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Au, -,Fe, magnetic alloys with iron concentration both below and above the percolation 
threshold (x=0.14 and 0.18) have been studied using the Mossbauer spectroscopy in the 
temperature range of 5-300 K and in an external magnetic field of 0.2 to 4 T. The spectra 
have been processed taking into account the anisotropy of the hyperfine interaction in atomic 
configurations with a nonspherical distribution of electron density. Spectra recorded at 
temperatures above 5 K have been processed using a new model in order to derive distributions 
of both hyperline and exchange fields acting on Fe atoms. Some features of the distribution 
functions indicate that the exchange field is highly nonuniform, which is due to the competition 
between the strong direct Fe-Fe exchange at a short range and the weaker indefinite 
indirect long-range exchange. A magnetic phase transition due to the competition between the 
two types of exchange predicted by Saslow and ~arker"  has been detected in AuFel8 in 
a weak external magnetic field. O 1996 American Institute of Physics. [S1063-7761(96) 
02804- 11 

I. INTRODUCTION 

Depending on the iron content and temperature, various 
modes of magnetic ordering are observed inAul-,Fe,. A 
magnetic phase diagram of the AuFe alloy is given in Fig. 1.' 
For an iron content below the percolation threshold, 
x,-0.155, a transition from the paramagnetic to spin-glass 
state takes place at a temperature T, . At iron concentrations 
higher than the critical value, ferromagnetic ordering occurs 
in the system at the Curie temperature T c .  In the range of 
concentrations 0.155GxS 0.24 a second magnetic transition 
to the spin-glass state occurs at a temperature Tf< Tc . The 
properties of such alloys, called reentrant spin glasses, have 
been studied by various techniques (see Refs. 1-8 and ref- 
erences therein). 

Several alternative interpretations of the magnetic prop- 
erties of structures with reentrant spin-glass behavior have 
been proposed. In the model by Gabay and ~ o u l o u s e ~  the 
two magnetic transitions are ascribed to the freezing of trans- 
verse spin components (of longitudinal components in case 
of ferromagnetic ordering) in a system with an exchange 
interaction that changes sign. Note that this approach is only 
legitimate in systems with classical spin vectors. The model 
proposed by ~ e c k "  is based on the assumption that there are 
weakly interacting ferromagnetic clusters. The model of 
Saslow and ~arker" considers magnetic ordering in a two- 
dimensional lattice of Heisenberg spins with competing 
(ferro- and antiferromagnetic) exchange interactions. This 
model does not include the oscillating exchange interaction 
typical of spin glasses, but the main conclusions of the model 
are quite general and can be applied to any system with 

competing exchange interactions. The models mentioned 
above are based on different and sometimes incompatible 
assumptions. The data which have been available until re- 
cently are insufficient to make an unequivocal choice among 
these concepts. 

In our study we have used Mossbauer spectroscopy to 
obtain new data about the local magnetic behavior of iron 
atoms in two Au, _,Fe, alloys with iron concentration below 
and above the percolation threshold (x = 0.14 and x = 0.18). 
We focused our attention on the temperature dependence of 
the parameters of the hyperfine interaction and on the spin 
alignment in both strong and weak magnetic fields. We have 
analyzed the shapes of Mossbauer absorption spectra using a 
new model, which allows us to account for the spectral 
shapes at low temperature and to derive the distribution func- 
tions not only of hyperfine magnetic fields acting on Fe at- 
oms, but also of exchange fields at various temperatures. 

II. EXPERIMENTAL TECHNIQUES 

The alloys AuFel4 and AuFel8 were fabricated by melt- 
ing in an arc furnace in argon atmosphere. After homogeni- 
zation, the samples were rolled to foils with a thickness of 
about 10 pm, annealed at 800 OC and quenched. 

Mossbauer absorption spectra of S 7 ~ e  were measured 
with an electrodynamic spectrometer operating in a constant 
acceleration mode with a 5 7 ~ o  source in a Cr matrix and an 
activity of 50 mCi. Gamma radiation with an energy of 14 
keV was detected by a NaI(Tl) scintillation detector 0.1 mm 
thick or a gas-discharge resonant detector. The samples were 
placed in a gas-flow helium cryostat. The temperature in the 
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FIG. 1. Magnetic phase diagram of Au,-,Fe, alloy.' 

experiments was stabilized to within 0.5 K using an elec- 
tronic circuit. Strong longitudinal magnetic fields of up to 4 
T were generated by a superconducting solenoid. A trans- 
verse magnetic field of 0.2 T was generated by a permanent 
magnet. The techniques for processing spectra and calculat- 
ing distribution functions of hyperfine and exchange mag- 
netic fields will be described in the next section. 

Ill. SPECTRA-ANALYSIS TECHNIQUE AND EXPERIMENTAL 
RESULTS 

3.1. Shapes of spectra at T=5 K 

A Mossbauer absorption spectrum of the AuFel8 alloy 
recorded at T=5 K is given in the top part of Fig. 2. The 

spectrum has a typical asymmetric shape resembling spectra 
of 5 7 ~ e  in some intermetallides with two nonequivalent p- 
sitions of Fe atoms. F'reviously such spectra were processed 
using a formal procedure based on an assumption about the 
existence of two specific states of Fe atoms with two inde- 
pendent distributions of hyperfine Investigations of 
crystalline and magnetic structures of AuFe alloys do not 
justify this assumption, so this processing technique is appar- 
ently incorrect. In quenched AuFe alloys the distribution of 
Fe atoms is random (or very close to random), hence the 
spectrum shape at T=5 K should be accounted for without 
any a prion' statements about the alloy structure. This is 
necessary for a correct interpretation of the temperature de- 
pendence of hyperfine-interaction and exchange-field param- 
eters. 

The hyperfine structure of the spectrum at 5 K can be 
interpreted in terms of a simple model taking into account 
familiar features of the hyperfine interaction of Fe atoms in 
metal systems. Mossbauer absorption spectra of AuFe alloys 
in the paramagnetic state are superpositions of quadruple 
doublets due to atomic configurations with different number 
of Fe atoms in the first coordination sphere.I2 The quadru- 
pole splitting constant in some configurations is as much as 
1.4 mrnts. It is obvious that the highly nonspherical distribu- 
tion of the electron density should lead not only to the quad- 
rupole splitting, but also to a large anisotropic contribution to 
the magnetic hyperfine field BM. Below we will see that by 
analyzing the angular dependence of BM and quadruple 
shift of hyperfine components concurrently we can obtain a 
self-consistent interpretation of the observed spectrum asym- 
metry under the condition of a random distribution of Fe 
atoms in the lattice sites. 

The asymmetry of spectra shown in Fig. 2 suggests that 
there is a permanent correlation between the hyperfine field 

FIG. 2. Mcissbauer absorption spectra of the 
AuFel8 alloy recorded using a resonant detector 
at temperatures of 5.50, and I00 K and respec- 
tive distribution functions of hyperfine magnetic 

22.5 fields. The solid curves on the left and the dis- 
tribution functions P(Bhf) were calculated using 

20.0 the model described in the text. 
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BM and the quadrupole shift AQ , its sign being taken into 
account. Namely, all atomic configurations with larger Bhf 
should have a negative shift AQ , and configurations with a 
smaller BM should have a positive A Q  . This correlation di- 
rectly follows from the dependence of BM and AQ on the 
orientation of the vector BM with respect to the principal axis 
of the electric-field-gradient tensor. The quadruple shift of 
the first and sixth components of the magnetic sextet is 

where q is the electric-field gradient, Q is the nuclear quad- 
mpole moment, 0 is the angle between the principal axis of 
the electric-field-gradient tensor and BM. YOU can see that 
AQ varies between e2qe/4  (8=0°)  and -e2qQ/8 
(8= 90"). The anisotropic contribution to BM is also a func- 
tion of 8 and is proportional to cos28 in the pseudodipole 
approximation.'3 All atomic configurations with nonspheri- 
cal distributions of the electron density can be classified in 
two groups: those with the electron-density distribution ex- 
tended along the axis of the electric-field-gradient tensor 
(type I with e2qQ<0) and those with the electron density 
compressed along the axis (type I1 with e2qQ> 0). Let us 
take into account that in the model of pseudodipole contri- 
bution to BM and in accordance with the experimental data, 
the anisotropic contribution increases BM if the exchange 
field is aligned with the larger axis of the ellipsoid of the 
electron-density distribution. It is obvious that in configura- 
tions of type I BM is maximum at 8=0°,  and the quadmpole 
shift in this case is also maximum and negative. At 8= 90' 
BM is minimum and the shift AQ is positive. In the configu- 
rations of type I1 the correlation is opposite (at 8=0° Bhf is 
minimum and the shift AQ is positive), but in both cases 
negative shifts AQ correspond to higher Bhf and positive 
AQ to lower BM. Thus we have derived the permanent cor- 
relation between AQ and BM, which is needed to account for 
the observed asymmetry of spectra. Since both AQ and the 
anisotropic contribution to BM are linear functions of cos2e, a 
fairly accurate correlation can be used: 

where a and b are constants (a  >0, b <O). This model is 
fairly adequate to account for the shape of the spectrum if the 
natural assumption about a random distribution of Fe atoms 
in AuFe disordered alloys holds. 

In order to process spectra recorded at 5 K, we used a 
histogram technique similar to that proposed by Hesse and 
~ubartsch. '~ The distribution function P(Bhf) of the hyper- 
fine field was derived by minimizing the X2 functional using 
the FUMILI computer code. Besides the distribution func- 
tion, we also varied the relative intensities of the second and 
fifth components of the magnetic sextets, isomeric shift, and 
correlation constants in Eq. (1). Our calculations were based 
on the assumption that the initial resonant lines are described 
by Lorentzian contours. This assumption is fairly plausible, 
since we used thin absorbing samples. The resonant absorp- 
tion in spectra of Fig. 2 was relatively high because we used 
resonant detectors with a high signal-to-background ratio. In 
testing calculations we used lines with Gaussian shapes, but 

the essential results of our simulations were not affected by 
this substitution. In order to exclude uncertainties caused by 
the smoothing procedure in the original technique, the num- 
ber of intervals of the histogram was selected so that their 
widths should not be essentially less than the initial- 
component width. Thus correlations between parameters of 
the distribution function were minimized and the smoothing 
procedure was excluded. The width of the interval to satisfy 
these requirements was selected empirically. Some degrada- 
tion of the resolution due to the wide histogram components 
was not essential for our results. The widths of intervals in 
distribution functions of exchange fields (see below) were 
selected using similar criteria. The resulting X2 varied be- 
tween 0.9 and 1.5, which indicated the correctness of the 
processing technique and the reliability of uncertainty esti- 
mates for derived parameters. 

The major simplification of our model was the assump- 
tion that the factors a and b in Eq. (1) were constant for all 
atomic configurations. This statement is undoubtedly not ex- 
act. We performed testing calculations with more compli- 
cated models (for example, with two correlation functions 
like that in Eq. (1) or more complex functions AQ(BM)). The 
number of variable parameters did not essentially affect the 
distribution function P(BM). In this paper we will only con- 
sider results obtained with Eq. (1). 

A distribution function of the hyperfine-field distribution 
in the AuFel8 alloy at T= 5 K and in zero magnetic field is 
shown in Fig. 2. At this temperature the distribution func- 
tions for both AuFel4 and AuFel8 alloys are practically 
identical. It is noteworthy that at 5 K the distribution 
P(Bhf) is totally controlled by the anisotropy of the magnetic 
hyperfine interaction. We assume that at 5 K the magnetic 
system is in the ground state and all exchange fields are 
saturated. 

The derived relative intensities of magnetic hyperfine 
spectral components in zero field correspond to random 
alignments of magnetic moments. The averaged fields (Bhf) 
at T = 5 K in AuFe 14 and AuFel8 alloys were found to be 
29.52 0.2 and 30.32 0.2 T, respectively. 

3.2. Distribution functions P(Bhf) at temperatures above 5 K 

AuFe alloys are characterized by wide distributions of 
exchange fields, which is caused by the random distribution 
of iron atoms in the lattice and the strong radial dependence 
of the exchange interaction. The exchange field acting on a 
given Fe atom is a random value not related directly to the 
field Bhf at this atom in the ground state (at 5 K). Below we 
assume that in terms of the exchange fields acting on them 
all Fe atoms are statistically equivalent. 

It is obvious that it is incorrect to apply the data process- 
ing technique for spectra recorded at 5 K to higher tempera- 
tures. In fact, in the interesting temperature range (i.e., in the 
region of magnetically ordered phases) the quadrupole inter- 
action is constant as a function of temperature to a good 
approximation. At the same time, BM drops with tempera- 
ture, and its decrease is a function of the exchange field 
acting on a given Fe atom. Thus the technique based on Eq. 
(1) cannot be used in this case, and at temperatures higher 
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NG. 3. Distributions of reduced exchange fields P(K) in AuFel4: 1) at 20 FIG. 4. Distributions of reduced exchange fields P(K) in AuFel8: 1) at 30 
K; 2) 30 K; 3) 40 K; 4) 50 K. K; 2) 50 K; 3) 80 K; 4) 100 K; 5) 110 K; 6) 140 K. 

than 5 K we employed a modified histogram technique in 
which the distribution function P(Bhf)  is calculated in two 
steps. 

The initial function is that derived from spectra recorded 
at 5 K, P ( B M ,  5  K). Then for T>5 K each small interval of 
this function is transformed to a distribution corresponding 
to a temperature dependence of the reduced exchange field 
acting on Fe atoms. At T =  5 K all reduced fields equal unity. 
For T>5 K all reduced exchange fields may vary between 
zero and unity in accordance with the distribution function of 
the reduced exchange field, P ( K ) ,  0 s  K S  1. Each initial 
value of Bhf is multiplied by K S  1 and the resulting spec- 
trum is calculated as a superposition of partial spectra corre- 
sponding to all intervals of the function P ( K )  and all inter- 
vals of the initial distribution P(Bhfi 5  K) with weights 
proportional to the product P ( K ) P ( B M ,  5  K). The X2 func- 
tional is minimized similarly, but in this case the varied pa- 
rameters are components of the distribution function P ( K ) .  
In fact the interval OGKG 1 was divided into ten to twenty 
small intervals, and the results were weakly affected by their 
number. After calculating P ( K ) ,  the distribution function 
P(BM)  of hyperfine fields at a temperature T was calculated 
as a convolution of P(Bhf ,  5  K) and P ( K ) .  With this pro- 
cedure we not only exclude the difficulty caused by our in- 
ability to use a correlation like Eq. (1) at temperatures above 
5 K, but also obtained information about the temperature 
dependence of the exchange-field distribution function. Av- 
erage values (BM)  were derived as usual from the function 
P ( B M , T ) .  Some calculations of P ( K )  are given in Figs. 3 
and 4. Figure 5 shows the averaged hyperfine field versus 
temperature. 

netic moments versus the iron content, external magnetic 
field, and temperature. The magnetization along an external 
magnetic field is derived from the relative intensities of the 
second and fifth components of the sextet in the Mossbauer 
spectrum. In a general case the intensities of the six compo- 
nents are distributed in the proportion 3 : a: 1 : 1 : a: 3. In the 
case of random orientations of moments a= 2. This param- 
eter changes with the polarization degree from a=2 to 
a = 0 (in case of saturated polarization in a longitudinal mag- 
netic field) or from a = 2 to a = 4 (at saturated polarization 
in a transverse magnetic field). 

Measurements of a may be interpreted in two ways. If 
we assume that a noncollinear magnetic structure is formed 
in which the moments are aligned primarily with the external 
magnetic field is formed, the average angle between mag- 
netic moments and the external field may be determined. On 
the other hand, we may assume that a fraction of atomic 

3.3. Measurements in external magnetic field 

bfeasurements in external magnetic field were under- FIG. 5. Averaged hyperfine fields versus temperature in AuFel8 (circles) 
taken to determine the polarization degree of atomic mag- and AuFel4 (triangles). 
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FIG. 6. Polarization degree of Fe atoms versus external magnetic field at 
T =  5 K in AuFel8 (circles) and AuFel4 (squares). The dashed lines are 
guides for the eye. 

magnetic moments is totally polarized by the magnetic field 
and the rest are oriented randomly. In this case the fraction of 
Fe atoms aligned with the magnetic field can be determined. 
These two interpretations are equivalent from the formal 
viewpoint and experimentally indistinguishable. Measure- 
ments plotted in Figs. 6 and 7 were interpreted in terms of 
the second approach. Figure 6 shows the polarization degree 
of magnetic moments at 5 K in magnetic fields of 0.2, 1.2, 
and 4.0 T. A large polarization degree of about 50% in 
AuFel8 is obtained in a field of only 1 T, and at 4 T it is 
nearly the same. In AuFel4 the polarization degree at 1 T is 
about twice as low (about 25%) and rises to 30% at 4 T. An 
interesting result has been obtained in measuring the polar- 
ization degree in AuFel8 versus temperature in a weak trans- 
verse field of 0.2 T (Fig. 7). At 5 K the polarization is rela- 
tively small (about 20%), but it rises rapidly with 
temperature to 40-50% at T= 35 K. At higher temperatures 
the polarization is practically constant. 

IV. DISCUSSION 

The spin-glass magnetic ordering takes place in AuFe 
alloys at a very low iron concentration, when the direct ex- 
change interaction between iron atoms is negligible. These 
alloys are called conventional spin glasses, in which the 
magnetic ordering at low temperatures is due to the indefinite 
forms of the indirect exchange interaction acting over a long 
range. In concentrated AuFe alloys the magnetic ordering at 
different concentrations and temperatures is controlled by the 
competition between the long-range indefinite (spin-glass) 

FIG. 7. Polarization of Fe atoms in AuFel8 versus temperature under a 
magnetic field of 0.2 T. 

exchange interaction and the direct exchange interaction be- 
tween neighboring Fe atoms, which leads to a ferromagnetic 
ordering." If iron atoms are distributed randomly, local fluc- 
tuations of the exchange interaction should be large, and its 
sign and absolute value should be determined by the local Fe 
concentration. In regions with a high Fe concentration the 
direct ferromagnetic Fe-Fe exchange dominates. This should 
lead to formation of clusters of iron atoms with the predomi- 
nantly ferromagnetic ordering of spins, whereas in regions 
with a low local iron concentration the magnetic structure 
should be that of a spin glass. In alloys with x<0.15 ferro- 
magnetic clusters are largely insulated from each other by 
regions with a low iron concentration, and orientations of 
magnetic moments of separate clusters are random, which 
conforms to a concentrated spin glass. The percolation tran- 
sition at x-0.155 signifies that dimensions of ferromagnetic 
clusters are sufficiently large that interaction among the clus- 
ters is more efficient, large ("infinite") clusters with the fer- 
romagnetic ordering are formed. 

In the range of reentrant spin glasses the competition 
between the two types of magnetic ordering is most evident. 
The temperature Tf of the transition to the spin-glass state is 
considerably lower than the temperature Tc of the transition 
from ferromagnetic to paramagnetic state. This means that 
the energy of the indefinite indirect exchange is lower than 
that of the direct ferromagnetic Fe-Fe exchange. At lower 
temperatures, when all the exchange fields are nearly satu- 
rated, the indefinite exchange prevents formation of large 
ferromagnetic clusters, which leads to a dominance of the 
random magnetic structure in the spin-glass phase. The in- 
definite exchange fields decrease rapidly with the tempera- 
ture, whereas the fields of the direct Fe-Fe exchange drop 
more slowly. The decrease in the indefinite exchange field 
favors integration of small ferromagnetic clusters in large 
clusters that leads to the transition to the ferromagnetic state 
at Tf. In AuFel8 alloy this transition takes place in a tem- 
perature range of 30-50 K. In alloys with the Fe concentra- 
tion lower than the percolation threshold, small ferromag- 
netic clusters remain insulated even at higher temperatures, 
and the transition to the paramagnetic states occurs before 
the conditions are favorable for the formation of large ferro- 
magnetic clusters. 

Measurements of the two alloys with the iron concentra- 
tion below and above the critical value (x= 0.14 and 
x=0.18) confirm the qualitative description of magnetic 
phases existing at various iron concentration and tempera- 
ture. The technique of data processing used in our work 
yielded data about exchange fields acting on Fe atoms versus 
temperature. These data contain more direct information 
about the magnetic structure than those derived from the 
distribution of hyperfine fields, since the latter are secondary 
with respect to the exchange fields. 

Our calculations, some of which are given in Figs. 3 and 
4, indicate that the exchange interaction is highly nonuni- 
form. In systems with a relatively uniform distribution of 
exchange fields, one should have expected a gradual shift of 
the P(K) maximum and an increase in the width of the dis- 
tribution function as the temperature approaches the mag- 
netic transition. The real patterns are quite different. At rela- 
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tively low temperatures (below 20-30 K), in addition to the 
main distribution peak there are satellite peaks due to the 
much weaker exchange field at some Fe atoms. These satel- 
lites persist over a fairly wide temperature range, which in- 
dicates the existence of groups of atoms acted upon by ex- 
change fields of essentially different intensities. Given that 
the direct ferromagnetic exchange energy is considerably 
larger than the spin-glass exchange energy, it is natural to 
suggest that the main peak of the distribution function 
P(K) at maximum K is due to regions with a higher local 
iron concentration and a predominantly ferromagnetic order- 
ing ("ferromagnetic clusters"). The satellite peaks should 
correspond to Fe atoms in regions with lower iron concen- 
trations, where the weaker indefinite exchange interaction 
dominates. These regions may be located in gaps between 
ferromagnetic clusters and also on cluster boundaries. 

An important point is that the main maxima of the dis- 
tribution functions are clearly defined even at temperatures 
close to that of the magnetic transition. In AuFel4 three 
maxima whose positions versus temperature are described by 
different functions are observed at temperatures of 30 and 40 
K. The shape of the distribution function changes rapidly in 
a range of 40-50 K. At 50 K a local maximum is seen 
around K = 0, which corresponds to a transition of a fraction 
of Fe atoms to the paramagnetic state ("spin melting""). In 
AuFel8 the structure with three peaks persists at tempera- 
tures of up to = 100 K. At higher temperatures the probabil- 
ity of zero or very low exchange fields grows rapidly. This 
indicates that a fraction of Fe atoms in regions with a low 
iron concentration transfer to the paramagnetic (or almost 
paramagnetic) state at a temperature 20-50 K lower than the 
Curie point. Note that on the initial stage of "spin melting" 
the intensity of the maximum around zero exchange field 
approximately corresponds to the fraction of Fe atoms which 
do not have other Fe atoms among their nearest neighbors. 

The positions of maxima of the distribution function 
P(K) versus temperature can be interpreted in terms of the 
generalized mean-field approximation. For AuFe alloys this 
model is certainly very approximate, however, it allows a 
semiquantitative interpretation of the shape of the P(K) 
curve and a clear explanation of the nature of satellite peaks. 
The position of the main maximum as a function of tempera- 
ture is well approximated by the Brillouin function 

where S is the effective spin and m is the reduced local 
magnetization. As for the satellite peaks, we must take into 
account that the exchange field is weaker than for the case of 
the main peak. In a general case (in terms of the generalized 
mean-field approximation) the satellite-peak position versus 
temperature can be expressed as 

where S' is the effective spin of a group of atoms in a region 
with a lower exchange field, R is the reduction factor of the 
exchange field, and f is the factor taking into account rela- 
tive contributions of the local exchange interaction for a 

FIG. 8. Positions of the main peak (circles) and the first satellite peak 
(triangles) in the distribution of the reduced exchange field as a function of 
temperature in AuFel8. Curve I was calculated by Eq. (2) with parameters 
S=30, Tc= 164 K; curve 2 was calculated by Eq. (3) with parameters 
R = 0.02, f = 0.56. 

given group of atoms and the mean exchange interaction 
corresponding to the Curie temperature. Figure 8 shows 
some calculations by this model for AuFel8. You can see 
that the mean-field approximation well describes the posi- 
tions of the main and satellite peaks versus temperature. The 
agreement between calculations and experimental data is 
good at a large effective spin (S>20), which is consistent 
with the accepted model of the alloy magnetic structure, in 
which the main peak corresponds to a large group of atoms 
with ferromagnetic ordering. The Curie temperature for 
AuFel8 and the temperature of the transition to the spin- 
glass phase in AuFel4 were determined at 164+2 and 
63? 2 K, respectively. 

Note that the kink on the curve of the mean hyperfine 
field versus temperature for AuFel8 (Fig. 5) is evidently due 
to the emergence of the satellite peaks in the distribution 
P(K). This kink is only indirectly related to the transition 
from the spin-glass to ferromagnetic state, and it should not 
be interpreted in terms of freezing of transverse magnetic 
moment components, as is suggested, for example, by the 
model proposed by Gabay and Toulouse? 

The proposed model of the magnetic structures of AuFe 
alloys is consistent with measurements of the local Fe mag- 
netization in an external magnetic field (Figs. 6 and 7). A 
considerable local magnetization was measured under strong 
magnetic fields at 5 K in both AuFel8 and AuFel4 in the 
spin-glass state. The polarization degree in AuFel8, how- 
ever, is about twice as large (about 50%, Fig. 6). A similar 
result was obtained in an alloy with x =  0.168 in a field of 2 
T.16 It is natural to suggest that this high polarization in the 
spin-glass phase is due to the polarization of clusters with 
predominantly ferromagnetic ordering of Fe moments. The 
strength of interaction of such clusters with an external mag- 
netic field may be fairly high, and in a field of only 1 T the 
spin-glass structure of an alloy can be effectively destroyed 
by the alignment of Fe spins with the external magnetic field. 
In AuFel4 this effect is considerably weaker, but in a field of 
4 T the polarization is also notable (about 30%). After the 
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transition across the percolation threshold, the polarization of 
the spins is considerably higher, but our results indicate that 
there are groups of atoms with predominantly ferromagnetic 
spin alignment even in AuFe 14. 

Measurements of the AuFel8 polarization degree versus 
temperature in a weak magnetic field of 0.2 T are very inter- 
esting (Fig. 7). Even in such a low field, a notable polariza- 
tion of about 20% could be detected at 5 K. The polarization 
rapidly increases with temperature to 40-45% at T>35 K. 
Note that this value is close to that measured in this alloy at 
5 K in strong magnetic fields. This result may be interpreted 
as an evidence in favor of the spin transition predicted by 
Saslow and Parker" for systems with competing exchange 
interaction. In the idealized model" this transition takes 
place in a very narrow temperature range. In a real AuFe 
alloy its width is 10-20 K. Note that the polarization in 
AuFel8 in a strong magnetic field at 5 K or in a weak mag- 
netic field at a temperature higher than 35 K is close to the 
integrated intensity of the main peak of P ( K ) .  In AuFel4 in 
a weak magnetic field only a small polarization of the mag- 
netic moments was detected, which corresponds to the spin- 
glass state at an iron concentration below the percolation 
threshold. 

The proposed model is in a qualitative agreement with 
measurements of neutron depolarization in Aul-,Fe, 
( x =  0.16 and 0.19) versus temperature and magnetic field.17 
Those measurements indicate that in alloys with an iron con- 
centration below the percolation threshold, the predomi- 
nantly ferromagnetic alignment of magnetic moments in 
large clusters persists when samples are cooled in a magnetic 
field to a temperature below that of the phase transition to 
spin glass. 

V. CONCLUSIONS 

Measurements of the hyperfine structure of Mossbauer 
spectra of Au, -,Fez ( x  = 0.14 and 0.1 8) at different tempera- 
tures and fields have been interpreted in terms of a new 
model which accounts for the shapes of spectra at 5 K and 
allows us to calculate not only the distributions of the hyper- 
fine field, but also the distributions of the exchange fields 
acting on Fe atoms at different temperatures. A model of the 
magnetic structure of AuFe alloys with iron concentrations 

below and above the percolation threshold has been sug- 
gested. The magnetic structure and mode of magnetic order- 
ing are determined by the competition between the indefinite 
exchange long-range interaction shaping the spin-glass phase 
and the stronger short-range ferromagnetic interaction 
among Fe atoms. The magnetic structure of alloys at differ- 
ent iron concentrations and temperatures has been interpreted 
in terms of Fe clusters with predominantly ferromagnetic 
ordering in regions with a high iron concentration and preva- 
lence of the weaker, indefinite (spin-glass) exchange interac- 
tion in regions with a lower iron content. Satellite peaks in 
distributions of exchange fields reflect local fluctuations of 
the magnitude and sign of the exchange interaction. The pro- 
posed model is justified by measurements of Fe polarization 
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Saslow and Parker." 

'B. H. Verbeek and J. A. Mydosh, J. Phys. F 8, L109 (1978). 
'w. Adbul-Razzaq, J. S. Kouvel, and H. Claus, Phys. Rev. B 30, 6480 
(1984). 

'R. A. Brand, J. Lauer, and W. Keune, Phys. Rev. B 31, 1630 (1985). 
4 ~ .  M. Abd-Elmeguid, H. Micklitz, R. A. Brand, and W. Keune, Phys. 
Rev. B 33, 7833 (1986). 

's. Lange, M. M. Abd-Elmeguid, and H. Micklitz, Phys. Rev. B 41,6907 
(1990). 

6 ~ .  Meyer and F. Hartmaon-Boutron, Hyped Inter. 59,219 (1990). 
'A. L. Eninkyan, V. P. Parfenova, S. I. Reyman et aL, Hyped Inter. 78, 
491 (1993). 

8 ~ .  M. Gurevich, S. V. Topalov, A. L. Erzinkyan et aL, Hyperf. Inter. 78, 
497 (1993). 

'M. Gabay and G. Toulouse, Phys. Rev. Lett. 47, 201 (1981). 
lop. A. Beck, Phys. Rev. B 32, 7255 (1985). 
" W. M. Saslow and G. Parker, Phys. Rev. Lett. 56, 1074 (1986). 
"Y. Yoshida, F. Langmayr, P. Fratzl, and G. Vogl, Phys. Rev. B 39, 6395 

(1989). 
"N. N. Delyagin, V. I. Nestemv, and A. K. Churakov, Zh. ~ k s ~ .  Teor. Fiz. 

93, 1480 (1987) [Sov. Phys. JEW 66.844 (1987)l. 
145. Hesse and A. Rubartsch, J. Phys. F 7, 526 (1974). 
IS J. J. Smit, C. J. Nieuwenhuys, and L. J. de Jongh, Sol. St. Commun. 32, 

233 (1979). 
1 6 ~ .  Lauer and W. Keune, Phys. Rev. Lett. 48. 1850 (1982). 
17s. Mitsuda, H. Yoshizava, T. Watanabe et al., J. Phys. Soc. Jap. 60, 1721 

(1991). 
Translation pmvided by the Russian Editorial office. 

789 JETP 82 (4), April 1996 Delyagin et a/. 789 


