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Abstract Transmission 5'Fe Massbauer specw of the typical spin glasses Y(Fe,AIdz 
( x  = 0.75. 0.65. 0.40, 0.25) and Aul-,Fe, ( x  = 0.15. 0.05) were laken from 4 2  K up to 
mom temperature in applied fields (E.) up to IS T. To account for the correlations which appeaF 
at temperatures 7 5 7 times the freezing temperam ( r f )  a model is employed according to 
which magnetic correlations are formed and decay in the course of time. The resulting field 
values fit lo those at higher t e m p e m s  and to the zero-field specIra af 4.2 K. The mean 
relaxation times depend linearly on E:'z/T3/2 and scale with r f .  The mean lifetime of the 
correlations scales with 7/Tr and increases with inneasing B. and decreasing temperafure. 
whereas the mean time during which the Fe atoms are unconelated is only mildly dependent on 
8.. which indicates that the applied field does not favour the formation of correlations but ha1 
it stabilizes the correlations if their magnetic moment is oriented parallel to 5. Three to five 
Fe atoms are included in the correlated repions. 

1. Introduction 

Above the freezing temperature (Tf )  of spin glasses up to approximately five to seven times 
Tf exists a region in the magnetic phase diagram where the behaviour deviates from that 
characteristic for paramagnets. The magnetization curves are non-linear in this temperature 
range and Curie-Weiss behaviour is only found at higher t e m p e r a m  [l]. Different 
experimental techniques like ESR, NMR, muon precession, neutron spin echo experiments 
and neutron scattering all point to a gradual formation of correlations in the spin system 
with decreasing temperature and to the existence of dynamical processes [2-6]. 

57Fe Mossbauer spectra without applied field are magnetically unsplit above a 
temperature which is slightly higher than fi .  Applying an external field B. at high 
temperatures (T 7Tf) leads to spectra which are split by an effective magnetic hyperfine 
field = B, - Bind, with Band being a small induced field increasing with increasing 
B, and decreasing temperature (T). Bhf is oriented parallel to Ea. The spectra consist of 
subspectra with small differences in Bhf, electric q h p o l e  splitting (eQV,,/2) and centre 
shift originating from the different number of Fe atoms in the nearest neighbour shell. At 
lower temperatures (Tf < T 5 7Tf) the shape of the spectra changes. Analyses within the 
limit of fast relaxation would lead to broad distributions of hyperfine fields with field values 
which are rather implausible [7]. In contrast within a model of stochastically forming 
and decaying magnetic correlations the spectra can be fitted more consistently with the 
same number of subspectra at all temperatures and information about the dynamics can be 
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achieved [8-10]. It is the aim of this paper to present the results obtained within this model 
for the dynamics of the formation of the magnetic order in the two series Aul-,Fe, and 
Y(Fe,A11-,)2 and to give an estimation of the size of the correlated regions. 

2. Experimental details 

Samples with Fe concentrations of x = 0.05 and 0.15 for Aul-,Fe, were prepared [ l l ]  
from metallic Au and 57Fe (purity 6N and 3N, respectively) using an electron gun and 
cold-rolled to foils of thickness of 3 pm. Four samples with x = 0.2.5, 0.40, 0.64 and 
0.75 were prepared from the series Y(Fe,Al1-,)2 by induction melting of the metals (purity 
3N for Y and higher than 4N for Fe and Al) under purified argon atmosphere, followed 
by homogenization at 700°C in an evacuated quartz tube [I]. The AuFe alloys are of the 
FCC shllcture type and the Laves phase Y(Fe,Alh crystallizes in the cubic MgCuZ (CIS) 
structure type except in a small region around x = 0.55 which was avoided in the present 
investigation. In both series the Fe atoms occupy the respective lattice sites randomly. A11 
samples were checked to be single phased by x-ray diffraction measurements. A s&ong 
indication that chemical clusters of Fe are avoided in the AuFe samples follows from the 
analyses of the quadrupolesplit Mossbauer spectra recorded without extemal field at mom 
temperature. If Au is substituted statistically by Fe, both the number and intensity ratio 
of the subspectra are given by a binomial distribution. At x = 0.05 this leads to three 
subspectra in Aul-,Fe, with "Fe surrounded by zero, one and two Fe nearest neighbours. 
The quadrupole splitting for Fe surrounded only by Au is almost zero because of the 
symmetry of the stmctuxe. One Fe neighbour disturbs the symmetry and leads to higher 
values of eQVJ2. A higher number of Fe neighbours results in somewhat lower values 
of eQVJ2. The measured values are in complete agreement with these expectations (e.g. 
figure 1). 

-1 0 1 
Velocity [mm/s] 

Figure 1. "Fe Mtissbauer specmum of Auo.9sFw.a~ at 
m m  temperature without external field. The broken 
lines give the calculated subspectra (- - - 0. - . - I .  
...... 2 01 3 n w f  neighbours Fe). The bar represents 
1% redunion in count rate. 

I I A 
I 

s I I 

Time [ns] --> 

Schematic representation of the model Figure 2 
parameters. 

The freezing temperatures of the samples are 45 and 27 K for x = 0.15 and 0.05 in 
AuFe [I21 and 39 K (26, 9.5 and - 4 K) for x = 0.75 (0.65, 0.40.0.25) in Y(FexA11-,)2. 
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Long range magnetic order is present in AuFe at concentrations above - 16 at.% Fe and 
at x 2 0.78 in Y(Fe,All-,)2. 

Spectra were recorded in transmission geometry between 4.2 K and room temperature 
in applied fields up to 15 T. The field direction was always parallel to the y-direction. 
Details of the experimental set-up are described in [13]. Due to the long distance between 
the "Cow source and the counter, measuring times between two and five days were 
necessary. The temperature of the samples was kept constant with an error of < 0.25 K 
over the measuring time. 

3. Description of the model 

The presence of short range magnetic correlations in spin glasses up to temperatures of 
several times Tt is generally assumed e.g. [2] .  The growth in size of these locally correlated 
regions with decreasing temperature, and rotation of the resulting magnetization of these spin 
clusters is used as explanation for the experimental results [2]. What has been neglected 
in this description is the possibility of a dynamical behaviour such that the correlations 
form and decay in the course of time. We think that our Mossbauer measurements in the 
temperature range below 7 fi require an alternative description with inclusion of this type 
of dynamics. In zero field above Tf the dynamics of the magnetic correlations is too fast 
to be resolved within the time window of Mossbauer spectroscopy. In an applied field the 
mean lifetime of magnetic correlations with resulting effective magnetic moment close to 
the direction of B, is increased by E.. For an Fe atom which is a member of a correlated 
region the effective hyperfine field is the vector sum of Ba and B,,. The field BCj results 
from the magnetization of the correlation (figure 2) and its value is determined by the 
polarization of the electrons of the individual Fe probe atom which itself depends on the 
number of nearest Fe neighbours. After a mean lifetime the correlation decays and the 
Fe probe is exposed to the field E ,  - Bind. The field Bind is oriented antiparallel to E, and 
is caused by the Fe moment in the paramagnetic state. It takes a mean time roe before the 
Fe atom is again included in a correlated region. 

The shape of the spectra is calculated within the stochastic theory of Clauser and 
Blume [14-19]. Restricting the model to two states (correlated and paramagnetic) leads 
to a relaxation matrix of size 16 x 16 only, which ensures short calculation times. Close to 
Tr i t  is necessary to admit an angle (e) between the internal field and B, in the correlated 
state. Generally it was assumed that this angle remains unchanged if the correlation is 
re-established, thereby keeping the size of the relaxation matrix constant. 

In fitting the spectra the fractional contributions of various environments, i.e. nearest- 
neighbour Fe atoms, were taken according to the binomial distribution. Different values 
for the centre shift, eQV2,, E~ and BCl for different environments were allowed whereby 
Bind and E,, were assumed to increase with increasing number of Fe neighbours. The 
possibility of having different sized correlated regions which may cause different dynamical 
parameters T,. and roe was taken into account by allowing for two or more different values 
of the dynamical parameters [20]. In the following r, and roE refer to the resulting mean 
values. 

For the line width r a value of 0.3 mm s-I as measured for an w-Fe foil was used for 
all subspectra The asymmetry parameter of the electric field gradient was set to zero. The 
parameters to be fitted were changed by hand to find the minimum in the X'deviation by 
bial and error. The philosophy of the fitting was to keep the model as simple as possible 
and the number of parameters low. The remaining discrepancies (figure 1 and 3) may be 
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Figure 3. Measured (circles) and BtIed (lines) nFe Massbatter spcm of A U ~ - ~ F ~ ,  at 
T = 100 K and different 8.. Left (right) side: x = 0.05 (0.15). The ban represent 1% 
reduction in munt rak. 

attributed to additional variances of the hyperfine field due to next-nearest-neighbour effects 
and the restriction that only one value for 0 was used. 

4. Results 

In the whole temperature range between Tf and 300 K the zero-field spectm show only 
quadrupole splitting (figures 1 and 3). Application of an extemal field Ba leads to magnetic 
splitting of the spectra which increases with increasing Ea. Close to Tf even small extemal 
fields lead to large splittings (e.g. the spectrum of A ~ . s s F ~ . l s  at Ba = 1.5 T and T - ZTr, 
right-hand side of figure 3). 

At high temperatures the vanishing of the second and fifth lines in the spectra and 
the values of Bhf indicate that E u  is oriented antiparallel to E,. The spectra can be 
analysed within the fast relaxation limit with a set of subspectra according to a binomial 
distribution. At lower temperatures (< 7Tf) the shape of the spectra is typical for the 
presence of dynamical effects: high absorption at low absolute values of the velocity, and 
broad shoulders at higher velocities (figures 4 and 5). Maintaining the analyses in the fast 
relaxation limit would lead to components in the spechum with parallel alignment of Bi,,d 

with respect to E. or to intemal fields which an higher in Y(Fe,Al)* than in magnetically 
undiluted YFe2. 

The values of Bid follow a Brillouin dependence on B./T but it was not possible to 
determine the saturation values as the uncertainties in the determination of Ehd increase 
with decreasing T. 
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- 4  -2 a z 4 - 4  - 2  0 2 4 
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Pigure A Measured (circles) and fitted (lines) nFe Mbsbauer spectra of Y@eo.75Ab.z5)2 (left- 
hand side) and A L Q . ~ ~ F ~ . ~ S  (right-hand side) at E. = 13.5 T and different T. The bars rePIeSenl 
I% reduction in count rate. 

-8  -4 0 4 8 
Velocity [mm/s] 

Figure 5. "Fe Miissbauer spectrum of Auo.wFe,m at T = 50 K and B. = 10.5 T. The broken 
lines give the calculated subspectra (- - - 0, - . - 1, . . . . . . 2 or 3 nearest mighbo~ Fe). 
The bar represents I %  reduction in count rate. 

The values of 8 ,  are nearly independent of Sa and decrease with increasing 7. At Tf 
they are only slightly lower than the values obtained for B, at T = 4.2 K and B, = 0. At 
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higher temperatures 5,. decreases and the shape of the spectra is insensitive to changes in 
the values of B,, which makes it impossible to determine BCl up to room temperature with 
satisfactory accuracy. 

At temperatures 2Tf 5 T 5 7Tf both Bud and Bcj are oriented antiparallel to B, whereas 
at temperatures below 2Tf the quality of the fits improves when deviations of B,I from this 
direction are allowed The value of the angle (8) between Ba and BCl increases with 
decreasing T and is between 40 and 50 degrees close to fi  even in high external fields, 
which is not too surprising as the application of an extemal field does not align the intemal 
fields in spin glasses below Tf and the value of Tr strongly depends on the time window of 
the measuring method used for its determination. 

The time ~ ~ f i  which is defined as ~ / W ~ K + ~ ,  where woff-ton is the transition probability 
from the paramagnetic state to the correlated state, is nearly independent of Ba (figure 6(a)). 
This indicates that B, does not support the formation of the correlations. The increase of 

with increasing B, (figure 6@)) shows that Ba stabilizes existing correlations. Also the 
temperature dependence of ref is weaker than the one of rm (figure 6). 

1000 
n 

1 
0 100 200 300 0 100 200 300 

n 

F i r e  6. Temperature dependence of 
(4 roe and ( b )  rOn for Auo.85Feo.ls at 
different 8.. The lines axe euides to the - 

T [K] --> T [K] --> eyes. 

The value p = ~ ~ ~ / ( r ~  + row) gives the mean fraction of time during which an "Fe 
probe is incorporated in a correlation. Since it is a statistical expression it also gives the 
mean fraction of Fe atoms which are situated in any correlated region at a given moment. 
p increases nearly linearly with decreasing T at high 5, (> 7.5 T). At lower B, it remains 
small down to approximately 2Tf and then increases more steeply. Close to more than 
70% of the Fe atoms take part in correlations in Y(F~,.i5Alo.~h and Auo,sFeo.lS. At lower 
Fe ConcenUations p is lower at the same T and 8, than at higher x. 

The fact that no long-range order is present, even when a high percentage of the Fe 
atoms is correlated to other Fe atoms, indicates that there might exist some kind of frustration 
typical of spin glasses. 

The ratio of the value (Bc~cos(8)z,n + BMcoR)/(ron + rea) to the bulk magnetization 
gives a value of 1 I T / ~ Q  for all temperatures in Y(FQ.,~AIO.~)Z. This linear relation 
supports the used model, as is to be expected, since at high Fe concentrations in Y(Fe, Al)z 
the conhibution of the valence electrons to Bm is small and thus the measured hyperfine 
field represents the core contribution which is directly related to the magnetic moment. 

Independently of the applied field for both series, the values of T~~ as a function of 
the reduced temperature I = T/Tf lie on the same straight line in a double logarithmic 
representation. This applies to all samples with the exception of those with the lowest 
Fe concentration as for example is shown for BB = 13.5 T in figure 7. The lines 
correspond to roo cx r2 (higher Fe concenhations) and rOn cx t-' (lowest Fe concentrations). 
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The relaxation time r given by the equation 1/r = 115, + l/rofi shows a common, 
approximately linear, variation with E."'/t3p for all samples investigated, at all measuring 
temperatures and for all applied fields (figure 8). Again, in this representation the slope 
for the samples with the lowest Fe concenbations (5% in AuFe and 25% in Y(Fe,A1)2), is 
different. The dependencies found for r, and r seem to be more than just a coincidence, 
as they hold for a wide variety of temperatures and fields. However, their significance must 
still be, sought in terms of a theory of spin glasses which also takes into account dynamical 
effects above E.  

A 
I 
I 100 

7-7 

2 

bo 

Y 

F: 

i o  

1 

Y(Fe,Ai,-J, 
V 0.75 
V 0.65 

0.25 

0 0.15 + 0.05 o c  

1 10 
t - - >  

Figure 7. Depndence of & on I = T/Tr at Ea = 
13.5 T for all samples of both series. The lines are 
explained in the text 

l o  
0.1 - 

0.1 I 

(B,/t3)'/' [T"'] --> 
Figure 8. Double logarilhmic represenlation of the 
mean relaxation time in Aul-,Fe, (x  = 0.05 +, 0.15 
0) and Y(FexAl,-r)2 ( x  = 0.25 M. 0.40 D. 0.65 ?, 
0.75 V). 

All given values of the dynamic parameters r,. r,,fi, r and ron/ros are mean values 
over the distributions of these values present in the samples. It is not possible to give values 
for the lower and higher cut-offs of these distributions since at both boundaries of the time 
window the shape of the spectra is rather insensitive to changes of these parameters. 

5. Discussion 

The model of forming and decaying magnetic correlations used is suitable to explain the 
recorded spectra with reasonable values of the magnetic hyperfine fields. The decay of the 
correlations might possibly he described as indicated in figure 9. Without an extemal field 
the energy of a correlated Fe atom would be lower than that of the atom in the paramagnetic 
state due to the exchange interactions with its neighbours, but the entmpy for a number 
of uncorrelated Fe atoms would be much higher than for the same number of comlated 
atoms because there are more possible arrangements for the uncomlated ensemble. If the 
difference in the energy is not too large the entropy can no longer be neglected. In an 
applied field the probability of states being occupied such that the Fe moment is parallel 
or almost parallel to B, increases, hut all magnetic sub-states are allowed in paramagnetic 
atoms and transitions between different spin directions take place so fast that only a resulting 
Bind is visible in the Mossbauer spectra. The energy of the resulting state is shifted to lower 
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values by B , ( ~ F ~ )  where ( p k )  is the thermal average of the Fe magnetic moment of an 
unconelated Fe atom. For correlated Fe atoms there will be an axial anisotropy inherent 
in the exchange interaction which permits only parallel or antiparallel orientation of pCl in 
analogy to superparamagnetic systems [21]. The state with the direction of the resulting 
moment parallel to B, is shifted by -pcIBa to lower values, and for antiparallel alignment 
by pclB. to higher values, with pel the effective magnetic moment of a correlated region. 
If the magnetic moment of a correlated region changes its direction fium close to parallel 
to close to antiparallel with respect to B., the high entropy of the paramagnetic state would 
favour its occupation even if the energj of the correlated state was comparable to that of 
the paramagnetic state (figure 9). Thus within this picture a decay of the correlation results. 

low entropy 

high entropy 
paramagnetic 

E,= 0 E, >> 0 

10 L 

0 .  

0.0 

v -  13.5 T 
a -  10.5 T 
0- 7.5 T 
A -  4.5 T 

Figure 9. Energy level scheme of Ihe two states 
which are allowed in h e  model with and without 
E.. 

I 

3 0 0 Figure 10. Depdence of ran 1% on T 
fordiffant E. in Y(Feo.~?s&,~)z. The 
lines are explained in the text 

0 100 200 
T [K]  --> 

According to Boltzmann statistics the ratio of the equilibrium occupation probabilities 
pm and p 0 ~  of the two states which are allowed in the model should be 

ponlp0ff = exp(-AS/ke + AEIkBT t wcIB,IkBT) (1) 
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where it is assumed that ( p ~ ~ )  < pel. and AS is the entropy difference and AE is the 
energy difference of the two states for an Fe atom. The equilibrium condition 

Ponwo.+off = PdfWOff-rOO (2) 

and the definitions of rm = 1/w0,,+,ff and r d  = I/w0ffron give 

~ o n l ~ o f f  = ran/raff. (3) 

This offers the possibility of obtaining information about AS. AE and pel from the values 
roan/c,w. Fits of the dependence of zon/roff on T and 5, were only successful with values 
of AS, AE and pCl which were restricted to being independent of both T and &. As an 
example the results for Y(Feo.,sAlo& are shown in figure 10. The lines are calculated 
for different fixed values of 5, using equations (1) and (3) with the fining results for AS, 
A E  and pel. The correspondence to the values determined from the Mijssbauer spectra is 
not perfect but the values of AS, AE and pd achieved should be reliable enough to give 
an estimation of the order of the correct values. From this analysis a dependence of these 
values on T and Ba cannot be excluded but it does not seem to be very extensive. The values 
of AS are between 1.3 and 3.2 kB, AE between 1 x IO-” and 1.7 x IO-’’ J (corresponding 
to 72 and 123 K) and fi, between 6.2 and 8.5 p~ for all samples (for x = 0.40 and 0.25 
in Y(Fe,Al-,)2 values could not be obtained because too few measurements were carried 
out). 

Assuming an Fe moment of 1.8 f i ~  as measured in We2 1221 and parallel alignment of 
the Fe moments in the correlated regions gives only three to five Fe atoms per correlated 
region. 

The high number of Fe atoms in correlated regions found by the high values of 
ron/(ro. + r0R) at lower T and higher 5. can only be explained by a high number of 
correlated regions. The increase of magnetic order with decreasing temperature means that 
more correlated regions exist but that their sizes remain more or less constant and that their 
lifetimes increase with decreasing T .  

6. Conclusion 

The model employed is suitable to describe the Massbauer spectra of Fe in the diamagnetic 
host Au as well as in the Pauli paramagnetic host YAI2 over a broad range of Fe 
concentrations and thus seems to be of more general applicability. We plan to check this 
assumption by further investigations on other spin glasses. 

To conclude, the following findings hold for both types of compound investigated for 
the temperature range 

(if There exist spatial correlations of spins over times of about 2 to 200 ns in fields of 
13.5 T. 

(ii) The lifetimes of the magnetic correlations increase with increasing applied field and 
decreasing temperature but the sizes remain almost constant. 

(iii) The applied field and the temperature seem to have little influence on the formation 
of the correlations. 

(iv) The decay of the correlation seems to be an effect of entropy. 

5 T 5 7Tf. 
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