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Abslrmt. "Fe ,Uosrbauer me3surcmcnls sere periormed I" appked ficlds up IO 13.5 Tin 
thrtcmp."crange 15 < T < 3 0 0 K .  H'hcrcassi highremper3turcsiherrcordcdspectr3 
a u l d  be analysed us.ng a set of suorpecira uith intensity ratios acmrding to a binomid 
distribution raking into~ccount nearest-neighbour environments. at louer iemperaiurerlhc 
line shape indicates the prcscncc of relaxation effects. For this tcmpcraturc rcgion a model 
sproposed. in U hich m3gn~ricclurters are formed stochdsrically. Thcseclustcnarcasswned 
io dccJ) after a mean Lfciime. which incre%ses with increasing applied field and decre3sing 
temperature 

1. Introduction 

The spin dynamics of spin and cluster glasses has been investigated by experimental 
techniques such as ESR, NMR, muon precession, neutron scattering and Mossbauer 
spectroscopy (see, e.g., Murani 1978). The results suggest a gradual formation of 
correlationsin the spin system with decreasing temperature. Neutron scattering (Murani 
1981) and neutron spin-echo experiments (Mezei 1983) on CuMn and AuFe indicate 
that dynamical processes take place in concentrated spin glasses above the freezing 
temperature (Tf). Investigations of the staticsusceptibility of CuMn withconcentrations 
between 1 and 6% Mn exhibit short-range Ferromagnetic correlations and fluctuations 
of the Mn spins up to temperatures of 5Tf (Morgownik and Mydosh 1981). 

By applying an external field (B,) to cluster glasses the spin dynamics is slowed down 
to characteristic times observable by Mossbauer spectroscopy (even in temperature 
regions where without B, only a quadrupole interaction is present) allowing a detailed 
study of these magnetic short-range correlations. In Y(Fefi1, - x ) 2  long-range magnetic 
order isonlypresent for Fe concentrations higher thanx = 0.78. InB, = OYFe,exhibits 
twohyperfinefieldsof21.2Tand20.8Tat4.2Kand18.5Tand18.2Tat300Kingood 
agreement withDarieletal(l973). For lower Fe conteuts typicalcIusterglassbehaviouris 
observed (Reissner eta[ 1984) with freezing temperatures (determined by magnetization 
measurements in low fields) decreasing from 39 K for x = 0.75 to ~ 4 . 5  K for x = 0.25. 
Thus these samples provide us with the possibility of studying the spin dynamics in a 
wide temperature range at high Fe contents. 
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The chosen compound Y ,,,(Feo.75AIo,,), crystallizes in the cubic MgCuZ structure 
type (ClS). The Fe and AI atoms are distributed statistically over the 16d positions. 
Every Fe (AI) atom has six nearest and 12 next-nearest Fe (AI) neighbours and is 
surrounded by6 Y nearest neighbours. The temperature (TA)  above which the magnetic 
splitting of the Mossbauer spectra disappears in the absence of an external field is 45 K. 
The linear field dependence of the magnetization diminishes for T < 240 K .  

2. Experimental details 

The sample Yl,I(Fe0,7~A10.z5)z was prepared by induction melting of the constituent 
metals under purified argon atmosphere, followed by homogenization at 700 "C in an 
evacuated quartz tube for two weeks. The purity of the starting materials was 3N for Y 
and higher than 4N for Fe and Al. The composition was determined by weighing the 
constituent materials. The weight loss caused by the melting procedure was negligible. 
X-ray powder diffraction measurements were performed for structural analysis. 

57Fe Mossbauer spectra were recorded in transmission geometry on a powdered 
sample in applied fields of 4.5 to 13.5 Tin  the temperature range from SO to 295 K which 
is in any case above Tf. Measuring times between two and three days were necessary for 
acceptable statistics of the spectra because of the large distance between source and 
counter in the spectrometer. The field, created by superconducting coils and applied 
parallel to the y-ray direction, was stable during that measuring time. The precision of 
5, was kO.01 T and the temperature stability for the sample was better than 50.5 K. 
The temperature was measured at zero field using a carbon glass resistor and controlled 
by a field-independent SrTi sensor. The source was kept at 4.2 K and was situated in a 
field-compensated area, Velocity calibration was made with an w-Fe foil simultaneously 
with the measurements. 

3. Results and discussion 

At high temperatures ( T 3  280 K) the shape of the spectra clearly indicates that the 
induced hyperfine fieIdE,,d (defined byBefI = Bind t E,, where &denotes the measured 
effectivemagnetic field) isorientedantiparallel toBa(Reissneretall987).Thesespectra 
could be fitted using a set of subspectra with intensity ratios according to a binomial 
distribution taking into account nearest-neighbour environments and increasing Bin,, for 
increasing number of nearest Fe neighbours. Decreasing the temperature still leads to 
spectra that are completely polarized, i.e. without any indication of the appearance of 
the second and the fifth line. Furthermore, the inner slopes of the first and sixth line are 
smooth (see especially the spectra for T =  240 and 200 Kin figure 1). It was therefore 
assumed that BCfl is oriented antiparallel to E,  down to TA. There remains uncertainty 
about the direction ofEeftfor small B, because of the small splitting of the spectra. Thus 
we restricted the present investigation to values of E,  > 4.5 T. 

For the spectra recorded below 280 K a fit with a set of Bind according to a binomial 
distribution isnolongerpossible. Moresubspectra were necessary toobtain a reasonable 
fitand theresultingB,,,turnedout very high. Thispointstotheformationofmagnetically 
ordered clusters. An attempt to fit the spectra recorded at T <  160 K and B. = 13.5 T 
by means of a distribution of hyperfine fields leads to cluster fields (&) larger than 27 T. 
This value is higher than the hypefine field measured for the magnetically ordered 
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Figure 1. Recorded and fitted (full curve) spectra 
ai B, = 13.5 Tfor different temperatures. 

Figure2,Recordedandfittedspectraat T =  70K 
for different applied fields B,.  

undilutedcompoundYFe2(Posingerelal1989). Such a behaviourfor acompound where 
the magnetic exchange interaction of Fe is diluted by AI is hard to explain. The shape 
of the spectra (see, e.g., those at T =  70, 100 and 160K in figure 1 and figures 2, 3) 
indicates the presence of relaxation effects (small degree of structure at high and 
maximum intensity at low absolute velocity, due to both broadening of the outer lines 
and collapsing of the inner ones (Wickman 1966)). With increasing temperature the 
relaxation time decreases and therefore the broadening of the outer lines diminishes 
resultinginspectra with morestructure (see, e.g., T =  200and240Kin figure 1). 

A relaxation model that allows the cluster field BCi to flip between the directions 
parallel and antiparallel to the applied field E, cannot provide an explanation for the 
recorded spectra, because the value of B, - B,, needed to fit the inner part of the 
spectra (with Bdapproximately8 T )  leads tocontributionsresultingfrom E, + Bdin the 
calculated spectra that are not present in the measured ones. 

To explain the observed spectra a simple alternative model is proposed, based on 
theobservation that the magnetic hyperfine interactionisinducedonlyby the application 
of an external magnetic field to the sample. Thus in strongly spin-correlated regions, 
which are supposed to form under the influence of this field, a net magnetization is 
generated giving rise to a magnetic hyperfine interaction at the Fe nucleus. By its action 
these regions are characterized by a drastic reduction of spin flips in their interior, so 
they appear as clusters of nearly static magnetic order on the Mossbauer time scale. It 
is then tempting to explain the dynamics via the assumption that these clusters are 
fluctuating in the sense that they move around in the sample or form and decay randomly 
in course of time. This leads to a model in which the individual Mossbauer nucleus is 
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FigureS. Y ,  j(Fe,,,5Alo&at IWKforB,  = 13.5T.Thefourcalculatedsubspectraarealso 
shown. 

assumed to sense a magnetic hyperfine field that is switched on and off stochastically. 
Such a behaviour can easily be cast into the form of a Blume model (Blume 1968). If 
there were only a magnetic hyperfine field that fluctuates between zero and some finite 
value without ever changing its direction, the Wickman formulas (Wickman er al1966) 
Cor simple random frequency-modulated resonance absorption would be applicable. 
because the axisofquantizationstaysfixedduringsuchaprocess.~lnclusionof anclectric 
field gradient with arbitrary orientation with respect to the effective magnetic field, 
however. makes this simple approach unsuitable. Therefore, we decided to work with 
the more general superoperator formulation of the stochastic theory of line shape as 
developed by Blume (1968) and Clauser and Blume (1971). 

The Hamiltonian in terms of which the nuclear Zeeman and the electrostatic hyp- 
erfine interactions have been described was chosen to be of the form 

YehJe,, = -gp.(B, - Bclf(l))f, + [eQVji/41(ZI - l)]{t(3 cosz 0 - 1) (31? - f?) 

+ Isin 20[(1,1, + I J 2 )  cos Q + (lJy + I y 1 2 )  sin @] 
+ %in' @ [ ( I ;  - 1;) cos 2@ + (lxIy + ["Iz) sin 2 @ ] )  

where 0 and Q are the polar angles of Vii with respect to the laboratory frame andf(r) 
denotesa random variable takingthe valuesOor 1. The relaxationmatrix wasconstructed 
from the transition probabilities 

w1-0 = 1Irm WO-I = 1 / ~ , f l  

which are determined by two mean times, i.e. the lifetime 7"" characteristic for the 
length of periods during which the individual Mossbauer ion is member of an ordered 
spin cluster and r,, denoting the time intervals in between. 

Based on this approach, the measured spectracould be reproduced with an algebraic 
routine of the kind described by Winkler eta[ (1988). The angle between the y-ray and 
BCff was set to zero in accordance with both the experimental set-up and the assumption 
that B,ff is collinear with the applied field B,. In the course of the work it turned out 
that the integration over 0 and Q, which is necessary due to the uniform directional 
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distribution of the crystallites in the sample, could be replaced by taking 0 = 54.7" and 
any value for Q? as representative angles without visibly affecting the spectral line shape. 

To fit the spectra a superposition of four subspectra was used (figure 3). The line 
width (FWHM) 0.28 mm s-', as measured for an a-Fe foil, was taken for all subspectra. 
Slightly different values were used for the centre shift (cs) of the subspectra (Acs 
0.06 mm s-l) in accordance with the analyses by Reissner and Steiner (1986) of mag- 
netically unsplit spectra of the same sample at room temperature. 

The number of subspectra is (in contrast with a fitting procedure that uses a quasi- 
continuous hyperfine field distribution) very low and might allow the study of the 
influence of the different Fe environments in an extended temperature range, since 
the intensity ratios of these subspectra are close to those obtained from a binomial 
distribution taking into account the nearest-neighbour Fe environments. 

The measurements at B .  = 0 and room temperature lead to a mean value of 
0.3 mm s-I for the electric quadrupole splitting leQVft/2[ (Reissner and Steiner 1986). 
Since in the magnetically split spectra the quadrupole interaction issmallcompared with 
the magnetic one the calculations are not very sensitive to eQVfi, and thus a common 
value of -0.3 mm s-l was used for all subspectra. The sign of eQV,, was determined in 
external fields of 1.5 Tat  room temperature. The asymmetry parameter was set to zero. 

The two fields between which the relaxation takes place are B, and B, - Bel. For the 
different subspectra values of approximately 5 T to 12T were obtained for B,, (figure 
3). The dynamical parameters are the relaxation time r ,  defined as 

and a,, the ratio of ron/roff. For fitting the spectra, a, was assumed to increase with 
increasing B,, for the different subspectra. The differences in z are small for three of the 
subspectra, but somewhat larger for the fourth subspectrum, whereas the values for a, 
and E,, exhibit nearly the same differences for all four different subspectra. 

Since up to now an assignment of the subspectra to the different Fe environments is 
uncertain, in the following discussion the mean values B,,, f, &, weighted by means of 
the area of the subspectra, are used. 

&, is nearly constant for all temperatures Tand for all applied fields B, in the range 
investigated (figure 4). 

Within the proposedmodel io, is expected to decrease withincreasing Tanddecreas- 
ing B,, since the possibility of coupling to other Fe atoms diminishes, and for Thigh 
enough only paramagnetic behaviour is possible. The results obtained for ci, fulfil 
these requirements. The product 5.dfon/(foD + fdf) represents a mean moment for the 
stochastically varying time where the atoms are coupled to clusters and corresponds 
therefore to a magnetization, which on the other hand should also be observed in 
bulk magnetic measurements. The different characteristic measuring times of the two 
experiments are not essential, since B ,  which is proportional to the moment is always 
antiparallel to B,  and only fOn decreases with increasing Tand decreasing B,. The results 
ofbothsetsofmeasurementsarecomparedfor twotypicaltemperatures(l60and240 K) 
in figure 5. The bulk magnetic measurements (left-hand axis) were performed in fields 
up to 6.7 T and in the temperature range 50 < T < 270 K. The magnetization ( U )  as a 
function of field iscurved for I"< 240 K. For all Tthe product &fOn/(fon t foe) (right- 
band axis in figure 5) is proportional to U with 11 TIPB, which is a further test for the 
validity of the model. 
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Figure 4. Dependence of the mean Cluster field 
Bd on the applied field B, for different tempera- 
tures. The line is only a guide for the eyes. 
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Figure 6. Mean relaxation time f versus [gBB./ 
(keT)']'R on a semi-log scale. 

Figure 7. Mean io,, versus B. lor different tem- 
peratures (symbols asin figures4 and6). The lines 
are only guides for the eyes. 

For f a  dependence according to 

f = b[p ,B, / (kBr)r ]  1'2 

with b = 5.8 X lO+J s (figure 6)  was found for all values of Tand B,. The mean times 
fact, during which the Fe atoms are not incorporated into a cluster. are only weakly 
dependent on B, (figure 7), indicating that B, has little influence on the formation of 
magnetic clusters, whereas the increase of <with increasing B, indicates that B, hinders 
the decay of the clusters. 

i t  is remarkable that relaxation effects are present over a very wide range in tem- 
perature up to T = 7Tt. Even below, but not far from T, the clusters are not completely 
frozen, but the simple model with only one direction for B,, fails for T <  Tr. 

At the present state of the investigations it is not certain whether the different 
subspectra of which the spectra are composed, are due to the different environments of 
the Fe atoms. We now try to prove that this is possible, and want to test the model of 
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forming and decaying clusters on other concentrated spin glasses. First measurements 
on AuFe point to the applicability of the proposed concept for these samples also. 

To sum up: relaxation effects dominate the magnetic behaviour up to 7Tf in 
Y(Feo,,5AI,,,,),. For this temperature region the Mossbauer spectra recorded in applied 
fields up to 13.5 T support a model, formulated to explain the dynamic behaviour, in 
which magnetic clusters are formed stochastically far above the freezing temperature. 
These clusters are not stable, but are assumed to decay after a mean lifetime that 
increases with increasing E ,  and decreasing temperature. The applied field hinders the 
decay of the clusters but has little influence on their formation. 
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