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Eu-Eu exchange interaction and Eu distribution in Pb12xEuxTe from magnetization steps

Ewout ter Haar, Valdir Bindilatti, and Nei F. Oliveira, Jr.
Instituto de Fı´sica, Universidade de Sa˜o Paulo, C. P. 66318, CEP 05315-970 Sa˜o Paulo, SP, Brazil

G. H. McCabe and Y. Shapira
Department of Physics and Astronomy, Tufts University, Medford, Massachusetts 02155

Z. Golacki
Institute of Physics, Polish Academy of Sciences, Pl. 02-668 Warsaw, Poland

S. Charar and M. Averous
Groupe d’Etude des semiconducteurs URA 357, Universite´ Montpellier II, Place Eugene Bataillon, 34095 Montpellier Cedex 5, Franc

E. J. McNiff, Jr.
Francis Bitter National Magnet Laboratory, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139

~Received 24 January 1997; revised manuscript received 3 June 1997!

The magnetization of Pb12xEuxTe samples withx50.019, 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 constant,J/kB520.26460.018 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 smaller ifJ is
assumed to be the nearest-neighbor exchange constantJ1 rather than the next-nearest-neighbor exchange
constantJ2. On this basis,J is tentatively identified asJ1. However, the possibility thatJ5J2 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 fewmm. The theoretical simulations in the present work improve on those performed earlier by
including clusters larger than three spins.@S0163-1829~97!03038-5#
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I. INTRODUCTION

An important group of dilute magnetic semiconducto
~DMS! are lead salts in which a fraction of the Pb ions ha
been replaced by Eu ions.1 Pb12xEuxTe is one member o
this group. The other members are Pb12xEuxSe and
Pb12xEuxS. All these materials have the rocksalt structu
with an fcc cation lattice. The Eu21 ion, with seven elec-
trons in the half-filled 4f shell, has zero orbital angular mo
mentum and total spinS57/2. EPR data show that in
Pb12xEuxTe g51.98 and that the spin Hamiltonian for th
Eu21 ion contains a very small crystal-field anisotropy.2

It has been known for several years that the Eu-Eu
change interaction in these IV-VI DMS is two orders of ma
nitude smaller than the Mn-Mn exchange interaction in
traditional II-VI DMS ~e.g., Cd12xMn xTe!. In both types of
DMS the exchange interaction is antiferromagnetic~AF!, but
the leading Eu-Eu exchange constantJ is of order20.1 K,
compared to210 K for the Mn-Mn exchange constant.

Much of the early information concerning these Eu-
exchange interactions came from measurements of the C
Weiss temperatureu, and from analysis of high-field magne
tization data atT54.2 K.3–5 As discussed later, both of thes
methods yield only a rough estimate of the dominant
exchange constantJ. In the present paper we present an a
curate determination ofJ in Pb12xEuxTe using the
560163-1829/97/56~14!/8912~7!/$10.00
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magnetization-steps~MST’s! method.6,7 BecauseuJu is of or-
der 0.1 K, the observation of the MST’s required the use o
dilution refrigerator operating well below 0.1 K.

In addition to yieldingJ, the low-temperature magnetiza
tion data also gave information about the distribution of t
Eu ions over the cation sites. Such information is not read
available by other means. The analysis indicates that the
tribution is not perfectly random~equal probability of occu-
pation of all cation sites in the crystal!. Instead, the Eu ions
tend to bunch together. Another important issue is whet
the dominant AF exchange constantJ corresponds to the
nearest-neighbor~NN! or to the next-nearest-neighbo
~NNN! exchange constant,J1 or J2 , respectively. This issue
is addressed on the basis of the results for the Eu sp
distribution.

II. THEORY

Much of the relevant theory was discussed in a rec
paper on the MST’s in Pb12xEuxSe.8 We refer the reader to
this earlier paper, and confine ourselves here to a summ
of the main points. Some newer theoretical results are a
mentioned.

As a first approximation we consider a simple mod
which captures the main features of the experimental data
this ‘‘single-J’’ model for a DMS, only one AF exchange
8912 © 1997 The American Physical Society
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56 8913Eu-Eu EXCHANGE INTERACTION AND Eu . . .
constantJ is included. Other exchange constants, and
anisotropies, are neglected. In this model each Eu ion on
fcc sublattice belongs to a particular type of ‘‘cluster.’’ Th
cluster types considered explicitly in Ref. 8 are: singles~iso-
lated magnetic ions which are not connected by any
change bonds!, pairs, open triplets~OT’s!, and closed triplets
~CT’s!. More recently the six types of quartets in the f
lattice were considered also.9

Assuming thatJ is negative~antiferromagnetic!, the mag-
netization curve at lowT (kBT!uJu) for clusters of a given
type has two main features: a quick saturation of the ze
field moment followed by a series of MST’s.8,9 This behavior
is illustrated by the exact calculation of the magnetizat
curve for small clusters in this simple model. We will u
normalized fieldshn5gmBHn /uJu for the step positions
Pairs of Eu21 ions (S57/2) have no zero-field moment. Th
seven MST’s from pairs occur at normalized fieldshn
52,4, . . . ,14.Thus the pairs saturate atgmBH514uJu. The
next most important clusters are open triplets. They hav
zero-field ground state with a net spin of 7/2 which satura
quickly. The MST’s occur athn59,11 . . . ,21.Closed trip-
lets have their MST’s athn51,3 . . . ,21.Note that the last
three MST’s due to triplets occur when the pairs are alre
saturated. For five of the six types of quartets the serie
MST’s end at 28uJu; only the ‘‘string quartet’’ ramp ends a
a lower fieldgmBH524.2uJu.9

The exchange constantJ is usually obtained from the ob
servedHn for pairs since, except for singles, these are
most numerous. As was done in Ref. 8, we estimate an
certainty in the determination ofJ due to simplifications in-
troduced by the single-J model. The cubic crystal-field an
isotropy, the dipole-dipole interaction, and exchan
constants other thanJ basically shift and broaden the MST’s
Their effects on the positions of the MST’s from pairs a
included in the equation

gmBHn52nuJu1Dn ~1!

with n51,2 . . . ,7. Theshifts Dn depend onn, the orienta-
tion of the sample ~anisotropy! and the concentration
~further-neighbor exchange constants!. We have calculated
the magnetization and step postition of pairs taking into
count the cubic crystal-field and dipole-dipole interactio
using known parameters.2 If J is determined from a fit to Eq
~1!, assuming a constantDn ~the procedure used below!, the
resulting error due to the crystal-field anisotropy is less th
5%. The error due to dipole-dipole interactions is less th
1%.

Exchange interactions with further neighbors~not in-
cluded in the single-J model will also shift and broaden th
MST’s.10 These effects will be discussed later in connect
with the data analysis.

The magnetizationM of the sample as a whole is obtaine
by adding the contributions of the various cluster types. T
contribution of each cluster type is the product of the m
netization per cluster and the number of clusters of that ty
To calculate the number of clusters of a given type one ne
to know how the magnetic ions are distributed over the c
ion sites. Normally, a random distribution is assumed. T
populations of the various cluster types are then w
known.9,11 As discussed later, deviations from a random d
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tribution can be detected by analyzing the measured ma
tization curve at low temperatures. The ability to detect su
deviations is a major advantage. Any tendency of the m
netic ions to bunch together or to avoid each other is
vealed. The determination of the AF exchange constantJ is
independent of the spatial distribution however.

In Ref. 8 the theoretical simulations of the magnetizati
curves included clusters up to triplets. In the present w
the simulations were improved by adding the contributio
of the six types of quartets.9 In addition a rough estimate o
the contribution of clusters larger than quartets was also
cluded, as will be discussed shortly, so that all the spins w
accounted for.

Clusters larger than quartets~quintets, sextets, etc.! will
be referred to collectively as ‘‘others.’’ If the zero-fiel
ground state of any such cluster has a net spin then this
spin will align rapidly with H at low T. At higher fields a
series of MST’s will occur. In practice, the MST’s from larg
clusters are very small in size, so that they are not resolv
The series of MST’s from a given cluster type then merges
form a ramp. The ramp ends at a field which depends on
cluster type.

The magnetization curve of the others is therefore a s
of many initial fast rises ofM followed by a superposition o
many ramps ending at different fields. Here, we use an
proximation in which the contribution of the others is repr
sented by a single initial fast rise ofM followed by one
ramp. The initial fast rise is approximated by a Brillou
function for spin 7/2 with a saturation value corresponding
1/5 of the saturation value of the others. The 1/5 weigh
motivated by earlier results for the initial rise of th
magnetization.6 The remaining magnetization rise~4/5 of the
saturation value of the others! is approximated by a single
ramp which starts atH50 and ends atgmBH535uJu. The
latter value is expected to be slightly higher than the aver
saturation value for all quintets but lower than the avera
saturation value of sextets.

For our samples, the contribution of others to the mag
tization was small, only 0.2% of the saturation magnetizat
M0 for x50.019, and only 0.6% ofM0 for x50.026. Even
for the sample withx50.060 theothers contributed only
9% of M0. Our approximation for the contribution of th
others should therefore be adequate.

III. EXPERIMENTAL TECHNIQUES

The three Pb12xEuxTe samples were grown by the Bridg
man method. The Eu concentrationx was determined from
the saturation magnetization. A moment of 6.93mB per Eu
ion ~based onS57/2 andg51.98) was assumed. A sma
correction for the lattice susceptibility,xd52331027

emu/g, was applied.3 The results for the three samples ga
x50.019, 0.026, and 0.060. These values are supporte
the Curie constants, obtained from susceptibility data, wh
gave x50.019, 0.024, and 0.059, respectively. We sh
adopt the first set of values, which we regard as more ac
rate.

The Eu concentrationx was also obtained from micro
probe measurements. Approximately 35 spots on a sin
surface of each of the samples were probed. Each spot h
diameter of 5mm, and probed the Eu concentration to
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8914 56EWOUT ter HAAR et al.
depth of about 2mm. The average values forx and the
standard deviations were 0.01760.003, 0.02560.011, and
0.05660.002. The large standard deviation for the seco
sample is due to a small region of higher concentration n
one corner. The other two samples, particularly the one w
the highest concentration, were quite homogeneous on le
scales larger than severalmm.

Magnetization measurements at 20 mK were made u
a force magnetometer which operated in the mixing cham
of a plastic dilution refrigerator. This equipment was d
scribed earlier.7,8,12,13The main magnetic fieldH, up to 50
kOe, was generated by a superconducting magnet. The f
was produced by a superimposed dc field gradient,dh/dz
50.8 kOe/cm, which was generated by an independent s
superconducting coils. With this gradient the variation of t
field over the volume of the sample was less than 0.2 k
None of the samples were oriented, so that the direction
the field relative to the crystallographic axes was not know
As discussed later, the anisotropy in Pb12xEuxTe is small,
so that field orientation is not critical.

The magnetization was also measured in fields up to
kOe using a vibrating sample magnetometer which w
adapted for use in a Bitter magnet. The samples were
mersed in liquid 3He at 0.6 K. Other magnetization da
were taken with a superconducting quantum interference
vice magnetometer system14 at temperatures above 2 K and
in fields up to 50 kOe. Among the data taken with this s
tem were the low-field susceptibility data used to obtain
Curie constant and the Curie-Weiss temperatureu.

IV. RESULTS AND DISCUSSION

A. Magnetization curves

Figure 1 shows the top half of the magnetization curve
20 mK for x50.019. The fast rise at the lowest fields is d
to the alignment of singles, with minor contributions fro
other clusters with zero-field moments. This initial fast ri

FIG. 1. Top half of the magnetization curve at 20 mK for t
sample withx50.019. The magnetizationM has been normalized
to its saturation valueM0.
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of M is followed by a large ramp on which six MST’s ar
clearly visible. The six MST’s are due to pairs. Only si
instead of seven, MST’s are visible because the first MST
masked by the large initial fast rise ofM on which it is
superimposed. The ramp due to pairs ends near 28 kOe.
followed by a much less steep ramp due to open trip
~OT’s! which ends near 43 kOe.~The OT ramp is predicted
to start well before the pair ramp ends, but because the
ramp is so much steeper the OT ramp does not stand o
this field region.! For this sample, with the lowest concentr
tion, the magnetization becomes practically saturated o
the OT ramp ends.

The lowest curve in Fig. 2 shows the differential susce
tibility ~field derivative of the magnetization! obtained nu-
merically from the data in Fig. 1. The six MST’s due to pa
appear as large peaks. Three much smaller peaks are
between 34 and 43 kOe. These are the last MST’s from
OT’s. To our knowledge this is the first clear observation
MST’s from triplets in a DMS. The other two curves in Fig
2 show similar results for pair and triplet MST’s in the oth
two samples.

Figure 3 shows magnetization curves for two of t
samples at 0.6 K. These curves extend to fields of about
kOe. Also shown, for comparison, are the correspond
magnetization curves at 20 mK, adjusted so that they ag
with the 0.6 K data at 50 kOe. The main differences betwe
the 0.6 K and 20 mK data are that at 0.6 K the initial rise
M is more gradual, the pair ramp is more rounded, and
pair MST’s are not resolved. These differences are the
pected effect of temperature. The data at 0.6 K show that
x50.019 complete saturation is achieved near 60 kOe.
x50.060 however, the approach to saturation is m
gradual because a larger percentage of the spins are in
clusters which saturate more slowly.

B. Dominant AF exchange constantJ

In all three samples the pair and triplets involving t
exchange constantJ gave rise to distinct ramps on whic

FIG. 2. Field derivative of the normalized magnetizationm
5M /M0 for the three samples at 20 mK. These results were
tained by a numerical differentiation of the magnetization curve
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56 8915Eu-Eu EXCHANGE INTERACTION AND Eu . . .
well-resolved MST’s were observed. No additional ramps
MST’s from any other exchange constant were found. T
single-J model therefore seems to be appropriate for desc
ing the magnetization curves. Additional evidence that
corrections for the single-J model are small will be discusse
later.

The fieldsHn at the pair MST’s were obtained from th
peaks in Fig. 2. Figure 4 shows a plot of these fields for
three samples. Because the first MST was not observed

FIG. 3. Magnetization curves forx50.019 and 0.060 at 0.6 K
These results have been corrected for the lattice diamagnetism.
shown are the magnetization curves at 20 mK, with the vert
scale adjusted so that they match the 0.6 K data at 50 kOe.

FIG. 4. The fieldsHn at the MST’s from pairs as a function o
the step numbern. The straight line represents Eq.~1! with the
average values forJ andDn .
r
e
b-
e

e
he

plot is only for n52 –7. It is evident thatHn is approxi-
mately linear inn, so that Eq.~1! with a constantDn is a
good approximation~see Ref. 15!.

The values forJ obtained from least-squares fits to E
~1!, holdingDn constant, were the same for all three samp
within 2%. The average value wasJ/kB520.264 K. The
values forDn obtained from fits of the three data sets to E
~1! were all positive. The average wasDn50.69 kOe, which
is only a fraction of the spacingDH54 kOe between suc
cessive MST’s.

As far as further-neighbor exchange interactions are c
cerned, we can say the following. The data show that
other AF exchange constant is at least a factor of 3 sma
than the observedJ. If this were not the case, another notic
able ramp ending between 10 kOe and 30 kOe should h
been present, leading to a change of slope in this field reg
Such a change of slope was not observed. Furthermore
observed MST’s show only a small amount of nontherm
broadening andDn depends only weakly onx. These obser-
vations show that the magnetization above about 10 kO
very little affected by other~smaller! exchange constant
originating from further neighbors.

The following arguments indicate that the quoted va
J/kB520.264 K corresponds to the largest AF exchan
constant. The 0.6 K data in Fig. 3 show no other MST’s
ramps in fields up to 175 kOe. This means that if there w
any larger AF exchange constant, its magnitude should h
exceeded 12 K. On the other hand, the Curie-Weiss temp
tures discussed below rule out such a large AF excha
constant. Thus, the observed MST’s gave the largestJ.

Our final result is then that the dominant exchange c
stant has the valueJ/kB520.26460.018 K. The 7% uncer-
tainty is motivated by the calculations of the correctio
mentioned in Sec. II, and the observation that furth
neighbor interactions affect the MST’s very little. ThisJ for
Pb12xEuxTe is only slightly larger than20.24 K for
Pb12xEuxSe.8 There was no measurable dependence ofJ on
x in the present Pb12xEuxTe samples~see Fig. 4!, despite
the fact that the band gap changes by nearly a factor of
x changes from 0.019 to 0.060.1 The fields at the three ob
served MST’s from OT’s, above 32 kOe, are close to tho
expected from the value ofJ derived from the pair steps
This means that the exchange constants for pairs and trip
are the same~within a few percents!, as expected.

Low-field susceptibility data were taken at temperatu
down to 2 K. The most accurate result foru was for the
sample with x50.060. With the usual assumptions16 the
value u521.9 K gaveJ/kB520.25 K ~assumingJ5J1).
The results for the other two samples, with lowerx, were
J/kB520.30 (x50.026) and 20.22 K (x50.019), but
these were judged to be less accurate. The values foun
Gorska et al.3 were J/kB520.38 K for x50.03, and
20.27 K forx50.06. The spread in the values ofJ obtained
from u shows that the experimental uncertainty is not neg
gible, especially for low concentrations. DeterminingJ from
the Curie-Weissu has several other drawbacks. First, it a
sumes that the distribution of the Eu ions is random, whi
as discussed later, may not be exactly true for Pb12xEuxTe.
Second,u depends on all exchange constants. Third, e
when oneJ is much larger than all the others, its estima
depends on whether it is identified asJ1 ~between NN’s, as

lso
l
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8916 56EWOUT ter HAAR et al.
was done above! or J2 ~between NNN’s!. The identification
of J asJ2 would lead to an estimate ofJ which is larger by
a factor of 2 compared toJ5J1. The MST’s method is a
direct determination ofJ, which is independent of the iden
tification of J, and is also independent of the spatial dist
bution of the Eu ions.

Gorskaet al.3 also determinedJ by analyzing the magne
tization curve at 4.2 K. At this relatively high temperatur
kBT516uJu, the MST’s are not resolved, and the ramps d
to pairs and OT’s do not stand out clearly. The analy
which was performed fitted the magnetization curve to a s
of two contributions: one from singles and the other fro
‘‘PAIRS.’’ The value for J was deduced from the PAIR
contribution. The results wereJ/kB520.43 K for x50.03,
and 20.50 K for x50.06. The reason that these values
much higher than our value of20.264 K, is that the assume
‘‘PAIRS’’ actually included not only true pairs but also trip
lets, quartets, and larger clusters. Since the saturation fie
a cluster increases with cluster size, the net effect was
the assumed PAIRS saturated at higher fields than true p
This caused the deducedJ to be higher than the trueJ. It is
probably significant that the fittedJ was larger forx50.06
than for x50.03, because the percentage of large clus
increases withx.

C. Eu distribution and the identity of J

The identity of the dominant AF exchange constantJ,
whether it isJ1 for NN’s or J2 for NNN’s, is a significant
issue. Normally, exchange constants decrease rapidly
distance, so that the dominantJ is between NN’s. This ex-
pected normal behavior has been found in all Mn-ba
II–VI DMS.6 On the other hand, in pure EuTe the large
exchange constant isJ2, which is antiferromagnetic with a
value of about20.2 K. The exchange constantJ1 in EuTe is
ferromagnetic and smaller in magnitude.17,18 Thus, afterJ
was measured in the present work, it was still not obvio
whether it wasJ1 or J2.

To address this problem the measured magnetiza
curves were compared with computer simulations based
the two competing hypotheses:J5J1 (J1 model!, or J5J2
(J2 model!. Both models are single-J models. The simula-
tions were similar to those in Ref. 8 except that they a
included the quartets and the others. We also chose to
malize the magnetization curves to the saturation valueM0
rather than to the data point at the highest field~see Ref. 19!.
The key assumption in the simulations was that the Eu i
were distributed randomly, i.e., the probability of occupati
of each cation site in the crystal wasx. The simulations with
the J1 andJ2 models lead to different magnetization curve
essentially because there are 12 NNs but only 6 NNN’s
the fcc cation lattice. This difference means that in theJ2
model the number of singles is higher and the population
pairs and larger clusters are lower.

Figure 5 compares the magnetization curves at 20 mK,
x50.019 and 0.026, with simulations based on the two m
els. To account for the somewhat larger observed width
the MST’s than that expected from thermal broaden
alone, the simulations of data at 20 mK used an effec
temperature of 100 mK. This change has no effect on
discussion below.8 The simulation of data at 0.6 K wer
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made with the actual temperature. From the figure it is cl
that theJ1 model simulation is closer to the data, but ev
this model fails to reproduce the measured curves exac
The deviations are more pronounced forx50.026. The ob-
served initial rise ofM is smaller than predicted, indicatin
that even theJ1 model overestimates the number of single
Furthermore, the observed slope between 30 and 40 kO
higher than predicted by both models. This means that th
are more triplets and/or larger clusters than calculated u
a random distribution. The same features are also see
Fig. 6, which is forx50.060 at 20 mK and at 0.6 K. TheJ1

model is closer to the data, but even compared to this mo
the actual number of singles is lower and the number
triplets and/or larger clusters is higher.

These results indicate that thelocal Eu concentration in
the vicinity of a typical Eu ion is higher than the avera
concentration for the sample as a whole. Thus, the Eu i
tend to bunch together, leading to an inhomogeneous Eu
tribution. The size of the regions with higher Eu concent
tion cannot be inferred from analysis of the magnetizat
curves alone. The microprobe measurements~Sec. III! exam-
ined the concentration variations on length scales gre
than a fewmm. The attempt to account for the magnetizati
curves by using the microprobe results as the local conc
tration profile was unsuccessful. This is particularly evide
for the sample withx50.060, in which the microprobe con
centration showed very little variation with position. Com
bining the analysis of the magnetization data with the mic
probe results we conclude that the length scale of
concentration inhomogeneities was smaller than a fewmm.

FIG. 5. Comparison between the measured magnetization c
at 20 mK with computer simulations based on theJ1 andJ2 models.
~a! x50.019.~b! x50.026.
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56 8917Eu-Eu EXCHANGE INTERACTION AND Eu . . .
A quantitative measure of the degree to which the Eu i
bunch together can be obtained by introducing the concep
a local concentrationxL . The simple picture which is behin
this concept presumes that there is a typical local concen
tion in the vicinity of a typical Eu ion. It can differ from the
average concentrationx for the sample as a whole. Th
populations of the various clusters are calculated assum
that the probability of occupation of each cation sites in
vicinity of a Eu ion isxL instead ofx. The value ofxL is
found by varying the Eu concentration in the simulation un
a match with the experimental magnetization curve
achieved. Using this procedure the following results w
obtained for the samples withx50.019, 0.026 and 0.060
With the J1 model, xL50.025, 0.038, and 0.077, respe
tively. With the J2 model,xL50.047, 0.070, and 0.140, re
spectively. Obviously, a much smaller difference betweenxL
andx is required to achieve agreement with theJ1 model.

In the discussion above, we have assumed that the de
tions of the data from a single-J model were due to the
assumption of a random distribution. An alternative wou
be to question the validity of the single-J model itself. It is
known that long-range exchange interactions between fur
neighbors can influence the magnetization process in dilu
magnetic semiconductors.10,20–22 Such long-range interac
tions may be important in small-gap DMS, such as
present system. The key question here is whether long-ra
interactions could have affected the magnetization in fie
above 10 kOe significantly, since the conclusion of a n
random distribution was based on the data at these
fields, especially above 30 kOe.

FIG. 6. Comparison between the measured magnetization c
for x50.060 and computer simulations based on theJ1 and J2

models.~a! T520 mK, ~b! T50.6 K.
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The effects of further neighbors~distant neighbors! on the
magnetization curve have been treated using several app
mate methods. One approach starts from the clusters in
single-J model, but then subjects these clusters to effect
fields arising from further neighbors.10 Alternative ap-
proaches use more general spin clusters which include
ther neighbors within the clusters, so that the intraclus
interactions already include the further neighbors.20–22Since
our analysis started from the single-J model, the first ap-
proach ~effective fields acting on the single-J clusters! is
more convenient here. The effective fields from furth
neighbors slow down the alignment of spins which a
singles, and they shift and broaden the ramps and MS
arising from larger clusters~e.g., pairs and triplets!. These
effects increase with the Eu concentrationx. We now present
several arguments which indicate that in the present work
further-neighbor effective fields were far too weak to sign
cantly affect the magnetization curve well above 10 kOe

At 20 mK the magnetization rises very quickly at lowH
~Figs. 1 and 5!. The singles seem to become practically sa
rated at about 2 kOe. Considering that the cubic crystal-fi
anisotropy also slows down the alignment of the singles,8 we
conclude that typical further-neighbor effective fields acti
on singles are less than about 1 kOe. Such weak effec
fields are unlikely to have a significant effect on the mag
tization well above 10 kOe.

The fieldsHn at the MST’s from pairs are shifted by th
further-neighbor effective fields.10 These shifts, included in
theDn of Eq. ~1!, are predicted to increase withx. However,
the results in Fig. 4 indicate that theDn are all less than
about 1 kOe. Also, despite the factor-of-three change inx,
the fieldsHn do not vary by more than a fraction of 1 kOe
This means that typical further-neighbor effective fields a
ing on pairs were no more than a fraction of a kOe, even
the sample withx50.06. Typical effective fields acting on
triplets and quartets should not be higher by more tha
factor of 2 or so. It is very unlikely that such weak effectiv
fields will have a significant effect on the magnetizati
curve well above 10 kOe.

The spreadin the magnitude of the effective field actin
on different pairs gives rise to a broadening of the MST
from pairs.10 Such a broadening should increase withx. The
fact that well-resolved MST’s were observed even forx
50.06 means that the spread in the effective fields was c
siderably smaller than the 4 kOe separation between
MST’s. Thus not only was the average effective field sm
but the spread was also small. Such a distribution of effec
fields should not have a significant effect on the magnet
tion curve well above 10 kOe.

The final argument in support of a nonrandom distributi
is based on an analysis of the change in the slope of
magnetization curve near 43 kOe. This change occurs w
the triplet ramp ends.~The change in slope is visible in Figs
1 and 5, but is clearer in expanded plots of the magnetiza
curves at 20 mK.! The magnitude of this change in slope
related to the number of triplets. Analysis of the data in
three samples indicates a significantly larger number of t
lets than predicted assuming a random distribution. Furth
neighbor interactions cannot account for the significan
larger change in slope which was observed.
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Claims of a nonrandom distribution in II-VI DMS hav
been made more than a decade ago~see, e.g., Ref. 23!. How-
ever, MST studies showed that the distribution in such DM
was in fact random.24,6 Here, in our Pb12xEuxTe samples,
we find a small nonrandomicity which we believe to
genuine. In Ref. 8~Pb12xEuxSe! deviations of the data with
the J1 model were also found, but the simulations includ
only clusters up to triplets. A reanalysis of those data w
our improved model, which includes quartets and an
proximation for larger clusters, still does not lead to perf
agreement. As in the present work, good agreement with
data is obtained if small deviations from a random distrib
tion are assumed~and thatJ5J1). The nonrandomicity in
the Pb12xEuxSe samples is smaller than that in t
Pb12xEuxTe samples.

Returning to the issue of the identity ofJ, there are two
possibilities. EitherJ is J1 in which case the Eu ions hav
only a fairly modest tendency to bunch together, orJ is J2
with a very large increase of the local Eu concentration. B
cause the usual distribution of magnetic ions in a DMS
random,6 we believe that the first possibility is more likely
y
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On this basis we tentatively identifyJ520.26460.018 K as
J1. However, since the actual distribution is unknown, t
possibility that it isJ2 cannot be excluded entirely. If on
accepts thatJ is J1 then the exchange constants
Pb12xEuxTe whenx is low are very different from those in
EuTe.17,18 Such a difference may be the result of a differe
band structure and a different position of the Eu levels.
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