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Abstract

The magnetic properties of amorphous FexTloo_x (T=l\r, Hf, SCi 89::; x ::;93)

alloys have been systematically studied mainly by Mossbauer spectroscopy and mag­

netization measurements. Two magnetic transitions have been observed in Fe92.5Hf7,&

(the only FeHf alloys stuàied here) and FeZr alloys witb Fe content between 90 and

93 at.%. We have ruled out the c1uster models, which attribute the second transi­

tion either to the ordeling of AFM c1usters or to the freezing of FM c1usters, and

confirmed that the second transition is due to the homogeneous freezing of the trans­

verse spin components as '" result of exchange frustration. On varying the frustration

level, the evolution procesr from a ferromagnetic to a spin glass ordering has been

observed. Fes9Zrn essentially exhibits conventional ferromagnetic behavior, while

Fe90ZrlO shows two magnetic transitions with a nov ~ollinear ground state. As we

increase the Fe content hrther (and thus raise the frustration level), the second tran­

sition temperature Txv and the noncollinearity of the ground state increase, whereas

the first transition temperature Te drops. Txv and Te are expected to meet at x~94.5,

suggesting that Fe94.5ZrS.S (whi~h can not be made by melt-spinning) would be a spin

glass. Fe91Sc. is the most frustrated system studied here a'ld it exhibitr. a single

transition to a spin glass. Extrapolati'>n of the magnetic properties of all systems

gives a common limit as the Fe concentration approaches 100%, and suggests that

amorphous Fe is a spin glass with the spin freezing temperature about lOOK and an

average iron moment of ~1.6J.lB' Below the second transition, the transverse spin

components are strongly correlated on a nearest neighbor scale in Fe92Zr7Sn, while

the correlation length of the longitudinal components shows no detectable change

on the local scale. Our experimental results are in quantitative agreement with the

Monte Carlo simulations which invoke only the exchange frustration, therefore indi­

cating that the magnetic ordering behavior of the alloys studiec! here is controlled

primarily by the exchange frustration.
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Résumé

Les propriété. des alliages amorphes de Fe..:T ,OO- x (T=Zr, Hf, Sc; 89::; :z: ::;93) ont

été systématiquement étudiées par spectroscopie Mossbauer et par des mesureS de

magnétisation. Deux transitions magnétiques furent observées dans l'alliage Fe92.sHfu

(le seul alliage de FeHf étudié içi) et l'alliage de FeZr contenant du Fe entre 90 et 93

at. %. Nous avons écarté les modèles de groupes, qui attribue la seconde transition

soit à. une organisation des groupes antiferromagnétiques ou à. un gel des groupes

ferromagnétiques, et avons confirmé que la seconde transition est causée par un gel

homogène de la composante transverse du spin dû â. une frustration d'échange. En

variant le niveau de frustration, le processus d'évolution d'un ferroaimant à. une organ­

isation de type verre de spins est observée. Le Fes9Zrn se comporte essentiellement

comme un ferroaimant conventionnel pendant que le Fe90Zr,O révèle deux transitions

magnétiques avec un état fonda.menta.1 noncolinéaire. Lorsque nous augmentons la

concentration de Fe à. nOUveau (et donc augmentons le niveau de frustration) la sec­

onde température de transition T=lI et la noncoiinéarité de l'état fonda.menta.1 aug­

mentent, a.1ors que la première température de transition Tc diminue. T:v et Tc

devraient Se croiser à. x~94.5, ce qui suggère que l'alliage Fe94.5Zrs.s (qui ne peut

être fabriqué par "melt-spinning") serait un Verre de spins. Le Fe91SC9 est le système

étudié le plus frustré et montre une transition unique à. un Verre de spins. Une extrap­

olation des propriétés magnétiques pour tous les systèmes étudiés converge vers une

limite commune lorsque la concentration du Fe approche 100%, et ceci suggère que le

Fe amorphe est un verre de spins avec une température de gel des spins de lOOK et

le moment magnétique d'un atome de Fe est de ~1.6JLB' Sous la seconde transition,

la composante transverse des spins est fortement corrélée à l'échelle des plus proches

voisins dans l'alliage Fe92Zr7Sn, a.1ors que la longueur de corrélation de la composante

longitudina.1e ne montre aucun changement détectable à l'échelle locde Nos résultats

expérimentaux sont en accord quantitatif aVeC des simulation.s de Monte Carlo qui
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invoquent seulement les frustrations d'échange, ce qui indique que le ~omp"rtement

d'organisation magnétique des alliages étudiés içi est controlé principalement par. les

frustrations d'échange.
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Chapter 1

Introduction

The presence of both ferromagnetic (FM) and antiferromagnetic (AFM) exch'l.Ilge

interactions in magnetic materiais leads to a phenomenon known as exchange frus­

tration where the magnetic moments experience conflicting interactions[1,2]. If a

system has only FM (or positive) interactions, it is simply a ferromagnet. When a

certain amount of AFM interactions are introduced so that the average interaction is

zero (this is referred to as complete frustration), the system is a spin glass which is

characterized by random orientation of spins (or zero magnetization) and very slow

dynamics. However, if FM and AFM interactions are both present but the distri­

bution of exchange integrai is biased towards positive values, the system will show

rather complicated behavior which is between that of a ferromagnet and a spin glass.

These materials are referred to as partially frustrated systems and they have drawn

intensive attention in recent years. In the following sections, the theories and the

experimental observations about these materials will be described.

1.1 Theory of Frustrated Systems

Before going to the theories about partially frustrated materials, it is useful to describe

the theory concerning complete frustra.tion developed by Edwards and Anderson (EA

model)[3]. The system they studied consists of an assembly of Ising spins with Ji;

1



being the exchange integral between spins S, and sj. Complete frustration is achieved

by assurning that the exchange integrals have a Gaussian distribution with both

positive and negative values and that the average exchange is zero. The analysis

shows the existence of spin glass phase where all spins are frozen in random directions,

that is, < S, >=0 where <> represents the average over all sites. Suppose at time

1, the measured spin at point i is Sr). If it is studied again a long time later (time

2), since the spin is frozen, there is a non-zero probability that sP) will point in the

same direction. Thus, an order parameter defined by Edwards and Anderson

•
CHAPTER 1. INTRODUCTION

q =< Sr1
) • sÏ2) >• •

2

(1.1)

will ooly reflect the frozen nature and is not affeeted by the random orientation of

the spins in spin glass state.

This model was extended by Sherrington and Kirkpatrick[4,5] (SK model). The

average exchange is not constrained to be zero so that partial frustration could be

considered. The exchange integrals still have a Gaussian distribution

P(J... ) = _l_e:c -(Ji; - JO)2
., V'FKJ P 2J2

with the average Jo and width J scaled according tu

Jo = iolN J = i1N1
/
2

50 that io and i are both intensive. Two order parameters are defined:

(1.2)

•

where <> and <>J denote the thermal average and exchange average over the distri..

bution respectively. In this model, a nonzero q indicates magnetic order. If addition­

ally m=O, it corresponds to spin glass state while for miO, the order i5 f~rromagnetic.

The magnetic phase diagrarn (Fig. 1.1) shows rather complicated ordering behavior.

For ioli <1 and ioli >1.25 the system exhibits a single transition to spin glass or

ferromagnet respectively. However, when ioli is in the rniddle range, two magnetic
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Figure 1.1: The magnetic phase diagram of SK mode! where the exchanges of Ising spins have a
Gaussian distribution with average i e and width i. Two magnetic transitions are expected for
1::; i e/i::;1.25. From Ref.[4].

transitions are expeeted with the ferromagnetic transition followed by a second tran­

sition to spin glass. The values of magnetization, m(T) and frozen moment, ql/2(T),

are obtained by numerical solution and shown in Fig. 1.2. It should be noted that

for i e=1.1Sj where two transitions are expected, m remains smaller than ql/2 in fer­

romagnetic state and becomes zero as the system enters spin glass region. The Joss

of magnetization is caused by the limited freedom of Ising spins. They can not have

any other response (such as noncollinearity) to the frustration.

Since for most experimental materials, the spins are vectors, the behavior of rea.1

systems may not be weIl described by Ising models. A mean-field theory for m­

component Heisenberg spins (m=3 corresponding to most experimenta.1 materials)

with infinite range interactions has been developed by Gabay and Toulouse[6]. The

phase diagram they obtained is shown in Fig. 1.3. Unlike the SK model which predicts
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Figure 1.2: The calculated magnetization, m and ordered moment, ql/' as function of normalized
temperature for difi'erent values of icii. From Ref.[5].

•

a second transition irom ferromagnet to spin glass, two transitions !lIe obtained fol­

lowing the ferromagnetic transition and both MI and M, phases arc not spin glasses.

MI is characterized by the coexistence of a ferromagnetic ordering of longitudinal

spin components and a spin glass ordering of the transverse components. M, has

the same coexistence of ordering but the replica symmetry is broken which is usually

associated with the irreversibility in the system. Two ord~r parameters:

q\ =« SI >'>J, the longitudinal EA order parameter,

qT =« SI' >'>J, the transverse EA order parameter,

are used to describe the different phases[7]:

paramagnet: q\ =0 qT =0
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Figure 1.3: Phase diagram in zero field of Heisenberg spins which have a Gaussian exchange distri­
bution with width of 1 and average of Jo. F: ferromagnetic; P: paramagnetic; SG: spin glass; M,
and M, are mixed states described in the text. FlOm Ref.[6].

spin glass: q, > 0 qT > 0

ferromagnet: q, > 0 qT = 0

Cragg et al.[B] have argued that the symmetry between replicas is broken as soon

as the ordering of transverse components occurs. This suggests that below the fer­

romagnetk transition, there is only one further. transition at which the ordering of

transverse spin components is accompanied by irreversibility.

Besides the mean-field theories, computer simulations have also been performed

to understand the frustration problem. Two-dimensional XY spins on a square lattice

with competing nearest-neighbor interaction have been studied by Saslow and Parker

through a local mean-field approach[9,lO]. Site frustration is introduced by changing



two of the four FM bonds at any randomly selected site with AFM bonds. They have

reported two transitions at T K and T. below the ferromagnet.ic transition. As one

decreases the temperature below TK, the frustrated bonds made themselves felt, and

the system begins to order in the transverse directions, while at T" the frustrated

spins finally freeze, which leading to the canting of other spins and thus a decrease

of the magnetization (Fig. 1.4).
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Figure 1.4: Temperature dependence orthe magnetization m, root mean square of spin length S"m, 1

and noncollinearity order parameter Q.. from the simulations of XY spins. From Rer.[9).

1.2 Experimental Results on Frustrated Systems

1.2.1 Iron-rich amorphous binary &.lloys

Since iron-rich amorphous binary aUoys in the form Fe.T100-. (T=Zr,Hf,Sc) are the

materia1s studied here, the experimenta1 results on these systems will be described



The main characteristic of a.rnorphous materials is the absence of long range struc­

tural and chemical order. The techniqll'~s to produce the a.rnorphous materials involve

the rapid solidification of the constituents from the gas or liquid phase, such as sput­

tering or melt spinning. As a consequence of structural and chemical disorder, the

separations between nearest-neighbor Fe atoms in those iron-rich amorphous alloys

have a wide distribution and the average nearest-neighbor seplIation is expected to

be close to 2.6A, which is obtained from anomaleus x-ray scattering of FesoZrlo[1l,12].

Kouvel et a/.[13] have shown that the nearest-neighbor Fe-Fe interaction in fcc Fe (or­

Fe) is AFM, in centrast te the FM interactien in bec Fe where the nearest-neighbor

distance between Fe atoms is larger than that in fcc Fe ( Fig. 1.5). It was feund later
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Figure 1.5: The Bethe-Slater curve applied to exchange interactions between nearest neighbor
atoms in metals and alleys. ao and Dd-ohell are the nearest neighber aternic separation and
the diameter of the d electron shel1 respectively. From Ref.[13] .

that two ferms of '"(-Fe may be prepared[14-18]. '"(-Fe precipitates in Cu have a Fe-



Fe separation of 2.54À[18] and show AFM order below a Néel temperature d about

67K[15,17], while epitaxial 'Y-Fe films on Cu have a Fe-Fe separation of 2.56À and

order ferromagnetically with Tc above 600K[14,16]. The fact that different nearest­

neighbor Fe·Fe separations in the two types of 'Y-Fe result in differt:üt ordering be­

havior indicates that the exchange interaction is strongly dependent on the nearest·

neighbor Fe-Fe separation and it changes from FM to AFM when the nearest-neighbor

Fe-Fe separation is around 2.55À (average of 2.54 and 2.56Â.). Therefore, the wide

distribution of nearest.neighbor Fe·Fe separations in arnorphous iron-rich alloys will

lead to a wide distribution of exchange interactions whirh may include Loth FM and

AFM components. Since the average distance between Fe atoms in Fe90ZrlO (2.6À)

is larger than 2.55À, the distribution of exchange integral is biased towaf,kFM side.

Increasing Fe content will make the nearest.neighbor Fe-Fe separations smaller and

shift the exchange integral distribution toward AFM side since the radius of Fe atoms

(l.26À) is srnaller than that of Zr atoms (1.60À).

Among these alloys, Fe·Zr bas been studied rnost extensively. The first evidence

that suggests the Fe-Zr alloys are not conventional ferromagnets cornes from the low

field magnetization measurements[19,20] (Fig. 1.6). When the sample is cooled in a

srnall field (~10 De), magnetization shows a rapid increase at Tc, and then rernains

at a constant value determined by the. demagnetization factor down to ,vOK. If the

rneasuring field is applied after cooling in zero field, the measured magnetization

agrees weil with the values obtained in field cooling at high ternperatures but becornes

srnaller below a temperature Th, The ac susceptibility (Xoe) also shows an unusual

decrease at low temperature. If Xoe is measured in a superposed dc field[21J, in

addition to a peak at Tc, a second peak is observed at a lower t,~rnperature T".o'

(Fig. 1.7). These data suggest a second transition below Tc, and J'i. or T".0. ·..· ..re

considered as transition temperatures. However, these ternperatures are strongly

dependent on the fields used in measurements and fields about 500 De can complctely

suppress the irreversibility in Xdc. lt should be emphasized that these results only

indicate that anisotropy has been developed at low temperatures and that the spin

•
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system becomes stilL As will be shown later, o.lthough these phen.ûmena are associated

with the second transition, they are not the characteristic features of the second

transition and thus Th or T"..~ can not be considered as the transition temperature.

Information about the nature of magnetic ordering ~.t the second transition is

mainly provided by M0ssbauer spectroscopy combined with magneti:lation measure­

ments. The six lines observed in a magneticaUy split Miissbauer spectrum have ;n­

tensities 3:R:l:l:R:3, where R = 4sin'8/(1 +cos'8), and 8 is the angle between the

magnetic moment and the direction of j·beam. Mossbauer spectra of Fe93Zr7 mea­

sured in an externa! field paraUel to the j-beam are shown in Fig. 1.8[22J. It is clear

that lines 2 and 5, which are absent at high temperatures, appear at low tempera­

ture. R can he derived from the spectra and is plotted in Fig. 1.9. R is zero at high
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temperatures, indicating a collinear state where full magnetization is achieved (0=0).

Below a certain temperature, Tzv (the reason it is called Tzv ffilI b~ explained later),

R becomes non-zero, that is, a field of 3T can not align ail moments in its direction

(0 #0), thus revealing a non-collinear state. If the system is a spin glass after the

second transition, the random orientation of the spins willlead to R of 2. R measured

at 5K is only 0.53±0.04, much smaller than 2. Although R was obtained in a 3T field,

which may rotate spins towards the field direction and cause R to he slightly smaller

than 2, 0.53 is too smaller than the expected value for a. spin glass, indicating that

the ground state is not completely random. Moreover, the magnetization measured

below the second transition is not zero as expected for a spin glass[22]. Based on the

above observations, it is concluàed that below the second transition, the long-range

ferromagnetic order is not lost, inconsisten'~ with the model pruposed by Sherrington
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and Kirkpatrick[4,5].

It has been argued that the non-collinear state at low temperature may result

from canting of spins from the direction of net magnetization[9,lO]. This mode! pre­

dieted that the maguetization would exhibit a sudden drop at the second transition.

However, the magnetization measured for Fe'3Zr? increases smoothly on lowering the

temperature and does not show a jump either up or down at the second transition[22],

inconsistent with a spin canting mode!. In addition to the observed increase of R below

the second transition, it was also found that below the second transition, the aver­

age iron moment obtained from Mossbauer speetra is larger than the magnetization,

which actual1y ref!ects the component of iron moment along the field direction[22].

These observations can be explained in terms of transverse spin freezing[l,22-24],

which is similar to the model by Gabay and Toulouse[6J. Below Tc, the longitudinal

spin components order ferromagnetical1y, and there are substantial transverse spin



components present above T"II but they precess rapidly so that their time average

is zero. Below Tzv ' the transverse components freeze in random directions without

affecting the collinear order of the longitudinal components. The freezing of the

transverse components causes th~ system to enter a noncollinear state. Furthermore,

the transverse components contribute to the total moments and make the average

total moment to be larger than its longitudinal component measured by magnetiza­

tion. Since the transverse components are usually referred to as xy components, the

transition temperature is labelled as T"II' The freezing of the transverse spin com­

ponents makes the spin system more resistant to rotation of the magnetization, and

the rapid increase in anisotropy and coercivity leads to a number of secondary elfects

being observed at Tzv' inc1uding red<1ction of the ac susceptibility and irreversibility

in the dc susceptibility described above. The ground state of the system is charac­

terized by non-collinearity and non-zero magnetization and is usually referred to as

asperomagnetic[2].

In spite of the evidence of homogeneous transverse spin freezing in Fe-Zr alloys,

inhomogeneous models have also been proposee.. Read et al. have argued[25] that

there may be sorne regions in the samples where iron atoms have all iron nearest

neighbors and that the exchange interactions within these regions (c1usters) are anti­

ferromagnetic (AFM). The AFM c1usters are distributed throughout the alloy matrix

which orders ferromagnetically. It has been suggested that the transition at T. corre­

sponds to the ordering of the FM matrix whereas the ordering of the AFM c1usters

at lower temperature leads to the second transition at Tzv' In contrast to the model

of AFM c1usters plus FM matrix, another approach[26] suggests a FM c1usters plus

FM matrix picture where the density fluctuations lead to sorne low density regions in

the alloys. The FM coupling in these regions (c1usters) are stronger than that in the

remaining bulk (matrix) due to the larger average nearest-neighbor distance between

Fe atoms in the c1usters, but the local me.gnetization in these c1usters is smaller. Ac­

cording to this model, the observed second transition corresponds to the freezing of

the FM c1usters. It is also c1aimed that the freezing process does not start abruptly

•
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but proceeds gradually over a wide temperature range extending from 130K down

to 4.2K for FegoZrlO' The main evidence supporting the inhomogeneous models is

that the hyperfine field distribution, P(Bh!), derived from Môssbauer spectra can be

decomposed intotwo Gaussian components[25-27J. While both c!uster models con­

sider the high-field component being due to the FM matrix, the low-field component

is supposed to correspond to the AFM c!usters or FM c!usters in the two different

models respectively.
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Figure 1.10: Mossbauer specha or Fee,Hfa in difl'erent externa1 fields at 4.2K. Note the appearance
or lines 2 and 5 in batb cases. From Rer.[28).

Experimental data for Fe-Hf alloys are !imited. Môssbauer speetra in different

external fields parallel to ,-ray direction have been measured for Fee,Hfa at 4.2K

(Fig. 1.10)[28]. The appearance of !ines 2 and 5 indicate a non-collinear state at low



temperatures. For FexHflOo- x with x=90, 91 and 92, magnetization measured at 4.2K

does not saturate in fields up to 19T, which confirms that these alloys can not be

collinear ferromagnets[28J. It appears that Fe-Hf alloys exhibit similar behavior to

Fe-Zr alloys, consistent with the strong chemica! and physica! similarity between Zr

and Hf.
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The magnetic behavior of Fe-Sc alloys seems very similar to that described by

mean-field theory[6] for highly frustrated materia!s. Melt-spun amorphous FeeoSclD

was first prepared and studied by Day et al.[29J. A sharp cusp at 99K in ac suscepti­

bility (Xac) was observed (Fig. 1.11), suggesting a spin glass state at low temperatures.
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Figure 1.11: Temperature dependenee oC Xao Cor Fe90SelD. The eusp in Xa. is usually reCerred as
one oC the eharaeteristie C...ture oC spin glass. From Ror.[29].

Ryan et al. [30] have shown that all of the samples they studied (FexScloo-Xl x=89,90

and 91) exhibited non-zero hyperfine fields in their Mossbauer spectra at almost the

same temperature that the irreversibility in thermomagnetic measurements appeared,

suggesting a single sharp transition to an asperomagnetic state (see Fig. 1.12). In

recent studies of Fe90SclO using Mossbauer spectroscopy in externa! fields, Ghafari et
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al. [31,32] found evidence for superparamagnetic c1usters above Tc, and attributed

the onset of non-collinear order at Tc to a blocking of these c1usters in random ori­

entations.

1.2.2 Other Materials

•

Crystalline Au-Fe alloys with Fe concentration around 15 at.%exhibit magnetic prop­

erties similar to those observed in iron-rich amorphous binary alloys. AUloo_.Fe. al­

loys with x::;10 are spin glasses as a result of the oscillating RKKY interactions. The

RKKY interactions originate hom the polarization of the '-0\1duction electrons. The

magnetic spin Si induces an oscillating polarization in th'e conduction band, and the

polarized conduction e1ectrons interact in turn with another spin Sj. The interaction

between two spins can he expressed as a 1frlj term modulated by cos(arij+b), where



rij is the distance between the two spins and a and b are coefficients independent of

rij' Due to the chemical disorder in the alloys, the distances between Fe l'toms are

more or less random, which leads to essentially random interactions with the average

interaction close to zero. For low Fe content (x::;lO), direct interactions are not im­

portant and the dominant RKKY interactions lead to the spin glass behavior. As the

Fe content increases, the positive direct interactions between Fe l'toms become more

significant. In the concentration range of 15::; :1: ::;20, the direct interactions become

dominant while the oscillating RKKY interactions are still present, which makes these

alloys partially frustrated materials. Similar to iron-rich Fe-Zr alloys, ac susceptibil­

ity (X.c) measured in zero dc field on AussFe15 exhibits a steep increase at T. and

then a steady decrease at a lower temperature[33]. x•• obtained in a small dc field

shows two peaks, one at T. and another at a lower temperature[34,35]. A magnetic

phase diagram of the Au-Fe system was constructed by Sarkissian[34] and is shown

in Fig. 1.13. The data used for the phase diagram are from various measurements,

and the second transition temperatures may not be accurate, but this does not affect

the main features of mhgnetic ordering behavior as a function of composition. Ail

of the characteristic signatures of transverse spin freezing have been observed[36-38J.

Mossbauer spectra in external field parallel to the "')'-beam are shown in Fig. 1.14,

where the development of intensities of lines 2 and 5 at low temperature can be seen.

The intensity ratio of line 2 to 3 and the average hyperfine field are plotted in Fig. 1.15.

It is clear thl>t R increases from zero at a temperature below T., indicating the freez­

ing of the transverse components. The average hyperfine field, which is proportional

to the average Fe moment, exhibit. a rapid increase at the SaIDe temperature due to

the contribution of the additional frozen transverse component to the total moment.

One of the problems associated with the Au-Fe system is the chemical short range

order (CSRO). It has been shown that annealing the alloys at different tempera­

ture results in different CSRO, which in turn leads to different magnetic o"rdering

behavior[39]. Actually, the magn..tic phase diagram as a function of the reciprocal of

annealing temperature for a specifie composition is very similar to that as a function
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of composition (see Fig. 1.16). Both X-ray diffraction[40] and neutron scattering[41]

suggest the existence of (420) plate1ets in the alIoys. Violet and Borg[42] reported

that the Mossbauer spectra measured for Au-Fe alIoys at 4.2K can be described by

two superposed six-line spectra which are supposed to correspond to the two different

chemica.1 environments i.e. (420) plate1ets and solid solution phase. They argued[43]

that the observed double transitions can be expla.ined by the ordering of the ferro­

magnetic Fe-rich regions ((420) platelets) and the Fe-poor spin glass matrix (solid

solution phase). This picture was questioned [44,45] since the plate1ets are so small
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and are strongly correlated, which makes it doubtful if the distinction of two types of

regions is meaningful. Furthermore, there is no direct evidence that the two types of

regions exist. Brand et al. [46J have used two independent hyperfine field distribu­

tions to fit the zero field Mossbauer spectra. The two distributions (high field part

and low field part) would correspond to the clusters and matrix if they exist. They

found that the transition at T=v is the homogeneous ordering of the whole sample,

inconsistent with the picture of ferromagnetic precipitates plus spin glass matrix. It

should be emphasized that the Au-Fe alloys exhibit characteristic behavior in com­

mon with that observed for iron-rich amorphous alloys, which are free from all but

nearest neighbor SRO.

Another problem for Au-Fe alloys is that the concentration region where two mag­

netic transitions are observed lies close to the percolation threshold. Thus, no matter



if there is exchange frustration, the ferromagnetic order must be lost. Morcover, in

this concentration region, the magnetic behavior will be modified by percolation.

Transverse spin freezing is also observed in amorphous alIoys of the form

(FexT1-X)1G1OO-y with T=Ni, Mn and glass formers G being one or more of B, C,

P, Si, Al. Since Ni l'toms carry much smaller moments compared to Fe l'toms, the

T=Ni system appears like there is ooly one magnetic species, Fe. Thus the distribu­

tion of exchange interactions in this system is quite similar to that in Au-Fe alIoys

with the same Fe concentration, and two magnetic transitions were observed when

the Fe content is above arount 17%. For T=Mn, the Fe moments and Mn moments

are comparable, and the dir.ect interactions between the Mn-Mn and Mn-Fe pairs are

AFM while those between Fe-Fe pairs are FM. When the Fe content is small, the

AFM interactions dominate, making the alIoys spin glasses since it is not possible to

construct an amorphous antiferromagnet. Partial frustration occous when the Fe con­

centration is larger than 0.6 where FM interactions between Fe-Fe pairs become dom­

inant. Double transitions have been reported for both Ni and Mn systems [47-49](sec

Fig. 1.17). The composition range where double transitions are observed is slightly

dependent on the glass formers and their precise concentratious. The magnetic phase

diagrams were established maioly from the susceptibility measurements and the sec­

ond transition was initially interpreted as being from a ferromagnet to a spin glass.

Neutron scattering studies on (FexMn1_xh~P1sBsAb[50J show that for strongly frus­

trated alIoy with x=0.68, the spin correlation length decreases at low temperature,

suggesting the breakdown of ferromagnetic order. It was alse found that for both

Ni and Mn systems, the stiffness constant of spin wave exhibits a reduction at low

temperature[51-53]. However, ferromagnetic domains of several hundred p.m have

been observed directly in weakly frustrated (Fe7SMn22hsP16BsAb by Transmission

Electron Microscopy[54]. The domain structure shows no substantial change as the

sample is cooled through the second transition temperature (~35K), demonstrating

that the ferromagnetic order is not lost after the second transition. Recent neu­

tron depolarization measurements on (FexMn1oo_xhsP1sBsAI3 [55] indicate that do-
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mains persist down to the lowest measuring temperature (~10K) for both weakly and

strongly frustrated samples (70:::; :z; <78), although domain sizes decrease from IJLm to

about 2000A for strongly frustrated alloy (J<'=70), which is inconsistent with the loss

of ferromagnetic order. Similar resu1ts were reported for (Fe.Ni,oo_.)76P,.B.Ah[56].

Characterist:c behavior of transverse spin freezing has been observed in the two sys·

tems. For (FeO.064Nio.936hsSi9B13' Mossbauer speetra in an external field parallel to

the 1'.ray[57] show development of lines 2 & 5 at T'"lI' At the same temperature,

the average hyperfine field changes s!ope and exhibits a faster increase. Compari.

son of magnetization and average hyperfine fields for (Feo.766Mno.23shsP,.B.AI3[58]

indicates the total Fe moment and its component in field direction begin to separate

be!ow 80K, signaling transverse spin freezing (Fig. 1.18). A kink in the temper­

ature dependence of the average hyperfine field at T'"lI has been also reported for
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Figure 1.18: The temperature dopendenee of average hyperfine field and magnelizalion for
(Feo.765Mno.2~u»)7&PleB6Ah. Transverse spin freezing is identified by the 6cpatation of the two
eurves. From Ref.[58].

(Fel_xMnx)77SilOB13[48].

EuxSrlOO_xS serves as a typical example of insulating frustrated matcrials. EuS is

a insulator with the first neighbor interactions (Jd being FM and the second neigh.

bor interactions (J2 ) AFM with a ratio of J1 /J2 ~-2. Since the first neighbor FM

interactions are douùnant, it is a ferromagnet despite of the presence of AFM inter­

adions. Upon dilution with the nnn.magnetic impurity Sr, the exchange integrals

remain unchanged but the relative number of m~:;netic second neighbors increases,

thus the distribution of exchange integrals will include more AFM components and

eventually makes EuxSrl_xS frustrated materials (see Fig. 1.19). Between the pero

colation concentration xp =0.13 and the critical concentration x.=0.51, the system

undergoes a single transition from paramagnet to spin glass. In the composition

range 0.51~ x ~0.65, the system shows two magnetic transitions, but the second

transition has been considered as being from ferromagnet to spin glass. Detailed in·

formation concerning the magnetic ordering in the double transition region is limited
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Figure 1.19: Magnetie phase diagram of EuxSrl_xS, PM: paramagnetic; FM: ferromagnetic; SG:
spin glass. From Ref.[59].

as most of studies about this system are mainly focused on ac susceptibility (x.c) and

neutron scattering[59-62]. The temperature dependence of x.. for severa! samples

with x2:0.53 are shown in Fig. 1.20[62]. X4C shows a sharp increase at Tc and falls off

at a lower temperature, similar to what observed in amorphous Fe-Zr and crystalline

Au-Fe alloys. For x=0.52, spin correlation length was reported to decrease near the

second transition temperature T,g[60], while in neutron depolarization measurements

on the x=0.54 sample, the neutron beam W8.S found to be less depolarized at low tem­

perature[63], both suggesting that the ferromagnetic order established at Tc begins

to disappears at T,g. On the other hand, spin waves were observed for all the sam­

pies with x2:0.50[61]. The observed behavior cf EuxSrl-xS is usually interpreted in

terms of random field effect[62J. This model assumes that the system consists of two
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Figure 1.20: X., of Eu.Sr,_.S with different x. From R.f.[1;2].

distinct spin-glass·like and ferromagnetic :J.etworks. At low temperatures, the spin­

glass-like network orders and imposes a random field on the ferromagnetic network,

thus destroying the ferromagnetic order. Definitely, this mode! is totally invalid for

ail other systems described above since there is clear evidence that the ferromagnetic

order is not lost below the second transition. Even for EU.S!l_.S, the similarity in

Xac's behavior and phase diagrams between EuxSrl_.S and other systems leads us

to suggest that more work concerning the low temperature state is needed. Further·

more, it was shown[64] that the dipolar interactions in this system have comparable

strengths as the exchange interactions and the reported loss of ferromagnetic order

at low temperature may be due to the strong dipolar interactions.
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As mentioD.ed above, partially frustrated materials have drawn great interest in recent

years and exhibit a universal behavior: double transitions. In contrast to most studies

which focused on investigations of magnetic properties as a function of temperature

for one specifie sample, we will emphasize on the evolution of a system in composition

space. By changing composition, the degree of frustration can be adjusted. Therefore,

we are able to study how a system evolves from a ferromagnet to a spin glass as we

increase the frustration level, and to ILUderstand the effects of exchange frustration

on the magnetic properties of the system. The iron-rich binary amorphous alloys of

the form FexT1oo_ x (T=Zr,Hf,Sc) have been chosen in this work for several reasons.

Firstly, amorphous materia1s can be made over a wide composition range without

the problem of phase separation OI segregation of constitutants. Secondly, the iron

contents are so high (x~89) that the magnetic properties will not be influenced by

percolation effeets. Thirdly, the alloys contain only one kind of magnetic element Fe,

so it is a simple system. Finally, high transition temperatures due to the high Fe

contents make the study easier.

The main issues we will address in this thesis are as fol1owing:

• Clarifying the nature of the second transition in iron-rich binary amorphous

alloys. As mentioned earlier, the nature of the second transition remains con­

troversial and the models divide broadly into homogeneous freezing of the trans­

verse spin components and inhomogeneous ordering of AFM c1usters (or freezing

of FM c1usters), which are embedded in FM matrix.

• Studying the effects of exchange frustration on the magnetic properties of these

materials. We will investigate the ordering behavior of alloys with different

degree of frustration and try to understand the effeets of exchange frustration.

This forms the main part of the thesis.

• Detecting spin correlations. It has been suggested that the asperomagnetic state

below the second transition is characterized by collinear order of longitudinal



spin components and random order of transverse components. In order to obtain

detailed information about the magnetic order be10w the second transition, spin

correlations on a local scale will be investigated.

•
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The main experimental techniques we used are Mossbauer spectroscopy and rnag­

netization measurements. It is clear that in order to clarify the nature of the second

transition, Mossbauer spectroscopy has to be used, but the more important reason

is that it offers the clearest method to observe the freezing of transverse spin corn­

ponents. Finally, it is a local probe, thus spin correlations on a local scale can be

deteeted. On the other hand, magnetization measurements provide global properties

of the s&lliples, which can then be compared with those obtained by the local probe.
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Chapter 2

Experimental Methods

2.1 Sample Preparation

The samples studied in this work are amorphous alloys of the form FexMlOO - x (M=Zr,

Hf, Sc; 89::; :l: ::;93) and amorphous Fe92Zr7Sn. Ail samples were prepared by melt­

spinning.

Ingots for melt-spinning were prepared by arc-melting appropriate quantities of

constituents (Fe, Zr, Hf etc.) under titanium gettered argon. The purities of the

metals used are listed in Table 1.1. For binary alloys FexM1oo- x (M=Zr, Hf, Sc),

small pieces of metais weighed according to the desired stoichiometric ratio were

melted three or four times to ensure homogeneity. In the case of Fe92Zr7Sn, the

melting point of Sn is only 232°0, far be10w that of Fe and Zr (1536 and 1850°0

respeetively). In order to minimize the evaporation of Sn, the Fe and Zr were first

Table 2.1: Purilies of the melals used for preparing the samples.

metal Fe Zr Hf Sc Sn

purity 99.98% 99.8% 99.99% 99.9% 99.9%

29



L'lelted two or three times, then the appropriate amount of Sn was added and re­

melted with the Fe-Zr ingot three times. The weight loss of materials in the process

of a110ying was checked by weighing the materials before and arter a110ying and the

uncertainty of composition introduced is estimated to be usua11y less than 0.3 at.%.

Amorphous ribbons were produced by a single roller mdt-spinner. Several pieces

(typica11y three) of the ingot with total weight of around 300mg were placed in a

quartz crucible with a sma11 orifice (typica11y 0.3-0.5mm in diameter) at one end.

The ingots were heated by r.f. induction. Once melted, the a110y was expelled out

of the crucible under argon pressure rdeased by a manua11y operated solenoid valve,

onto the rim of a copper wheel, which was rotating with a tangential speed of ~50m/s.

The resu1ting ribbons are 1 to 2mm wide and about 20JLm thick.

•
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2.2 Charaeterization

For the iron-rich aUoys studied here, a11 of the amorphous phases have their ordering

temperatures bdow room temperature, while aU of the crystalline phases e.g. a·

Fe, Fe2Zr, etc., are ferromagnetic at <oom temperature. Therefore, any crystalline

contaminants (prlncipaUy a-Fe here) will strongly affect the magnetic properties of

samples. Moreover, they also change the composition of the amorphous phase.

Conventional x-ray diffraction was used to check if the samples are amorphous.

The x-ray diifractometer used in this study is Nicolet-stOe L11 powder diffractometer.

AU x-ray diffraction measurements were made in the refiection mode with Cu Ka

radiation (>. = 1.5418À). The ribbon samples were stuck to a glass slide by a piece

of double sided adhesive tape. Both faces of the samples need to be checked, mainly

for refiections around 45° and 65° (due to the (110) and (200) planes of a-Fe), since

a crystalline layer may be present on either face and be oriented so as to exhibit

only the (200) refiection. In Fig. 2.1, diffraction patterns for two Fe92Zr7Sn samples

are presented. The top one exhibits a broad peak around 45° and no peak near 65°,

demonstrating the amorphou8 nature of the sample, while the bottom plot shows a
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Figure 2.1: X-ray diffraction patterns for amorphous (top) and partially erystalline (bottom)
Fe••Zr7Sn. The sampi.. were acanned in two ..parate regions (350 $ 29 $ 50' and 610 $ 29 $ 67').
Sinee the peak around 65' (ifit is present) is mueh sharper, that scan region is very narrow.

more narrow peak with a sharp spike near 45° and indicates that the alloy is partially

crystallized. X-ray diffraction can detect crystalline contaminants down to a few

percent.

Differential scanning ealorimetry (DSC) was also used to test the smnple qual­

ity. Thermal scans were performed in the temperature range of 300 to 900K \Vith a

heating ra.te of 40K/min. The position and area of the erystallization peak provide

information on sample quality. A partially erystalline sample will show a erystalliza­

tion peak that is broadened and shifted to lower temperature as the microcrystals

present in the sample aet as nuc1eation sites and facilitate re-erystallization.

Mossbauer speetroseopy provides a more sensitive measure of erystalline contam-



inants in samples. Because ail contaminant phases are magnetic at room tempera­

ture, their contributions to the room temperature Mossbauer spectra can be easily

distinguished from those of the amorphous phases, which are not magnetic at room

temperature. Detection limits less than 1% can be achieved.

The compositions of samples were checked by electron micro-probe. For most

samples, the compositions were found to be within 0.4 at.% of the nominal values.

The results for Fe-Hf alloys are about 1 at.% different from the nominal values. This

mainly ref1ects the uncertainty in the micro-probe measurements as the reference

sample used contained only 0.9% Hf.

•
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2.3 Mossbauer Spectroscopy

2.3.1 Principles

The Mossbauer effeet

The Méissbauer effect is based on the recoil-free resonant emission and absorption

of "'{-rays by a nucleus. Resonant processes are very common phenomena, but the

unique feature of the Mossbauer effect is that it eliminates the destructive effect of

recoil energy which is critical for nuclear resonant processes.

Let us consider the 57Fe isotope, which is the most commonly used source lU

Méissbauer spectroscopy. For the l4.4keV transition, the width of the transition

energy (r) is only 4.67 x 10-geV, which leads to a very high energy resolution of

~3x1012. However, the energy resolution actually obtained is far below 1012 in the

presence of recoil, in some cases, the resonant process can not even be observed.

This cau he illustrated clearly by considering a free atom. When the atom emits a

"'{-photon, it will recoil since the total momentum is conserved. The energy of the

emitted "'{-photon can he written as

(2.1)

where Eo is the transition energy and ER and ET are recoil energy and thermal energy
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respeetively. The recoil energy
E2

ER = 2M~ (2.2)

is proportional to square of '"(-ray energy (c is velocity of light and M the mass of the

atom). The thermal energy ET is dependent on the thermal motion of the nucleus,

and will have a distribution with a average value ET, which is temperature dependent.

Thus the energy of the emitted '"(-photon is less than the nuclear transition energy by

ER and is broadened with a full width of 2~. Similarly, when a '"(-photon is absorbed

by a nucleus, we have

•

E., = Eo+ ER - ET (2.3)

•

That is, the energy of '"(-photon to be absorbed should be greater than Eo by ER

and may also has a distribution. Therefore, the energies of the emitted and absorbed

'"(-rays by the same nucleus are shifted away by 2ER • In faet, the principles outlined

above can be applied to any kind of resonant processes, such as the resonant emission

and absorption of ultraviolet radiation by atoms. However, the transition energy

and hence the photon energy for ultraviolet radiation is much sma.1ler than that of

'"(-photon in nuc1ear resonant processes. Since ER is proportional to the square of the

photon energy, the recoil energy in atomic resonant processes is much sma.1ler than

that in nuc1ear resonant processes. The typical energy value of a ultraviolet photon is

6.2eV, which yields ER of 2.1 x lO-lOeV and ET of 3 x 1O-6eV if the the mass of the

atom is 100amu[65J. Since ET is much larger than ER, the emission and absorption

profiles are strongly overlapped in spite of the recoil effect. Furthermore, both ER

and ET are sma.1ler than the width of the transition energy, 50 the energy resolution

is not reduced. On the other hand, for the 14.4keV transition of 57Fe, ER is around

2 x 1O-3eV and ~ ~ 1 x 1O-2eV at 300K. ER is much larger than the width of

the transition energy (~10-geV). Thus the shift of 2ER for energies of emitted and

absorbed '"(-rays will lead to no overlap of the emission and absorption profiles and

destroy the resonant processes completely. With the thermal broadening ET, which is

larger than ER, the emission and absorption profiles can still overlap but the energy

resolution is dropped by a factor of ~107.



The recoil can also be compensated by moving source with a velocity v relative

to the absorber, thus adding the Doppler energy Ed to E~•
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(2.4)

where c is the velocity of light. To make the emission and absorption profiles overlap

completely, Ed should equal to 2ER, which requires a huge velocity about lO·mm/s.

When the atom is bound to a solid matrix, the situation is quite different. The

recoil energy in this case is transferred to the lattice through the creation of phonons.

Since the phonon energies are quantized, a minimum energy is required to create a

phonon. For a simple Einstein model, the energies of phonons can take the values

±hll, ±2hll, .... If ER < hll, a certain number of ï-photons will be emitted without

energy transfer to the lattice (zero phonon events). Similarly, the nuclei in a solid

can absorb ï-photons in a recoil-free process. That is, recoil-free nuclear resonant

processes can be achieved in some solid materials. This forms the basis of Mossbauer

effect. Since the thermal broadening is also eliminated when the atom is bound to

the solid matrix, the extremely small natura.! full-width of the transition energy, for

example, of .7Fe leads to a energy resolution of about 1 part in 1012 in practice.

The Mossbauer effect can be measured in a transmission configuration schemat­

ically shown in Fig. 2.2. A solid matrix containing the excited nuclei of a suitable

Excited
State

Ground
State

•
y-ray
emitted

SOURCE

y-ray
transmitted

ABSORBOR

o
DETECTOR

• Figure 2.2: A sehematie representation ofa experimenta! ..tup to measure a trausmission Mes.bauer
.peetrum



isotope is used as the source of ,-rays. A second matrix containing the same isotope

in its ground state is placed in front of the source and serves as an absorber (it is

the sample in transmission configuration). The intensity of the ,-rays transmitted

through the sample is measured. Tiny difference between the transition energy in the

source and that in the sample can be measured as a result of very high energy reso·

lution. By moving the source relative to the sample with a velocity v, the energy of

a ,·photon "seen" by the sample can be varied by a Doppler energy Ed (see equation

2.4). If the source and absorber are identica.! as shown in Fig. 2.2, the emission and

absorption profiles completely overlap at v=O and the absorption is at a maximum.

Any increase or decrease in velocii.y cau only decrease the overlap and therefore re·

duce the absorption. It then follows that a record of absorption as a function of the

velocity v will show an absorption spectrum. In Fig. 2.3, a measured spectrum with

a single absorption line is shown. Usually, velocity v scans in a range of a few mm/s,

in contrast to lOsmm/s needed to compensate for the recoil energy.

•
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Hyperfine Interactions

There are severa.! factors which affect the nuclear transition energy through the hy­

perfine interactions between a nucleus and its environments. If the nuclei of the

source and absorber have different local environment, the nuclear transition energies

of source and absorber will be different, which can then be measured by Mossbauer

spectroscopy. Static a.ud time-dependent hyperfine interactions will be considered

below.

Static Interactions

A. !samer Shift, é

The isomer shift is due to the Coulomb interaction between the nuclear charge

distribution over a finite nuclear radius R and the s-electron charge density at the

nucleus. The s-electron density at the nucleus can be varied by the chemica.! envi­

ronment. When the nuclei in the source and absorber have different chemica.! envi·

ronments, the shift of the energy levels due to the Coulomb interaction in the source
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and absorber will be different. Thus the absorption peak will be shifted by 5 (see

Fig. 2.4(a»,

5R(1 2 1 25 = CR 1/IA(O) 1 - 1/15(0) 1 ) (2.5)

where C is a constant for a given isotope and 5R/R is the relative change of nuclear

radius between excited and ground states, and the term in parenthesis represents tb2

difference of s-electron density at a nucleus between the absorber and source.

B. Quadrupole Splitting, t:J.

The quadrupole splitting is due to the interaction between the nuclear e1ectric

quadrupole moment, eQ, with the e1ectric field gradient (EFG), 'ilË, at the nucleus.

The interaction can be expressed by the Hamiltonian

•
1 ~ ~

11. = --eQ . 'ilE
6

(2.6)
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The nuclear quadrupole moment is a measure of deviation of the nuc!ear charge

distribution from spherical symmetry, while the EFG is a tensor and can be written

as
Ô2V

ViE; = =- Vi; (2.7)
Ô:l:iÔ:l:;

where V is the e1ectrostatic potential and :l:i,:I:; = X, y, z. A principal axis system

may always be defined such that ail the Vi; terms with i#j are zero, leaving the three

finite principal values of Vzz , VIIII , y.•. Furthermore, VË is a traceless tensor. That

is

Vzz +VIIII +y.. = 0 (2.8)

•

As a result, only two parameters are required to describ~ the V Ë and usuaily they are

y'.=eq, the largest value of 1Viii , and the asymmetry parameter ,,/, which is defined

by

(2.9)

such that IY..I > IVIIIII ~ IVzz and O~ "/:51. For both s7Fe and l19Sn, the quadrupole



moments of ground states with 1=1/2 are zero, while for excited states with 1=3/2,

the energy of quadrupole interaction is•
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(2.10)

Therefore, the excited state is split into two sublevels while the ground state remains

unchanged. This is shown in Fig. 2.4(b). If '1=0, we have

and the quadrupole splitting is

l, = ±~
2

l, = ±!
2

(2.11)

(2.12)

C. Magnetic Hyperfine Interaction

The interaction of a nuclear magnetic moment il with a magnetic field Ë at the

nucleus splits nuclear states with spin quantum numbe!s 1 (1)0) into (21+1) sublevels.

The Harniltonian describing the interaction is expressed as:

(2.13)

where g is the nuclear g-factor and /LN is the nuclear magneton. The energies of the

sublevels are determined by

(2.14)

•

where l, is the z component of the nuclear spin quantum number 1.

For both s7Fe and 119Sn, the excited state with 1=3/2 will split into four suhlcvels

and the ground state with 1=1/2 into two. Transitions betwecn diffcrent sublcvels

can take place if tl.I,=O or ±1, and consequently six-line spectra are obscrvcd (see

Fig. 2.5). The measured Mossbauer spectrum of a-Fe (bcc Fe) at room tempcrature

in Fig. 2.6(a) is an example of the magnetical1y split spcctra and it shows six weil

resolved absorption lines. lt is known that the magnetic hyperfine field in a-Fe at

room temperature is 33T. From the weil established hyperfine parameters of a-Fe, the
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•

positions of the absorption lines due to magnetic splitting for Ct-Fe can be calculated.

The separation of the 1-6 lines, 2-5 lines, and 3-4 lines at room temperature are

10.625mm/s, 6.15mm/s, a.nd 1.68mm/s respectively. The Mossbauer spectrum of Ct­

Fe at room temperature is usually used for velocity calibration. Since in experiments

a Mossbauer speetrum is recorded as 'Y-ray counts versus channel number, the velocity

calibration transforms the channel number to Doppler velocity.

The intensity ratio of the six Unes in a speetrum can be written as 3:R:l:l:R:3,

where R = 48in21//{1 + C08
21/), and 1/ is the angle between the magnetic moment

and the direction of ')'-beam. When the magnetiza.tion is paralle1 to the 'Y-beam,

1/ is zero, leading to zero R ;md thus a four-Une spectrum. If ihe magnetization

is perpendicular to the 'Y-beam, R will t~;;:: its ma.x:mum •...lue of 4. For a pc -der



sample, as the directions o! the magnetization are random, R should be aver...ged over

a sphere and the result is 2. The measured spectra o! cr-Fe in different configurations

are shown in Fig. 2.6.

The magnetic field at a nucleus can originate in several ways. A general expression

would be

•
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B = Ba - DM +LM +Bs +BM
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(2.15)

where Ba is the field at the nucleus generated by an external magnet and the next two

terms are the demagnetiz'.ng field and the Lorentz field. Bs arises !rom an imbalance

in the s-electron spin density at a nucleu~. It may be due to the intrinsic unpaired s­

electrons, or indirectly as a result o! polarization o! s-electrons by unpaired d-electrons

or !-electrons from the parent atom or near neighbor atoms. BM is the effective field

due to the orbital and spin moment o! the parent atom. The total field at the nucleus

is re!erred to as the hyperfine field, Bh!' B h! is round to be proportional to the atomic

moment, and in the case o! cr-Fe and crystalline Fe-Y alloys[68], the conversion factor

is 15T/ J1-B' This factor will be used throughout the thesis.

In the absence o! an external field, the hyperfine field can be approximated as

n

B~! = aSo +bL: S.
i=l

(2.16)

•

where Sa and S. are the magnetic moments o! the parent and neighbor atoms re­

spectively and the sum runs over the n nearest-neighbors. The coefficients a and b

relate the trans!erred field at the probe nucleus to the atomic moments causing it.

In the case o! a Mossbauer measurement with a magnetic probe atom, such as 57Fe,

Bh! is dominated by the contribution from the moment o! the probe atom itself (i. e.

the first term o! equation ( 2.16), and the effect o! the neighbors amounts to only a

!ew percent o! the total field. However, with a non-magnetic atom such as 1198n, the

local contribution is zero and Bh! measured at the probe nucleus is due solely to the

magnetic nearest-neighbors (i. e. the second term o! equation ( 2.16».

In summary, from a measured spectrum, the magnitude o! the Bh! can be deter­

mined from the positions o! the absorption peaks, and the information about the spin



•
CHAPTER 2. EXPERIMENTAL METHODS 41

1.00 ,

0.96

0.96

laI
0.94

0.92

1.00 .. ..
0.96

0.96

c
0

0.94';;; lbl
.!!
E..

0.92c
0

t= 8· O·

! 0.90

5!.. 0.66li:

1.00

0.96

0.96 IcI

0.94
8· 90'

0.92

0.9
-6 -6 -4 -2 0 2 4 6 6

Volacity lmm/.ocl

•
Figure 2.6: Mossbauer speclra of a-Fe at Ioom tempeIatuIe (a) B... =0, (b) B...=5T, 9=0', (c)
B...=0.35T, 9=90'. B••• indicates the uteIna! magnetic field. From ref.(67]



CHAPTER 2. EXPERIMENTAL METHOnS 42

• structure can aIso be obtained !rom the intensity ratio of the six lines.

D. Combined magnetic and quadrupole interactions

8ince both the magnetic and quadrupole hyperfine interactions are direction de·

pendent, when both are present, the resultant behavior cano be much more complex.

The formaI Hamiltonian is the sum of equations 2.13 and 2.6 and has no generaI

solution. The spectra can be obtained by caIcuiating the eigenvaIues and eigenfunc.

tions oI the Hamiltonian. In generaI, additionaI "forbidden" transitions (LH. = ±2)

occur and 67Fe and and 1198n spectra will consist of eight absorption lines. How·

ever, if the quadrupole interaction is much smaller than the magnetic interaction (i.e.

e2qQ ~ /LB) and can be treated as a first-order perturbation to the latter, there is a

relatively simple solution giving eigenvalucs as

(2.17)

•

where eis the angle between magnetic field and EFG's principaI axis (assuming EFG

tensor is axially symmetric i. e. 11=0). In this case, the excited state splits into four

sublevels and the ground state into two, similar to the case of magnetic interaction.

However, the positions of the sublevels are shifted due to the quadrupole interaction.

The energy levels are illustrated in Fig. 2.7 and a six-line spectrum is expected.

Time-Dependent Interactions

The Mossbauer process (recoH·!ree emission and absorption of ,-rays) and the

hyperfine interactions have characteristic times. Thus, in principle, they are both

time-dependent. Time-dependent changes in the nuclear environment, often referred

to as relaxation processes, can relate to structuraI changes in systems as weil as to

changes involving the electronic configuration. When the time dependence involves

the orientation of the electronic spin and hence affects the magnetic hyperfine inter­

action, the process is often known as magnetic relaxation and can be considered in

terms of a time dependence of the magnitude and direction of the magnetic hyperfine

field experienced by the nucleus. The characteristic time of the magnetic relaxation,
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Figure 2.7: The energy-level schemes for an 1.=1/2-1,=3/2 nuclear transition with combined mag­
netic and quadrupole spliUing. The Mossbauer transition and the resulting spectra are aIso shown.
From ref.[65]

TR. can be defined as a period of time over which the magnitude and direction of the

magnetic hyperfine field remains essentially unchanged. The reciproca! of the TR is

called relaxation frequency.

The ~ffect of magnetic relaxation on a measured speetrum is dependent on the

relative magnitudes of the relaxation frequency tR and the nuclear Lamor precession

frequency h. If tR ~ h. the relaxation frequency of the hyperfine field is so high that

its time-average over a nuclear Lamor prer;e•.ricn period 1/h is zero, thus the nucleus

will experience no hyperfine field and the measured spectrum shows no magnetic



splitting. This is the paramagnetic CllSe. li fR ~ iL, the relaxation frequency of the

hyperfine field is very low and the nueleu s can not feel the relaxation of the hyperfine

field. This corresponds to the statir. case. When fR ~ iL, the calculation of the

spectra becomes much mor.e complicated. One approach to this problem is referred

to as the stochastic model[69] where the hyperfine field is assumed to flip between

two values +h and -h (i.e. up and down) with f1ipping frequencies fR! (+h-->-h) and

fR2 (-h-->+h). This model was initially applied to superparamagnets where the net

magnetization is zero and hence the two flipping frequencies were equal. The method

was extended later to calculate the spectra of crystalline magnetic alloys[70,71] where

the two flipping frequencies were assumed to be unequal since the magnetization in

~ ferromagnet is not zero.
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2.3.2 Mossbauer speetrometer

The Môssbauer spectrometer we used is shown schematically in Fig. 2.8. The source

was attached to a velocity transducer and its velocity was controlled by a digital

function generator and a Môssbauer driving unit. In our measurements, the velocity

is set in a triangle (constant acceleration) or sinusoidal mode. i-rays transmitted

through the sample were detected by a proportional counter. The signal is amplified

and fed to a single channel analyzer (SCA), which rejects all but the signals produced

by i-photons around 14.4keV. The output of the SCA is sent to the ACE-MCS system

(EG&G ORTEC), which was installed in a personal computer (PC) and perform6

multichannel scal:ng. The recording of i-ray count in each channel and the controlling

of the velocity transducer are synchronized by the function generator so that every

channel number corresponds to a particular velocity. The detailed description is

presented below.

Sources

The Môssbauer sources we have used are 67CoRh and Call1lmSn03 for 67Fe and !!9Sn

Môssbauer meamrements respectively. They are unsplit single line sources because
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a multi-line source will make the measured spectra much more complicated. The

nuclear decay schemes of 5700 and 119mSn are shown in Fig. 2.9. The excited state of

57Fe at 136.3keV is populated by electron capture of 5700 with a hill-life of 270 days.

91% of the decays from 136.3keV state result in a 121.9keV -y~ray and therefore the

first excited state at 14.4keV is efficiently populated. The 14.4keV transition occurs

between the excited state of nuclear spin quantum number 3/2 and the ground state of

spin 1/2. While most of the 14.4keV transitions lead to internal1y converted electrons,

about 10% result in 14.4keV -y-rays, which are used in Mossbauer measurements. The

half-life of the excited state is 97.7ns, which yields a natura! full-width of 0.192mm/s

according to the Heisenberg uncertainty principle. For 119Sn, the -y-transition used

for Mossbauer measurements is the 23.87keV decay from the first excited state. The

precursor is metastable 119mSn which has a hill-life of 250 days and can be prepared

by adequate activity by neutron capture in isotopical1y enriched 118Sn. The 23.87keV
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transition is a 3/2-+1/2 magnetic dipole transition similar to 67Fe. The excited-state

has a lifetime of 18.3ns corresponding to a natural full-width of 0.626mm/s, which is

much larger than that of 67Fe.
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Detectors

Detectors used in this study were proportional counters filled with Xe plus 3%C02

gases. CO2 is added as quench gas and it suppresses the photon-induced eifects, which

can leads to a loss of proportionality. The gas pressure of the detectors used for 67Fe

Mossbauer measurements is 1 atm. For 119Sn Mossbauer spectroscopy, although the

energy of ,-rays used for Mossbauer work (23.87keV) is quite close to that of the Ka

X-ray of Sn (25keV), the Xe-C02 proportional detector can still resolve the useful

,-ray from the X-ray. By using a palladium foi! of O.lmm thick, the 25keV X-ray can

be preferentially absorbed as palladium has a K-edge for photoelectric absorption of

24.35keV, just between the unwanted X-rays and the required 23.88keV ,-rays. The

detector with gas pressure of 2 atm was used for 119Sn measurements since it produce

count rates about twice that obtained by 1 atm detectors.

Cryostat

Since the ordering temperatures of all our samples are below room temperature,

most measurements were made at lower temperatures. For these measurements, the

sample was placed in a cryostat and its temperature was control1ed by a home-made

temperature control1er with the precision better than 0.1K. Cooling is provided by

helium gas. Liquid helium was drawn from the helium reservoir through the capillary

tube and vaporized by the vaporizer heater (see Fig. 2.10). Normally, the helium

gas was heated to a temperature slightly lower than the set point of the sample, and

a small current (typically about 100mA) is used to maintain the sample at its set

temperature. In this case, the sample's temperature can be quite stable in spite of

the large variation in the helium flow rate. The cryostat has two windows which

allow the ,-ray to pass through. The window material is aluminized mylar, which is
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transparent to the i-rays used.

Mossbauer spectra in high magnetic fields (>100mT) were recorded using a cryo­

stat with a superconducting magnet which can produce magnetic fields up to 7 Tesla.

For the measurements with magnetic field parallel to the i-beam, the source was

located inside the cryostat at the null point of the magnet (Fig. 2.11). Since the

transducer had a larger load in this case, it was operated in sinusoidal mode so that

error signal was reduced due to the smoother change of velocity. In the case of mag­

netic field being perpendicular to the i-beam or without magnetic field, the sources

were outside the cryostat and the transducer was set to constant-acceleration mode.

The sample's temperature was controlled in a similar way.
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2.3.3 Analysis Techniques

The materials we have studied are amorphous alloys in which various local environ­

ments exist. Therefore, the hyperfine parameters, such as quadrupole splitting and

magnetic hyperfine field, will have continuous distributions rather than some small

number of discrete values as for crystalline materials. Different fitting procedures

have been used to obtain these distributions and they will be described below.

Qgau55

This fitting routine is used to fit the spectra with a distribution of quadrupole split­

tings. Since the Curie temperatures of all our samples are below room temperature,

the spectra of these alloys at room temperature were fitted by Qgauss, which as­

sumes a Gaussian distribution of quadrupole splittings. A linear correlation between

the isomer shift and the quadrupole splitting has been introduced to account for

the asymmetries in the spectra. A measured quadrupole split spectrum is shown

in Fig. 2.12 with the fitted quadrupole splitting distribution. By fitting theroom

temperature spectra, the average quadrupole splitting, t1av , can be obtained. It was

shown in Section 1.3.1. that for combined magnetic and quadrupole interactions, the

effect of quadrupole interaction (if it is much smaller than the magnetic interaction)
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is to shift the magnetically split lines by
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For our amorphous alloys, 0 may take any value between 0 and 271' and thus ê can be

positive or negative for a given 1•. The result is that the magnetically split lines are

not shifted, but broadened. The broadening can be estimated by replacing 6 with

6 •• and calculating the root mean square of ê. When fitting all spectra. measured

below the Curie temperature, the full linewidth was set to the natura! full-widlh

r plus the broadening 2ë (ë is the root mean square of e) due to the quadrupole

splitting.

Window's method

Window's method[72] is the most commonly used procedure to fit the magnelica1\y

split spectra for amorphous samples. The technique is based on a series expansion of

the probability function of hyperfine field P(Bhf )

N

P(Bhf ) = L anfn(Bhf)
=1

(2.18)

•

where fn( Bhf )=cos(n7l'B f Bhi·~H_1)n satisfying the boundary condilions P(Bh'r)=O

and dP fdBhf=O for Bhf=O and Bhf = BJ:ï~. Except for the boundary condilions,

this routine makes no assumptions about the shape of the P(Bhf ). Similar to Qgauss,

we have assumed a linear correlation between the isomer shift and the hyperfine field.

Since only a finite number of terms of the series are used, oscillalory componenls in

P(Bhf) are necessarily obtained, and this requires careful interpretation as described

later. Another problem is that this method sometimes gives unphysica! negalive

probability P(Bhf ). These prob!ems are illustrated in Fig. 2.13.

Asymmetric Gaussian mode!

Like Window's method, this procedure is used to fit the magnetica1ly split speclra

of amorphous systems. lt differs from Window's method in that it assumes lhal
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P(Bhf ) is an asymmetric Gaussian function with two different widths to higher and

lower fields. This assumption is based on the fact that the P(Bhf) obtained from

Window's method resembles an asymmetric Gau"sian function. Again, alinear corre­

lation betwe"n the isomer shift and the hyperfine field is assumed. Usual1y, the fitting

qua.lity of th:. procedure is not as good as that of the Window's method. However,

in some cases, this simple procedure can fit the spectra as weil as Window's method.

This procedure show severa.! advantages ovcr Window's method. First, it eliminates

the a.rtifact oscillatory results in P(Bhf). Second, it can not yield negative va.!ues of

P(Bhf ), and is stable even in the presence of relatively large noise and line overlap.

In Fig. 2.14, a measured spectrum is shown with fit obtained by using this fitting

routine. The obtained P(Bhf) is a.!so shown.
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Subtraetion Procedure

Besides the oscillatory components in P(Bhf ), there are other problems associated

with the deconvolution of P(Bhf ) from a measured spectrum for an amorphous sam­

pie. Usuaily, the abtlorption lines in a spectrum are very bror.d due to the various

loca.! environments iD. amorphous m"t"da.!s. The overlap among the six lines of a

magneticaily spI; Jpectrum makes ail conventiona.! deconvolution routines m~s~ablc.

Moreover, the presence of magnel.ic texture affects the intenL.ties of the f:1m[ = 0

transitions (lines 2 and 5) and can substantiNly modify the derived P(Bhf ). Stan­

dard solutions to the magnetic texture p.roblem are either to ignore it, i.e., to argue

that thc spin directions will be essentiaily random and set the intensity ratio R equal

to 2, or else to a.!\ow R to be a variable parameter in the fit. Neither procedure is

satisfactory. The first is simply wrong as R=2 is rarely observed for ribbon samples,

while the second, ailowing R to vary, exacerbates the problems, since the shape of

P(Bhf ) and R are highly cor.elated fitting parameters.

Kaptas et al. have proposed a special procedure to obtain unambiguous P( Bhl )[73].

lt is known that for a ribbon sample, R is usually smailer than 2 due to the mag­

netic texture (see Fig. 2.15(a)). If a smail externa.! field is applied parailel to the
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plane of ribbons and perpendicular to the ;-ray in Mossbauer measurements, spins

in the ferromagnetic phase will be polarized along the field direction. Since R =

4sin2lij(1 + cos2 1i) (Ii is the angle between the spin and the ;-beam), it will be in­

creased for a spectrum recorded in the small field (see Fig. 2.15(b)). If the field is

small enough, it will not affect the hyperfine magnetic fields experienced by the nuclei,

and hence the hyperfine field distribution P(Bh!)' Therefore, except for the increase

of R, the spectrum with a polarizing field (will be referred to as polarized spectrum)

is the same as the spectrum without the polarizing field (unpolarized spectrum).

By subtracting the unpolarized spectrum from the polarized spectrum, a two-line

pattern is obtained (see Fig. 2.15(cl) and P(Bh!) can be derived from the two-line

spectrum. This procedure has the following advantages: First, it minimize the line

overlap by subtracting off the other four lines. Second, it eliminates the magnetic

texture problem as we do not need to know the intensity ratio to fit the two-line

pattern. Therefore, more reliable P(Bh!) can be obtained by using this procedure.

Usually, the polarization effect is enhanced if the sample is cooled from above the

ordering temperature in the polarizing field (in our case, it is produced by a perma­

nent magnet). It should be noted that this subtraction procedure only works when

the system responds homogeneously. If. ::le oi the sllins in the system do not re­

spond to a small polarizing field for some reason, their contribution to the poi!Llized

and unpolarized spectra are the same, and thus will be cancelled in the subtmctiQn

process. In this case, the obtained two-line pattern contains no information about

these spins and the derived P(Bh!) can not represent the whole sampie. This proce­

dure is also not suitable for strongly frustrated systems. Since the large anisotropy

in strongly frust.rated systems makes it hard to rotate the magnetization, therefore

the effect of spin polarization for these mat-::rials by a small field is not significant.
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Relaxation models

In the stochastic apprf)ach[69] described before, the magnetic relaxation was mod­

eled by assuming the hyperfine field being fiipping between two values +h and -h
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(i.e. up and down) with fiipping frequencies fm (+h-+-h) and fR' (-h-++h). The

model, referred to as a single-site relaxation model, has been applied to crysta.lline

magnetic systems[70,71] but the presence of substantia.1 static disor':!,.r reduces its ap­

plicability to amorphous materia.1s as shown in Fig. 2.16. At T~~5K, the amorpholls

a.lloys we have studied ex1ubit very broad distributions of hyperfine field, indicating

stmng statir. disorder. Moreover, this static disorder remains significant even when

ihe temperature is close to the ordering temperature. Therefore, to tackle the relax­

ation proble:n in a.morphous systems, both relaxation and static disorder need to be

considered. As a result of static disorder, f wide distribution of clnster moments ;5

expected. However, both the shape and the temp"rature dependence of this distribu­

tion are unknown. In our models, this dist~bution has been assumed to be equiva.1ent

to that of the static hyperfine fields, and the temperature dependence has been ne­

glected. Thus, the cluster moment distribution for a given a.lloy was determined from

Miissbauer speetrum at 5K in zero field and remained unchanged for a.ll tt.~perature.

The asymmetric Gaussian model was used '0 obtain t1:le hyperfine field distribution.

This model fits the 5K spectra quite weil and simplifi..s "ubsequent ana.1ysis by en­

suring a smooth hyperfine field distribution and minimizing the number of fitting

parameters used. Relaxation effects were added in two ways. In 'Relax-1' a.ll of the

components in the hyperfine field distributio". are assumed to relax at the same rates:

fm and fm, and they are varied in order to obtain the best fit. The two fiipping

frequencies are assumed to be correlated \vith the magnitude of the hyperfine field in

'Relax-2' where high field components relax more slowly than those at lower fields.

An exponentia.1 dependence of the frequency on field was used to model an (assumed)

activated fiipping process.

2.4 Magnetization

Magnetization was measured using a SQUID magnetometer in the Physics Depart­

ment at McMaster University. Magneiic fields of up to 5.5T were produced by a
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F~ute 2.17: A schematic representation of the second-derivative detection coil configuration

supercondueting solenoid. Samples were obtained by cutting the original ribbons

about 1mm wide and 20JLm thick into pieces of ~3mm long. Samples of this size

or smiller are effectively point sources. The specimen is mounted on the surface of

a long quartz tube by using insu1ating glue. When it is in the middle of the tube

so that 'he tube a.lways extends completely through the pick up coils, the resulting

signal in the SQUID detector will represent only the sample. In this case, the tube

presents a uniform background to the closely spaced pick up coils, and only the signal

from the sample remains. The SQUID pick up coils are wound in a second-derivative

configuration in which the upper and lower single turn are counteïwound with re·

spect to the two-turn center coils (see Fig. 2.17). This configuration strongly rejects

interference from nearby magnetic sources, particularly the uniform field from the

superconducting magnet, making the SQUID detector relatively insensitive to drifts

in the magnet fol1owing even very large field changes. This enables the system to

function without the need for 3 supercondueting shield around the SQUID sensing



loop. Samples were cooled by cold gas drawn into the cooling annulus outside the

sample chamber from the liquid helium bath and were heated by applying power to

either the sample chamber or gas heater (Fig. 2.18). Longitudinal copper wires along

the lengt.h of the sample chamber mainta.i..l thermal uniformity, and a few torr of

helium gas in the sample chamber provides thermal contact with the sample. The

sy~tem uses two thermometers to cover the entire temperature range of 1.9 to 400K.

A germanium resistance thermometer is used irom 1.9 to 40K, and a platinum resis­

tance thermom~ter is used ab,we 40K. The normal measurement process is to position

the sampie far below the detection com first, and then to raise the sample through

the colls while measuring the output of the SQUID detector. Therefore, the raw data

from a measurement are a set of voltage readings taken as a function of position as the

sampie is moved upward through the detection colls. The magnetic moment is calcu­

lated as the root-mean-square of the voltage readings, normalized by the calibration

factor. The magnetic moment calibration for the system is deterrnined by measuring

a pa.l1adium standard sample, which is a right circular cylinder approximately 3 mm

diameter x 3 mm high. Once a sample is mounted, measurements inc1uding field and

temperature changes can be programmed, and thus performed automatica.l1y.
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Chapter 3

Experimental Results

3.1 Sample Characterization

Ail of the samples studied here are paramagnetic at room temperature. A typical

Mossbauer spectrum measured at room temperature is shown in Fig 3.l(a). The

two absorption lines due to quadrupole splitting are broadened so much as a result

of the distribution of local iron environments that they can hardly be resolved. The

Qgauss fitting program was used t.o fit the room temperature speetra and the obtained

distribution of the quadrupole s~litting is plotted in Fig 3.l(b). A linear correlation

between isomer shift, 8, and quadrupole splitting, bo, was assume::! to account for

the asymmetry of the observed speetra. Some fitted parameters, including average

isomer shift relative to a-Fe ((8}), average quadrupole split.ting ((bo}) and width

(standard deviation) of the distribution of quadrupC'le splittings (O"~) are summarized

in 'fable 3.1.

3.2 Magnetic Properties of a-FeZr alloys

3.2.1 Magnetic Relaxation Around Tc

Determination of Ordering Temperature Tc

63
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Typical zero field Màssbauer speetra at different temperature for one of our Fe-Zr

samples, Fe93Zr7' are plotted in Fig 3.2. The spectra were fitted by using Window's

method (described in Chapter 2) and the temperature dependence of average hyper­

fine field, (Ehf}), is shown in Fig 3.3 (a). The ordering temperature, Te, is defined as

the temperature at which the average hyperfine field become non-zero. Te can also be

cbtained from the plot of absorption vs. temperature. Above T., the doublet speetra

due to quadrupole splitting yield high absorptions. After the magnetic order sets in,

the spectra begin to show six lines and the absorption starts to drop. Therefore, it

is expeeted that the temperature dependence of the absorption changes slope at the

ordering temperature (see F~g. 3.3 (b».

M(,~netization of ail Fe-Zr samples was mea.ured by a SQUID magnetometer

in fields of up to 5.5T. From the modifiec1. Arrott plots, i.e., Ml/Il as a function of

(B/M)lh where f3 and 1 are critical exponents, the ordering temperature can be de­

termined since the critical plot at T=Te is a straight line through the origin. It has

been shown that the critical exponents obtained from magnetization measurements

for iron-rich Fe-Zr alloys[74,75] agree weil with the theoretical predictions for the

homogeneous three··mmensional Heisenberg mc..iel[76] where f3=O.365 and 1''''1.387.

Thus, these values have L~en used for ail of the samples studied here. The magne­

tization curves and the modified Arrott plots around Te for FegoZrlO are shown in

Fig. 3.4. The ordering temperature obtained from the modified Arrott plots is de­

noted as T;;' and is 230±6K for Fe90Zrlo, T;;' for ail Fe-Zr samples in this study are

listed in Table 3.2 and they are in good agreement with the values of Te determined

from Màssbauer measurements.

Evidence of Magnetic Relaxation Around Te

The early evidenec: of magnetic c!uster relaxation above Te in iron-rich amorphous

Fe-Zr aIloys w~s reported several years ago[77,78]. While the zero field Màscbauer

spectra at room temperature were typical for amorphous paramagnetic materials,

room temperature spectra measured with an external field were quite different from

those expected in the case of mixed static quadrupole and magnetic hyperfine inter-

•
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Table 3.1: Mossbauer parameler. of alllhe sample. al room lemperalure

Samples Do (mm/s) < 6. > (mm/s) 17'6, (mm/s)

FeS9Zrll -0.10l±0.006 0.369±0.001 0.283±0.005

Fe90ZrlO -0.100 0.377 0.300

Fe92ZrS -0.082 0.368 0.284

Fe92Zr7Sn -0.075 0.379 0.287

Fe93Zr7 -0.084 0.354 0.297

Fe9UHf7.6 -0.051 0.352 0.280

Fe91Sc9 -0.076 0.368 0.271
---

Tahle 3.2: Ordering lemperalure of .'- FeZr allor.

66

•

Il Samples FeS9Zrll FeOOZrlO Fe92ZrS Fe92Zr7Sn Fe93Zr7

T, (K) (from < BhJ(T) » 260 230 178 180 134±5

Te (K) (from absorption) - - 1.75 - 140±5
.-

T;' (K) (from Arrott plots) 252 230 i - 190 150±6
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actions. Yamamoto et al. a.lso reported that the superparamagnetic behavior was

observed in Fe92ZrS above Tc [79].

Evidence of magnetic relaxation below Tc has a.lso been reported. The averagc

hyperfine fields derived from Mossbauer spectra recorded in a 3T field are about lOT

larger than those obtained from zero field spectra at temperatures close to but below

Tc[22]. The significant enhancement of the average hyperfine fields must be due to

the slowing down of relaxation rates by en externa.l field.

Fitting of Mossbauer speetra with Relaxation Models

Fitting routines considering both the static and time-dependent hyperfine inter­

actions were developed. The two routines are ca.lled Relax-l and Relax-2 as described

in Chapter 2.

Zero field Mossbauer spectra of FeooZrlo, Fe92ZrS and Fe93Zr7 were fitted by the

two relaxation models as weil as Window's me~hod. In fig. 3.5, Mossbauer spectra of

Fe92ZrS measured at different temperatures are shown with fits obtained by different

methods. The simple relaxation mode! where a.ll clusters are assumed to relax with the

same rate (Relax-l) can not fit most of the spectra. In Relax-2, a correlation between

the cluster moments and their relaxation rates is introduced, and much better fitting

is achieved. Howev'~r, the fitting quality is not as good as that obtained by Window's

method. The reduced X2 values obtained from the fitting programs p.te indications of

the fitting quality and are plotted in Fig. 3.6 for the three fitting routines.

The SaIne ana.lysis was performed on Fe93Zr7 and FeooZrlo, The reduced X2 vs.

reduced temperature are shown in Fig. 3.7 for the two samples. Similar behavior

is observed for a.ll three a.lloys. Relax-l was proved to be the worsi. fitting routine

among the three models, and a.lthough Relax-2 does not work as weil as Window's

model, it does yield reasonable fits. For Fe92ZrS, a single site relaxation model was

a.lso used where the static disorders were not considered. It works only in a very

narrow temperature range (0.9lTc ~ T ~ 0.97Tc or about lOK) as expected, since

in amorphous materia.ls, the wide distribution of loca.l environment leads to wide

distributions of quadrupole splittings as weil as hyperfine fields (static disorders). Ii

•
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we incIude the quadrupole distribution determined from room temperature (~1.7Tc)

spedrum, the model eao fit speetra above Tc, but still fails below 0.91 Tc as the elreet

of st,die magnetie disorder starts to dominate.

Although Relax-2 eao give reasonable fits to the speetra of all three samples,

little new insight into the magnetic properties of the materials is obtained due to

some artifi~i~ assumptions (as will be discussed in Chapter 4). In principle, sorne

information about the cIusters may be obtained from the simple single-site fits aboIe

Tc. For Invar (Fe6sNi3s), plots of the temperature dependences of magnetisation
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« M > = (/'- J2)/(I, +f,)) and average relaxation frequency (v = (l, +J2)/(I,.f,))

allowed a elearer definition of the characteristic temperature than was possible on

the basis of zero velocity thermal scans or average hyperfine fields [70,71). These

parameters are plotted in Figs. 3.8(a)-(d) for Fe92Zr8' It is found that the relaxation

model tends to underestimate Tc. Finally, d ln(v)/d(I/T) above Tc may be used to

derive the size of the relaxing elusters. The slope of the solid line in Fig. 3.8(b) is

about 6000K, following the analysis of Rancourt [71] and using a Tc of I76K, we obtain

an average eluster size of ~ 10A, much smaller than the value (~IOOA) obtained from

neutron scattering[80].

•
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3.2.2 Second Transition

For the Fe-Zr system at the iron-rich end, only the alloys with Fe content between 89

at.% and 93 at.% can be made amorphous by the melt-spinning technique and they

are the materials studied here.

Fe89Zrll

For a-Fe89Zrll, the Mossbauer .pectra measured in a 3.5T field parallel to the

ï-beam are shawn in Fig. 3.9. The six lines observed in a magneticaily split spec­

trum have intensities 3:R:I:I:R:3, where R = 4sin28/(1 + cos28), and 8 is the angle

between the magnetic moment and the direction of ï-beam. There is no evidence of

the presence of lines 2 and 5 at low temperature, which is the characteristic feature

of the second transitic'l previously observed in Ù93Zr7[22]. Since Fe89Zrll is the least

frustrated sample among the Fe-Zr group, it is possible that it does not show two

magnetic transitions. In order to verify our speculation, R at different temperatllre

need to be derived. However, conventional fitting routines (like Window's method)

can not yield an accurate R value due to the correlation between R and the hyper­

fine field distr;bution, P(Bh!)' Therefore, we need to derive P(Bh!) independently

by a subtraction procedure. Polarizing the sampie with a 100mT field has strcng

effects: the intensities of lines 2 and 5 increase easily and R of arot.nd 3.7 is achieved.

Then the P(Bh!) derived from the difference of polarized and unpolarized 8pectra
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at a certain temperature was checked by using it to fit the original polarized and

unpolarized spectra. Most P(Bhf ) obtained in this way can give reasonable fits to the

original spectra, but the fitting quality is not very good. This does not mean that

the subtraetion procedure has some problems. It will be seen later that for FeSOZrlO,

P(Bhf ) obtained from the subtraetion procedure can fit original spectra quite weil

at all temperature. The faet that the subtraetion procedure does not work weil for

Fe8SZrll is probably due to tÎ1e strong anisotropy present in the sample. For i"ib­

bon samples, the demagnetization effect tend to align the spins in the plane of th"

ribbons, which w'1l cause R to be greater than 2 (the value expected for random

spin orientations). However, the measured R for most ribbon samples is less than

2 due to the quenched-in stresses in the ribbons. For FeS9Zrll' Ris only about 1.0,

in contrast to the values of ~1.5 obtained for Fe90ZrlO' The very small values of R

for Fe8sZrn indicate the presence of very strong anisotropy due to the stresses. The

strong anisotropy can prevent some spins from responding to the small polarizing

field and therefore yields P(Bhf ) that are not representative of the whole sample (the

validity of the subtraction procedure is discussed in Chapter 2). P(Bhf ) obtained at

5K has been used to fit the spectrum with the 3.5T field at the same temperature.

Since the shape of the P(Bhf ) is fixed, the fitting program has only R and a field

shift as adjustable parameters. The latter takes acmunt of the applied field, which

red"ces the hyperfine fi"ld at the iron nucleus. R of 0.04±0.01 was obtained from th.:,;

procedure. Uowever, no improvement in fitting quality can be seen for the fit with

R=0.04 compared to that with R=O (see Fig. 3.9).

Fe8SZrll shows typical magnetization behavior of conventional ferromagnets (Fig. 3.10).

Magnetization has reached 92% of the saturation value ( extrapolation of M vs. liB

plot to I/B=O) in a small field of O.lT. M. is a measure of the component of the

iron moment in the field direction, and is obtained by extrapolating. the high field

part (2T~ B ~5.5T) of the magnetization curves to B=O T. The average total iron

moment (Ilav) can be obtained from average hyperfine field, (Bhf ), derived from

Mossbauer speetra. If the Mossbauer speetra are measured in an external field, the

•
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derived (Eh!) includes the contributions from the external field and the demagnetiz­

ing field. We have correeted these effects by adding the external field and subtraeting

off the demagnetizing field, and the obtained p'av are plotted in Fig. 3.11, where it is

compared with Mz • p'av and Mz are in good agreement at al! temperatures, indicating
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a collinear state down to 5K.

These Mossbauer and magnetization measurements indicate that a-FeS9Zrll ex­

hibits conventional ferromagnetic bchavior down to 5K and no evidence of a second

transition is observed.

FcOOZrlO

Similar measurements have been performed on FeooZr,o, Although smal! differ­

ences between low-temperature and high-temperature spectra can be seen in Fig. 3.12,

R obtained by fitting the spectra with Window's meihod is zero at al! temperatures
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between 5 and 86K. Fortunately, for this weakly frustrateà alloy, the subtraetion pro­

cedure can be applied to obtain the more reliable P(Bhf ) independently. The P(Bhf )

obtained from the subtraetion procedure fit the original speetra quite weil. Since R

obtain"d from zero field speetra of FeOOZr,O is about 1.5, much closer to 2 compared

to the values of ~1 for FeS9Zrn, a smaller anisotropy in Fe90Zr,O ribbons due to

stresses is expected. This is the reason that the subtraetion procedure works better

in Fe907.rlO than in FeS9Zrn. The field speetra were fitted using the P(Bhf ) obtained

from the subtraction procedure and the fitted R values as a funetion of temperature

are shown in Fig. 3.13. R is zero at high temperatures when the sample is fully
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Figure 3.13: Temperature dependence of R obtained from Mossbauer speclra witb " 3.5T field for
FeOOZr,O

magnetized parallel to the '1 beam. As the sampie is cooled below a certain temper·

ature (labelled as TZli in Fig. 3.13), R begins to increase, indicating that the system

enters a noncollinear state. A similar transition has been observed in Fe93Zr7 and



been explained in terms of transvt;rse spin freezing. Above TZlI , th" longitudinal spin

components order fetrcmagneticalIy while the transverse components precess rapidly

with time-average of zero. Below TZlI , -che transverse components freez~ in random

directions without aifecting the collinear order of the IO:lgitudinal components, and

causes the system to enter a noncollinear state.

Although Rat 5K is small, the highly constrained fitting procedure alIows reliable

determination of R. In Fig. 3.12, the 5K spectrum is shown with two fitted lines: one

where Ris forced to be zero, the other one where Ris alIowed to take its optimum

value. The fits clearly show the presence of lines 2 and 5 at 5K. Fitting the non-zero

R at low temperatures (in this case only two points) with a linear function gives the

freezing temperature, TZlI , of 28±3K. To get a quantitative measure of the deviation

of the spin orientations from the field direction, we consider a simple asperomagnetic

mode! where the iron moments are distributed ranJomly within a cone of half-angle

1/J [81]. From R=O.14±O.Ol, '" is estimated to be 22±lo at 5K.

Magnetization in fields of up to 5.5T was measured. Ali magnetization curves

shown in Fig. 3.14 exhibit smalI slopes at high field (2T :5 B :5 5.5T). In Fig. 3.15,

Mz is compared with the average iron moment (/La.) obtained from Mossbauer spec­

tra measured in a 3T field. /La. and Mz are consistent above about T=y, but begin

to separate below this temperature: another characteristic feature of transverse spin

freezing. In the high temperature collinear state, /La. and Mz are the same. After the

transverse spin components are frozen, they do not affect Mz since they are perpen­

dicular to the field direction, however, they do contribute to the total moment, and

therefore cause the separation of /La. and Mz • Using the same cone model described

above, 1/J is estimated to be 17±40 from the ratio of Mz to /La., consistent with the

value obtained from fitted R.

Fe92Zr7Sn

The initial motivation to prepare Fe92Zr7Sn is to study the spin correlation in Fe·Zr

system by 11
9Sn Mossbauer spectroscopy with Sn as probe atoms. It is expected that 1

at.%of Sr:. will not cause significant changes of structural and magnetic properties. In
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fact, the temperature dependence of the average hyperfine field and the magnetization

for Fe92Zr7Sn and Fe92Zre (Fig. 3.16) show almost identical behaviot. Tc obtnined

from Fig. 3.16(a) for the two samples are very close (185K and 178K for Fe92Zr7Sn

and Fe92Zre respectively). Therefore, we expeet Fe92Zr7Sn to exhibit very similar

magnetic behavior to Fe92Zre.

Mossbauer spectra of Fe92Zr7Sn measured in a 3.5T field app!ied parallel to the

,-beam are shown in Fig. 3.1".. From Fig. 3.17, we can see that the !ines 2 and 5,

which are absent at high temperature, appear at low temperature. As it is not easy to
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polar,ze the spins in this system by a small field, we were not able to use the subtrac­

tion procedure to obtain the P(BhJ ). The spectra were fitted by Window's method.

SiDce the intensities of lines 2 and 5 for low temperature spectra arc relatively high,

non-zero values of R were obtained for these spectra in spite of the large uncertainty of

R due to the correlation of Rand P(BhJ ). The temperature depenùence of the fittcd

R (Fig. 3.18) shows typical behavior of the transverse spin freezing: the increase of
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Figure 3.18: Temperature dependence of R obtsined !rom Mossbauer spe<;lra wilh a 3.ST field for
Fe.,Zr,Sn

R from zero at T~•. From Fig. 3.18, T~. is determined to be 46±8K. Ris O.35±O.05

at 5K, which gives a hill-angle of 34±3° for the cone mode!.

The magnetization curves in Fig. 3.19 show higger high field slopes compared to

those of Fe.OZrlO, indicating a higher degree of noncollinearity. Due to the larger

high field slopes in magnetization curves, M. obtained by linear extrapolation of high

field part has bigger uncertainty. In Fig. 3.20, M. and /Lao at different temperature
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are shown. As the temperature is reduced, both of them increase but /l.v increases
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Figure 3.20: Comparison of component of iron moment in the field dilection, M. 1and iran average
moments, P•• , obtained from Mossbauer spectra measured in a 3.5T field for Fe9,Zr7Sr•.
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faster than M.. T.!J.e rapid increase of /l.v at low temperature can be understood

as a result of the freezing of transverse spin components, which contribute an extra

component to /l... What is different from the case of Fe90Zrlo is that M. and /l.v

are not consistent above T%~. This must be due to the fol1owing factors. First, not

ail of spins in the system are parallel acove T~. While most spins are paral1el to

each other, some of the spins may point in the opposite direction. This kind of spin

configuration (similar to a ferrimagnet) is possible in the case of strong exchange



frustration. Indeed, thi. has been predicted by Monte Carlo simulations for system

with high levels of frustration[82J. Moreover, magnetizatio.n curves above T:., which

show large high field slopes (see Fig. 3.19), provide supporting evidence. Môssbauer

spectra measured in a 3.5T field paullel to the "beam clearly indicate a collinear

state above T=u. After taking accoun.t of the demagn.etizing field, a internaI field

of 2T i. expeded. If spins in the system are all parallel, we would expect that the

magnetization measured in internal fields with similar magnitude should saturate.

However, even in a external field of 5.5T (demagnetizing field is less than 0.1Tin this

case), which gives a internal field of almost 3 times bigger than that in Môssbauer

measurements, the magnetization at lOOK (>2T=u) clearly has not saturated. For thi"

kind of spin structure, M. is smaller than the total moment, since when averaging

over the sample to obtain M" the contributions from the anti-parallel spins cancel

each other. Another possible reason is tha! Môssbauer spectroscopy is sensitive in

the time scale longer than 1O-9 s, whereas magnéi~ation is an average over a few

secomds. Therdore, if slow relaxation (with frequencies smaller than ~109 Hz. but

larger than ~10Hz) occurs in the system, they will only contribute to the Môssbauer

measurements and yield a /L•• larger than M•.

When all spins are not parallel but pointing in opposite directions above T:y , after

the transverse components are frozen below T~y, the spins are expected to lie within

two cones with axes parallel or anti-parallel to the net magnetization respectively

(see Fig. 3.21). Therefore, the single cone model will no longer be valid. However,

if the population of the spins with the preferred direction anti-parallel to the net

magnetization is small, the single cone model may be a reasonable approximation.

By applying the single cone model here, a half-angle of 46±4° was estimated from

the ratio of M. to /L•• , whicb is much larger than that obtained from R. Since R is

derived from Môssbauer spe,·tra in a 3.5T external field (the internal field is about

2T), it is possible that the field has suppressed the cone. If we use the magnetization

in a external field of 2T (demagnetizing field is less than 0.1T), 1/J is estimated to be

38±4°, in agreement with the 34±3° obtained from R.

•

•
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Figure 3.21: A sehemsticdrawing of spin configuration below T••.
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Fe'3 Zr7

The second transition ho., been observed in Fe'3Zr7 before. Mossbaue: "pectra in

field paraIlel to ,-rays indicate clearly that the system enters iL non-collinear state

belcw T.,,=7<lK[22]. Here, we will present "ilr magnetization measuremerts on this

system and compare them with the earlier Mosshauer re,ults.

Compansou of Mz and fL•• is shown i.. Fig. 3.22. Similar behavior to Fe.:,Zr7Sn is
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Figure 3.22: Comparison of component of iron moment in t.he field direction, M.I:I and iron average
moments, 1-1•• , oblained from Mossbauer speclra measur.d in a 3T field for Fe••Zr7. The dashed
line is a guide 10 oyos.



obs,~r·;"d. The diff';rence between /Lau and M, starts to incr"ase below T,u' revealing

the freezing of the: tnnsverse components. The bigger slopes of the magnetizatioll

curves (Fig. 3.23), the smaller M, at 5K aud the higher T,u comj)a,ed with those

of Fe92'ù7Sn ;ndicate that it is mOle frustr"\ted. The difference between /Lau and M,

above T"lI is also bigger than that of Fe92Zr7Sn, suggcsting that more spins point

in the direction "pposite to th~ net magnetization due to a h:gher level of exchange

frustration and/or more spins have low relaxation rates. The half-angle of the cone

estimateJ from the ratio of M, to /Lau is 64-::40
, much larger than 42±3°, which is

the value obtained from R. Even the ratio of the magnetization in an internal field of

2T (which is about the value of the irLternal field in Mossbauer measurements) to /Lau

still gives a quite bigger 1/J (55±4°), demonstrating the limitations of the single cone

mode\.

•
GBAPTER 3. EXPERll,ŒNTAL RESULTS 93

•

Our main results on amorpho;}s Fe-Zr alloys are summarized in Table 3.3.

Table 3.3: SUInrnury of our main results on a-FeZr alloys: the average iron moment }lut) 1 ferromag.
netie transition temperature TCI transverse spin freezing temperuture TZY1 R dcrived from Mossbaucr
spectra in parallel fileds, cone half-l1.ngle from R ':ORI ratio of magnetization Mol to JlCIV as weil as cone
h..lf-angle .pM estimated ûom M,ll'oo . .pM (B=2T) is obtained from lhe ralio of the magneliz.lion
in a field of 2T to l'a•.

---
SdIllples l'au Tc T,v R 1/JR M,I/Lau "'M "'M

(PB/Fe) (K) (K) (B=OT) (B=2T)

Fe89Zrll 1.56 260 0 - - - - -

Fe90ZrlO 1.53±0.04 230±5 28±3 0.14±0.01 22±1° 0.98 17 -

Fe92Zr7Sn 1.58 180 46±8 0.35±0.04 34±3a 0.85±0.03 46±4° 3814°

Fe93Zr7 1.55 135 78:'"8 e.53±0.04 42±3° 0.72 64 55

The second transition temperature T"lI obtained from different measurements is

plotted in Fig. 3.24. It can be seen that our results are in good ar~reement with those

of other peoples.
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Figure 3.24: Comparison of T.y determined from different measurements: • - Mossbauer spee­
Iroseopy (our data); A - ae suseeptibility[83J; + - ae suseeptibility measured in a superposed de
field[21]; 0 - ae suseeptibility[84]. The dashed line is a linear fit to our data.

3.2.3 Shape of the Hyperfine Field Distribution

Two magnetic transitions have ciearly been observed in the Fe-Zr alloys with Fe con­

tent in the range of 90% to 93%. However, the nature of the second transition remains

controversial. While the experimental results can be explained in terms of homoge­

neous transverse spin freezing, two inhomogeneous models have been proposed. Read

et al.[25] have suggested that there are some iron-rich regions (or ciusters) in the

samples, and the spins in these ciusters are coupled antiferromagnetically and these

ciusters are embedded in the iron-poor FM matrix. Another ciuster mode! developed



by Kaul et al.[26,85] assumes the existence of FM c1usters in a FM matrix, where den­

sity fluctuations are supposed to be responsible for the formation of the FM c1usters.

The second transition has been attributed either to the ordering of the AFM c1usters

or the freezing of the FM c1usters. The main evidence for the c1uster models is that

the P(Bhf ) derived from Mossbauer spectra can be decomposed into two Gaussian

distributions, which are supposed to correspond to the AFM (or FM) c1usters and

FM matrix. However, unambiguous P(Bh!) can not be obtained from conventional

fitting routines due to the problems that we discussed in Chapter 2. Here, the sub·

traction procedure is used to derive P(Bh!), and the more reliable P(Bh!) will help

us to c1arify the nature of the second transition.

Mossbauer spectra recorded in zero field, in a small polarizing field, and the dif­

ference of the polarized and unpolarized spectra at 5 and 45K are shown in Fig. 3.25

and Fig. 3.26. Window's method was used to fit the two-line patterns and to obtain

the hyperfine field distributions. The P(Bhf) obtained in this way can fit the original

spectra with and without the polarizing field (as shown in Fig. 3.25 to Fig. 3.26),

demonstrating that the subtraction procedure works weil for this sample.

The fitted R values are plotted in Fig. 3.27. For unpolarized spectra, Ris smaller

than 2 at ail temperature and lies in the range of 1.4 to 1.7. This indicates that

the assumption of R=2, which is adopted by some people when fitting Mossbauer

spectra of ribbon samples, is totally wrong. Therefore, P(Bh!) obtained under this

assumption are not reliable. The fact that R is less than 2 provides evidence of the

presence of anisotropy. For ribbon samples, demagnetization enects would tend to

align the spins in the plane of the ribbons, which will cause R to be greater than

2. The smaller measured R indicates that most spins are perpendicular to the plane

of the ribbons, and the orientation of the spins is mainly determined by anisotropy

due to quenched-in stresses. Polarizing the sample increases R significantly. Above

25K, R is around 3.6 and is temperature independent, while at low temperature, ft

decreases. This decrease of R reflect the system becoming stiff as the transverse spin

components freeze, which then reduces the effect of spin polarization.

•

•
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Figure 3.25: Mosshauer spectra of Fe90Zr,o at 5 K with fits. (a) polari.ed in a 50mT field perpen­
dicular to the "Y-rays. (h) unpolarized (in .ero field). (c) difference of polari.ed and unpolari.cd
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Figure 3.27: R as a function of temperature for Fe90ZrlO iu zero fields and a polarizing field. The
dashed line corresponds to the random spin orientation and the dotted line represents the complete
polarization of spius.

P(BhJ ) obtained at different temperatures are shown in Fig. 3.28. There is a

low-field tail in the hyperfine field distributions, but it does not show a consistent

temperature dependence. As shown earlier, the second transition temperature for

Fe90ZrlO is 28K. If this transition is due to the ordering of the AFM elusters and the

low-field tail refiects the contributions of these elusters, the low-field structure should

not appear in th" P(BhJ ) above 28K, since the elusters are in the paramagnetic

state and are not ordered. However, the low-field tail persists weil above 28K, thus

inconsistent with the AFM eluster mode!.
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Figure 3.28: Hyperfine field distributions obtained from the differenee spectra at various tempera­
tures for Fe90ZIlO



It should be emphasized that the subtraction procedure only works for magnet­

ica.lly homogeneous systems and that owy the polarizable fraction of the spins con­

tributes to the two-line pattern obtained by the subtraction procedure, since the

s'lbtraction removes the contribution from the non-polarizable fraction of the spins.

If AFM c1usters were present, the spins in these c1usters would not change direction

in response to a 50mT field no matter if the c1usters are ordered or not. For the FM

c1uster model, the c1usters are expected to respond to the polarizing field different!y

from the FM matrix. In fact, when using two Gaussian components to fit the zero

field Mossbauer spectra, R obtained for the two components are quite different (about

50%)[26]. Thus, it can not be expected that after polarizing the sa.mple, the change

of R would be the same for the FM c1usters and the FM matrix, which is a critica!

condition for applying the subtraction procedure. Therefore, for both c1uster mode!s,

the obtained distributions could not be expected as the representative of the samp!e

as a whole. However, we are able to use P(Bhl) derived in this manner to fit spectra

both with and without the polarizing field and even the spectra in field of 3T at a.ll

temperatures. Furthermore, the residuals (subtracting the fits from the measured

spectra) shown in Fig. 3.29 exhibit no change in shape on passing through the sec­

ond transition temperature, padicularly near zero velocity where the paramagnetic

absorption line (the c1usters in AFM c1uster mOGe! are expected to be paramagnetic

above the ordering temperature) should be loeated. Thus, our results indicate that

Fe90ZrlO is a magnetica.lly homogeneous system and that there is no evidence of either

AFM or FM c1usters.

If we assume that the extra intensity in lines 2 and 5 of the speetrum measured

at 5 K in a 3T field para.llel to the "f-beam for Fe90ZrlO is actually due to the freezing

of AFM c1usters, we can estimate the c1uster spin fraction from that spectrum to be

~3.8%. Above the second transition, these spins should be in a paramagnetic state

and therefore should contribute a central comp.ment to any spectrum recorded with

or without a field. Let us take the zero-field spectrum at 65 K, it should be fitted by

adding the contributions from polarizable spins in FM matrix and the non-polarizab!~

•
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para.magnetic spins. The former can be calculated from the P(BhJ ) obtained from the

subtraction procedure, and the latter is assumed to be a single !ine spectrum. A fit

composed of the two contributions is shown with the measured spectrum in Fig. 3.30.

It does not fit the spectrum at ail. Actually, we can set the upper !imit of the AFM

c1uster spin fraction to be 0.5% at 65K. This spin population is too small to account

for the change of R at low temperatures.

In summary, our results on FeSOZrlO are completely inconsistent with the two

c1uster models and strongly favor the view of homogeneous transverse spin freezing
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due ta the exchange frustration. Further comments on the two c1uster models will be

presented in Chapter 4.

We have polarized a-Fe92Zrs with the same field, but the intensity of lines 2 and 5

can not be increased significantly. R changes only from 1.7 ta 2.4 at 5K. Duc to the

small change in R, we have not performed the subtradion procedure ta obtain P(Bhf )

for Fe-Zr alloys with Fe content equal or larger than 92%. Since the subtraction

procedure reduces the signal while increasing the noise, in order ta get a subtraded

two-line pattern with a reasonable signal-to-noise ratio, the time to colied the original

polarized and unpolarized sp-:ctra "/ill be very long (more than four days) .
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3.2.4 Spin COl'relations

104

.~ lt,hough two magnetic transitions have been observed and attributed 1,0 the collinear

order of longitudinal spin components and the freezing of the transverse components,

a detailed description of the magnetic order is stilliacking. Both Lorentz microscopy

[86-89] and neutron depolarisation measllrements[88] confirm that long range ferro­

magnetic order is established al, Te and domains ~10JLm across are observed. These

domains persist through T"J/ clearly demonstrating that the freezing of the transverse

spin components does not lead 1,0 a loss of collinear order. However, smal1 angle

neutron scattering (SANS) [80] shows that short range (~ 100A) spin correlations

also develop al, Te and that these appear 1,0 CO"J::!st with the long range order that

leads 1,0 the magnetic domains. The short range co.relations also persist essential1y

unchanged through T:v' A complex modulation of the background within domains

seen by Lorentz microscopy has also been attribuied 1,0 fine structure in the magnetic

order [86,89]. Both the long and short range correlations are associated with the

longitudinal spin components, and the presence of the short range correlations within

domains is probably due 1,0 the exchange frustration.

In order 1,0 probe correlations in the transverse spin components, il, is necessary 1,0

separate the contribution of the longitudinal components from that of the transverse

spin components. One method which permits such a separation, on a nearest neighbor

length scale, is the measurement of the transferred hyperfine field al, a non-magnetic

atom in the al1oy. As discussed in Chapter 2 (see eqn.2.16), if the probe atoms are non·

magnetic, the transferred hyperfine field, Bth!> measured by Mossbauer speetroscopy

can be written as:
n

B-;", = b'L,Si
i=l

(3.1)

•
where Si are the magnetic moments of the neighbor atoms and the sum runs over

the n nearest-neighbors. The coefficient b relates the transferred field al, the probe

nucleus 1,0 the atomic moments causing il,. The transferred hyperfine field therefore

refiects any local correlation of the neighboring magnetic moments. If the spins



remain collinear at aIl temperatures helow Tc, the temperature dependence of the

hyperfine fields at magnetic and non-magnetic atom sites will he the same, and the

ratio of the two hyperfine fields is temperature independent. However, if the degree

of correlation is in any way temperature dependent this simple proportionality is losl.

For example, equation ( 3.1) may be resolved into longitudinal (paraIlel to the z-axÎs)

and transverse (xy) components:

•
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n n n

1 I: S, 1= " (I: S~)' +(I: S~.)' (3.2)
i=l ~ i=l i=l

When the transverse spin components are fully corr"Jated on the nearest neighhor

scale, we will ha'.'e

n n

(I: S:)' +(I: S~.)' = m'(S,)' +n'(S:.)'
i=l i=l

(3.3)

(3.4)

where m:5n since S, may he negative in some sites. If the transverse spin components

are assumed to have a 2D spin glass ordering helow T:., (i.e. < S~y' S~y > = 0 for

iij), then

n' n

(I: S: ) +(I: S~Y = m'(S,)' +n(S:.)'
i=l i=1

In the latter case, the transverse spin components partiaIly cancel, leading to a re-

duced transferred hyperfine field bplow T:. at the non-rnagnetic atom site. The

hyperfine field at the magnetic site is almost entirely due to the local moment and

so it will increase at T:. as the extra spin compo;~ents order. As a result, the ratio

Bh;°-mog/B;:rog faIls at T:•. In disordered aIloys, particularly in arnorphous aIloys,

the.e will be sorne variation in the local environrnents and the Eth! need to he aver­

aged over different configurations:

•
fully correlated

spin glass order

(3.5)



where Pn is the probability that a non-magnetic atûm nas n nearest-neighbor Fe

atoms. The average hyperfine field (Eth!) refiects the mean environment and the

above argument still holds.

A search for transverse correlations in the AuFe system bas been made using

197Au Mossbauer speetrosccpy in AUs3.2Fe16.s [90] and 119Sn Mossbauer spectroscopy

in AU79~è19Sn2 [91,92]. F'lr both alloys, the average hyperfine fieid derived !rom s7Fe

Mossbauer speetra clearly shows a sudden increase at T"lI as the extra spin com­

ponents !reeze and contribute to the local hyperfine field. The same b",havior af

the average hyperfine field is observed in the corresponding 197Au or 119Sn Mossbauer

spectra, indicating that the transverse components are indeed locally correlated. Fur­

thermore, because (Eh! )(T) clearly changes slC'pe at T'1' it is possible to separate

the contributions of the loi:.gitudinal and transverse components. Extrapolating the

high temperature region (Txy ~ T ~ Tc) to T=O allows the averaJ?;e longitudinal

moment to be estimated, while the value actually measured at T=O refiects the con­

tributions !rom both the longitudinal and transverse components. Comparing the

ratios of these two values as measured at the magnetic and non-magnetic sites g!lows

the degree of correlation to be estimated. Assun:.;l1g that the transferred hyperfine

field at the non-magnetic atom site (197Au or 119Sn) is due ooly to the moments on the

nearest-neighbor iron atoms leads to the conclusion that the transverse components

are strongly correlated over first neighbor di( nces, indeed, in one case better than

perfect correlation is required [92].

One problem with the measurements on the AuFe system is the rather low iron

concentration in the region of interest. This leads to over one third of the non­

magnetic probe atoms having less than two iron nearest-neighbors and therefore being

insensitive to any correlations. We have prepared a-Fe92Zr7Sn1 to study the spin

correlations in Fe-Zr system. The greatly increased iron concentration means that any

probe atom will typically have 10-11 magnetic neighbors allowing the spin correlations

to be more clearly examined.

As shown before, there is no evidence of significant changes of structural or mag-

•

•
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netic properties due to the addition of 1 at.%of Sn. Furthermore, from Fig. 3.31, the

average transferred hyperfine fields at the 119Sn and 57Fe sites show similar temper-•
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Figure 3.31: Average hyperfine fields for Fe9,Zr7Sn derived from 57Fe and 119Sn Mossbauer speclra
in z<ro field showing "smooth temperature depelodence with no apparent break in slo!," al T.y •

ature dependences, indicating that the sampIe is homogeneous and no segregation of

Sn has occurred.

The s7Fe and 119Sn MÔGsbauer speetra at different temperatures are shown with

fits in Fig. 3.32 (a) and (b). As r~n be Eeen, the six lines in the 119Sn spectra are

poor1y resolved and the speetra appear to consist of only two peaks. Il is not possible

to obtain a unique value for R by fitting a spectrum under these conditions, and we
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can not simply assume R=2 since we have proved that this assumption is wrong. The

fitted shape of P(Bhf ) (and hence its average value) depends somewhat on the value

of R used in the fit, therefore an uncertainty in R translates into an uncertainty in

(Bhf ). The magnitude of this uncertainty has been estimated by comparing the av­

erage hyperfine field obtained using R=2 (appropriate for a random spin orientation)

with the value obtained using R derived from fitting the s7Fe spectrum at the same

temperature. In the temperature range from 5K to 90K, the difference was found to

be less than 2%.

(Bhf)(T) increases smoothly with fa.l1ing temperature for both 57Fe and 1195n,

and does not show a break in slope at Tz • (see Fig. 3.31). Since no break in slope

of (Bhf)(T) is observed at Tz>, we cannot attempt to separate the longitudinal and

transverse spin components as has been done previously [90-92J. However, an analy­

sis of the temperature dependence of the average hyperfine fields on the magnetic and

non-magnetic atom sites is still possible and information about spin correlations can

be obtained. It was shown before that the population of the spins with the preferred

direction opposite to the net magnetization is quite sma1l for this sample, as a fir.t

order approximation, we can assume that m = n in the equation ( 3.5). Using the

average iron moment /lav and its component in z direction M., the average trans­

verse component is estimated to be about 0.53 /lav. If we assume the transverse spin

components have a 2D spin glass order below Tzo", then the ratio of average 1195n

hyperfine field to the 57Fe hyperfine field should exhibit a 15% drop below T z •• The

temperature dependence corresponding to this situation is plotted as a solid line in

Fig. 3.33. Within the quoted uncertainty, the ratio is temperature inr1ependent over

the whole range covered here, as indicated by the dotted line. The observed tempera.

ture dependence therefore indicates that in the nearest-neighbor scale, the transverse

spin components are strongly correlated rather than having the two-dimensional spin

glass order.

It is instructive to repeat our analysis on the 197Au and 1195n Môssbauer data

from the AuFe a1loys. Fig. 3.34 shows a plot of the ratios of average hyperfine fields

•
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Figure 3.33: Ratio of the average transferred hyperfine field at ll·Sn sites to that at the 57Fe sites
as a funetion of temperature for Fe.,Zr7Sn.

as function of temperature for the two data sets. Comparison with the Fe-Zr data

in Fig. 3.33 shows that the behaviour of the transferred field ratio is quite different.

The two AuFe alloys have similar values of Te and T'"II both to each other and to

the present a-Fe-Zr alloy and may be expected to be magnetically similar. However,

in the AuFe data, the hyperfine field ratio faUs steadily with cooling. For the 197Au

Mossbauer measurement on AU83,2Fe16,8, the ratio drops about 26% between SOK and.

OK. Even if random ordering of the transverse spin components is assumed, the ex­

pected reduction of the ratio is much smaller than that observed: both longitudinal
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Figure 3.34: Ratios of the average trnnsferred hyperfine field at 197Au and 119Sn sites to thal at the
s7Fe sites in two A uFe alloys.

and transverse component of the iron moment can be estimated from s7Fe Miissbauer

spectra and average transferred hyperfine field at 197Au site can be calculated, the

decrease of ratio is expected to be 14%, and the decline should only start at Tz.'

The observed behavior is quite distinct from that of the Fe-Zr system and suggests

a decrease in the correlation length of longitudinal spin components on cooling, Re­

cent neutron depolarization measurements on Fe-Zr and AuFe alloys[88,93,94] are also

consistent with this conclusion. Although neutron depolarization is not sensitive on

length scales smaller than the order of a micron, it does allow measurement of the



size and average internal magnetisation of domains. For Fe.Zrl_., the polarization

decreases strongly at T. for alloys with x < 0.92 indicating the formation of domains,

and these domains persist through T"II[88J. Only a small depolarisation signal was

observed for the alloy with x=0.92 suggesting the development of an imperfect fer­

romagnetic state. However, for all samples, the polarization decreases down to 15K

and gives no evidence of a rec1uetion of the correlation length as the temperature is

lowered. By contrast, in the AuFe alloys, the polarisation first decreases at T. as ex­

peeted, then starts to increase again [93,94J. The increase of polarization indicates a

reduction of either the mean domain size or the internal domain magnetization, which

in turn suggests a decrease in correlation length of the longitudinal spin components.

Our Mossbauer measurements on Fe92Zr7Sn indicate that the transverse spin com­

ponents are strongly correlated on a nearest neighbor scale and the correlations of

longitudinal components show no detectable change on cooling through T"II'

Despite the strong similarities between the magnetic phase diagrams of the AuFe

and a-Fe-Zr systems and the values of the transition temperatures of the particular

alloys studied here, quite different spin correlation behaviour is observed. It is possible

that the stiffness of the spin system plays a role in stabilising the spin correlations in

the presence of exchange frustration and a-Fe-Zr has been shown to exhibit displaced

hysteresis ioops [19] whereas AuFe does not [54]. Another possibility is the proximity

of the AuFe alloys to the percolation threshold which may lead to a fragmentation

of the order at low temperatures. While the origin of the difference remains unclear,

the effect is well defined and further work on a variety of similar systems is needed

to identify the controlling factor.
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3.3 Magnetic Properties of a-FeHf alloys

From the temperature dependence of the average hyperfine field obtained from zero

field Mossbauer spectra (see Fig. 3.35), the Il"tloetic ordering temperature T. of

Fe92.5Hfu was determined to be 175±5K. T. obtained from magnetization measure-
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Figure 3.35: Temperature dependence of the average hyperfine field ohtained !rom zero field
Mossbauer "pecha for Fe.2.sHfT.S.

ments is 186±7K, in agreement with that from Mossbauer measurements.

Transverse spin freezing is clearly observed in this system. Mossbauer spectra

measured in a 3.5T field paraUel to the ')'-beam show the presence of Unes 2 and 5

at low temperature (see Fig. 3.36). Due to its high level of exchange frustration,

the subtraction procedure can not be used. The Mossbauer spectra were fitted by

Window's methods and the fitted R is plotterl in Fig. 3.37. T:v is determined to be

47±8K from Fig. 3.37.

High field slopes were observed for aU magnetization curves (Fig. 3.38) below T,.

The difference between the p..v and M. begins to increase around T:v (Fig. 3.39),

showing behavior typicai. of transverse spin freezing.

Since Tc and T:v of Fe92.sHf7.5 are both close to those for Fe92Zr7Sn (see Table 3.4),
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Figure 3.37: Temperature dependence of R derived from Mossbauer speelra in a 3.5T field parullel
to the -y-beam for Fe92.sHf7,5.

we expect that the frustration level and therefore the spin structures below T.v arc

quite similar for the iwo samples. It was shown that single cone mode! is a reasonable

approximation for Fe92Zr7Sn and the hill-angle q, was estimated to be 34±3° from R,

the model may also work in Fe92.SHf7.S' R is O.25±O.04 at 5K, corresponding a cone

with hill-angle of 29±3°. Using the magnetization value at 2T (which results in a

similar internai field compared with the Mossbauer measurements to determine R),

hill-angle ,p is estimated to be 30±4°. It agrees very weil with the value obtained

from R (see Table 3.4).
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Table 3.4: Summary of our main results on FC92.sHf7,i: the average iton moment JjG~ 1fCrrOInBgnetic
transition temperature TCI transverse spin freezing tempcrature T:Y1 R derived from Mossbnu~r

spectr8 in parallel fileds, cone half-angle from R 1/JR, ratio ofmagnetization MJ ta Jln as weil as cone
half·angle ,pM estimated from M,/I-'••. ,pM (B=2T) is obtBÏned from the ratio of the magneti,atioll
in a field of 2T to 1-'•••
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Samples Ilav Tc Tzv R tPR M,/Ilav tPi\! tPM

(IlB/Fe) (K) (K) (B=OT) (B=2T)

Fe92.5Hf7.5 1.5l±0.04 175±5 47±8 0.25±0.04 29±3° 0.88±0.03 41±4' 3014 0

3.4 Magnetic Properties of a-FeSc alloys

Mossbauer spectra measured in zero field for Fe91Sc9 (see Fig. 3.40) show typi­

cal magnetic splitting at low temperatures. The spectra were fitted by Window's

method. The temperature dependence of the average hyperfine field and the ab­

sorption yield a1most the same ordering temperature (105 and 106K respective1y, as

shown in Fig. 3.41). Mossbauer spectra in a 6T field parallel to the ')'-beam are shown

in Fig. 3.42. The external field has strong effects on the magnetic structure of the

sample. Above the ordering temperature (105K), the spectra measured in the field

clearly exhibit magnetic splitting, and average hyperfine field of more than lOT are

obtained, providing evidence of strong magnetic c1uster relaxation. From Fig. 3.42, it

can be seen that the intensities of lines 2 and 5 increase at low temperature. The field

spectra were fitted by using Window's mode! since the subtraction procedure again

does not work for this system. The fitted values of R is plotted against temperature

in Fig. 3.43. The temperature at which R begin to increase from zero is obtai::~d by

fitting the low temperature R with a linear function, and it is 97±lOK. This means

that the noncollinearity starts to develop as soon as the magnetic order appears.

Therefore, unlike the Fe·Zr and Fe-Hf alloys, which first enter a collinear state at Tc

and develop noncollinearity only below the second transition, Fe91Sc9 undergoes a

single transition and enters the non·collinear state directly.
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Magnetization curves for Fe91Sc9 (Fig. 3.44) show the largest high field slopes

among all materials studied here, consistent with it being the most frustrated system.

M. is compared with }la. in Fig. 3.45. Above the ordering temperature, both }la. and

M. are not zero due to the slowing down of c1uster relaxation by external fields. }la. is

larger than M. since Mossbauer measurements also inc1ude contributions from rapidly

relaxing c1usters. From the ordering temperature down to 5K, M. increases only

about 10%. The ratio of M. to }la. at 5K is 0.55, revealing a very high degree of non­

collinearity. Non-zero M. were obtained at all temperature from 5 to 200K. It seems

that the ground state is an asperomagnetic state characterized by noncollinearity

and finite magnetization. However, M. was obtained by extrapolation of the high
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Figure 3.41: Temperature dependenee of (a) the average hyperfine field and (b) absorption obtained
from zero field Massbauer speclra of Feo,Seo .
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Figure 3.42: Mossbauer spectra in a 6T field parallel to the -r-beam at c1ifferent temperalure for
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Figure 3.43: Temperature dependenee of R derived frOID Messbauer speetra in a 6T field parallel to
the ")'-beam for FeotSeo.

field part (2T ::s; B ::S;5.5T) of the magnetization curves. Such big fields can cause

significant changes in magnetic structure. This is clearly seen from Fig. 3.45 where

M. is not zero above the ordering temperature. Although M. is the extrapolation to

B=OT, it still includes the contribution induced by the large magnetic fields.

From the modified Arrott plots (see Fig. 3.46), it can be seen that the ferromag­

netic order does not set in at least down to 5K. Therefore, we conclude that Fe9ISc9

exhibit a single transition to spin glass rather than asperomagnetic state. This is

the reason that we have labeled the transition temperature as T.g rather than T, in

Fig. 3.41.
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Figure 3.45: Comparison of component of iton moment in the field direction, MJ: 1 and iron average
moments, Il... obtained from Massbauer speetra measured in a 6T field for Fe.ISe•. The dashed
line is a guide to cyes.
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Chapter 4

Discussion

4.1 Magnetic Relaxation around Tc

Fitting procedures combining the static disorder and c1uster relaxation have been

developed and they can give reasonable fits to the observed Môssbauer spectra. How­

ever, this approach does not allow us to obtain much new insight into the magnetic

properties of the materials studied here due to sorne rather artificial assumptions

made in our relaxation models. Indeed, the static disorder in amorphous materials

make the relaxation problem much more complicated. The static magnetic disorder

becomes dominant almost as soon as magnetic order sets in, and it leads to a wide

distribution of apparent c1uster sizes and moments. Both the initial shape and the

temperature dependence of the c1uster moment distribution are unknown. In our

models, the distribution of hyperfine field has been used to represent the distribution

of c1uster moments, which assumes that the c1uster moments are proportional to the

hyperfine fields (or atomic moments), and further assumes that the all c1usters have

the same numbers of spins. Moreover, the c1uster moment distribution has been fixed

to be that observed at T=5K. This implies that relaxation is the only mechanism by

which order is lost - i. e. all demagnetizing processes found in normal ferromagnets are

neglected. Although it is reasonable to assume that there is a distribution of c1uster

relaxation rates, expressing the relaxation rate as a exponential funetion of hyperfine

126



field (or eluster moment) is somewhat artificial. These artificial assumptions prevent

us from fol1owing the relative change of the average eluster size with temperature.

It should be noted that the presence of slowly relaxing elusters does not nec­

essarily lead to anomalous behaviour at Te. The critical exponents obtained from

magnetization measurements on iron-rich Fe-Zr alloys agree wel1 with the theoretical

predictions for the homogeneous three-dimensional Heisenberg model and indicate the

ferromagnetic nature ofthe transition at Te[74,75]. In Monte Carlo simulationsI95,96],

finite-size scaling analysis also yields critical exponents in good agreement with those

of the three-dimensional Heisenberg ferromagnets.
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4.2 Nature of The Second Transition

The magnetic phase diagram of the a-Fe-Zr series has been constructed (see Fig. 4.1)

based on our measurements. It is elear that the second transition temperature Tzv

is strongly dependent on the Fe concentration. This concentration dependence of

Tzv is inconsistent with both the AFM eluster and FM eluster models. It has been

argued[25] that the second transition temperature of Fe93Zr7 (78K) is elose to the

Néel temperature of ,-Fe precipitates in Cu (~70 K) [15J, which suggests that the

second transition could be due to the ordering of the AFM elusters. However, we have

found that the second transition temperatuIe decreases monotonically from 78 K at

x=93 to ~O K (or at least is below 5K) at x=89. For alloys with x~92, the second

transition temperatures are equal to or smaller than 46 K, wel1 below the expected

Néel temperature of ,-Fe. Furthermore, it is extremely unlikely that decreasing of

Fe content by 4 at.% would cause such large changes in the precipitated minority

phase that its ordering temperature is reduced by almost 80 K. No explanation for

the concentration dependence of the second transition temperature is provided by the

FM eluster model. Actually, although the second transition is explained in teIms of

freezing of the FM elusters, no mechanism for the eluster freezing has been provided

or even suggested. Thus, it is impossible to predict any concentration dependence
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for the transition temperature. Furthermore, the FM c1uster model has severa! more

poir,ts which are hard to understand. Firstly, it has been assumed that the existence

of the FM c1usters is due to the density fluctuations. The average nearest-neighbor

Fe·Fe distance in the c1usters is larger than that in the FM matrix, and this leads to

a higher Curie temperature for the c1usters (T~l). Indeed, T~ has been assumed to

be larger than the observed ferromagnetic transition temperature T~[26]. It is also

reported that for Fe90Zr\O, the effective population of the FM c1usters increases with

temperature and reaches about 90 % at T~T~. It is diflicult to understand that

the system with 90% of spins belong to the FM c1usters does not order at the Curie

temperature of the c1usters (~), and that "only 11% ofthe total Fe spins are actua.l1y

participating in the FM-PM (paramagnetic) phase transition for this glassy alloy"[26J.

Secondly, according to this model, the exchange interactions in the FM c1usters are

stronger but the atomic moments are sma.l1er than those in the FM matrix, so that the



low-field Gaussian components of hyperfine field distribution can correspond to the

FM c1usters. However, there is no physica.! justification for the spins in the FM c1usters

being smaller, and this point is very important to the FM c1uster mode!. Thirdly, it

is c1aimed that the freezing process does· not staIt abruptly at the second transition

temperature, but proceeds gradua.11y over a wide temperature range extending from

130K down to 4.2K for Fe90ZrlO' This is inconsistent with our observation that the

noncollinearity (R) begins to develop at a weil defined temperature Tz.' Fina.11y, it

is reported that at low temperatures, about 30% Fe atoms belong to the low density

c1usters while 70% are in the high density matrix. Both parts are quite large and can

not be neglected. However, there is no microscopie evidence that such distinction is

meaningful.

Based on our systematic measurements on amorphous Fe-Zr alloys, we can rule

out the two c1uster models completely and conc1ude that the second transition marks

the homogeneous freezing of the transverse spin components due to the exchange

frustration.
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4.3 Effects of Exchange Frustration On Magnetic

Ordering

4.3.1 Partially Frustrated Materials

a-FeZr alloys

1. Drop oCT.

From the magnetic phase diagram of the a-Fe-Zr a.11oys (Fig. 4.1), we can see

that as the Fe concentration is increased from 89 at.% to 93 at.%, T. drops

from 260K to 13'{K, more than 120K. In contrast to the substantia.! drop in T.,

the average iron moment, p'au, remains essentia.11y unchanged (Fig. 4.2). It has

been shown that T. actua.11y starts to drop when Fe content is larger than 85



CHAPTER 4. DISCUSSION 130

~----T--------J----1

• 1.8

1.7 1-

....-.. 1.6 -
Q)

ç.., 1.5 -"-a:l
::t 1.4 -.........

:> 1.3 -
CIl

::t 1.2 ,...

1.1 f-

88

•

,
89

.

,
90

1

.
91
x

,

.
92

1

1

93

-

-

-

-

-

-

-

94

•

Figure 4.2: Average iron moment st 5 K derived !rom Mëssbauer spectra measured in externa!
magnelie fidds for a-Fe.ZrlOO_. alloys wilh differenl Fe eonlent x

at. 'ro, while the average iron moment increases with the Fe content[97J. The fer­

romagnetic transition temperature (Tc) is determined by the average moment

and average exchange interaction for amorphous materia1s, and a large moment

with strong exchange leads to high Tc. Since the average iron moment does not

show any decrease when the Fe concentration is raised from 85 to 93 at. 'ro, the

decrease of Tc is expected to be due to a decrease of average exchange strength.

The Monte Carlo simulations of Heisengerg spin system with exchange frus­

tration[95,96] (which will be described in detail later) indicate that as soon

as the antiferromagnetic interactions are present, two magnetic transitions are

expected. Since there is no evidence of second transition for aIloys with Fe con­

centration between 85 and 89 at. 'ro, it is expected that exchange interactions in

these aIloys are ail ferromagnetic (FM), and that the decrease of Tc in this range



is mainly due to the reduction of FM interaction strength. For olloys showing

two magnetic transitions (x;:::90), the drop of Tc and therefore the reduction of

exchange strength is mainly due to the presence of AFM interactions.
•
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This view is supported by various experimental observations on the system.

Anomalous X-ray scattering indicates that the Fe-Fe separation in Fe.ZrIOO_.

olloys with x around 90 is about 2.6À[1l,12], which is close to the the criti­

cal separation 2.55À where the exchange interaction change sign from FM to

AFM. The exchange interactions are strongly dependent on the distance be­

tween Fe atoms. This means that the wide distribution of Fe-Fe separations

in these amorphous olloys will lead to a wide distribution of exchange inter­

actions which may including both FM and AFM components. When the iIOn

concentration is increased, the average Fe-Fe separation becomes smoller since

the radius of Fe atoms is smoller than those of alloying elements (Zr, Hf, and

Sc), consequently the strengths of the FM interactions are reduced first and

then the AFM interactions are present. Moreover, a strong pressure elfect on

the Curie temperature of iron-rich a-Fe-Zr olloys has been observed[98]. For

a-FeaoZrlo, Tc drops after applying hydrostatic pressure with a pressure coeffi­

cient of about 4Kfkbar. Smoller pressure coefficients were found for olloys with

less Fe. Since cornpressing the sampIe leads to shorter Fe-Fe separations, the

same effect induced by increasing Fe concentration, the drop of Tc is consistent

with the frustration pieture. Finolly, increasing the distance between Fe atoms

by hydrogenation greatly increases the Curie temperatures of these olloys and

converts them to conventional ferromagnets as a result of reducing the number

of AFM bonds[23,99-102J. Tc of the a-FeaoZrlo is increased by about 150K.

Ail olloys with their magnetizations being not saturated in fields up to 19T,

are good soft ferromagnets after hydrogenation: the magnetization readily sat­

urates in O.IT with no apparent high-field slope[23]. It was also found that

both the Curie temperature Tc and the average iron moment (proportional to

the average hyperfine field obtained from Mossbauer spectra) increase with the



hydrogen content in the aIloys. Therefore, we conclude that the reduction of

Te with the increase of Fe content must be largely due to the decrease of the

nearest-neighbor Fe-Fe separations, which first reduces the strengths of the FM

interactions and then leads to the presence of AFM interactions.
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2. Spin Correlations

Both Lorentz transmission electron microscopy and neutron depolarization

measurements[86-89] indicate the existence of magnetic domains. For weakly

frustrated FexZrlOO_x aIloys (87::; :z: ::;91), magnetic domains in the order of

10jlm are formed below the first transition at Tel and the domain structures re­

main essentially unchanged down to about 15K, demonstrating the presence of

long-range ferromagnetic correlation in longitudinal spin comp"Tlents. However,

no domain structure was observed in Fe92Zrs by Lorentz transmission electron

microscopy, while the neutron depolarization measurements shows very small

but noticeable depolarization[88]. From the neutron depolarization, the domain

sizes are estimated to be about 2oooA, which is comparable to thickness of a

domain wall. This suggests that Fe92Zrs does not behave like a conventional

ferromagnet below Te. We have shown (in Chapter 3) that for partially frus­

trated materials, not ail spins are paralle! as T"II <T<Te and some spins point

opposite to the net magnetization. With increasing Fe concentration (thus rais­

ing the level of frustration), more and more spins would be antiparallel to the

net magnetization. This kind of spin configuration is of course different from

that of a conventional ferromagnet and is probably responsible for the observed

imperfect ferromagnetic state in Fe92Zrs. It should be emphasized that for ail

three FexZrlOO_x aIloys (x=90, 91 and 92) studied by neutron depolarization,

the polarization decreases steadily down to 15K and gives no evidence of re­

duction in the longitudinal components correlation length as the temperature is

lowered, indicating that the ferromagnetic order is not lost after the transverse

spin freezing.



For the transverse spin components, our measurements on Fe92Zr7Sn by s7Fe

and 1198n Mossbauer spectroscopy clearly indicate that they are strongly cor­

re1ated on the nearest-neighbor scale. On the other hand, the transverse spin

components have to be random on a scale which is not larger than the do­

main sizes, otherwise the magnetization will not be smaller than the average

total moment derived from Mossbauer spectrascopy. The observation of rip.

pies (~100A) in the domains[86,89] and the of short range correlations on the

scale of 100A revealed by small angle neutron diffraction[80] suggest that the

correlation lengths of the transverse components may extend to the order of

100A.
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3. Increase of T:v and NoncolIinearity

We have shown that except for a-Fes9Zr11, all of the other Fe-Zr alloys studied

here exhibit two magnetic transitions and have a non-collinear ground state.

From Fig. 4.1, it can be seen that Tzv increases from about OK at x=89 at.%

to 78K at x=93 at.%. The transverse spin freezing is a result of exchange

frustration, therefore, the increase of the freezing temperature Tzv will refiect

the increase of the frustration level with Fe content.

The noncollinearity is found to increase with the Fe concentration. The non­

collinearity may be characterized by R obtained from the spectra with a field

parallel to the 1'.beam. Ris zero if the sample is in a collinear state, and is equal

to 2 for a random spin orientation in spin glass. R at 5 K for all Fe-Zr alloys

are plotted in Fig. 4.3. R increases from ~O at x=89 at.% to 0.53 at x=93 at.%.

According to the derived phase diagram (Fig. 4.1), Tc and Tzv meet at x=94.5

and after that point, a spin glass ground state with R equal to 2 is expected.

R is relatively small for x::;93 and would exhibits an abrupt increase from the

measured 0.53 at x=93 to the expected 2 at x=94.5, suggesting that the degree

of non·collinearity obtained in this manner is underestimated. Indeed, quite

large external fields (typically ~3T) have been used in the measurements and
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Figure 4.3: R as a funetion of Fe content x for a-FexZrlOO_Xt indicating the increase ofnon-collinearity
with Fe concentration. The dashed lines are a guide to eyes.

the fields may suppress the non-collinearity by rotating the spins towards the

field direction. Furthermore, different fields were used for different alloys in

order to achieve technical saturation above the second transition, which means

that R were obtained under slightly different conditions.

The increase of non-collinearity with Fe content can be seen clearly in Fig. 4.4.

For FeSSZrll, the magnetization changes little when B?;2T, while FesoZrlo be­

gins to show a measurable high field slope. The slope become bigger for samples

with even higher Fe concentrations. Since the slope refleets the aligning of spins

in field direction, the large slope indicates a higher level of noncollinearity. Com­

pared to R, ML provides s. better measure of the noncollinearity as they were ob­

tained in the same conditions: extrapolation of high field part (2T::; B ::;5.5T)

magnetization curves to B=OT. Furthermore, since it is the extrapolated value
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at B=OT, the field effect of aligning spins is smaller compared to the case of

obtaining R. M, is divided by average atomic moment /lav to take account of

the small change in /lav. The normalized M, drops with the increase of Fe con·

centration (Fig. 4.5), indicating the increase of noncollinearity. Although M,

is the extrapolation value at B=OT, it may still include the contributions from

the field aligned spins. Thus, M, may be overestimated and this leads to an

underestimate of the non-collinearity.

In summary, the increase of T%" with Fe concentration indicates that the frus­

tration level is raised when increasing Fe content. This conclusion is consistent

•
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with the observation that noncollinearity increases with Fe content.

4. Properties of Amorphous Iron

The average iron moment remains essentially unchanged (~1.55JLB IFe) when

the Fe concentration is in the range of 89 to 93 at.% (see Fig. 4.2). Therefore,

the the extrapolation to x=100 is fairly straightforward, and amorphous Fe

;~ expeeted to have a average moment about 1.55JLB IFe. On the other hand,

As the Fe content is increased, Tc drops smoothly while both T'"lI and the

deEree of noncollinearity increase (Fig. 4.1). Tc and Tz~ can be approximated

as linear funetions of Fe content, and the lines meet at x~94.5 and T=100K,

suggesting that this alloy will show a single ~ransition to a spin glass a.t this

point. According to t~·;: mean-fiel.::: i..b.eo!y[5], after the inters' ~tion of Tc line and

T'"lI line, the system would remain a spin glass and the freezing temperature



would not change. Thus, we expect that amorphous iron would be a spin

glass with an ordering temperature of ~IOOK and an average moment of about

1.55JLB IFe.
•
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a-FeHf alloy

For the a-FeHf group, only Fe92.5Hf1.5 was studied here. The magnetic behavior

of the alloy is very similllor to those of a·FeZr alloys: magnetic relaxation around first

transition Tc, large high field slopes in magnetization curves as weil as the transverse

spin freezing at second transition T"1I' Moreover, the two magnetic transition tem­

peratures (175K and 47K) are very close to those of Fe92Zr7S,1 (180K and 46K). It

was also reported that on hydrogenation, the iron-rich a-FeHf alloys exhibiting two

magnetic transitions with a noncollinear ground state become soft ferromagnets with

substantially increased Tc[28,99]. Even early studies on a-FeHf alloys in a wide range

of Fe concentration found that the first transition temperature Tc increases from zero

above a. critical Fe concentration of ~45 at.%, and then drops from the maximum

around 86 at.% with further increasing the Fe contents[103]. The magnetization mea·

sured during heating after zero-field cooling and that obtained after field-cooling begin

to separate below a certain temperature, which is field dependent[20J. Ali of these

properties have been observed in a-FeZr alloys. The close similarity between the two

systems suggests that the magnetic ordering behavior of the two systems is controlled

by the same mechanism: exchange frustration. Since the transition temperatures of

Fe92.5Hf1.5 and FeJ2Zr7Sn are quite close, it is expected that the magnetic phase di­

agram of a·FeHf system is similar to that of a-FeZr system but shifted to higher Fe

content by about 0.5 at.%. This can be easily understood according to the frustra­

tion picture. Hf atoms have a greater atornic radius (1.67A) than that of Zr atoms

(1.60A), which leads te- less AFM interactions and therefore a lower level of exchange

frustration for Fe-Hf alloys compared to Fe·Zr alloys with the same Fe concentration.

Thus the phase diagram will shift to high Fe content.
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The magnetic ordering behavior of Fe91SC9 is quite different from that of a-FeZr and

a-FeRf alloys studied here. Our results indicate that it exhibits a single transition to

a spin glass at 105±5K. A sharp peak in ac susceptibility (Xe.) has been observed at

99K[29] and 95K(104] for FeOOSC10, which is a characteristic feature of spin glass. It

was also found that for FexSc100-X with x=89, 90 and 91, the transition temperature

are almost the same (~104K). Based on these measurements, we expect that the

FexScl00_x alloys (x=89, 90 and 91) are all spin glasses with the same transition

temperature. This behavior is consistent with the mean-field theory[6] and Monte

Carlo simulations[95,96], which prediet that if the frustration level is above a critical

point at which the system become a spin glass, the transition temperature will remain

constant.

While Fe91Sc9 is clearly a highly frustrated material, the origin of the high level

frustration in the system seems not clear. The radius of Sc atoms is 1.62Â, slightly

larger than that of Zr atoms (1.60Â), so the average distance between nearest neighbor

Fe atoms in Fe91Sc9 is expected to be somewhat bigger than that in Fe91Zr9' Since the

direct exchange interactions are determined by the nearest neighbor Fe-Fe separations,

the frustration level due to the direct interactions is expeeted to be lower in Fe91Sc9

as a result of the larger Fe-Fe separations.

One possible origin of this extra frustration could be indirect exchange via conduc­

tion band polarization, which is suggested by the spin glass behavior observed in Sc­

RE alloys (RE is an rare earth element, such as Gd, Dy, Er; Tb) [105-112]. Although

for RE=Dy, Er, and Tb, the spin glass behavior results from anisotropy[105-1Ù7],

Sc-Gd alloys have been shown to be almost isotropic spin glasses[108], indicating that

the anisotropy in Sc-Gd system is quite small. Temperature dependence of ac suscep­

tibility for Sc13%Gd shows a cusp at a certain temperature, a charaeteristic feature

of spin glasses[110], and the resistivity of Sc15%Gd and Sc20%Gd at low temperature

follows a T3
/
2 behavior calculated by Rivier and Adkins[113] for a spin glass. Further­

more, specifie heat measurements on crp,alline Sc-Gd alloys with Gd concentration



up to 1 at.%indicates that the scaling law are approximately obeyed, thus suggesting

that RKKY exchange interactions are dominant[109,1l2]. This means that Sc atoms

can carry the oscillating RKKY interactions between magnetic moments of Gd atoms.

If this is true in amorphous FeOIScO' it is expected that this indirect exchange would

further enhance the exchange frustration since the direct exchange is a.lready partially

frustrated. Moreover, the indirect interactions would not be affected gignificantly by

hydrogenation. However, recent neutron diffraction study on DyISc super1attices re­

veals that while individual Dy layers order ferromagnetically, the magnetic coherence

length along the growth direction is less than t!te Dy layer thickness[1l4J. This sug­

gests that Sc can not carry the long-range exchange interactions, inconsistent with

the above explanation.

It is also not clear whether hydrogenation (which expands the lattice, increasing

the Fe-Fe distance and reducing the incidence of antiferromagnetic couplings) can

convert Fe-Sc alloys into ferromagnets. As described before, hydriding Fe-Zr and Fe­

Hf alloys lifts the exchange frustration and converts them into collinear ferromagnets

with greatly increased Tc. Hydriding the Fe-Sc alloys does reduce the degree of non­

collinearity and l'aise the orderiDG t.emperatures[30,104], and the magnetization of

these alloys saturates readily in fields of about O.2T like soft ferromagnets. However,

ac susceptibility does not shows the structure associated with critical fluctuations,

and thus fails to ccnfirm the ferromagnetic character of the transition[104].

The experimental data on amorphous Fe-Y alloys[1l5,1l6] indicates that the mag­

netic ordering behavior of iron-rich Fe-Y alloys is similar to that of Fe-Sc alloys. For

Fe-Y alloy with only 71 at.% Fe, the Mossbauer spectrum measured in a 5T field

parallel to the j-beam clearly shows the presence of lines 2 and 5, and thus reveal­

ing a noncollinear ground state[1l6]. Magnetization as a function of applied field

for FessYI2 shows a large high-field slope, and the magnetization fails to saturate in

fields of up to 15T at 4.2K, indicating it is also a noncollinear system[1l5J. These

observations are consistent with the spin glass behavior in Fe9ISc9, but in contrast

to the nearly ferromagnetic nature of FeS9Zrll. The similarity between the magnetic

•
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properties of Fe-Sc and those of Fe-Y alloys suggests that the indirect exchange may

be also present in Fe-Y alloys and enhance the degree of frustratiûn. Indeed, evi­

dence of indirect exchange through the polarization of yttrium conduction band has

been observed in Y-Gd alloys (Gd atoms have localized 4f moments)[1l1,1l2,1l7]. It

was also reported that in c-axÏs Y-RE superlattices (RE is an rare earth elements),

magnetic coherence can extend over severa! bilayers where the layers of locallized RE

spins are separated by layers of nonmagnetic Y[1l8-121]. The long range coupling be­

tween the RE layers is believed to result from the indirect RKKY interaction[1l8,1l9].

Careful examination of the Arrott plots for FeaaY12 suggests that Fe-Y alloys are less

frustrated than Fe-Sc alloys with the same Fe concentration. As mentioned above,

FeaoSCll is expected to be a spin glass, whereas extrapolation of the low-field Arrott

plots for FeaaYu yields a finite Te, below wmch the spontaneous magnetization be­

come non-zero. It is quite possible that the larger radiub Q~ Y atoms (1.78Â compared

to 1.62Â of Sc atoms) leads to bigger average Fe-Fe separation in Fe-Y alloys, and

therefore a lower level of frustration.
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As in the a-FeZr and a-FeHf systems, a c1uster model has also been suggested

as a description of the ordering in a-FeSc. Indeed, we have shown that both the

average hyperfine field and M. are not zero above the transition temperature T•• ,

providing sorne evidence of magnetic c1uster relaxation around T... However, the

observed transition at T•• cannot simply refiect the blocking of superparamagnetic

c1usters as is suggested in Ref.[32], since measurements on very different time-scales

give almost identica! values of transition temperature. As mentioned in Chapter

3, '<;lr FexScloo_x (89:S;x:S;91), the trausition temperatures (104±5K) measured by

Môssbauer spectroscopy, wmch is sensitive on a time scale of 10-7 ~ lO-os, are

almost the same as those obtained from Xae measurements where a driving field of

severa! kHz was used (99K[29] and 95K[104] for FeOOScl0)' The relaxation rate for

magnetisation reversai in zero field (the field is really zero in Môssbauer spectroscopy

and only 0.05 Oe in the Xae measurements) may be written:

(4.1)



where Ta is the attempt frequency (assumed constant) and ~E is an energy barrier.

Xac measurements give Tc ~100K at T-' ~ 1 kHz, from these we estimate ~E to

be ~ 1800K (assuming a "reasonable" value of 1011 Hz for Ta-' [122]). For Miissbauer

measurements where T-' ~ 10 MHz, the blocking temperature is then predicted to

be ~200K, far above the experimentally observed value of ~ lOOK. This result is

relatively insensitive to the actual choice of ~E or T O-' and thus ;;-" can mie out a

simple blocking transition as the origin of the ordering at T,g.

Since Fe.,Sc. is already a spin glass, increasing the Fe concentration further will

not change the magnetic structure and the transition temperature according to the

mean-field theory and Monte Carlo simulations. Thus, the amorphous iron extrap­

olated from the Fe-Sc series would be a spin glass with freezing temperature about

105K and an average moment ~1.63JLB/Fe. This is in good agreement with the ex­

trapolation from Fe-Zr alloys, although the magnetic ordering behavior of F~.,Sc. is

very different from that of Fe-Zr alloys with Fe content equal or less than 93 at.%.
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4.4 Comparison With Theory And Simulations

Our experimental observations are clearly inconsistent with the Ising spin model of

Sherrington and Kirkpatrick (SK model), which predicts that when the frustration

level is high enough, the system would exhibits two magnetic transitions with the

first ferromagnetic transition followed by a transition to spin glass state with a loss

of FM order. While the nature of the first transition is in good agreement with

experimental results on frustrated materials showing two magnetic transitions, the

second transition is definitely not to spin glass state since magnetic domains have

been observed i.1 these materials and the magnetization is not zero.

The mean-field theory developed by Gabay and Toulouse (GT model)[61, where

infinite-ranged exchange interactions between Heisenberg spins are assumed, is found

to be comparable to our results. This theory predicts that for partially frustrated

materials, three magnetic transitions are expected. The first transition is from a



paramagnetic to a ferromagnetic state. The second transition marks the onset of

spin glass order of the transverse spin components, but the ferromagnetic order of

the longitudinal components established at the first transition is not lost. The state

below the third transition has the same coexistence of ordering as the phase above the

transition, and in addition has the spontaneous breaking of replica symmetry, which

is associated with the strong irreversibility in the system. At high level of frustration,

the system is expected to be a spin glass. Our measurements have shown that all

partially frustrated materials studied here possess a finite magnetization below the

second transition, which agrees with the presence of ferromagnetic order of longitudi­

nal spin components in GT mode\. Furthermore, GT model predicts that the second

transition ref1ects the ordering of the transverse spin components, which is just what

we have observed. Finally, the highly frustrated Fe91Sc9 exhibits a single transition

to spin glass, in good agreement with the mode\. However, as can be seen, differ­

ences between the theory and our experiment results do exist. There is no evidence

of a weil defined third transition in all of our partially frustrated samples. In fact,

it has been argued that the replica-symmetry breaking, which is related to the irre­

versibility, occurs as soon as the transverse spin components order[8]. This therefore

suggests that the third transition may not exist. De magnetization measurements on

iron-rich Fe-Zr alloy by others[19,20] do reveal irreversibility. Magnetization obtained

when the samples were cooled with and without a small de field begin to separate

below a certain temperature. But this temperature is strongly dependent on the dc

field and can be higher or lower than the freezing temperature of the transverse com­

ponents. Another shortcorning of GT model is that although it has shown that the

transverse spin components order randomly like a two-dimensional spin glass below

the second transition, it is not dear whether the transverse components are present

above the second transition but precess rapidly and thus exhibit no order (transverse

spin freezing model) or the transverse components appear only below the second tran­

sition since spins are canting away from the direction of the net magnetization (spin

canting model) .

•
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(4.2)

It has been mentioned that the exchange interactions are assumed to be infinite­

ranged in GT mode!. This is definitely invalid for iron-rich amorphous aIloys studied

here, because for these materials, the dominant magnetic couplings are the nearest­

neighbor direct exchange. Moreover, the mean-field approximation inevitably misses

local fluctuations. Therefore, we do not expect that this model can gives a very

detailed description of magnetic ordering in these aIloys.

Ail of our experimental observations have been reproduced by Monte Carlo simu­

lations[95,96] where classical Heisenberg spins with nearest neighbor interaction have

been considered. The localized spins are placed on a simple-cubic lattice and the

exchange frustration is modeled by randomly replacing a fraction, f, of the FM inter­

actions by AFM bonds. The exchange distribution is assumed to be a two S-function

form (+J and -J) for simplicity. Several parameters have been defined and calculated

in the simulations. S,m, stands for the average moment while M the magnetization

is as usual. Q.L is the root-mean-square transverse spin, which is a measure of the

average component of the spins which lies perpendicular to the z axis independent of

angular motion in the xy plane. It is defined as

1 N

N Lm1;
i=l

CHAPTER 4. DISCUSSION

•

where i is the site index and mi; is expressed as

(4.3)mi; = !. tlsi - (SI' Z)Z]2
T t=l

where time T=4000 Monte Carlo steps. Q'"II is the mean square transverse spin length,

which averages over rotational motion of the spins in the xy plane and measures the

ordering of transverse spin components. It is written as

(4.4)

•
with ml = T-1 ~t SI(t) is the time average of the spin at each site. For f=O, there

are only FM exchange interactions and the system is found to be a conventional

ferromagnet with Wansition temperature Te=Tg . S,m, is identica! to M at ail tem­

perature below Tc, indicating that it is a collinear order. Above Tc, Q.L is equal to



)2/3, corresponding to isotropie motion of the spins for a paramagnetic system. It

decreases on lowering the temperature and reaches zero at T=OK, as expected for

a collinear ferromagnet. Qz. remains zero at a11 temperatures, which indicates that

there are no ordered transverse components. New features appear for f>O and this

can be see from the simulation results for f=0.115 (Fig. 4.6). Q.L decrease from )2/3
below Tc as for f=O, indicating that on average the spins are becoming less isotropie

and spending less time in the xy plane. However, it does not reach zero, suggesting

that noncollinearity may be established at T=OK. More significantly, although Q~ is

initia11y zero below TC) as in the ferromagnetic case, it becomes finite below Tz.' The

increase of Qz. indicates that the transverse components of the spins are no longer

averaging to zero and thus indicates the presence of noncollinear order. On the other

hand, Q.L continues to decrease be!ow T~. The only possible mechanism which would

accommodate these two results is the freezing of the transverse degree of freedom.

If the transverse spin components rotate rapidly about the z axis, Qz. averages to

zero in spite of the large Q.L' After the transverse components freeze, Q~ becomes

fini te, although Q.L continues to decrease as the spins become more aligned to the

z direction. The decrease of Q.L below Tz • is not consistent with the spin canting

model[9,10] where spins are canting away from z direction arter the second transition.

Moreover, magnetization M increases steadly on lowering the temperature and does

not show a sudden drop at T~ as expected in the spin canting mode!. Therefore, the

spin canting mode! can be ruled out. It is also found that S.m. is larger than M at a11

temperature below Tc. While the difference between them is essentia11y unchanged

above T~, it begins to increase below T~. This increase marks the freezing of the

transverse spin components. When the transverse components order, they contribute

to the total moments but do not affect the magnetization since they are perpendicular

to the fie!d direction, leading to the increase of the difference between S.m. and M.

Compared to the corresponding measured parameters in Fig. 4.7 where average iron

moment, magnetization and R (it characterizes the non-collinearity in the system

and corresponds to Q~ in the simulations) for Fe92Zr7Sn are shown as functions of

•
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temperature, strong similarities between our results and the simulations can be seen,

particularly the two characteristic features of transverse spin freezing: (i) increase

of R (or Q••) from zero and (ü) the rapid increase of /la. (S,m. in the simulations)

compared to M at T••.

The simulations predict that increasing the fraction of AFM bonds (thus the de­

gree of frustration) causeS Tc to faIl, refiecting the decrease of the average exchange

interaction, whereas T.. rises due to the increase of frustration leveI. For a simple cu­

bic lattice, Tc and T•• meet at a critical fraction f,,=0.25. After that point, the system

undergoes a single transition from paramagnetic to spin glass state with T•• ê:::0.42TH

(ferromagnetic transition temperature for f=O). The phase diagram from the simu­

lations shown in Fig. 4.8 is very similar to that we have obtained for a-Fe-Zr aIloys

(Fig. 4.1). It is interesting to note that the expected T•• for FexZrlOO-x with x:S;94.5

is ~100K. This temperature is just about 0.4 times Tc (260K) of Fe89Zrll (which is

e'>sentially a ferromagnet), a remarkable agreement between the simulations and our

experimental data. For bcc and fcc lattices with higher coordination numbers (8 for

bec and 12 for fcc), the critical fraction is raised to 0.30 and 0.32 respectively, but

the sequence of the ordering remains unchanged.

In the simulations, spin structure can be observed directly. It is clear that spins

are not aIl parallei above T.. as in a normal ferromagnet, some spins point in the

direction opposite to the net magnetization. As a consequence, the average moment

S,m. is larger than the magnetization M due to the partial cancellation when averaging

over the system to obtain M. The difference between S,m. and M becomes larger as

the fraction of AFM bonds, f, is increased (Fig. 4.9). This is exactly what we have

observed in the Fe-Zr aIloys.

Q" 9.ntitative comparison between the simulations and our experiments is some­

what difficult since it not easy to exactly correlate the compositions of our samples

to the fraction of AFM bonds in the simulations. An alternative is to Use the ratio of

T•• to Tc as a measure of degree of frustration. R obtained from our experiments and

the simulations are plotted as a function of T../Tc in Fig. 4.10. For T../Tc <0.3, the

•

•
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results from our measurements and the simulations are in good agreement. However,

as Tzu/Tc become larger, R calculated from simulations is much greater than that

from the experiments. This is due to several reasons. First, in our measurements, R

is derived from spectra with external fields around 3T, which would rotate the spins

towards the field direction and thus yield smaller R. Second, for the simulations,

R is calculated from an expression: R = 48in29/(1 +C0829) and an approximation

8in9=JQ../S.m. has heen used. This approximation is only valid for small 9 (thus

small Qzu and R) and low level frustration (small T../Tc ) where almost aIllongitu­

dinal spin components are parallel.

Since magnetization can he obtained directly from the simulations, it is more

meaningful to compare the magnetization. The results are shown in Fig. 4.11. The

simulations agree very weil with our experimental results up to T../Tc ~O.6. Fe91Sc9

has a ratio Tzu/Tc of 1 and the measured magnetization is zero. According to the

simulations, the system with T../Tc=1 is in a spin-glass-like state and exhihits a
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fuùte magnetization. Since it is not clear that whether the lower critical dimension of

the Heisenberg spin glass model is greater than three, the non-zero magnetization may

be real or may be due to finite-size effects. Nevertheless, the remakable agreement

between our experimental results and the simulations, at least up to Tzv/Tc ~0.6,

strongly support the view that the exchange frustration alone (the only mechanism in

the simulations) is sufficient to acc(\unt for the observed mag i1etic ordering behavior

of the iron-rich amorphous binary alloys studied here.
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Chapter 5

Conclusions

The magnetic properties ofiron·rich amorphous alloys in the form of FexTIOO-X (T=Zr,

Hf, Sc; 89::; :1: ::;93) have been systematically studied mainly by Môssbat1.er sjJec­

troscopy and maglletization measurements. The presence of both ferromagnetic (FM)

and antiferromagnetic (AFM) exchange interactions in these alloys leads to exchange

frustration and therefore complex magnetic ordering behavior. Our research on these

frustrated systems yields the followir:g conclusions:

• There is evidence of magnetic cluster relaxation around the ferromagnetic tran­

sition temperature Tc for all cf the FeZr d.nd FeHf alloys studied here. T'wo re­

laxation models coml,ining the static disorà~r and cluster relaxation have been

d~vel"!-,,d and ·they can give reasonable fits to Môssbauer spectr~. measured

around Tc. Due to the complexity caused by static disorder, sorne artificial

assumptions have to be made in the relaxation models, which prevent us from

obtaining much new insight into the magnetic properties of these materials .

• Two magnetic transitions have been observed in Fe92.sE:f7.6 and FeZr alloys with

Fe content bel.ween 90 and 93 at.%, and the nature of the second transition has

been clarified. Subtraction of zero field Môssbauer spectra from the speetra

recordcd in a S•. lall polarizing field yields two-line pattl'rns, which allow us to

obtain reliable hyperfine field distributions (P(Bhi )) for Fe90ZrlO by minimizing

152
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the line overlap and eliminating the problem caused by the presence of uncon·

trolled magnetic texture. The analysis of P(Bhf ) enables us to rule out the both

c1uster models, which attribute the second transition either to the ordering of

AFM c1usters or to the freezing of FM c1usters, and to confirm that the second

transition is due to the homogeneous freezing of the transverse spin components

as a result of exchange frustration.

• Detailed information about the evolution process from a ferromagnet to a spin

glass under the influence of increasing exchange frustration has been obtained.

FexZrlOO-x ailoys with x between 85 and 89 exhibit essentiaily conventional

ferromagnetic behavior (there is no evidence of a second transition down to

5K for x=89), although the Curie temperature Tc drops with increasing the

Fe content. When x is raised to 90, a second transition is clearly observed at

T z.=28±3K, and the system enter a noncollinear state below the transition,

which indicates the pi"sence of AFM interactions and therefore the exchange

frustration. As we increase the Fe content further (and thus raise the frustration

level), the second transition temperature T z• and the noncollinearity of the

ground state incr. ,.se, while Tc continues to drop. Tc and T z • are expected

to meet at T=IOOK when Fe concentration is about 94.5 at.%, suggesting that

Fe94.SZrS,S (which can not be made by melt-spinning) would he i1 spin glass with

spin freezing temperature of ~ lOOK. For highly frustrated Fe.Zrloo_x ailoys with

x~92, there is evidence that the ferromagnetic phase below Tc is differ~:nt from

that of a conventional ferromagnet in that some spins point in the direction

opposite to the net magnetization. Fe91Sc9 is the most frustrated system and it

exhibits a single transition to a spin glass at T'Q=105K. The observed evolution

process is comparable to that predicted by the mean-field theory[6J .

• Extrapolation of the magnetic properties of ail systems (FeZr, FeRf and FeSc

alloys) gives a common limit as Fe concentration approaches 100%. The amor­

phous Fe is expected to be a spin glass with the spin freezing temperature about
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lOOK and an ::'verage j·v!' moment of ~1.6iLB'

• Below the second transition, the transverse spin components are strongly cor­

related on a nearest neighbor scale in FeS2Zr7Sn. The fact that magnetization

is smaIler than the average iron moment derived from Miissbauer spectrascopy

indicates th..t the transverse components have to be random on a scale not

larger than demain :,izes. This scale is estimated to be in the order of looA
from Lorentz transmissioli eJ.,~t,on microscopy and the neutron scattering mea­

surements. The correlation length of the longitudinal components shows no

detectable change on the local scale, in contrast to a similar frustrated sys­

tem, crystalline AuFe aIloys, where the longitudinal correlation length decreases

steadily below Te.

• AIl of the experimental observations have been reproduced by Monte Carlo

simulations, where the only mechanism is the exchange frustration modeled by

randomly replacing a fractiQn of FM interactions with AFM interactions. The

simulations give aIl of the charaeteristic features of the transverse spin freezing

and a magnetic phase diagram very similar to what we have obtained. The

quantitative agreement between our results and the simulations demonstrates

that the magnetic ordering behavior of the aIloys studied here is controlled

primariIy by the exchange frustration.



REFERENCES 155

•

•

References

[1] D.H. RYle':!, Recent progress in random magnet.<, D.H. Ryan ed. (World
Scientific Publishers (Singapore), 1992).

[2] K. Moo~ja:.ti and J.M.D. Coey, Magnetic Classes (EIse..-ier, Amsterdam, 1984).

[3] S.F. Edwards and P.W. A'1derson, J Phys. F 5,965 (1975).

[4] D. Sherrington and S. Kirkpatrick, Phys. Rey. Lett. 35, 1792 (1975).

[5] S. Kirkpatrick and D. Sherrington, Phys. Rey. B 17,4384 (1978).

[6] M. Gabay and G. Toulouse, Phys. Rey. Lett. 47, 201 (1981).

[7] G. Toulouse and M. Gaoay, J. de Phys. (Paris) 42'. L-103 (1981).

[8] D.M. Cragg, D. Sherrington and M. Gabay, Phys. Rey. Lett 49, 158 (1982).

[9] W.M. Saslow and G. Park"r, Phys. Rey. Lett. 56, 1074 (198r ).

[10] G.N. Parker and W.N. Saslow, Phys. Rey. B 38, 11718 (1988).

[11] H.U. Krebs, W. Biegel, A. Bienenstock, D.J. Webb and T.H. Geballe,
Materials Science and Engineering 97, 163 (1988).

[12] M. Przybylski, K. Krop, T. Stobiecki and L. Dargel-Sulir, Hyperfine
Interactions 27,425 (1936).

[13] J.S. Kouye1 and R.H. Wilson, J. Ap!';. Phys. 32,435 (1961).

[14] W. Kümmerle and U. Gradmann, Solid State Commun. 24,33 (1977).

[15] G.J. Johanson and M.B. McGirr, Phys. Rey. B 1,3208 (1970).

[16J J.G. Wright, Phlosophical Magazine 24, 217 (1971).

[17] U. Gonser, C.J. Meechan, A.H. Muir and H. Wiedersich, J. Appl. Phys. 34,
2373 (1963).

[18] J.B. Newkirk, Trans. AIME 209, 1214 (1957).

[19] H. Hiroyoshi and K. Fukamichi, Physics Letters 85A, 242 (1981).

[20] H. Hiroyoshi and K. Fukamichi, J. Appl. Phys. 53,2226 (1982).

[21] N. Saito, H. Hiroyoshi, K. Fukamichi and Y. Nakagawa, J. Phys. F: Met.
Phys. 16, 911 (1986).

[22] D.H. Ryan, J.O Strom-Olsen, R. Proyencher and M. Townsend, J. Appl. Phys.
64, 5787 (1988).

[23] D.H. Ryan, J.M.D. Coey, E. Batalla, Z. Altounian and J.O. Strom-Olsen,
Phys. Rey. B 35, 8630 (1987).

[24] D.H. Ryan and Hong Ren, J. Appl. Phys. 69,5057 (1991).

[25] D.A. Read, T. Moyo, S. Jassim, R.A. Dunlap and G.C. Hallam, J. Magn.
Magn. Mater. 82,87 (1989).



REFERENCES 156

•

•

[26J S.N. Kaul, V. Siruguri ~d G. Chandra, Phys. Rev. B 45, 12343 (J992).

[27J S.N. Kaul, C. Bansal, T. Kumaran J.nd M. Havalgi, Phys. Rev. B 38,9248
(198èl).

[28J D.H. Ryan, J.M.D. Coey anrl J.O. Strom-Olsen, J. Magn. Magn. Mater. 67,
148 (1987).

[29J R.K. Day, J.B. Dunlop, C.P. Foley, M. C:ihafari and H. Pask, Solid Stat<'
Commun. 56, 843 (1985).

[30J D.H. Ryan, J.0. Strom-Olsen, J.M. Cadogar.. and ;:.M.D. Coey, Phys. Rev. B
40, 11208 (1989).

[31J M. Ghafari, R.K. Day, J.B. Dunlop, W. Keune and A.C. Mcgrath, Hyperfine
Interactions 54, 533 (1990).

[32] M. Ghafari, R.K. Day, J.B. Dunlop and A.C. McGrath, J. Magn. Magn.
~1ater. 104-107, 1668 (1992).

[3~j M. Avir",vic, P. Ziemann, B. Huck and J. Hesse, Europhys. Lett 8, 281 (1989).

[34J B.V.B. Sarldosian, J. Phys. F: Met. Phys. 11, 2191 (1981).

[35J B.H. Verbeek and J.A. Mydosh, J. Phys. F: Met. Phys. 8, LI09 (1978).

[36J J. Lauer and W. Keune, Phys. Rev. Lett. 48, 1850 (1982).

[37] F. Varret, A. Hamzié and I.A. Campbell, Phys. Rev. B 26,5285 (1982).

[38] I.A. Campbell, S. Senoussi, F. Varret, J. Teillet and A. Hamzié, Phys. Rev.
Lett. 50, 1615 (1983).

[39J S. Crane and H. Claus, Phys. Rev. Lett. 46, 1693 (1981).

[40] E. Dartyge, H. Bouchiat and P. Monod, Phys. Rev. B 25, 6995 (1982).

[41] J.W. Cable, G. Parette and Y. Tsunoda, Phys. Rev. B 36, 8467 (1987).

[42J C.E. Violet and R.J. Borg, Phys. Rev. Lett. 51, 1073 (1983).

[4::J R.J. Borg and C.E. Violet, J. Appl. Phys. 55, 1700 (1984).

[44] P. Monod and I.A. Campbell, Phys. Rev. Lett. 52, 2096 (1984).

[45] R.A. Brand and W. Keune, Phys. Rev. Lett. 52, 2097 (1984).

[46J R.A. Brand, J. Lauer and W. Keune, Phys. Rev. B 31, 1630 (1985).

[47] J.A. Geohegan and S.M. Bhagat, J. Magn. Magn. Mater. 25, 17 (1981).

[48J T. Miyazaki, 1. Okamoto, Y. Ando and M. Takahshi, J. Phys. F: Met. Phys.
18, 1601 (1988).

[49] Y. Yeshurun, M.B. Salamon and K.V. Rao, Phys. Rev. B 24, 1536 (1981).

[50] G. Aeppli, S.M. Shapiro, H. Maletta, R.J. Birgeneau and H.S. Chen, J. Appl.
Phys. 55, 1628 (1984).



REFERENCES 157

•

•

[51] M. Rennion, B. Rennion, 1. Mirebeau, S. Lequien and ~". Hippert, J. App!.
Phys. 63, 4011 (1988).

[52] R.W. Erwin, J.W. Lynn, J.J. Rhyne and R.S. Chen, J. App!. Phys. 57,3473
(1985).

[53] J.W. Lynn, R.W. Erwin, J.J. Rhyne and R.S. Chen, J. App!. Phys. 52, 1738
(1981).

[54] S. Senoussi, J. de Phys. 45, 315 (1984).

[55] 1 Mirebeau, S. Hoh, S. Mitsuda, T. Watanabe, Y. Endoh, M. Hennion and R.
Papoular, Phys. Rev. B 41, 11405 (1990).

[56] R.W. Erwin, J. App!. Phys. 67, 5229 (1990).

~~7J V. Manns, R.A. Brand, W. Keune and R. Marx, Solid State Commun. 48, 811
(1983).

[58] 1. Mirebeau, G. Jehanno, I.A. Campbell, F. Hippert, B. Rennion and M.
Rennion, J. of Magn. Magn. Mater. 54-57,99 (1986).

[59] R. Maletta, J. App!. Phys. 53,2185 (1982).

[60] R. Maletta, G. Aeppli :md S.M. Shapiro, Phys. Rev. Lett. 48, 1490 (1982).

[61] R. Maletta, W. Zinn, H. Scheuer and S.M. Shapiro, J. App!. Phys. 52, 1735
(1981).

[62] R. Maletta, Heidelberg Colloquium on Spin-Classes, J .L. van Remmen and 1.
Morgenstern ed. (Springer Verlag, Berlin, 1983), p. 90.

[63J S.M. Shapiro, R. Maletta and F. Mezei, J. App!. Phys. 57, 3485 (1985).

[64] R.G. Bohn, W. Zinn, B. Dorner and A. Kollmar, Phys. Rev. B 22,5447
(1980).

[65] N.N. Greenwood and T.C. Gibb, Miissbauer Speetroscopy (Chapman and Hall
Ltd, London, 1911).

[66J P.E.D. Dominic and J.B. Frank, Miissbauer Speetroscopy, P.E.D. Dominic and
J.B. Frank ed. (Cambridge University Press, 1986), p. 1.

[67] U. Gonser, Proceedings of the School on Application of Nuclear Gamma
Resonant Speetroscopy (Miissbauer Speetroscopy), N.A. Eissa and G. Denardo
ed. (World Scientific, 1986), p. 1.

[68] P.C.M. Gubbens, J.R.F.van. Apeldoorn, A.M.van.der. Kraan and K.H.J.
Buschow, J. Phys. F 4, 921 (1974).

[69] M. Blume and J. A. Tjon, Phys. Rev. 165, 446 (1968).

[70] D.G. Rancourt, Ryperfine Int.::ractions 40, 183 (1988).

[11] D.G. Rancourt, R.H.A. Smit and R.C. Thiel J. Magn. Magn. Mater. 66, 121
(1!i87).

[72] B. Window, J. Phys. E4, 401 (1911).



REFERENCES 158

•

•

[731 D. Kaptas and 1. Vincze, Hyperfine Interactions 55, 987 (1990).

[74] R. Reisser, M. Fiihnle and H. Kronmüller, J. Magn. Magn. Mater. 75,45
(1988).

[75] S.N. Kaul, J. Phys. F: Met. Phys. 18,2089 (1988).

[76] J.C.Le Guillou and J. Zinn-Justin Phys. Rev. Lett. 3f1, 95 (1977).

[77] S.M. Fries, C.L. Chien, J. Crummenauer, H.G. Wagner and U. Gonser,
Hyperfine Interactions 27,405 (1986).

[78] S.M. Fries, J. Crummenauer, U. Gonser, P. Schaaf and C.L. Chien, Hyperfine
Interactions 45, 301 (1989).

[79] H. Yamamoto, H. Onodera, K. Hosoyama, and H. Yamauchi, J. Magn. Magn.
Mater.31-34,1579 (1983).

[80] J. J. Rhyne, R. W. Erwin, J. A. Fernandez-Baca, and G. E. Fish, J. Appl.
Phys. 63, 4080 (1988).

[811 J.M.D. Coey, J. Appl. Phys. 49, 1646 (1978).

[82] J.R. Thomson, Ph.D. thesis

[83J H. Tange, Y. Tanaka, M. Goto and K. Fukamichi J. Magn. Magn. Mater.
81,L243 (1989).

[84] H. Ma, H.P. Kunkel and G. Williams, J. Phys.: Condens. Matter 3, 5563
(1991).

[85] S.N. Kaul, J. Phys.: Condensed Matters 3,4027 (1991).

[86] S. Senoussi, S. Hadjoudj, R. Fourmeaux and C. Jaouen, J. de Phys. Colloque
(Paris) 49, C8-1163 (1988).

[87] S. Senoussi, S. Hadjoudj, P. Jouret, J. Bilotte and R. Fourmeaux, J. Appl.
Phys. 63, 4086 (1988).

[88] S. Hadjoudj, S. Senoussi and 1. Mirebeau, J. of Magn. Magn. Mater. 93, 136
(1991).

[89] S. Hadjoudj, S. Senoussi and D.H. Ryan, J. Appl. Phys. 67, 5958 (1990).

[90] M.M. Abd-Elmeguid, H. Micklitz, R.A. Brand and W. Keune, Phys. Rev. B
33, 7833 (1986).

[91] A. Aït-Bahammou, C. Meyer, F. Hartmann-Boutron, Y. Gros, I.A. Campbell,
C. Jeandey and J.L. Oddou, J. de Phys. Colloque (Paris) 49, C8-1075 (1988).

[92] A. Aït-Bahammou, C. Meyer, F. Hartmann-Boutron, Y. Gros and I.A.
Campbell, J. de Phys. Colloque (Paris) 49, C8-1157 (1988).

[93] S. Mitsuda, H. Yo.shizawa, T. Watanabe, S. Itoh, Y. Endoh and 1. Mirebeau,
J. Phys. Soc. Japan 60, 1721 (1991).

[94] B.V.B. Sarkissian, J. Phys: Condens. Matter 3, 961 (1991).



REFERENCES 159

•

•

[95] J.R. Thomson, G. Hong, D.H. Ryan, M.J. Zuckermann and G. Martin, Phys .
Rev. B 45,3129 (1992).

[96] J.R. Thomson, G. Hong, D.H. Ryan, M.J. Zuckermann and G. Martin, J.
Appl. Phys. 69, 5231 (1991).

[97] K.M. Unruh and C.L. Chien, Phys. Rev. B 30, 4968 (1984).

[98] T. Kaneko, K. Shirakawa, S. Ohnuma, M. Nose, H. Fujimori and T.
Masumoto, J. Appl. Phys. 52, 1826 (1981).

[99] J. Tanaka, K. Nomura, Y. Ujihira, A. Vértes, H. Kimura and T. Masomoto,
Hypedine Interactions 55, 1071 (1990).

[100] A.H. Morrish, R.J. Pollard, Z.S. Wronski and A. Calka, Phys. Rev. B 32, 7528
(1985).

[101] S.M. Fries, C.L. Chien, J. Crummenauer, H.G. Wagner and U. Gonser,
Journal of Less-Common Metals 130, 17 (1987).

[102] E. Kuzmann, A. Vértes, Y. Ujihira, P. Kovacs, T. Ando and T. Masomoto,
Hyperfine Interactions 45, 279 (1989).

[103J S.H. Liou, G. Xiao, J.N. Taylor and O.L. Chien, J. Appl. Phys. 57,3536
(1985).

[lü<!] H. Ma, Z. Wang, H.P. Kunkel, G. Williams, D.H. Ryan and J.O. Strom-Olsen,
J. Magn. Magn. Mater. 104-107,89 (1992).

[105] M.F. Opheys and E.F. Wassermann, Physica B 169,471 (1991).

[106] P. Pureur, G.L. Fraga, D.E. Brandao, R. Caudron, H. Safa and G. Nieva, J.
Magn. Magn. Mater. 68, 213 (1987).

[107] K. Baberschke, P. Pureur, A. Fert, R. Wendler and S. Senoussi, Phys. Rev. B
29, 4999 (1984).

[108] R. Wendler, P. Pureur, A. Fert and K. Baberschke, J. Magn. Magn. Mater.
45, 185 (1984).

[109] L.L. Isaacs, Phys. Rev. B 8, 3301 (1973).

[110] B.V.B. Sarkissian, J. Phys. F: Met. Phys. 7, L139 (1977).

[111] B.V.B. Sarkissian and B.R. Coles, Communications on Physics 1, 17 (1976).

[112] B. Levesque, R. Caudron and P. Costa, Journal de Physique, Colloque C5 40,
C5-266 (1979).

[113] N. Rivier and K. Adkins, J. Phys. F: Met. Phys. 5, 1745 (1975).

[114J F. Tsui, C.P. Flynn, R.S. Beach, M.B. Salamon, J.A. Borchers, R.W. Erwin
and J.J. Rhyne, J. Appl. Phys. 73 6904 (1993)

[115] J.M.D. Coey, D. Givord, A. Liénard and J.P.· ~ouillat, J. Phys. F 11,2707
(1981).



REFERENCES 160

•

•

[116] J. Chappert, J.M.D. Coey, A. Liénard and J.P. Rebouillat, J. Phys. F 11,
2727 (1981).

[1171 L.E. Wenger, G.W. Hunter, J.A. Mydosh, J.A. Gotaas and J.J. Rhyne, Phys.
Rey. Lett. 56, 1090 (1986).

[118) C.F. Majkrzak, J.W. Cable, J. Kwo, M. Hong, D.B. McWhan, Y. Yafet, J.V.
Waszczak and C. Vettier, Phys. Rey. Lett. 56, 2700 (1986).

[119] M.B. Salamon, S. Sinha, J.J. Rhyne, J.E. Cunningham, E. Ross, J. Borchers
and C.P. Flynn, Phys. Rey. Lett. 56, 259 (1986).

[120J J. Borchers, M.B. Salamon, R.W. Erwin, J.J. Rhyne, R. Du and C.P. Flynn,
Phys. Rey. B 43, 3123 (1991).

[121] R.W. Erwin, J.J. Rhyne, M.B. Salamon, J. Borchers, S. Sinha, R. Du, J.E.
Cunningham and C.P. Flynn, Phys. Rey. B 35, 6808 (1987).

[122] D.H. Jones, Hyperfine Interactions 47, 289 (1989).




