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Eu-Eu exchange interaction and Eu distribution in Pb,_,Eu,Te from magnetization steps
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The magnetization of Rh,Eu,Te samples withk=0.019, 0.026, and 0.060 was measured at 20 mK in
fields up to 50 kOe, and at 0.6 K in fields up to 180 kOe. The 20 mK data show the magnetization steps
(MST’s) arising from pairs and from triplets. The pair MST’s are used to obtain the dominant Eu-Eu antifer-
romagnetic exchange constadfkg=—0.264+0.018 K. The exchange constant for triplets is the same.
Comparison of the magnetization curves with theoretical simulations indicates that the Eu ions are not ran-
domly distributed over all the cation sites. The deviation from a random distribution is much smallex if
assumed to be the nearest-neighbor exchange conktamther than the next-nearest-neighbor exchange
constantJ,. On this basis)] is tentatively identified ag;. However, the possibility thal=J, cannot be
excluded completely. To obtain agreement with the data, it must be assumed that the Eu ions tend to bunch
together. Comparision with microprobe data indicates that the length scale for these concentration variations is
smaller than a fewum. The theoretical simulations in the present work improve on those performed earlier by
including clusters larger than three spifS0163-182@7)03038-3

. INTRODUCTION magnetization-step®1ST’s) method®’ BecausdJ| is of or-
der 0.1 K, the observation of the MST's required the use of a

An important group of dilute magnetic semiconductorsdilution refrigerator operating well below 0.1 K.
(DMS) are lead salts in which a fraction of the Pb ions have In addition to yieldingJ, the low-temperature magnetiza-
been replaced by Eu ioﬁsl?bl_XEuxTe is one member of tion data also gave information about the distribution of the
this group. The other members are ,PhEu,Se and EU i_ons over the cation sites. Such inf_or_ma_tion is not readil_y
Pb,_,Eu,S. All these materials have the rocksalt structure available by other means. The analysis indicates that the dis-
with an fcc cation lattice. The B ion, with seven elec- tribution is not perfectly randortequal probability of occu-
trons in the half-filled 4 shell, has zero orbital angular mo- Pation of all cation sites in the crysjalnstead, the Eu ions
mentum and total spirS=7/2. EPR data show that in tend to bunch together. Another important issue is whether
Pb,_,Eu,Te g=1.98 and that the spin Hamiltonian for the the dominant AF exchange constahtcorresponds to the
Eu®* ion contains a very small crystal-field anisotrdpy. ~ Nnearest-neighbor(NN) or to the next-nearest-neighbor

It has been known for several years that the Eu-Eu extNNN) exchange constanl, or J, , respectively. This issue
change interaction in these IV-VI DMS is two orders of mag-iS addressed on the basis of the results for the Eu spatial
nitude smaller than the Mn-Mn exchange interaction in thedistribution.
traditional 1I-VI DMS (e.g., Cd,_,Mn,Te). In both types of

DMS the exchange interaction is antiferromagnéiE), but Il THEORY
the leading Eu-Eu exchange constdns of order—0.1 K, ’
compared to— 10 K for the Mn-Mn exchange constant. Much of the relevant theory was discussed in a recent

Much of the early information concerning these Eu-Eupaper on the MST'’s in Bh,Eu,Se® We refer the reader to
exchange interactions came from measurements of the Curi&iis earlier paper, and confine ourselves here to a summary
Weiss temperaturg, and from analysis of high-field magne- of the main points. Some newer theoretical results are also
tization data aff = 4.2 K3~° As discussed later, both of these mentioned.
methods yield only a rough estimate of the dominant AF As a first approximation we consider a simple model
exchange constadt In the present paper we present an ac-which captures the main features of the experimental data. In
curate determination ofJ in Pb;_,Eu,Te using the this “single-J” model for a DMS, only one AF exchange

0163-1829/97/5@.4)/89127)/$10.00 56 8912 © 1997 The American Physical Society



56 Eu-Eu EXCHANGE INTERACTION AND &I . .. 8913

constantJ is included. Other exchange constants, and alkribution can be detected by analyzing the measured magne-
anisotropies, are neglected. In this model each Eu ion on thiézation curve at low temperatures. The ability to detect such
fcc sublattice belongs to a particular type of “cluster.” The deviations is a major advantage. Any tendency of the mag-
cluster types considered explicitly in Ref. 8 are: sindies-  netic ions to bunch together or to avoid each other is re-
lated magnetic ions which are not connected by any exvealed. The determination of the AF exchange conslast
change bondspairs, open triplet§OT’s), and closed triplets independent of the spatial distribution however.
(CT's). More recently the six types of quartets in the fcc  In Ref. 8 the theoretical simulations of the magnetization
lattice were considered alSo. curves included clusters up to triplets. In the present work
Assuming that] is negative(antiferromagneti; the mag- the simulations were improved by adding the contributions
netization curve at lowl (kgT<|J|) for clusters of a given of the six types of quartefsin addition a rough estimate of
type has two main features: a quick saturation of the zerothe contribution of clusters larger than quartets was also in-
field moment followed by a series of MST®S.This behavior ~ cluded, as will be discussed shortly, so that all the spins were
is illustrated by the exact calculation of the magnetizationaccounted for.
curve for small clusters in this simple model. We will use  Clusters larger than quartetquintets, sextets, ejcwill
normalized fieldsh,=gugH,/|J| for the step positions. be referred to collectively as “others.” If the zero-field
Pairs of Ef* ions (S=7/2) have no zero-field moment. The ground state of any such cluster has a net spin then this net
seven MST's from pairs occur at normalized fieltg spin will align rapidly withH at low T. At higher fields a
=2,4,...,14Thus the pairs saturate gugH=14/J|. The  series of MST’s will occur. In practice, the MST's from large
next most important clusters are open triplets. They have alusters are very small in size, so that they are not resolved.
zero-field ground state with a net spin of 7/2 which saturated he series of MST’s from a given cluster type then merges to
quickly. The MST’s occur ah,,=9,11 ...,21.Closed trip- form a ramp. The ramp ends at a field which depends on the
lets have their MST’s ah,=1,3...,21.Note that the last cluster type.
three MST'’s due to triplets occur when the pairs are already The magnetization curve of the others is therefore a sum
saturated. For five of the six types of quartets the series off many initial fast rises oM followed by a superposition of
MST'’s end at 28]|; only the “string quartet” ramp ends at many ramps ending at different fields. Here, we use an ap-
a lower fieldgugH=24.2J].° proximation in which the contribution of the others is repre-
The exchange constastis usually obtained from the ob- sented by a single initial fast rise ofl followed by one
servedH,, for pairs since, except for singles, these are thgamp. The initial fast rise is approximated by a Brillouin
most numerous. As was done in Ref. 8, we estimate an urfunction for spin 7/2 with a saturation value corresponding to
certainty in the determination df due to simplifications in- 1/5 of the saturation value of the others. The 1/5 weight is
troduced by the singld-model. The cubic crystal-field an- motivated by earlier results for the initial rise of the
isotropy, the dipole-dipole interaction, and exchangemagnetizatior?.The remaining magnetization ri¢é/5 of the
constants other thahbasically shift and broaden the MST’s. Saturation value of the othergs approximated by a single
Their effects on the positions of the MST's from pairs areramp which starts al=0 and ends agugH=35J|. The

included in the equation latter value is expected to be slightly higher than the average
saturation value for all quintets but lower than the average
gugHa=2n[J|+A, (1)  saturation value of sextets.

For our samples, the contribution of others to the magne-
with n=1,2...,7. Theshifts A, depend om, the orienta- tization was small, only 0.2% of the saturation magnetization

tion of the sample(anisotropy and the concentration Mo for x=0.019, and only 0.6% oM, for x=0.026. Even

(further-neighbor exchange constant#/e have calculated for the sample withx=0.060 theothers contributed only

the magnetization and step postition of pairs taking into ac9% of Mo. Our approximation for the contribution of the

count the cubic crystal-field and dipole-dipole interactions,0thers should therefore be adequate.

using known parametefdf J is determined from a fit to Eq.

(), agsuming a constad¥, (the pr(_)cedurg used b_eI()),V\the IIl. EXPERIMENTAL TECHNIQUES

resulting error due to the crystal-field anisotropy is less than

5%. The error due to dipole-dipole interactions is less than The three Ph_,Eu,Te samples were grown by the Bridg-

1%. man method. The Eu concentratignvas determined from
Exchange interactions with further neighbofsot in-  the saturation magnetization. A moment of Gu@3per Eu

cluded in the single: model will also shift and broaden the ion (based onS=7/2 andg=1.98) was assumed. A small

MST’s.2° These effects will be discussed later in connectioncorrection for the lattice susceptibilityyq=—3x10"'

with the data analysis. emu/g, was applietl The results for the three samples gave
The magnetizatioM of the sample as a whole is obtained x=0.019, 0.026, and 0.060. These values are supported by

by adding the contributions of the various cluster types. Théhe Curie constants, obtained from susceptibility data, which

contribution of each cluster type is the product of the mag-gave x=0.019, 0.024, and 0.059, respectively. We shall

netization per cluster and the number of clusters of that typeadopt the first set of values, which we regard as more accu-

To calculate the number of clusters of a given type one needsite.

to know how the magnetic ions are distributed over the cat- The Eu concentratiox was also obtained from micro-

ion sites. Normally, a random distribution is assumed. Theprobe measurements. Approximately 35 spots on a single

populations of the various cluster types are then wellsurface of each of the samples were probed. Each spot had a

known®! As discussed later, deviations from a random dis-diameter of 5um, and probed the Eu concentration to a
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=M/M, for the three samples at 20 mK. These results were ob-
FIG. 1. Top half of the magnetization curve at 20 mK for the tained by a numerical differentiation of the magnetization curves.
sample withx=0.019. The magnetizatiokl has been normalized

to its saturation valud,,. of M is followed by a large ramp on which six MST’s are
clearly visible. The six MST's are due to pairs. Only six,
depth of about 2um. The average values for and the instead of seven, MST's are visible because the first MST is
standard deviations were 0.01D.003, .O.QZ& 0.011, and  masked by the large initial fast rise ® on which it is
0.056+0.002. The large standard deviation for the Secondsuperimposed. The ramp due to pairs ends near 28 kOe. It is
sample is due to a small region of higher concentration neafliowed by a much less steep ramp due to open triplets
one corner. The other two samples, particularly the one withoT’s) which ends near 43 kOéThe OT ramp is predicted
the highest concentration, were quite homogeneous on lengt§ start well before the pair ramp ends, but because the pair
scales larger than severam. ramp is so much steeper the OT ramp does not stand out in
Magnetization measurements at 20 mK were made usinghjs field region) For this sample, with the lowest concentra-
a force magnetometer which operated in the mixing chambefion, the magnetization becomes practically saturated once
of a plastic dilution refrigerator. This equipment was de-the OT ramp ends.
scribed earlief:>***3The main magnetic fieldH, up to 50 The lowest curve in Fig. 2 shows the differential suscep-
kOe, was generated by a superconducting magnet. The forgmility (field derivative of the magnetizatiprobtained nu-
was produced by a superimposed dc field gradidhtdz  merically from the data in Fig. 1. The six MST’s due to pairs
=0.8 kOe/cm, which was generated by an independent set @fppear as large peaks. Three much smaller peaks are seen
superconducting coils. With this gradient the variation of thepetween 34 and 43 kOe. These are the last MST’s from the
field over the volume of the sample was less than 0.2 kOeOT’s. To our knowledge this is the first clear observation of
None of the samples were oriented, so that the direction of1ST’s from triplets in a DMS. The other two curves in Fig.
the field relative to the crystallographic axes was not knownp show similar results for pair and triplet MST’s in the other
As discussed later, the anisotropy in,PhEu,Te is small,  two samples.
so that field orientation is not critical. Figure 3 shows magnetization curves for two of the
The magnetization was also measured in fields up to 18@amples at 0.6 K. These curves extend to fields of about 180
kOe using a vibrating sample magnetometer which wakOe. Also shown, for comparison, are the corresponding
adapted for use in a Bitter magnet. The samples were immagnetization curves at 20 mK, adjusted so that they agree
mersed in liquid*He at 0.6 K. Other magnetization data with the 0.6 K data at 50 kOe. The main differences between
were taken with a superconducting quantum interference dehe 0.6 K and 20 mK data are that at 0.6 K the initial rise of
vice magnetometer systéfrat temperatures abev2 K and M is more gradual, the pair ramp is more rounded, and the
in fields up to 50 kOe. Among the data taken with this sys-pair MST’s are not resolved. These differences are the ex-
tem were the low-field susceptibility data used to obtain thepected effect of temperature. The data at 0.6 K show that for

Curie constant and the Curie-Weiss temperature x=0.019 complete saturation is achieved near 60 kOe. For
x=0.060 however, the approach to saturation is more
IV. RESULTS AND DISCUSSION gradual because a larger percentage of the spins are in large

- clusters which saturate more slowly.
A. Magnetization curves

Figure 1 shows the top half of the magnetization curve at
20 mK forx=0.019. The fast rise at the lowest fields is due
to the alignment of singles, with minor contributions from In all three samples the pair and triplets involving the
other clusters with zero-field moments. This initial fast riseexchange constant gave rise to distinct ramps on which

B. Dominant AF exchange constant]
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T " T i T i J " T plot is only forn=2-7. It is evident thaH,, is approxi-
> mately linear inn, so that Eq.(1) with a constantA,, is a

(a) good approximatiorisee Ref. 15
x=0.019 The values forJ obtained from least-squares fits to Eq.
(1), holding A, constant, were the same for all three samples
within 2%. The average value waBkg=—0.264 K. The
- values forA,, obtained from fits of the three data sets to Eq.

0.6 K (1) were all positive. The average was=0.69 kOe, which
is only a fraction of the spacingH=4 kOe between suc-
--------- 20 mK cessive MST’s.

. ) . As far as further-neighbor exchange interactions are con-
cerned, we can say the following. The data show that any
other AF exchange constant is at least a factor of 3 smaller
than the observed. If this were not the case, another notice-

(b) il able ramp ending between 10 kOe and 30 kOe should have
x=0.06 been present, leading to a change of slope in this field region.
Such a change of slope was not observed. Furthermore, the
observed MST’s show only a small amount of nonthermal
broadening anad , depends only weakly or. These obser-
—— 06K vations show that the magnetization above about 10 kOe is
very little affected by othersmalle) exchange constants
""""" 20 mK originating from further neighbors.

L . A The following arguments indicate that the quoted value
120 160 J/kg=—0.264 K corresponds to the largest AF exchange

H (kOe) constant. The 0.6 K data in Fig. 3 show no other MST’s or
ramps in fields up to 175 kOe. This means that if there were

FIG. 3. Magnetization curves for=0.019 and 0.060 at 0.6 K. any larger AF exchange constant, its magnitude should have
These results have been corrected for the lattice diamagnetism. Algxceeded 12 K. On the other hand, the Curie-Weiss tempera-
shown are the magnetization curves at 20 mK, with the verticatures discussed below rule out such a large AF exchange
scale adjusted so that they match the 0.6 K data at 50 kOe. constant. Thus, the observed MST's gave the largest

Our final result is then that the dominant exchange con-
well-resolved MST’s were observed. No additional ramps ofstant has the valu@ kg = —0.264+ 0.018 K. The 7% uncer-
MST'’s from any other exchange constant were found. Thaainty is motivated by the calculations of the corrections
singled model therefore seems to be appropriate for describmentioned in Sec. Il, and the observation that further-
ing the magnetization curves. Additional evidence that theneighbor interactions affect the MST’s very little. Thidor
corrections for the singléd-model are small will be discussed Pb,_,Eu,Te is only slightly larger than—0.24 K for
later. Pb, _,Eu,Se® There was no measurable dependencé o

The fieldsH,, at the pair MST’s were obtained from the x in the present Pp_,Eu,Te samplegsee Fig. 4, despite
peaks in Fig. 2. Figure 4 shows a plot of these fields for thehe fact that the band gap changes by nearly a factor of 2 as
three samples. Because the first MST was not observed, thechanges from 0.019 to 0.080The fields at the three ob-

served MST's from OT's, above 32 kOe, are close to those
' ' T ' T T T expected from the value of derived from the pair steps.
This means that the exchange constants for pairs and triplets
are the saméwithin a few percents as expected.

Low-field susceptibility data were taken at temperatures
down to 2 K. The most accurate result férwas for the
sample withx=0.060. With the usual assumptidfishe
value = —1.9 K gaveld/kg=—0.25 K (assumingJ=J,).

The results for the other two samples, with lowerwere
J/kg=—0.30 (x=0.026) and—0.22 K (x=0.019), but
these were judged to be less accurate. The values found by
Gorska et al® were J/kg=—0.38 K for x=0.03, and
—0.27 K forx=0.06. The spread in the valuesbbbtained
from 6 shows that the experimental uncertainty is not negli-

0 . i . . . . L gible, especially for low concentrations. Determinihgrom

0 1 2 3 4 5 6 7 the Curie-Weis9 has several other drawbacks. First, it as-
sumes that the distribution of the Eu ions is random, which,
as discussed later, may not be exactly true foy BEu,Te.

FIG. 4. The fieldsH,, at the MST’s from pairs as a function of Second,f depends on all exchange constants. Third, even
the step numben. The straight line represents E(L) with the  when onelJ is much larger than all the others, its estimate
average values fol andA,,. depends on whether it is identified &g (between NN's, as

M (emu/qg)

M (emu/g)

H, (kOe)

Step Number n
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was done aboveor J, (between NNN’$. The identification T " T " T
of J asJ, would lead to an estimate dfwhich is larger by 1.0
a factor of 2 compared td=J,. The MST’s method is a
direct determination of, which is independent of the iden-
tification of J, and is also independent of the spatial distri- _o
bution of the Eu ions. E
Gorskaet al® also determined by analyzing the magne- =
tization curve at 4.2 K. At this relatively high temperature,
kgT=16/J|, the MST’s are not resolved, and the ramps due
to pairs and OT's do not stand out clearly. The analysis
which was performed fitted the magnetization curve to a sum
of two contributions: one from singles and the other from
“PAIRS.” The value for J was deduced from the PAIR
contribution. The results werd&kg= —0.43 K for x=0.03,
and —0.50 K for x=0.06. The reason that these values are
much higher than our value 6f0.264 K, is that the assumed
“PAIRS" actually included not only true pairs but also trip- o
lets, quartets, and larger clusters. Since the saturation field of< 5
a cluster increases with cluster size, the net effect was that<

0.5

0.0 ] L 1 2 i

10

STeh.
.

T
e g g
1

the assumed PAIRS saturated at higher fields than true pairs. — EXP
This caused the deducddto be higher than the trug¢ 1tis ~ r¢ 77777 Ji
probably significant that the fitted was larger forx=0.06 (] e J,

than for x=0.03, because the percentage of large clusters 0.0 . L . L .
increases witkx. 0 20 40 60

H (kOe)

C. Bu distribution and the identity of J FIG. 5. Comparison between the measured magnetization curve
The identity of the dominant AF exchange constdnt at 20 mK with computer simulations based on $heandJ, models.
whether it isJ; for NN's or J, for NNN's, is a significant  (a) x=0.019.(b) x=0.026.
issue. Normally, exchange constants decrease rapidly with

distance, so that the dominaftis between NN's. This €x-  made with the actual temperature. From the figure it is clear
ﬁe(\:}?%’\r/\l%r??)l behhawohr hr;s téegn foundElrlraIIhMr;-baseqhat theJ; model simulation is closer to the data, but even
- -~ Ont € ot €r hand, in pure tute t e .argeStthis model fails to reproduce the measured curves exactly.
exchange constant i¥,, which is antiferromagnetic with a The deviations are more pronounced for 0.026. The ob-
value of about-0.2 K. The exchange constaiitin EuTe is served initial rise ofM is smaller than predicted, indicating

ferromagnetic and smaller in magnitutle® Thus, afterd hat thel del fimates th ber of sinal
was measured in the present work, it was still not obviou at even 1 modet overestimates e numpoer of Singles.
urthermore, the observed slope between 30 and 40 kOe is

whether it wasl; or Js. ) i :
To address this problem the measured magnetizatioH'gher than predicted by both models. This means that there

curves were compared with computer simulations based ofi® more trlplet_s ar_1d/or larger clusters than calculated usin_g
the two competing hypotheses=J, (J; mode), or J=J, a random. d|§tr|but|on. The same features are also seen in
(J, mode). Both models are singlé-models. The simula- Fig- 6, which is forx=0.060 at 20 mK and at 0.6 K. Thi
tions were similar to those in Ref. 8 except that they alsgnodel is closer to the data, but even compared to this model
included the quartets and the others. We also chose to note actual number of singles is lower and the number of
malize the magnetization curves to the saturation vélige triplets and/or larger clusters is higher.
rather than to the data point at the highest figlele Ref. 18 These results indicate that thacal Eu concentration in
The key assumption in the simulations was that the Eu ionthe vicinity of a typical Eu ion is higher than the average
were distributed randomly, i.e., the probability of occupationconcentration for the sample as a whole. Thus, the Eu ions
of each cation site in the crystal wasThe simulations with  tend to bunch together, leading to an inhomogeneous Eu dis-
the J; andJ, models lead to different magnetization curves,tribution. The size of the regions with higher Eu concentra-
essentially because there are 12 NNs but only 6 NNN's irtion cannot be inferred from analysis of the magnetization
the fcc cation lattice. This difference means that in fge  curves alone. The microprobe measureméses. I1l) exam-
model the number of singles is higher and the populations oihed the concentration variations on length scales greater
pairs and larger clusters are lower. than a fewpm. The attempt to account for the magnetization
Figure 5 compares the magnetization curves at 20 mK, foeurves by using the microprobe results as the local concen-
x=0.019 and 0.026, with simulations based on the two modtration profile was unsuccessful. This is particularly evident
els. To account for the somewhat larger observed width ofor the sample withx=0.060, in which the microprobe con-
the MST’s than that expected from thermal broadeningcentration showed very little variation with position. Com-
alone, the simulations of data at 20 mK used an effectivébining the analysis of the magnetization data with the micro-
temperature of 100 mK. This change has no effect on th@robe results we conclude that the length scale of the
discussion beloW. The simulation of data at 0.6 K were concentration inhomogeneities was smaller than a few
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The effects of further neighbofdistant neighbopson the
magnetization curve have been treated using several approxi-
mate methods. One approach starts from the clusters in the
singled model, but then subjects these clusters to effective
fields arising from further neighbot§. Alternative ap-
proaches use more general spin clusters which include fur-
ther neighbors within the clusters, so that the intracluster
interactions already include the further neighbdré€? Since
our analysis started from the singlemodel, the first ap-

proach (effective fields acting on the singleclusters$ is
more convenient here. The effective fields from further
neighbors slow down the alignment of spins which are
singles, and they shift and broaden the ramps and MST's
arising from larger clusterge.g., pairs and triplels These
effects increase with the Eu concentratioiWWe now present

(b) 1 several arguments which indicate that in the present work the
further-neighbor effective fields were far too weak to signifi-
cantly affect the magnetization curve well above 10 kOe.

At 20 mK the magnetization rises very quickly at Idiv
(Figs. 1 and & The singles seem to become practically satu-
rated at about 2 kOe. Considering that the cubic crystal-field
anisotropy also slows down the alignment of the sinfles,
conclude that typical further-neighbor effective fields acting
on singles are less than about 1 kOe. Such weak effective
fields are unlikely to have a significant effect on the magne-
] o tization well above 10 kOe.

FIG. 6. Comparison betwe(_en the_measured magnetization curve The fieldsH,, at the MST’s from pairs are shifted by the
for x=0.060 and computer simulations based on dheand J further-neighbor effective field$. These shifts, included in
models.(a) T=20 mK, (b) T=0.6 K. ur 9 . - >

the A, of Eq. (1), are predicted to increase with However,
the results in Fig. 4 indicate that th®, are all less than

A quantitative measure of the degree to which the Eu ionghout 1 kOe. Also, despite the factor-of-three change,in
bunch together can be obtained by introducing the concept afe fieldsH, do not vary by more than a fraction of 1 kOe.

a local concentratior, . The simple picture which is behind This means that typical further-neighbor effective fields act-
this concept presumes that there is a typical local concentrang on pairs were no more than a fraction of a kOe, even for
tion in the vicinity of a typical Eu ion. It can differ from the the sample wittx=0.06. Typical effective fields acting on
average concentratiorn for the sample as a whole. The triplets and quartets should not be higher by more than a
populations of the various clusters are calculated assuminactor of 2 or so. It is very unlikely that such weak effective
that the probability of occupation of each cation sites in thefields will have a significant effect on the magnetization
vicinity of a Eu ion isx, instead ofx. The value ofx, is  curve well above 10 kOe.

found by varying the Eu concentration in the simulation until  The spreadin the magnitude of the effective field acting

a match with the experimental magnetization curve ison different pairs gives rise to a broadening of the MST'’s
achieved. Using this procedure the following results werefrom pairs!® Such a broadening should increase withThe
obtained for the samples with=0.019, 0.026 and 0.060. fact that well-resolved MST's were observed even for
With the J; model, x, =0.025, 0.038, and 0.077, respec- =0.06 means that the spread in the effective fields was con-
tively. With the J, model,x, =0.047, 0.070, and 0.140, re- siderably smaller than the 4 kOe separation between the
spectively. Obviously, a much smaller difference between MST’s. Thus not only was the average effective field small,
andx is required to achieve agreement with themodel. but the spread was also small. Such a distribution of effective

In the discussion above, we have assumed that the deviéields should not have a significant effect on the magnetiza-
tions of the data from a singlé-model were due to the tion curve well above 10 kOe.
assumption of a random distribution. An alternative would The final argument in support of a nonrandom distribution
be to question the validity of the singlemodel itself. It is is based on an analysis of the change in the slope of the
known that long-range exchange interactions between furthanagnetization curve near 43 kOe. This change occurs when
neighbors can influence the magnetization process in dilutethe triplet ramp endgThe change in slope is visible in Figs.
magnetic semiconductot$2°-22 Such long-range interac- 1 and 5, but is clearer in expanded plots of the magnetization
tions may be important in small-gap DMS, such as thecurves at 20 mK.The magnitude of this change in slope is
present system. The key question here is whether long-rangelated to the number of triplets. Analysis of the data in all
interactions could have affected the magnetization in fieldshree samples indicates a significantly larger number of trip-
above 10 kOe significantly, since the conclusion of a nondets than predicted assuming a random distribution. Further-
random distribution was based on the data at these higheighbor interactions cannot account for the significantly
fields, especially above 30 kOe. larger change in slope which was observed.

0.0 . ' - '

M/ M,

H (kOe)
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Claims of a nonrandom distribution in 1I-VI DMS have On this basis we tentatively identifi= —0.264+0.018 K as
been made more than a decade &, e.g., Ref. 33How-  J,. However, since the actual distribution is unknown, the
ever, MST studies showed that the distribution in such DM$possibility that it isJ, cannot be excluded entirely. If one
was in fact randoni’® Here, in our Ph_,Eu,Te samples, accepts that] is J; then the exchange constants in
we find a small nonrandomicity which we believe to be Pb,_Eu,Te whenx is low are very different from those in
genuine. In Ref. 8Pb, ,Eu,Se deviations of the data with - gyTel”18 Sych a difference may be the result of a different
the J; model were also found, but the simulations includedpang structure and a different position of the Eu levels.
only clusters up to triplets. A reanalysis of those data with
our improved model, which includes quartets and an ap-
proximation for larger clusters, still does not lead to perfect
agreement. As in the present work, good agreement with the
data is obtained if small deviations from a random distribu- We are grateful to C. Merlet of the University of Mont-
tion are assumedand thatJ=J,;). The nonrandomicity in pellier Il for assistance in the microprobe measurements, and
the Pb_,Eu,Se samples is smaller than that in theto M.T. Liu for help in some of the magnetization measure-
Pb, _,Eu,Te samples. ments. The work in Brazil was supported by CNPq,

Returning to the issue of the identity df there are two FAPESP, and FINEP. The work in the U.S. was partially
possibilities. Eitherd is J; in which case the Eu ions have supported by NSF Grants No. DMR-9219727 and INT-
only a fairly modest tendency to bunch togetherJas J, 9216424. The work in France was supported by CNRS. The
with a very large increase of the local Eu concentration. Bework in Poland was supported by the Polish Committee for
cause the usual distribution of magnetic ions in a DMS isScientific Research. The Francis Bitter National Magnet
random® we believe that the first possibility is more likely. Laboratory was supported by NSF.
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