HIGH-FIELD MAGNETIZATION OP GIANT MOMENT - SPIN
6.1

GLASS PdMn ALLOYS IN PULSED FIELDS UP TO 4 0 T.

i i
Abstract. •

Magnetization curves up to 40 T are presented for PdMn alloys with . ;

Mn concentration between 0.48 at % and 9.8 at %. Estimates for the ex-

change parameters and saturation moments are obtained, and a comparison

with Monte Carlo simulations is made.

The PdMn system is one of the most interesting Pd-based

transition metal alloys. For Mn concentrations c less than

3 at.% a ferromagnetic ordering of the giant moments (= 7.7 |ig)

occurs; between 3 and 5 at.% a mixed type of ordering is found,

whereas for c > 5 at.% a spinglass type of ordering prevails

I t appears that this extreme concentration dependence results

from a competition between a long-range ferromagnetic inter-

action Jp(r) via the Pd d-band polarization, and an antiferro-
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magnetic direct-exchange interaction J^p(r) that is of a shorter

range '.

We have exploited the pulsed-field technique to obtain mag-

netization data (at 4.2 K) up to fields as high as 40 T, for \*:

PdMn alloys with Mn concentrations of 0.48, 4.0, 5.6, 7.3 and «••'

9.8 at.%. The purpose of these experiments was to study the mag-

netic interactions and the giant moment as a function of c and

in particular to determine the magnitude of JAF(r). Our main re-

sults are: i) the giant moment of Mn in Pd gradually decreases

from 7.7 pB for c = 0.48 at.%, to 5.3 uB at c = 9.8 %; ii) the

net interaction J is antiferromagnetic up to at least the second "

neighbour position, and its magnitude for the first neighboring

S=5/2 Mn atoms is Ĵ  = -25 K; iii) no relaxation effects are ,

found at the time scales of our experiments, even for the spin-

glass-type samples; and iv) the data are reasonably well repro-

duced by Monte-Carlo simulations. '

The materials were prepared by induction melting of appropriate j

amounts of Pd and Mn, followed by a heat treatment for 24 hours

at 1000 °C. The grained samples were annealed at 650 °C for '.,'

3 hours and the concentrations were determined chemically. Mag-

netization measurements were carried out with a pulsed-field

magnet described extensively elsewhere -1' . The field pulse has

a sinusoidal shape (half a period) with a pulse duration of about

18 ms, leading to a characteristic time xo - 10 - 10~^ s,

during which the field can be considered as approximately constant

(within a few % ) . We have therefore first to make sure that our

pulsed-field data are indeed representative for the static mag-

netization. Deviations could be caused by any relaxation effects

involving times shorter than or of the order of T Q, such as eddy

currents (in our metallic samples), or internal relaxation phe-

nomena arising from the spin-spin or the spin-lattice interactions. ;

In particular for the spin-glass-type materials long-time re-

laxation behavior 6'7^ and/or field-cooling effects 7^ might

occur. The following checks were performed to rule out possible

influences from these sources.

Initial experiments on large-sized samples did show eddy-

current effects. We therefore used powdered samples with a grain *
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size < 100 p in the final experiments, for which these effects

were no longer observed. Possible remanences were searched for

by carefully registrating the magnitude of the magnetization at

the end of and after the field pulse. Within the experimental

errors (a few %) no remanent moment was found, which agrees with

the results of Guy and Howarth , who observed remanent moments

negligibly small compared to our maximum magnetizations in 40 T.

To rule out spin-lattice or spin-spin relaxation effects, the

frequency dependence of the a.c. susceptibility was measured for

the c = 4.0 % sample at 4.2 K in zero field and in a constant

field of 3 T, in the equipment of Van Duyneveldt et al. °'. No

absorption (x") was detected for frequencies from 0.01 - 10 kHz

(corresponding to time constants 10~2 - 10~5 s), the dispersion

(X1) being constant within 1 %. At frequencies of 10 - 30 kHz a

X" of about 10 % of x' w a s found, which we ascribe to eddy cur-

rent effects. In fig. 1 we show the a.c. susceptibility at 331 Hz

5 10 15
magnetic field Ctesla)

•Pig. 1 'Jannetization at 4.2 K of Vdl'ln (without subs trading the Pd con-

tribution) for bulk samples with a = 0.48 % (B3 see ref. 10) 3 4.0 % and 9.8 %

(reap. A and Vj see vef. 9)s compared with our pulsed field magnetizations on

powdered samples of the same concentrations (drawn lines). For the powdered

sample of 4.0 at.% the a.a. susceptibility ('•) and the integrated marinek-

ir/iiion iC) ai'e shown.
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for the c = 4.0 % sample as a function of steady fields up to

9.6 T at 4.2 K. The integrated x versus H curve yields the mag-

netization, which is compared in fig. 1 with the pulsed-field

result on the same sample. In addition we compare in fig. 1 our

pulsed-field data for c = 0.48 %, 4.0 % and 9.8 % with steady-

field data by Mydosh and Roth 9' and by Star et al. 10) for the

same, or nearly the same concentrations. The results of the

various experiments are in fair agreement.

V

\.

PdMn T=4.2K
— M.C simulation

I
10 20 30

magnetic field (tesla)
40

Fig. 2 Comparison of the high-field magnetizations (solid lines) with

Monte Carlo simulations (dashed lines) for five concentrations (Pd matrix

contribution subtracted).

Fig. 2 shows the experimental M versus B data up to

40 T (full l ines) . Here the contributions to the magnetization

from the Pd host have been subtracted, which were estimated from

the measured matrix susceptibilities for low concentrations

At the highest fields this correction is less than 1 % for
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c = 9.8 %, and 8% for c = 4.0 %. The behavior seen in fig. 2

agrees with the idea of relatively strong antiferromagnetic inter-

actions, which become the more dominant with inreasing c. Even

at c = 4.0 % the magnetization is still not saturated in 40 T. •.„,;••

In analyzing the magnetization curves we have employed Monte >••''

Carlo calculations, which are known to give good qualitative re-

sults for spin-glass type alloys l1^ . Taking the Ising model to

describe the interactions, the Hamiltonian is:

* = - J(r±j) s*s* + geffyB

The computer simulations were carried out by placing a certain

number of Mn atoms at random on an fee lattice of appropriate

size. We went as far as 200 Mn atoms and used S=5/2 , as deduced

previously from the specific heat ' and the low-field magnet-

ization . Periodic boundary conditions were applied to de-

crease size effects. Evidently the Ising model only serves as an

approximation since the PdMn system is expected to be better des- :

cribed by the Heisenberg model. However, the use of the Ising ,

model greatly reduces the computer time needed. For the inter-

actions we took an exponentially varying antif erromagnetic inter-

action. JAF = -AJYF
 exP(~r/rAF'' Pl u s a ferromagnetic one

Jp -- +AFr exp(-r/rF). The strength of JF(r) was estimated '

by comparing the transition temperatures Tc deduced from the

Monte Carlo calculations for the low c ferromagnetic alloys with

the experimental ' values for Tc. This gives Ap = 48 K A and

rp ~ 5 A. The value for rF agrees well with neutron scattering

results 12' on PdCo and PdFe. The fits to the magnetization data

then yield the parameters AAp = 600 K and rAp = 0.9 5 A, leading

to Jĵ /k = -25 K. Gratifyingly, we could use the same values for

the exchange parameters for all concentrations considered; the

value for the saturation moment geffVB
S t n e n depends on c as ';

summarized in table I.

Table I: Values deduced for the saturation moments

c(%) 0.48 4.0 5.6 7.3 9.8
geffL'BS 7.7±0.4 7.0 + 0.4 6.2 + 0.5 5.4 + 0.4 5.3 + 0.3
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results for PdFe taken from the literature (see ref. 3). The

saturation moment of Mn in Pd appears to vary in the same qradual

way with the concentration as does the well-known giant moment

of Fe in Pd. v'

It is remarked that the oscillations in the calculated curves

in fig. 2 are inherent to the Ising approximation used, since

this implies that at T=0 the magnetization contribution from the

antiferromagnetically coupled spins will saturate via discontin-

uous steps. Although these steps are rounded off by increasing

the temperature they are still seen at 4.2 K. Use of the Heisen- ' ,•

berg model would eliminate this problem, but would greatly in-

crease the necessary computing time. Also, the exchange para-

meters were deduced under the assumption of randomly distributed

Mn-atoms. However, it is known from diffuse neutron scattering

experiments (by Ahmed et al. ' ) on Pd-Mn 10 at.%, that short-

range atomic order (anticlustering) effects are important. They , j

found a negative first Cowley ' parameter, cij = -0.06. This i

value is in agreement with an estimate from the known heat of
15)solution of Mn in Pd, namely -82 kJ/mol and the melting

temperature of 1825 K, using the theory of Cowley. Unfortunately,

a complete incorporation of atomic short range order in our anal-

ysis would require the results of an extensive X-ray or neutron

scattering investigation of these alloys, which are not avail-

able at present. We therefore restrict ourselves to determine the

influence of anticlustering on our 9.8 at.% Mn sample, by in-

corporating the above mentioned value for a^ into the Monte Carlo

program. A magnetization curve, analogous to that shown in fig. 2

(•-H=0) is obtained, however now with a corrected nearest neigh-

bour interaction parameter Jj of -4] K instead of -25 K. This

change in the interaction parameter can be explained in view of

the fact that the magnetization is sensitive to the product z-̂ J,

and a value of -0.06 for a\ changes the effective number of

nearest neighbours zx from .2 (ramdorc alloy) to 0.6, which then

provides us a rule of thjmb to estimate the effect of atomic short-

range order on the exchange parameters deduced from random models.

Finally we mention that, besides the Monte Carlo method, we

have also used an analysis in terms of Brillouin functions simi-
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lar to that of Star et al. to estimate the exchange parameters

(without considering anticluster effects), We note that in the

Brillouin functions the interactions are represented by molecu-

lar fields B^ = ziJis/geff^B'
 w n e r e zi i s t n e effective number

of neighbours with which the reference ion is coupled through the

interaction Ĵ . Obviously the z^ depend on c, namely z-̂  = 12c and

z2 + Z3 = 30c. This analysis gave J1/k = -28 ± 10 K for the

first-neighbour interaction, in agreement with the above value.

The further-neighbour interactions are once more found to be

much weaker (< 5 K), and tend to become ferromagnetic with in-

creasing r. In fig. 5, we compare the magnetization curves cal-

culated from the Brillouin functions to the experimental data for

the higher concentrations, using Jj/k = -28 K and J2A = ̂ /k =

-1.4 K. For the further-neighbour shells we have taken the coup-

o

I-
XI
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o
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1

- PdMn T

Brillouin

= 4.2

f.

1

K

- - 1 1

^j^S^~—
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9.8

0 10 20 30
magnetic field (tesla)

4 0

?£{?. I V.a:mcti".al-ion data f.n> c = i.G, ?.?• and ?.'<nt.'\ A/.".1', (solid

uvc c-onparcd with oaleulaled Bvi'llouhi function?* (dashed, lines) with

•!j,'k - -. ' .i A' and J.y'k - ,tyk - -1.4 Ks as diecurscd in the i^,r:.

ling to be ferromagnetic, leading to a contribution to the total

magnetization of magnitude NAgeff(iBS(1-c)
42. This ferromagnetic

contribution is saturated in very low fields already, so that
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it enters as a field-independent constant in our magnetization

curves. Analysing our experimental data for c = 0.48 % we obtain

the strength of the ferromagnetic coupling as z^J^/k = 1.2.10.5 K

in agreement with Star et al. l0' (the index 4 stands here for

> 4 ) . As seen in fig. 5 the above Brillouin function approach •

describes reasonably well the antiferromagnetic behaviour of the

experimental data for c > 5.6 %. For lower c the ferromagnetic

interactions predominate the behaviour in the low-field region.

The evidence for a direct first-neighbour Mn-Mn exchange of the

order of -25 K is therefore rather conclusive.

Furthermore, such a value is in good agreement with results

from the specific heat and inelastic neutron scattering measure- ~

ments, which have been recently analyses! by Nieuwenhuys and

Verbeek 4' and by Verbeek et al, 16^ who assumed the S=!s Ising

model in the Monte Carlo simulations. For an isolated pair of

S=5/2 manganese spins coupled by an interaction of -25 K, the

energy difference between the ground state and the first excited ;

level would be 25 K. In our alloys each of these levels will be

broadened into bands, e.g. by the presence of the further- [j

neighbour interactions. However, since J^ is by far the largest

interaction, the centers of gravity of the lowest and the first

excited bands will still be about 25 K apart. Indeed the in-

elastic neutron scattering intensity 16' on a 10 % alloy at

4.2 K shows a maximum at about 2 meV on the energy-loss side

(1 meV = 11.6 K ) . Moreover, the specific heat ' for a 9 % alloy

shows a broad maximum at about 15-20 K, as would be expected for

a "two-level system" with an energy separation of 25-30 K.

In conclusion, the pulsed-field method has been succesfully

applied to dilute metallic alloys. Our results put on a firm

basis the general view of the magnetic ordering for PdMn, and

yield a good estimate for the antiferromagnetic short-range

Mn-Mn interaction.
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6 . 2
EVIDENCE FOR Mn CLUSTERING IN DILUTE CuMn ALLOYS

FROM HIGH-FIELD (40 T) MAGNETIZATION CURVES AT 4 .2 K

Synopsis

Magnetization curves of CUMP. alloys with Mu concentration be-

tween 1.5 and 10 at % have been measured :it 4,2 K in fields up to

40 Tj using a pulsed-field method.

The resul ts found for different concentrations can be scaled upon

one another, which is a clear indication for the occurrence of

magnetic c lu s t e r s . Analysis of this universal curve in terms of

Brillouin functions yioids the values z^Jx/k = -44 K,

zj j J j j /k ~ -10 K ana z n i J i i i / k ~ °"5 K» f o r t ' 'e largest tliree

interactions wiuiin each c lus ter .

In a previous communication on the magnetization behaviour

of PdMn alloys, we have shown that the pulsed-field method can be

successfully applied to obtain magnetization curves up to very

high fields (40 T) for these metallic substances. From these

measurements we were able to determine the antiferromagnetic di-

rect Mn-Mn exchange interaction, as well as the variation of the

giant moment of Mn in Pd as a function of Mn concentration.

Following these experiments we have applied the method to study

the magnetization of the "archetypical" spinglass systems CuMn and

AuFe. In the present note the results for CuMn will be reported;

those for AuFe will be subject of a forthcoming publication 2)#

The high-field magnet 3 ' produces a field-pulse that has the

form of half-a-sine curve, with a pulse duration of about 18 ms.

Thus the characteristic time constant T, during which the field

can be considered as approximately constant (say within a few %),

is of the order of T = 10~"* s. The experiments are therefore per-

formed on finely powdered samples, the grain size bsing typically

0.1 mm or less, in order to avoid eddy current effects as much as

possible. We have studied CuMn samples with Mn concentrations

c of 1.5, 4.5, 6.3 and 10 at %. The alloys were prepared by in-

duction melting at 1100°C in a 0.75 bar argon atmosnhere. After

\,
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B (T)
cig. 1 Weight-magnetisation data of Cut-In at T= 4.3 K for 1.5 at.% <c < 1-U.

Arrows indicate increasing or decreasing magnetic fields. The data for o=3.0

and 14 at.% are from refs. 4 and 5, respcobivalu.

grinding, the samples were annealed at 500°C for 3 hours to re-

move possible strains. The Mr. concentrations were determined by

spectrophotometric analysis, and were found to agree within 5 %

with the initial nominal concentrations.

In fig. 1 we show the results of the pulsed-field experiments

on the CuMn alloys with c = 1.5, 4.5, 6.3 and 10 at %. The

samples were immersed in liquid He at T = 4.2 K. Differences

betv/een the magnetization curves in increasing and decreasing

fields are minor, and are ascribed to small eddy current effects

in the steepest parts of the field-pulse. These effects were

found to increase when a shorter pulse duration of about 11 ms.

was used. Nevertheless, the curves obtained by averaging the

magnetizations for increasing and decreasing fields are fully

representative of the steady-field magnetization behaviour. This

is shown in fig. 2, where the pulsed-field curve for c = 1.5 at '
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is compared with results obtained on a bulk sample of the same

Mn concentration using a steady-field method ^'. In the common

field region (up to 15 T) both results are seen to be in very

good agreement.

Although steady field measurements on alloys with c > 9 at %

do indicate the presence of a small remanent magnetization, such

effects were not detectable in the present experiments. The rea-

son is that the remanent moments are only a few % of the satu-

rated magnetization. Such small remanences can not be seen in our

experiment because the magnetization is obtained by integrating

the differential susceptibility, and because the eddy current

effects in the lower field region will tend to mask any small

differences between consecutive measurements due to remanence.

In fig. 1 we have included the steady-field results for c =
4 \ 5)

3.9 at % and for c = 14 at % '. Furthermore an indication for

the temperature dependence of the magnetization is found in fig.

2, where results obtained at T = 1.2 K and 4.2 K for c = 10 at %

are compared. Lastly, we compare in fig. 3 the results for

various c obtained by plotting the magnetizations per Mn atom.

A remarkable feature of the magnetization curves (c.f. fig. 1

or 3) is that they may be scaled upon a single universal curve in

the investigated field region. This is demonstrated in fig. 4,

where the results for different concentrations are all brought

into coincidence with the c - I 5 % curve, by scaling factors

defined as: R = M(c)/M(1.5). rhese scaling factors are plotted

versus c in fig. 5, where we have considered both

Rg = Mg(c)/Mg(1.5) and Ratom = Matom(c)/Matom(1.5). Here Mg and
Matom denote the magnetizations per gram and per Mn atom,

respectively.

The observed universality of the magnetization behaviour

implies that the curves measured for various c must in fact all

refer to the same magnetization process, and we conclude there-

fore that already for c = 1.5 at % substantial chemical clusters

of Mn atoms are present. This conclusion is based upon the fol-

lowing reasoning. We will show below that the universal curve can

not be fitted with a single exchange constant, but that at least

three antiferromagnetic interactions of different strengths must
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Fig. 8 Magnetisation per Mn-aiom aa measured at T=4.2 K for two

J.S at.% CuMn samples fi'on the scone melt in stationary (dashed auvve) and

•'iilscd maniistia fields. Fov a 10 ab.Z sumple the magnetization is shown as

obtained at 4.2 and 1.2 K.
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be taken into account (these interactions will be associated with

the different neighbours an Mn atom will have in the f.c.c, lat-

tice) . Now, if the Mn atoms would be randomly distributed through

the lattice, it would follow that the relative importance of the

contributions to the magnetization curve from the various inter- ,-

actions must vary drastically with Mn content. This would defi-

netely rule out the possibility of a universal magnetization

curve. Indeed, our previous results for the PdMn alloys (which

even show anticlustering) may certainly not be scaled upon one

another.

Evidence for chemical clustering of Mn atoms in CuMn is also

available from other sources. From the positive heat of solution

of +14 kJ/mol for Mn in Cu one may predict a 25 % higher ef-

f fective Mn concentration in the first-neighbour shell of a ref-

erence atom, by using the theory of Cowley . Also the diffuse

j neutron diffraction experiments of Ahmed and Hicks indicate

, ; a substantial chemical clustering. In the analysis of the low- . I

field magnetization behaviour, Beck also has invoked a cluster '
6) '

model to describe the data . : ,

From the c-dependence of the R-factors in fig. 5 it can be

concluded that for c £ 5 % the cluster magnetization scales

linearly with the Mn concentration. Namely, for c < 5 % one

finds that R~ is proportional to c and Hatom
 = •*• • T n i s ^s w n a t ;

one would expect on basis of independent clusters. For c > 5 %,

the cluster magnetization increases more slowly with c. Our

interpretation is that for c > 5 % the clusters have become so

large that the intercluster interactions become increasingly more

important. In this respect it may be of interest to note that the

critical percolation probability for the f.c.c. lattice with

equivalent interactions between first, second and third neigh-

bours is expected theoretically to lie at c = 6 %. This im-

plies that for c > 6 % an infinite cluster of magnetically inter- '

acting Mn atoms might be formed. Since the intercluster inter-

actions will also be antiL"erromagnetic (see below) they will lead

to a reduction of the magnetization per atom, in accordance with

observation.
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Cu Mn

Sig. 4 The magnetization data of fig. 2 scaled on the Cutln 1.5 at Si ouvve.

The scaling factors R appear in fig. 5.

V

concentration (at°7o)
15

'•'ij. .S S^aLituj factors R (C) ;>iJ R , (EDj as defined in the text, as a

;\t)b.-!-'.o>i 0'" i-onaentvat Con.
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We now proceed to analyse the universal cluster magnetization

curve in order to estimate the strengths of the interactions

between nearest magnetic neighbours. We use a molecular field

model, assuming the magnetization curve to be the sum of three

independent contributions associated with interactions Jj, J n

and J J U - Namely, it is the sum of three independent Brillouin

functions:

III III
M = i i i M i = i 5 i M i o B i [ g | J B s ( B + YiM i ) /k T l

(it was found that at least three different Brillouin functions

were needed in order to explain the experiment).

In the above expression both the molecular field constants Y

the saturation magnetizations M^Q = N-̂ giigS appear as adjustable

parameters. For Mn in CuMn alloys it has been shown ' *'

I that g = 2 and S = 2, so that we assume these values as fixed.
0 9

J Furthermore the Yi are defined as: Yj_ = z-̂ Ĵ /N̂ g \IQ. The results ,

; j of the analysis are shown in fig. 6. The following procedure was j

! taken. The part of the magnetization curve for B > 25 T was used

to estimate the strongest antiferromagnetic interaction (Jj). [

The Brillouin function Bj is approximated by the straight line

drawn through the data in this field region. The slope of this

curve corresponds to z-j-Jj/k = -44 K. The fraction of the Mn atoms

participating in this interaction can be estimated by extrapo-

lating the curve to B = 0 and comparing the intercept with the

magnetization axis (== 1.6 pg) with the expected saturated moment

of 4 iig. This yields the conclusion that 60 % of the Mn atoms in

a cluster are coupled to one another via the interaction Jj (or

via stronger antiferromagnetic interactions). On the assumption

of randomly distributed Mn atoms, the number of 60 % would imply .

that the Mn atoms up to the fifth shell surrounding a reference

atom would have to be involved. However, as a consequence of the

above mentioned clustering an effective concentration c' = 1.25 c

is calculated for the first-neighbour shell. Assuming the same

effective concentration for the further-neighbour shells, one

obtains that 56 % of the Mn atoms are already contained in the

first three shells (for c = 1.5 at % ) . we therefore associate Jj
*- , i
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with an average interaction representing the coupling between

first, second and third nearest neighbours within the clusters of

Mn atoms,

The weakest interaction J J U may similarly be estimated from Vf

the initial slope of the magnetization curve, giving ZjjjJjjj/k ';.-'

= -0.5 K. A third intermediate interaction is needed to describe

the measured curve, and is found as zjjJjj/k - -.10 K. The dashed

curve in fig. 6 is the sum of the three Brillouin functions

associated with these three interactions. The fractions of Mn

atoms involved in the interactions JJJ and Jj are estimated to be

about 20 % in both cases, •

The value found for Zjjj/k - -44 K is in reasonable agreement

with what we would expect on basis of our results for PdMn. It

.) was found in ref. 1 that the direct antiferromagnetic Mn-Mn ex-

change is roughly given by:

• ! J^p/k = ~ A A F e x p ( - r / r A F ) with A f t F = 600 K and r A F = 0.95 A

i I (on basis of S = 2.5). To this should be added the RKKY inter- i

; action as determined by Smith for low-c CuMn alloys as: j

\,' JRKKY/k = A cos(2kFr)/(2kFr)
3 with A = 105 K and kp = 2.7 A"

1. {!

The first three nearest neighbour distances in the copper matrix

are 2.56, 3.62 and 4.4"; A, which yield (on basis of S = 2) the

values -38, -34 and -3 K, respectively for the sum of the direct

exchange and the RKKY interaction. Since Zj will vary in between

0.63 and 1.0 , depending on the number of neighbouring shells

considered and on the strength of the chemical clustering effect

for Mn, it follows that at least the values for the first two

nearest neighbour interactions are of the right order of magni-

tude. It would be an easy matter to increase the interaction

calculated for the third neighbours e.g. by choosing a slightly

different value for rAF in the above formula. We have not thought

it worthwhile to do so, however.

In summary, our experiments provide a clear indication for the

presence of fairly large chemical clusters of Mn atoms in CuMn

alloys, even fpr Mn concentrations as small as 1.5 %. This agrees

with earlier statements in the literature regarding the tendency

1 1 2 :.;•



for clustering of Mn in these alloys. We remark that the recently
14)

published neutron diffraction data of Murani and Heidemann do

not contradict our conclusions. The contribution to the magnetic

scattering due to magnetic clusters which they observe, may as

well be originating from chemical clusters of Mn atoms. The

statement by these authors that their measurements 'confirm the

good random substitutional character of the alloy", does not

appear to be justified by the actual data shown.

For values of c << 1 % the clustering effects will obviously

become unimportant. It is in this limit that the RKKY interaction

parameters have bean determined '. Indeed, our result for the

strongest antiferromagnetic coupling present agrees with what we

would estimate on basis of these RKKV parameters plus the direct

Mn-Mn exchange as extrapolated for CuMn from our results for PdMn.

V

T=4.2K
universal curve

Brill, functions

20 30 BIT)

™i::. 6 Bril'.ouin function fit to the universal magnetisation riivvc. The

dashed curves is the sum of the three functions BT, B rr, B . The dotted

si>i"-cs nixie the (extrapolated) Linear parts of these Brillouin curvet; (the

e'epee are inversely proportional to the y_J.
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The question remains as to what extent the CuMn alloys may

still be regarded as typical spinglass systems. This could be

a matter of taste, since one may argue that the interactions

between the chemical Mn clusters may still lead to "frus' ition"

as soon as the ir.oments try to become long-range ordered. Much

will depend as to which extent the thermodynamic behaviour is de-

termined by the properties of the isolated finite chemical clus-

ters of Mn atoms, or by those weak intercluster interactions that

lead to frustration. It is our opinion, however, that most if not

all of the thermodynamic properties of these systems should be

explainable in terms of a conglomerate of Mn clusters of varying

sizes.
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6.3 MAGNETIZATION MEASUREMENTS FOR AuFe SPINGLASS

ALLOYS IN FIELDS UP TO 40 T

Abstract:

High-field magnetization curves are presented for AuFe alloys of Fo

concentrations: c=3.1, 5.1, 6.5 and 10.A at.%, at T=4.2 K in pulsed fields up

to AOT.For c=|0.4 at.% additional data were taken at T=1.2 K and 77 K.

From these results we conclude that the nearest-neighbour interaction be-

tween the Fe atoms in Au is ferromagnetic, of order of 80 K. The behaviour

of the magnetization curves can be qualitatively explained in terms of

ferromagnetic clusters that are antiferromagnetically coupled.

Introduction

The present paper is an extension of two previous studies on

PdMn [ 1] and CuMn [ 2] in which we have demonstrated the applica-

b i l i t y of the pulsed-field method to obtain high-field magnet-

izat ion curves (up to 40 T) for these metallic systems. For de-

t a i l s of the experimental procedures we refer to Jordaan et a l .

[ 3] and to re f s . 1 and 2. From these experiments we were able

to estimate the strengths of the antiferromagnetic interact ions

between Mn-Mn neighbours in the Pd and the Cu hosts . Furthermore,

the data for CuMn demonstrated the occurrence of substant ia l

chemical clustering of the Mn atoms in the copper matrix, in

agreement with other evidence available in the l i t e r a t u r e .

In this note the method is applied to another "archetypical"
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Fig. 1 Weight magnetisations versus the field for AuFe alloys with the
indicated concentrations at 1=4.2 K.

\,

spinglass, namely AuFe alloys of Fe concentrations c=3.1, 5.1,

6.5 and 10.4 at.%. These alloys should provide an interesting

comparison with PdMn and CuMn, since the direct interaction be-

tween the Fe neighbours is expected to be ferromagnetic [ 4] . For

concentrations C<15.5 at.% antiferromagnetic further neighbour

interactions apparently compete with the direct ferromagnetic

Fe-Fe exchange to yield spin-glass behaviour. For O15.5 at.%

transitions to long-range ferromagnetic order have been observed

[4] .

The AuFe samples were prepared by induction melting at about

1100 °C in a 0.75 bar argon atmosphere. In order to avoid eddy

current effects (due to the pulsed-field) as much as possible the

samples were filed to a grain size of 0.1 mm or less. The ground

samples were annealed at 450 °C for 3 hours to remove possible

strains. The Fe concentrations were confirmed by spectro-photo-

metric analyses.
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B(T) 30 40

FLO. S Magnetisations per Fe-atorn at T-4.2 K for the various concentrations.

For comparison the stationary field data from ref. 6 are shown by 6/ and E

for c-b.l and 1.5 at.", resp.

Experimental results:

The results of the pulsed-field magnetization curves measured

with the samples immersed in liquid He at T=4.2 K are shown in

fig. 1. Here the weight magnetization is plotted, and the arrows

indicate the direction of the field-change. These data contain

the diamagnetic contribution from the host-metal. In fig. 2,

where we show the same data but now plotted as the magnetization

per Fe atom, we have corrected for the diamagnetism by using

X(jj_a/y0 = -1.42 x 10~3 Am
2/kg T for Au [ 5] . Also included in this

figure are the magnetization data of Mydosh and Roth [ 61 for

c=1.5 and 5.1 at.% obtained in steady fields up to 15 T. Their

results for c=5.1 at.% nicely agree with the average of the puls-

ed-field curves for increasing and decreasing fields.

Furthermore, fig. 3 shows the magnetization curves for the

c=10.4 at.% alloy at temperatures T=1.2, 4.2 and 77 K. The hori-

zontal arrows denote the remanent magnetization, which was ob-

served at T=1.2 and 4.2 K by registering the magnetization sig-
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B ( T )

Fig. 3 Ma-jnetisation per Fc-atom versus field for a-10.4 at.% at three

temperatures. The dash-dotted aui'Vo is a single Brillouin function with

;7="j S=l,4 and a moleoulav field exchanne pai'ivnei^r1 zJ/k= +'J" K. The hovi-

v.outal ai'i'cwo neai> to the Oi'Ujin, indicmte the i\nna>io>i<.}es found at T—l." u>>.t,

•i." K (dashed a>'.d solid arvowe ivap.).

y'

nal after the field-pulse. This remanence remained even after

periods of about 15 minutes, which was checked by the fact that

field-pulses given after such periods reproduced the decreasing-

field curve. After warming up to room temperature and cooling

again the virginal behaviour was reproduced. The remanent moment

amounted to 0.20 and 0.28 nB at T=4.2 and 1.2 K, respectively.

For the c=6.5 at.% we observed similarly a remanent moment of

0.05uB at T=4.2 K. For the lower concentrations no remanence

could be detected within the experimental accuracy.

Discussion:

The most important conclusion that can be drawn immediately

from the data in figs. 1-3 is that substantial ferromagnetic

nearest-neighbour interactions must be present. For instance,
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in contrast to our results for PdMn and CuMn, the magnetization

per Fe atom in fig. 2 is seen to increase with increasing Fe con-

centration. Convincing proof is further obtained from the mag-

netization curve for the c=10.4 at.% alloy in fig. 3. A fit to ^ .

this curve by a single Brillouin function is shown in the same

figure, and yields an average ferromagnetic interaction

zJ/k= +62 K between the Fe atoms (taking M= -J <? . > Ŝ .S-I. as the

hamiltonian). Now, such a value tor the exchange would yield a

transition to long-range ferromagnetic order at about 80 K with-

in the molecular field model for an f.c.c. ferromagnet. Although

experimental transition temperatures are usually 20-40 % less

than predicted by molecular field theory, the absence of

long-range ferromagnetic order implies that antiferromagnetic

further-neighbour interactions of comparable strengths must also

be present. This agrees w*th the observed spin-glass character;

for this alloy a freezing-temperature of about 30 K has been ,

found. The presence of such antiferromagnetic interactions, j

becoming important at lower temperatures, is also evidenced by

the fact that the curves measured at T=1.2 K and 4.2 K in fig. 3 i ••

are noi much higher than the one found at T=77 K.

At this point a remark regarding the differences between the

magnetization curves with increasing and decreasing fields (cf.

figs. 1 and 2) should be made. Although at first sight these

differences could be attributed to magnetic hysteresis effects,

we do not believe that this is the cause. The effects are seen

to increase with decreasing concentration (such that a measure-

ment on a c=1.5 at..% proved to be unsuccessful for this reason),

whereas we found the remanent moment to be decreasing with de-

creasing f., becoming too small to be measured for c<6.5 %. In-

stead we attribute the differences to eddy current effects,

which will become more important for lower c since the electric-

al conductivity increases [ 71 . In agreement with this interpre-

tation we found that the difference became markedly larger when

the duration of the field-pulse was decreased from the usual

18 ms to 9 ms, or when the pulse height was increased.

Another remark concerns the presence of chemical clustering.

For CuMn we have shown that the magnetization curves for differ-
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ent concentrations could be scaled upon a single universal curve,

which was interpreted by the fact that the magnetization curve

observed is to be identified with the magnetization process of

clusters of Mn atoms in the Cu matrix, the size of these clus-

ters increasing with c. In the appendix we explain how the effec-

tive concentration Cĵ  of magnetic atoms, in the first shell a-

round a given magnetic atom can be calculated from the known

heats of formation of the alloys [ 81 , using the theory of Cowley

I 9] . For AuFe we find: c ^ 1.6 c , which implies that the

chemical clustering of the magnetic atoms will be even stronger

in AuFe than in CuMn for which cl t 1.25 c.

Yet, the magnetization curves for different c for AuFe

cannot be brought into coincidence upon a single universal curve

(cf. figs. 1 and 2 ) . This is shown most clearly in fig. 4, where

o ICUat'/o

D 6.5 a t %

A 5.1 at"/.

20 B(T) 3°

Fig. 'I !-'a.j>ietizatio>i data j'oi' the -iiuU.ijat.cd t'oiiMiitvat-ions oj' :7.;

scaled ci i ;.v ' j j ' iv j'ui' LKV!. I at .'"•. >'hc H<?, :>U 't >'.:;< it. ion writs ot'c in'

we h a v e s c a l e d t h e c u r v e s f o r c = 5 . 1 , 6 . 5 and 1 0 . 4 a t . % upon t h e

c = 3 . 1 a t . % c u r v e , i n such a way t h a t c o i n c i d e n c e i s o b t a i n e d in
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the field region above 30 T. Large differences are then observed

at lower fields.

The explanation is simply that in AuFe we have to do with

both ferro- and antiferromagnetic interactions within each clus-

ter of Fe atoms,whereas in CuMn the interactions between the

Mn atoms, although varying in strength with Mn-Mn distance, were

all found to be antiferromagnetic. Since in AuFe the nearest-

neighbour Fe-Fe interaction is ferromagnetic, we may divide each

cluster of Fe atoms in subclusters of ferromagnetically coupled

spins, the couplings between the subclusters being antiferromag-

netic. To each of the subclusters we may assign a net ferromag-

netic moment, and since the size of the subclusters will ob-

viously be a function of the Fe concentration, it follows that

also the shape of the magnetization curve will vary with c.

The general features of the magnetization curves in fig. 2

may be explained in a similar way. At T=4.2 K saturation of the

magnetization is only prevented by the antiferromagnetic inter-

actions between the subclusters. Let us consider two subclusters

each containing n spins, so that their net moment is nS , and

let us assume that they are coupled only via one pair of anti-

ferromagnetically interacting spins. Although this will be suf-

ficient to produce an antiparallel arrangement of the total

moments nS of each subcluster with respect to each other, the

field BQ needed to bring about a parallel orientation is still

given by ^o=Jaf S/91'B' w n e r e J
af i

s the antiferromagnetic coupl-

ing between the pair. Now, if by increasing th^ concentration

only the sizes of the subclusters would extend, without the cre-

ation of more antiferromagnetic couplings between the subclusters,

then the field BQ would still be given by the above expression,

regardless of the subcluster size. However, the increments of

the magnetization occurring at BQ would evidently become larger,

since these will be proportional to n. On the other hand, the

field Bo will increase proportionally to the number of anti-

ferromagnetic couplings between the two subclusters. Since the

experimental magnetic systems will consist of clusters of va-

rying sizes, coupled in different ways and by interactions of

varying strengths, it follows that the saturation of the magnet-
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ization will be reached in a gradual way, the most weakly coupled

clusters being the first to saturate, the strongest couplings

being broken only in very high fields.

The above sketched picture is also in agreement with dilute

concentration experiments of Liu and Smith [101 for the strength

of the RKKY interactions in AuFe alloys. In table I we have

given the interaction Ĵ  between the first eight Fe-Fe neigh-

bours in the Au lattice as calculated from their data. A strong

ferromagnetic interaction Ĵ  between nearest neighbours is found,

of the same order of magnitude as the present determination.

Table I: Values for the first eight near-neighbour Fe-Fe inter-

actions in Au as calculated from the results given by Liu and

Smith, For the Fe-Fe distances the values appropriate for the

Au lattice (ao=4.0786 A) have been used. Also the value used

for kp=1.20 A"
1 would be for the Au lattice.

i

1

2

3

4

5

6

7
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2.

4.

4.

5.

6.

7.

7.

8.

(A)

884

079

995

768

449

064

630

652

Ji(K)

+ 122

- 54

+ 28

+ 4.6

- 18.8

3.0

+ 8.2

2.4

As regards the antiferromagnetic interactions, one may observe

that these range from a few Kelvin to a maximum of about 50 K

for J2. It is doubtful however whether J2 can be effective as an

interaction between subclusters, considering the strongly ferro-

magnetic interactions J± and J . The field B =JafS/giiB will cor-

respond to about 1 T for an interaction Jaf/k= -1 K. Thus we

indeed have a wide range of fields at which antiferromagnetical-
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ly coupler! subclusters will be overturned, and even for the

highest fields applied (corresponding to 30 K) the expected sat-

uration value of about 2.8pB will not yet be reached. It is also

clear that above the freezing temperature, in the paramagnetic

state, the ferromagnetic nearest neighbour interaction J1 will

predominate, which explains the fairly good agreement between

the experimental curve for the c=10.4 at.% alloy at T=77 K, and

the Brillouin curve calculated for a mean interaction of

zJf/k= +62 K in fig. 3. The differences that are observed be-

tween the two curves are attributable to the presence of the

antiferromagnetic interactions. The value of +62 K will be an

^ underestimate of J^ f° r the same reason. It is more likely that -

the j£ found is an average over the first two or three nearest

I neighbour interactions. Indeed, the average over Jj and Jj would

•! be equal to (J^+J2 Z2/ZIL)/(1+Z2/Z^) , independent of concentration.

! With Z2/Z;L=!5 for the f.c.c. lattice, and inserting the values

' for Jj and J2 from table I, one obtains +63 K for the average .' •

' I interaction, in good agreement with the value found for Jf. • |

We remark that the values for the interaction in table I , ;

*•• have been calculated assuming the various Fe-Fe distances to be " ,

determined by the Au host. Since e.g. the nearest-neighbour ;

distances in Au (2.88 A) and in Fe (2.48 A) are widely differ-

ent, one would in fact expect a rather drastic variation of the

interactions with the Fe concentration. All the numerical values

given in the above should therefore be regarded as rough esti-

mates only. Furthermore the large nearest-neighbour distance in

Au might explain why the presence of a direct Fe-Fe exchange in

addition to the RKKY exchange is not needed to explain the

experiment. Since the direct Fe-Fe exchange will depend exponent-

ially on the nearest-neighbour distance, the increase by 15 % in

this distance by going from a-Fe to Au is probably sufficient to

reduce it to a small fraction only of the net interaction. :
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Appendix: calculation of atomic short-range order parameters

from the heat of formation using the theory of Cowley

[9] .

.' Consider an alloy A_, B, _. If short-range order effects are pre-

sent these will change the probability of finding ah A atom in !

a given shell around a reference A atom. Thus the effective con-

centration c. of A atoms in the i-th shell becomes c^=c+(l-c)a^,

where ctj_ is the short-range order parameter. For «-j_>0 or a-j_<0

we have clustering and anticlustering of the A atoms, respec-

tively? for a=0 the alloy is random. In the theory of Cowley the

free-energy is minimized with respect to these parameters n±,

•* which leads to a set of equations relating the a^ for given c

and temperature T with the interaction energies V^, which are

| defined as the average energy change when a pair of like atoms

is replaced by a pair of unlike atoms, one atom being the refer-

. ' ence atom, the other being in the i-th shell. In first approxi-
i i

i I mation we only consider the clustering effects in the first / j
shell. Then the relation of Cowley becomes for the f.c.c. ;

v- lattice: K.'

' -kT In { (yz~ + «i) (—- + a ) (1-u.) } = 2 V. (1+4,-t )

where for Vj we may use the heat of formation for the alloy in

consideration at the temperature T. Taking for T the melting

temperatures T ofthealloys, we list in table II the values of

«1 and c^ calculated for PdMn, CuMn and AuFe at nominal con-

centrations of c=10 % for the magnetic atoms. Values for V 1 are

from ref. 8.
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V- '

T a b l e I I : V a l u e s f o r t h e c l u s t e r i n g p a r a m e t e r s a , .

alloy (c=10 at.'

PdMn

CuMn

AuFe

V.(kJ/mole)

- 82

+ 14

+ 28

T(K)

1788

1273

1148

al

- 0

+ 0

+ 0

.05

,02

.067

5.4

12

16.0

: .%)

The melting points were taken from ref. 11.

For PdMn we have thus anticlustering, for CuMn and AuFe clus-

tering of the magnetic atoms. The calculated values for a^ agree

fairly well for Pdn%9 Mngml with those derived by Ahmecl and

Hicks I 121 and by Verbeek and Van Dijk [ 13| using neutron scat-

tering techniques.

\.
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SYNOPSIS

In this thesis a number of experiments are described which

have in common the application of high magnetic fields to the

study of magnetic ordering phenomena at low temperatures. A

pulsed-field magnet is used, capable of producing field pulses

during a time period of about 20 ms and maximum fields that are

in the range of 40-50 Tesla. In some cases additional data

have been taken in superconducting magnets with maximum fields

up to 11 T. Through comparison of the pulsed field data with

the stationary field results up to 11 T, it could be checked

whether influences of the short pulse time should be taken into

account in the interpretation of the pulsed-field measurements.

These influences may arise from spin-lattice relaxation phenom-

ena in case of magnetic insulators, or from eddy currents in

case of metallic magnetic materials.

After a description of the experimental equinments in

chanter 2, a series of measurements on quasi linear chain anti-

ferromaqnets is given in chapter 3. In these insulating mate-

rials the magnetic lattice can be considered as an array of

very loosely coupled antiferromagnetic chains. One of the

advantages of studying chain compounds is that one dimensional

antiferromagnets constitute the only examples of magnetic sys-

tems for which accurate theoretical predictions for the mag-

netization are available. The interpretation of the experiments

leads to a determination of the relevant interactions.

In chapter 4 experiments are described on S=l systems for

which the spin-triplet is split up by the crystal field in such

a way that the ground state is a nonmagnetic singlet. The upper

doublet splits if a field is applied, and if the Zeeman energy

is sufficiently strong one of the doublet levels will cross the

singlet, yielding a magnetic ground state. The magnetization and

the field and frequency dependence of the differential suscep-

tibility of these systems have been studied. The crystal field

splitting parameter D and the exchange J are determined.

In chapter 5 magnetic measurements are oresented on com-

pounds in which the magnetic ions form dimeric or tetrameric

clusters of spins, the mtercluster interactions being very
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small. The aim of this investigation was to characterize the

magnetic behaviour of these systems, and to obtain estimates

of the antiferromagnetic superexchange interactions.

Lastly, in chapter 6, a study is reported on three prototype

examples of metallic spin glasses. Although such magnetic sys-

tems are of current interest, magnetization studies in high

magnetic fields have thus far been scarce, and in any case

have been limited to fields smaller than 20 T. Our results up

to 40 T yield information about the size of the magnetic moments,

the type and strength of the magnetic interactions, as well as

about the tendencies for clustering of the magnetic atoms in

these systems.
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SAMENVATTING

In de experimenten, die in dit proefschrift zijn beschreven,

worden magnetische ordeningsverschijnselen bestudeerd, telkens

met gebruikmaking van hoge magnetische velden. Met behulp van

een pulsveld magneet wordt gedurende 20 ms een hoog magnetisch

veld van 40-50 T geproduceerd. In enkele gevallen zijn aanvul-

lende metingen verricht in supergeleidende magneten met een

maximaal veld van 11 T. Door de experimenten in gepulste velden

te vergelijken met die in stationaire velden, kan worden nage-

gaan welke invloeden de korte pulstijd op de metingen heeft.

Deze invloeden kunnen worden veroorzaakt door spin-rooster

relaxatie verschijnselen in het qeval van magnetische isolatoren

en door wervelstromen in het geval van metallische magnetische

preparaten.

Na een beschrijving van de experimentele opstellingen in

hoofdstuk 2 worden in hoofdstuk 3 metingen aan quasi 1-dimensio-

nale antiferromagneten behandeld. In deze isolatoren kan het

magnetische rooster opgevat worden als een periodieke structuur

van zwak gekoppelde antiferronrtgnetische ketens. Eén van de

voordelen van onderzoek aan keten systemen is dat de 1-dimenslo-

nale antiferromagneten de enige magnetische systemen zijn waar-

voor precieze theoretische berekeningen voor de magnetisatie be-

staan. De interpretatie van de experimenten levert een bepaling

van de relevante interacties op.

In hoofdstuk 4 worden experimenten beschreven aan S=l sys-

temen waarin het spintriplet door het kristalveld is opgesplitst,

zodat de grondtoestand een niet-magnetische singulet toestand is.

Het hoger gelegen doublet wordt door de Zeeman-interactie op-

gesplitst als het magnetisch veld wordt aangelegd. Als het veld

sterk genoeg is zal het onderste doublet-niveau het singulet-

r.iveau kruisen, waardoor de laagste energietoestand magnetisch

wordt. De magnetisatie en de veld- en frequentieafhankelijkheid

van de differentiële susceptibiliteit van deze systemen is be-

studeerd. De kristalveldsplitsing D en de wisselwerkingsenergie

J worden bepaald.

Hoofdstuk 5 behandelt magnetische metingen aan verbindingen,

waarin de magnetische ionen geclusterd zijn tot dimeren of tetra-
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meren. Deze onderzoekingen leiden tot een beschrijving van het

magnetisch gedrag van deze clusters en schattingen voor de sterk-

te van de antiferromagnetische interacties.

Tenslotte worden in hoofdstuk 6 drie legeringen bestudeerd,

die bekend staan als prototypes van z.g. metallische spinglazen.

Hoewel dergelijke magnetische systemen momenteel sterk in de

belangstelling staan, zijn magnetisaties in hoge velden nog

nauwelijks gemeten en in ieder geval niet in velden boven 20 T.

Onze resultaten in velden tot 40 T geven informatie over de

grootte van de magnetische momenten en de sterkte van de mag-

netische interacties, evenals over de cluster effecten van de

magnetische atomen in deze systemen.
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Op verzoek van de fakulteit der Wiskunde en Natuurweten-

schappen volgt hier een kort overzicht van mijn studie.

Na het behalen van het h.b.s.-B diploma in 19 6 8 aan de

Prof.mr. S. Vissering Scholengemeenschap te Velsen begon ik aan

mijn natuurkunde studie aan de Universiteit van Amsterdarr.. In

1971 legde ik het kandidaatsexamen NI af, waarna mijn doktoraal

stage op het Natuurkundig Laboratorium aanving. Ik werkte daar

in de groep die zich bezighield met onderzoek naar kritische

verschijnselen in lager-dimensionale magnetische isolatoren.

Bij drs. J.V. Lebesque leerde ik de experimentele technieken van

soortelijke warmte- en susceptibiliteitsmetingen bij lage tem-

peraturen. Na het doktoraal examen experimentele natuurkunde

op 23 januari 1974 begon ik op 1 februari daaropvolgende mijn

werkzaamheden op het Kamerlingh Onnes Laboratorium te Leiden.

Het onderzoek in hoge magnetische velden, dat in dit proef-

schrift beschreven staat, heeft plaatsgevonden in samenwerking

met vele anderen.

Vooral de stimulerende begeleiding van dr. L.J. de Jongh heeft

de voortgang van het onderzoek sterk bevorderd.

Bij mijn aankomst in de werkgroep van dr. D. de Klerk

hebben drs. J.J.M. Peters en drs. R. Harten mij ingewijd in de

werking van de pulsveld installatie. Drs. H.S. Lassing en

H.J. van Wijk hebben met veel inzet en enthousiasme bijgedragen

tot zowel de uitvoering als de uitwerking van een groot aantal

experimenten in hoge magnetische velden. Gedurende enkele maan-

den heb ik assistentie gehad van drs. H. van Leeuwen bij de

metingen aan de mangaanketens, terwijl N. Roorda aan de analyse

van CS2C0CI4 heeft meegewerkt. De metingen aan Pdg gg Mng Q^

en Cs2CoCl4 in de 11 T-magneet zijn door drs. J. Steijger met

grote toewijding verricht. Voor de vervaardiging van vele mag-

neetspoelen voor de pulsveld opstelling en ook vele andere

technische problemen heb ik altijd een beroer» kunnen doen OD

T.P.M, van den Burg. De elektronische apparatuur is door J.A.

van der Zeeuw prima verzorgd. De benodigde hoeveelheden vloei-
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baar helium zijn steeds geleverd door J.D. Sprong, J.A.Th, van

Schooten en J. de Vink.

Voor de differentiële susceptibiliteitsmetingen zijn de mede-

werking en de adviezen van dr. A.J. van Duyneveldt, dr. A. van

der Bilt en drs. H.A. Groenendijk zeer waardevol geweest.

Bij diverse computerhandelingen ben ik geholpen door drs. H.T.

Le Fever en bij de berekeningen aan ketensystemon heb ik dank-

baar gebruik gemaakt van programma's van dr. H.W.J. Blote.

In het Gorlaeus Laboratorium heb ik goede kontakten gehad met

drs. D.W. Engelfriet, die magnetisaties van enkele verbindingen

heeft gemeten, en dr. G.C. Verschoor die steeds bereid was de

éénkristallen te oriënteren met behulp van röntgendiffractie.

•Bij de experimenten aan de singulet grondtoestand systemen noem

ik de samenwerking met prof.dr. R,L. Carlin, die tevens de no-

dige éënkristallen leverde.

De uitstekende samenwerking met de fysisch/chemische afdeling

van de T.H. Delft, met name met dr. J. Reedijk en dr. J.A.C, van

Ooijen. heeft geresulteerd in het onderzoek aan de alternerende

Heisenberg koper-keten verbinding en aan de clustersystemen.

De- soortelijke warmte metingen aan deze clusters zijn verricht

door drs. G. M. Nan en drs. F.J.A.IÎ. Greidanus, terwijl de analyse is

gedaan in samenwerking met drs.H. den Adel en dr. Z. Dokoupil.

Het onderzoek aan de spinglazen is gebeurd in samenwerking met

de me"talengroep in ons laboratorium waarbij vooral de bijdragen

van dr. G.J. Nieuwenhuys, dr. J.A. Mydosh en drs. B.H. Verbeek

zeer waardevol zijn geweest. De nogal bewerkelijke preparaten

zijn vervaardigd door H.J. Tan, terwijl de concentraties telken-

male door R.C.M, van der Heyden zijn bepaald. Bij het maken van

tekeningen en foto's heb ik de assistentie gehad van L. Gijsman,

W.F. Tegelaar, T.J. Gortemulder, W.J. Brokaar.

Mej. B.M.E. Houdijk heeft op vaardige wijze in korte tijd dit

proefschrift getypt.
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STELLINGEN

1) In de beschouwing van Allan en Bu t t e r over Drude's a f l e i d i n g van de

Wiedemann-Franz r e l a t i e wordt ten onrechte gesuggereerd, d a t Drude

in de berekening van de warmtegeleiding en de e l e k t r i s c h e ge le id ing

dezelfde gemiddelde botsinqstijd van de elektronen heeft gebruikt.

P. Drude, Ann. Phys. (Leipzig) (4), 1_ (1900) 566.

P.B. Allan and W.H. Butter, Physics Today, dec. 1978, p. 44

2) Bij tunnel-experimenten aan niobium is niet de zuiverheid van het

gebruikte uitgangsmateriaal van primair belang, zoals door B.

Schöneich et al. is verondersteld, maar de tunneljunctie dient be-

reid te worden on een wij se die oxidatie van niobium vermijdt.

B. Schöneich, D. Elefant, F. Otschik en J. Schumann,

Phys. Stat, Sol. (b) 91_ (1979) 99.

3) In de door K. Andres et al. berekende entropie van een nolykristal-

lijn blok PrCu, in een magneetveld dient met de anisotronie in de

ICnight shift van de Pr kemspin-niveuax rekening te worden gehouden.

K. Andres, E. Hagn eii E. Smolic, J. Appl. Phys. 4^ (1975) 2752.

4) Gezien de resultaten van Biehl en Flanagan betreffende de rooster-

constante van PdFe legeringen en de oplosbaarheid van waterstof

daarin, verdient het aanbeveling andere zogenaamde "giant moment"

systemen on hun bruikbaarheid voor waterstof-opslag te onderzoeken.

G. Biehl en B. Flanagan, Solid State Canin., 28 (1978) 751.

5) Het zou interessant zijn de subkritische ordening in magnetische

singulet-doublet (S=l) systemen te bestuderen met behulp van

susceptibiliteitsmetingen, waarbij de richting van het wisselveld

loodrecht staat op die van het in de kristalveld-syrrnie trierichting

aangelegde magneetveld dat de niveaukruising te weeg brengt.



6) De suggestie van Wallace dat PrPt2» PrRu~ en Prlr2 zogenaamde van-

Vleck paramagneten bij 4.2 K zouden zijn/ wordt weerlegd door

soortelijke warmte- en susceptibiliteitsmetingen beneden 20 K.

W.E. Wallace, Rare Earth Intermetallics, Acad. Press,

New York (1973) p. 200.

F.J.A.M. Greidanus en J.C.M, van Dongen et al.,

Int. Conf. on Magnetism ICM 79, wordt gepubliceerd in München

(sept. 1979)

7) Het verdient aanbeveling om in CuCs-Tutton zouten het warmtekon-akt

tussen het cesium-kernspin-Zeeman-systeem en het elektron-dipool-

dipcol-systeem van do koperionen nader te bestuderen.

J. van Houtnn, W. Th. Wenckebach en N.J. Poulis,

Physica 92B (1977) 210.

8) De door T.A. Meert et al. met behulp van wisselstroom-susceptibiliteit

gemeten frequentie-afhankelijkheid van de "freezing temperature" van

CUggMn is geen intrinsieke eigenschap van het preraraat.

T.A. Meert en L.E. Wengers,

Proc. A.P.S. Conf. Chicago (1979) EL3, 333.

9) Nagegaan dient te worden of de door apparatuur veroorzaakte

magnetische strooivelden een invloed op de gezondheid van de

gebruiker hebben.

10) De maatschappelijke achterstelling van de vrouw blijkt al uit het

feit dat de toelatingsleeftijd voor de lagere school voor

jongens en meisjes gelijkgesteld is.

J.J. Smit. Leiden, 30 mei 1979.


