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Magnetic behaviour of CuInl-,Fez Sz 
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Canada 
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AbstrscL Single-phase polycrystalline samples of CuIn,-,Fe,Sz (0.04 < I < 0.6) 
alloys with a chalcopytite s l ~ c t u r e  were studied by measurement of the low-field magnetic 
susceptibility x and GSR in the temperature range G3300 K, and by mom-temperature 
MGsbauer speetmwopy. At the higher temperatures. the 1/x versus T &la muld be 
interpreled in terms of a modi6ed Curie-Weiss relation, and values of the Curie-Weiss 
temperature 0 and Curie constant C were obtained. At lower temperatures, lhe 1/x 
velsus T wtves for each sample with z > 0.2 showed a minimum corresponding to a 
magnetic transition temperature T, and the werall tehaiour of the alloy system Seems 
similar to lhe spin-glass form displayed by v;uious semimagnetic semiconductor alloys 
containing Mn. The x data show lhat, in the present sytem, the average magnetic 
moment of the Fe changes rather abruptly from a value mrresponding to S = 4 for 
z < 0.05  Lo S = 3 for I > 0.2. However, the MGssbauer spectra indicate lhat the Fe 
remains in lhe Fe3$ state thmughout lhe full c o n p i t i o n  range studied. The change in 
the magnetic moment is attlibuled to a change in the spin mnfiguration of Fe3+, and 
possible aplanations for lhis are discussed. 

1. Introduction 

Crystalline semiconductors which contain transition elements as part of their lattice 
structure have received considerable attention in recent years. In many cases, the 
composition range of transition elements which can be included in a conventional 
semiconductor is quite wide and the materials can be looked upon as solid solu- 
tions or alloys between the conventional semiconducting compound and a magnetic 
compound (e.g. Cd,-,Mn,lk), and these materials have been labelled dilute mag- 
netic semiconductors (DMSS). In other cases, the available range of solid solutions 
of transition elements resulting in a compound can be very narrow, although it is to 
be noted that some materials, such as I,.Mn.IVVI,, have been labelled compounds 
when the composition range of the single-phase form is quite wide. This is frequently 
the case when VI Te. All these materials show interesting magnetic behaviour in 
addition to semiconducting behaviour, and it is convenient to label them semimag- 
netic semiconductors (SMSCS). One aspect of SMSC materials of current interest is 
concerned with the crystallographic ordering of the magnetic atoms and the resulting 
magnetic properties, such as large magneto-optical effects. Thus, in the case of the 
Iz.Mn.IVV14 compounds, it has been suggested [I] that the magneto-optical effects 
could be very large as a result of the weaker antiferromagnetic interaction between 
the Mn atoms because the ordered structure allows no cation nearest-neighbour Mn 
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atoms. Another aspect of this behaviour would be that high-T polarons could be 
sustained in some of these materials. 

For SMSC alloys, those containing M n  as the magnetic component have received 
most attention to date 121. However, some studies on sMSC alloys containing Fe, 
such as Cdl-sFezR [3], Hgl-zFes'Ik [4] and CU.IIIl-zFe~Sz [5, 61 alloys, have been 
published. The two different ionization states available to Fe can he expected to 
result in differences in the behaviour of the corresponding SMSC alloys. For Fe2+, 
in the tetrahedral crystal field of the semiconductor lattice the ground state is 
(singlet), while the corresponding state for Fe3+ is ' A ,  (sextet), very similar to that 
of Mnz+. Thus, it is of interest to compare the results of a study of Fe3+ sMSC alloys 
with those already obtained for Mn SMSC alloys (e.g. I?). 

Of the Fe3+ SMSC alloys, one obvious set for such a study is the chalcopyrite- 
@e I.III,-,Fe,VI, alloys. Initial studies on polycrystalline samples of CuIn,-,Fe,S, 
[SI, CuGa,-,Fe,S, [5] and CuAI,-,Fe,S, [6] have been reported, as have various 
magnetic and optical studies of the end member compound CuFeS, [9, IO]. In the 
present work, the low-field magnetic susceptibility, ESR and Mbsbauer behaviour of 
polycrystalline samples of CuIn,-,FezS, alloys have been investigated. The crys- 
tallographic and phase diagram data for this system have been reported previously 
[SI. It was shown that the chalcopyrite phase exhibits room-temperature single-phase 
solubility ranges of 0 < z < 0.2 and about 0.95 < z < 1.0. However, it was 
found that, by quenching from a high-temperature zincblende phase field, room- 
temperature metastable samples with a chalcopyrite structure could be obtained Over 
an appreciable range between the z limits given above of 0.2 and 0.95, thus appre- 
ciably extending the composition range over which the chalcopyrite behaviour could 
be investigated. 

2. Sample preparation and experimental measurements 

Polycrystalline samples were produced from the elements by the normal melt-and- 
anneal technique. The components of 1 g samples were sealed under vacuum in small 
quartz ampoules, heated to 120O0C, kept at that temperature for approximately 30 min 
and cooled to room temperature. Next the resulting ingot was annealed at a chosen 
temperature for a minimum of 2 weeks and was then -led to m m  temperature, 
either by rapidly quenching in brine or by gradually lowering the temperature in small 
steps over a period of approximately 2 weeks. The detailed treatment for each sample 
was determined from reference to the T(  z )  phase diagram [SI and will be discussed 
further below. Each sample was then powdered and a Debye-Scherrer x-ray powder 
photograph taken to determine the condition of the sample. 

For each single-phase sample, low-field static magnetic susceptibility measure- 
ments were made over the temperature range 4-220 K, using a SQUID apparatus 
described in detail previously Ill], with a measuring static magnetic field of approxi- 
mately 100 G. ESR studies were carried out on Bruker ER200DSRC equipment with 
an associated ER043 MRD microwave bridge and a rectangular X-band cavity. Mea- 
surements were made both at room temperature and at lower temperatures, the latter 
being made with the use of an Air Products temperature regulator which stabilized 
the cavity temperature to within 1 2  K. 

Room-temperature transmission Mossbauer spectra were taken with a 5 mCi 57Co 
source in a rhodium matrix. The transducer was operated in constant-acceleration 



Magnetic behaviour of CuIn,-,Fe,S, 8223 

mode and data were accumulated in 1024 channels. Calibration spectra were obtained 
with a 57Fe-enriched iron foil before and after each spectrum and all line positions 
were given with respect to the centre of the calibration spectrum. The experimental 
spectra were folded to obtain a flat background. The important Mossbauer param- 
eters can, to a good approximation, be obtained from the raw data but, to ensure 
consistency in the results, the data were analysed by least-squares fitting to simple 
Lorentzian line profiles. 

3. Results and analysis 

Zero-field-cooled susceptibility measurements were made on all the samples which 
showed the single-phase chalcopyrite condition. These included samples in the con- 
centration range 0 < z < 0.2 which had been very slowly cooled to room temperature 
and then annealed at 200°C to give the equilibrium single-phase chalcopyrite condi- 
tion and also samples in the range 0.2 < z < 0.6 which had been rapidly quenched 
from S O O C  to give material showing the metastable chalcopyrite structure discussed 
previously [SI. The susceptibility apparatus used a selfcompensating sample chamber 
which gave for the sample studied an estimated residual diamagnetic effect of the 
order of emu g-'. Since this was only 1% of the weakest measured suscepti- 
bility, diamagnetic corrections were neglected. The curves of 1/x versus T obtained 
for the various samples were of the form usually shown by antiferromagnetic and 
spin-glass materials. At the higher temperatures, 1 /x  showed an effectively linear 
variation with T,  while for the higher z-values ( z  > 0.2) a peak in the value of x, 
and hence a local minimum in l /x ,  was observed in the lower-temperature range. 
Since the samples with higher z were those quenched to a metastable form, the pres- 
ence of strains and other effects of rapid quenching caused the minimum in 1 / x  to 
be blurred, and the usual sharp cusps associated with magnetic ordering temperatures 
were not observed. Thii is illustrated in figure 1, where curves of 1 / x  versus T in 
the range 4 K < T < 100 K are shown for four of the quenched samples. For the 
case of the first three samples in figure 1, the values of 1/x were obtained from 
measurements on zero-field-cooled samples. However, for the z = 0.5 sample (fig- 
ure l(d)), both zero-field-wled and field-cooled data are given, clearly showing the 
temperature hysteresis for T < T,. For the well annealed samples with z < 0.2, the 
minimum in 1/x would be below 4 K and so could not be observed. As discussed 
further below, this behaviour seemed to be typical of a spin-glass semiconductor, with 
a peak in x representing the transition temperature T,. 

In the analysis of the behaviour of 1 /x versus T, at sufficiently high values of T,  
a linear variation should be observed with the typical paramagnetic CurieWeiss form, 
ie. 1 / x  = (T- O ) / C  and hence values of 0 and C could be determined. With the 
present results, such a linear form appears to be obtained in the higher-temperature 
range of observation. However, as indicated by Spalek et al [12], this linear form is 
strictly valid only for T >> 101, which is not the case for the present data. Spalek er al 
showed that a first-order correction to the simple Curie-Weiss form can be obtained 
by considering the O/T-term in the expansion used in their analysis. From their 
results, the variation in 1/x with T can be written as 

1 / x  = (l /C)(T- 0 - P @ / T )  (1) 
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Flgure I Emperature variation in the inverse susceptibility 1/x of various a m p l a  of 
( I t l n ~ - , F e = S ~  for temperatures in the range &IC4 K to show the mrrenee  of critical 
temperature '7'' for (0) I = 0.2, annealed at 200% (6) i = 0.3. quenched from 
850% (c) z = 0.4, quenched Gum 850- and (d) z = 0.5, quenched f" SOT 
0, zero-iield-cooled data; x, fieldcooled data. 

where 

J ,  being the value of the exchange parameter for a pair of ith cation neighbours and 
n; being the number of cations on the ith coordination sphere. 

The variations in 1/x with T obtained in the present work for a number of 
typical samples are shown in figure 2 These were analysed in the temperature range 
well above T, (as indicated in figure 2) in terms of equation (1) using a standard nth- 
order regression programme to give values for C, 0 and P. The values of q, 0, C 
and P obtained for the various samples are listed in table 1 and the values of 0, T, 
and P a r e  shown plotted against z in figures 3, 4 and 5, respectively. Because of the 
blurring of the 1/x minima indicated above, the T,-values show some experimental 
scatter, while the limited temperature range over which the behaviour of 1/x versus 
T could be analysed resulted in a similar experimental scatter in the observed 0, C- 
and P-values. 

ESR measurements were made on a number of the single-phase samples in the 
temperature range from 10 to 300 K. A typical set of derivative spectra at various 
temperatures for a low-temperature-annealed sample with z = 0.2 are shown in 
figure 6. These spectra show a single resonance line at g = 2.0 with a peak-to-peak 
linewidth AH as indicated in the figure. The variation in A H  with temperature in 
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lbbk L Magnetic parameters for CuInl_,Fe,&. T, is Ihe magnetic vansition tem- 
perature, Q the Curie-Weiss temperature, C Ule Curie mnstant, P the Curie-Weiss 
correction parameter, the sum of exehange intenetions per magnetic ion and S the 
spin value. l k h e  mimated nndam emrs are generally l es  Ihan 15% and are shown an 
the appropriate graphs 

T, -0 C c 
z (K) (K) (IO-‘ emu Kg-’) P (K) S 

0.04 - 70 604 0 . b  373 224 
0.06 - 95 7.53 0.17s 398 ux) 

0.08 - 102 1.12 0.139 408 1.70 
0.10 - 134 13.2 0.096 424 205 
0.15 - 15.5 14.5 0.11s 360 1.68 
0.20 - 192 16.9 0.128 315 1.54 
030 38 329 34.9 0.052 321 1.84 
0.40 M) 289 35.7 0.096 264 1.54 
050 50 319 51.8 
0.60 65 318 52.6 

0.053 215 1.66 
0.050 209 1.47 

60 

3 
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Figure 2 Temperature variation in the in- Figure 3 Variation in the Curie-Weis temperature 
verse susceptibility 1/x of various samples of 0 with z for Culn,-,Fe,%: line A, Q.values for 
Cuhl-,Fe,Sz: +, z = 0.06, annealed at 30% S = $, x i  n,J; = 400 K; line B, Q-values for 
0, I = 0.10, annealed at 200% x, z = 0.3, S 
quenched from 8.50 “c; A, .z = 0.4, quenched from 
850 OC ?he vertical lines indicate the ranges of tem- 
perature oyer which the analysis was carried wt. 

$, x i  ni J,  = 200 K 

this case is shown in figure 7. For the case when 0.2 < z < 0.6, the only single- 
phase chalcopyrite samples were the metastable samples produced by rapid quenching 
from 850T. As Seen from the crystallographic work [SI, the larger-angle x-ray lies 
for these samples were blurred, indicating some degree of inhomogeneity as would 
he expected from the method of production. For these samples, the ESR spectra 
showed a similar behaviour, the resonance line being very blurred. Thus d u e s  for 
the linewidth A H  could not be obtained in these cases, but it was clear that for all 
the alloys the value of g was close to 20. 

mica1 Mossbauer spectra for single-phase chalcopyrite samples are given in fig- 
ure 8 Curves are shown for the alloys with z = 0.1 and 0.15 which had been annealed 



8226 R Brun del Re a a1 

f 

pigurr 4 Variation in magnetic critical temperature 
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P wilh L for CuInl-,Fe,& alloys. 
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10 40 70 100 Flgurt 7. Variation in the ESR linewidlh AH wilh 
T I K I  lemperalure for Qllnl-lFe,Sz wilh I = 0.2 .  

at "T (figures 8(a) and 8(6)) and for the alloys with z = 0.1 and 0.4 which had 
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been quenched from 850°C (figures S(C) and 8(d)). For comparison purposes, the 
spectrum of a z = 0.4 alloy annealed to two-phase equilibrium at 2Oo0C is also shown 
(figure ye)). Xvo Mossbauer parameters which are of interest in the present work 
can be determined from these curves, these being the quadrupole splitting parameter 
A and the centre shift parameter 6, both of which represent interaction energies. 
The dominant contribution to the first four spectra shown in figure 8 is a narrow 
quadrupole doublet (labelled A) with A = 0.2 mm s-l and 6 = 0.3 mm s-l. This is 
the accepted response for Mt. Within the limits of experimental error, the values of 
A and 6 remained constant in the measured concentration range (0 < z < 0.7). One 
other contribution to the spectra of the single-phase alloys is the quadrupole doublet 
with A = 2.2 mm s-l and 6 = 0.6 mm s-l, which has a much smaller intensity 
than the previous case and again is effectively constant in the range of measurement 
(0 < z < 0.3). This doublet, labelled B in figure 8, can be attributed to Fe2+ which 
appears to be present in quite small amounts in the low-temperature-annealed alloys 
but in larger amounts in the alloys quenched from 850°C, as can be seen from a com- 
parison of the spectra of the two cases with z = 0.1 shown. This will be discussed 
further below. In the law-temperature-annealed two-phase alloy, the spectra of the 
two phases can clearly be seen, namely the doublet A due to the In-rich phase and 
the sextet (labelled C) due to the Fe-rich chalcopyrite phase which is antiferromag- 
netic and below its N&I temperature at room temperature. Again, comparison of 
the two z = 0.4 cases given in figure 8 clearly shows the difference produced by the 
two different heat treatments in this case and confirms the observation from the x-ray 
data that the quenching from SO0C produces a metastable single-phase chalcopyrite 
form. One other structure was observed in the Mossbauer spectra for the case of the 
high-z alloys close to CuFeS,, where in addition to the expected sextet of CuFeS, the 
quadrupole doublet of FeS, was observed. This again is in agreement with the x-ray 
and phase diagram results [SI, which showed that at temperatures in the vicinity of 
600°C these Fe-rich alloys decompose into a zincblende phase plus a small amount 
of FeS,. It was found that, even when these alloys were quenched from higher tem- 
peratures and then annealed at lower temperatures for several weeks, traces of FeS, 
were still observed in the x-ray photographs. 

4 Discussion 

In the analysis and discussion of the data presented above, the first question which 
needs to be answered is the state of the Fe atoms, whether they are in the triply 
ionized (Fe3+) or doubly ionized (Fez+) state. There has been some disagreement 
in the literature as to the case for CuFeS, [13, 141, but the present Mossbauer data 
indicate that, as far as the alloys in the range 0 < z < 0.6 are concerned, the large 
majority of the Fe atoms are Fe3+, the values of A = 0.2 mm s-l and 6 = 0.3 mm 
s-l clearly indicating this. This conclusion is supported by the ESR data, where the 
presence of a single resonance line at g = 2 is consistent with the presence of Fe3+ 
[lS]. Fez+, if present, would not be expected to produce a visible ESR line under the 
present conditions of measurements [lS]. As indicated above, the Mossbauer spectra 
do show a small component characteristic of Fe2+, with the amount varying with the 
method of production of the alloy and the value of z. The least-squares fitting of 
the Mossbauer spectra to simple Larentzian lineshapes gives a good estimate of the 
relative amounts of Fe3+ and Fezt in each case. It was found that the Fe2t-to-Fe3+ 
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ngurc 8. Mcssbauer spectra lor various 
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BOT, (c) T = 0.1, quenched from S O T ,  
(4 z = 0.4, quenched from 850T and (e) 
z = 0.4, annealed at 2w %2 A, Fe3+ doublel; 
B. Fe2+ doublel; C, magnetic h y p e ~ n e  mlel 
of (3UFeS2. 

ratio did not in any sample exceed 10% and in the low-temperature-annealed alloys 
was considerably smaller than this. 

Thc presence of larger amounts of Fez+ in the quenched samples suggests that 
the occurrence of Fe*+ is related to site defects in the chalcopyrite lattice. At the 
quenching temperature (8SO°C), the structure is zincblende with the Cu, In and Fe 
atoms arranged at random on the cation sublattice. With rapid quenching, there is 
not timc for the alloy to separate into two phases (a long-range effect), but ordering 
of the cations (a short-range effect) can occur. However, this ordering is unlikely to 



Magnetic behaviour of Culn -,Fe,S, 8229 

be complete and, as a result, some Fe ions will remain on Cu sublattice sites with 
a corresponding number of Cu ions on the In/Fe sites. When a sample is annealed 
at low temperatures, this number of site defects will be reduced but will not become 
zero. It is suggested that these Fe ions on Cu sites will take the Fe2+ form, and 
to conserve the available valence band electrons the Cu on InFk sites will become 
Cu2+. An Oulllrrence of Fez+ in this manner would fit the present experimental data 
well. The values of the Fez+-to-Fe3+ ratio were found to decrease with increasing 
z and the values indicate that the Fe2+ concentration tends towards saturation as 
z is increased. The resulting reduction in the relative amplitude of the Fe2+ peaks 
with increased z can be Seen in the spectra in figure 8. It was also found that for 
the quenched samples of higher z-value, as well as being reduced, the FeZt peak is 
blurred. One suggested explanation of this is charge transfer between adjacent Fezt 
and Fe3+ ions on the cation sublattice, since such charge transfer could blur the 
spectra of both of the ions involved. Because of the relatively small concentrations, 
this would have little effect on the Fe3+ spectra observed but would have a large 
effect in the Fe2+ case. 

Tbming to the magnetic data, as indicated above, values were determined for 
the N6el temperature Tc, the Curie-Weiss temperature 0 and the Curie constant 
C using the modified form of the CurieWeiss equation given in equation (1). As 
indicated above, this equation was used because the linear Curie-Weiss equation is 
strictly valid only for T >> 101. The question of the temperature range over which the 
modified equation applies cannot be given explicitly since, as is seen from equation 
(I), this depends upon the value of P which is a property of the particular material 
being investigated. In the present analysis, as is seen from table 1, the magnitude of 
P was of the order of 0.1. Values were calculated for the correction term P e 2 / T  
for all cases analysed and it was found that the resulting correction was never more 
than 15% and was in most cases appreciably smaller than this. With correction terms 
of this size, it would appear that the use of equation (1) is reasonable for the present 
data. It is to be noted that, in the analysis by Spalek d al I121 of 1/x data for alloys 
such as Cdl-aMnzR and Cd,-,Mn,Se, satisfactory values of 0 and C were obtained 
from analysis of data in the range T < 101, and that similar results were obtained 
by the present authors [I61 in a similar analysis of the corresponding ternary alloys. 
It is suggested that for the Mn alloys the values of P are appreciably smaller than 
the values obtained here, so that the correction terms in the Curie-Weiss equation 
are correspondingly smaller and so the linear form of the Curie-Weiss equation can 
effectively be used in a lower-temperature range than the strict theoretical limit of 

In the present work, the value of C is related to peR,  the effective average 
T >> 101. 

magnetic moment, and hence to J ,  the average total spin of the Fe ions [17], i.e. 
C = &p2/3kB per magnetic ion 

Pee = g [ J ( J  + 1)11'2. 

(3) 

(4) 

where 

The ESR data show that, for all the samples concerned here, g = 2.0, which 
indicates that the orbital contribution is quenched, Le. L = 0, as may be expected 
for materials of this type [IS], and thus J = S, the total spin contribution. Hence 
equations (3) and (4) can be rewritten as 

C =  2NAgZP2S(S$1) /3k~WemuKg- '  0 
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where N A  is Avogadro’s number and W is the molecular weight. Thus the values 
of S were determined from the experimental C-values, and these are shown as a 
function of 2 in figure 9. 

2l 

+ , U  Figure 9. Variation in S with z lor 
0 0.2 0.4  0.6 CuIn~_,R& as determined l” suscepti- 

I 
1 5  

I bilily data: x, value lor the mmpound [?al. 

For the concentration range 0 < z 5 0.05, S has the value of $, which is the 
value to be expected for Fe3+. However, with further increase in z ,  S falls rapidly 
and for 0.2 < z < 0.7 the present results show S to have a value approaching 
$ which is in good agreement with the d u e  quoted for CuFcS, [17]. This latter 
value was determined from neutron diffraction work and not Gom measurements of 
magnetic susceptibility, so that the problems of the correct form for the variation 
in 1/x with T did not apply in that case. Thc variation in the values of S with z 
previously reported for the CuGa,-,Fe,S, [5J and CuAI,-,Fc-zS2 [6] alloys show 
a similar form to that reported above, but in those cases the S-values are reported 
only in the approximate range 0 < z < 0.2, so that the fall in S to a value close to 
$ is not clearly seen. In the present w r k ,  this lower average value of S cannot be 
attributed to the presence of Fe2+ ions since, as indicated above, the fraction of Fe 
in the Fe*+ state is always less than 10% and thus the lower value of S must be due 
to Fe3+ ions. 

For isolated Fe3+ ions, there are various possible spin configurations. When 
tetrahedrally coordinated and in a weak crystal field, the lowesf state is 6 A ,  which 
gives S = 5 but other higher-energy spin configurations are possible, e.g. ‘TI which 

energy values change and crossover can occur so that an increased effective crystal 
field could explain the present data. However, that analysis was for pure d-state 
conditions and another factor, namely p d  hybridization, must be considered in the 
present case. Significant mixing of noble metal d character occurs in the valence 
band of nonmagnetic chalcopyrite materials such as I.IILV1, (201 and p-d miXing 
has also been shown to be important in Mn SMSCS such as Cd,-,Mn,Se 1211. Any 
p-d mixing is considered to lower the energy of the participating magnetic orbitals 
and thus result in a greater tendency for spin pairing of the d electrons. Similarly, 
r bonding between thc metal d and sulphur p orbitals, which has been considered 
to result in the low-spin states found in octahedrally coordinated sulphides, can also 
occur to some extent in tetrahedral sulphide complexes [22]. Such effects could be 
responsible for the increased tendency towards spin pairing seen here. 

gives S = Y z. It has been shown [lS] that, as the nystal field increases, the relative 
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For the CuIII,-,Fe,S2 alloys, in thevicinity of z = 0.1, delocalization of the Fe3+ 
d states occurs [6] to give a narrow d band, and this allows significant hybridization 
of the Fe3+ d states with the p states of the valence band, so that the valence band 
acquires some d character and the Fe3+ states take on some p character. In terms of 
a bonding picture, this means that the sp3 hybridized bonding orbitals acquire some 
admixture of sd3 behaviour. The addition of p character to the Fe3+ states .will tend 
to favour paired spins and also will result in the bonding orbitals in a displacement of 
the average charge towards the Fe3+ ions, which will cause the crystal field at those 
ions to be increased. These various effects, which will increase as z increases, will all 
favour spin pairing and could thus have the result that the average value of S is $ 
for z > 0.2. In the intermediate transition range, about 0.05 < z < 0.2, the effects 
would be more complicated, with the spin configurations of the FeSf idns possibly 
being a function of temperature as well as z. The scatter of points in this range, as 
seen in figure 9, is thus not unexpected. 

The form of the 0 versus z curve shown in figure 3 also reflects the change in S 
with increased z. From standard mean-field theory [U], the value of 0 is given by 

For k e d  values of S and Ci niJ, the variation in 0 with z should be linear. Values 
of E; niJi can be determined in the present case from the experimental data. From 
equations (3) and (4), 

0 NAgzp2 
c 2w . E n j J i  = - 

i 
(7) 

From the experimental values of 0 and C given in table 1, values of xi niJi were 
obtained and these are s h o w  as a function of z in figure 10. 

It is seen that the values of X i  niJ j  show a fairly smooth fall from approximately 
400 Kat  z = 0 to approximately 203 Ka t  z = 0.6. The values of ni remain the same 
throughout this range, but the values of Ji can change appreciably, since there is a 
change in ionic spacing as seen from the variation in the lattice parameter with z, and 
also since the details of the exchange mechanism may change when delocalization of 
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the d states occurs. It is seen from figure 4 that the values of P, which also depend 
upon the value of J i ,  show a variation with z very similar to that shown by xi n i J i .  
When values of S = f and xi niJi  = 400 K, corresponding to the conditions at 
z = 0, and S = 4 and x i  niJi = 200 K, corresponding to z = 0.6, are substituted 
into equation (6). two limiting straight Lines are obtained as shown in figure 3, and 
the values of 0 are seen to move from one to the other as z increases. 

figure 4 shows the measured variation in T, with z. As indicated above, there 
is appreciable Scatter in the values but to a reasonable approximation the variation 
can be represented by a straight line which falls below 4 K in the vicinity of z = 
0.2. Values for T, in the range 0.9 < z < 1.0 were determined &om the DTA 
measurements [SI and these values are also shown in figure 4. These points clearly 
do not lie on the Same line as the low-z points and, if a second line is drawn through 
the high zwalues, the two lines intersect in the vicinity of z = 0.6. This variation in 
TN with z i s  very similar to that shown by the Cd,Zn,Mn,'E (z + y f z = 1) alloys 
1161. In that case, the change in slope at about z = 0.6 was attributed to a change in 
behaviour from spin-glass behaviour at low z to antiferromagnetism at higher z and 
it is possible that similar behaviour occurs in the present alloy system. 
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