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

M. T. Liu and Y. Shapira
Department of Physics and Astronomy, Tufts University, Medford, Massachusetts 02155

X. Gratens, S. Charar, S. Isber, P. Masri, and M. Averous
Groupe d’Etude des Semiconducteurs URA 357, Universite´ Montpellier II, Place Eugene Bataillon, 34095 Montpellier Cedex 5, Franc

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

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

~Received 25 August 1997!

Magnetization measurements were performed on five Pb12xEuxS samples, with 0.0092<x<0.059. Two of
the samples were measured at 20 mK in magnetic fieldsH up to 50 kOe parallel to the@111# and @100#
directions. The other three samples were measured at 0.6 K in fields up to 180 kOe. The 20 mK data exhibit
magnetization steps~MST’s! arising from pairs. These MST’s depend on the direction ofH, so that anisotropic
interactions must be included in the data analysis. The MST’s lead to a valueJ/kB520.22860.007 K for the
dominant antiferromagnetic exchange constant. Computer simulations identify thisJ as the nearest-neighbor
exchange constantJ1, and show that the Eu distribution over the cation sites is random or very nearly random.
The MST’s from pairs exhibit a splitting whenH is parallel to@100#. The splitting is tentatively attributed to

exchange anisotropy, in which case the above value forJ refers to the average exchange constantJ̄. The 20
mK data forHuu@100# also show a MST from isolated Eu ions. This MST occurs because such ‘‘singles’’ are
subjected to a cubic crystal-field anisotropy.@S0163-1829~98!03813-2#
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I. INTRODUCTION

In the last decade magnetization steps~MST’s! have been
used to measure antiferromagnetic~AF! exchange constant
between the magnetic ions in dilute magnetic semicond
tors ~DMS’s!. Early works1 focused on Mn-based II-VI
DMS’s, with a typical value of210 K for the dominant
Mn-Mn exchange constantJ. More recently the Eu-Eu ex
change interaction has been studied in Pb12xEuxSe and
Pb12xEuxTe.2,3 The present work on Pb12xEuxS continues
the study of lead salts containing Eu, which are import
examples of IV-VI DMS’s.4 In the lead salts even the large
Eu-Eu exchange constant is only of order20.1 K. To deter-
mine such a smallJ it was necessary to change the expe
mental techniques. The temperature requirementkBT!uJu
for resolving the MST’s mandates the use of a dilution
frigerator and a magnetometer capable of operating at th
very low temperatures.5

On the theoretical side, a simple model with one excha
constantJ and with no anisotropy was adequate for the ea
studies of MST’s in Mn-based II-VI DMS’s.1 Models with
more than one exchange constant were developed lat6,7

Anisotropy is usually unimportant for MST’s involving
Mn21 ions, but it was considered for MST’s involving Fe21,
Co21, and Cr21 ions.8–10 In the present work on Eu21 ions
in Pb12xEuxS it was essential to include anisotropic intera
tions in theoretical modeling of the low-temperature mag
570163-1829/98/57~13!/7854~9!/$15.00
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tization curves. Although the Eu21 ion, like Mn21, is an
S-state ion with a typically small anisotropy, the exchan
interactions between the Eu ions are so weak that even s
anisotropies are important.

The lead salts have the rocksalt structure. The cu
crystal-field anisotropy for isolated Eu21 ions in these ma-
terials was studied by EPR.11 This anisotropy is largest fo
Eu21 in PbS, smaller for Eu21 in PbSe~roughly by a factor
of 2!, and smaller still for Eu21 in PbTe~another factor of
2!. The effects of this anisotropy on the MST’s were cons
ered briefly in the work on Pb12xEuxSe,2 but because of their
small size they were largely ignored in Pb12xEuxTe.3 In the
present work on Pb12xEuxS it was essential to include th
single-ion cubic anisotropy.

The cubic crystal-field anisotropy is the only anisotro
for isolated ions. For Eu ions which are in pairs, or in larg
clusters, several other anisotropies may be important.12–14

One of these arises from the fact that in such clusters
local environment for each Eu ion is no longer cubic. No
cubic crystal-field terms may then be needed. Another
isotropy arises from the dipole-dipole interaction. Final
the exchange interaction itself can be anisotropic. These
ditional anisotropies were ignored in the earlier papers,2,3 but
had to be considered in the present work because of
discovery of a splitting of the MST’s.

The main themes of this paper are~1! the determination of
the dominant AF exchange constantJ, ~2! the identification
7854 © 1998 The American Physical Society
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57 7855MAGNETIZATION STEPS IN Pb12xEuxS: EXCHANGE . . .
of this J as the nearest-neighbor~NN! exchange constant,~3!
the splitting of the MST’s arising from pairs, and~4! the
large MST which arises from isolated Eu ions~singles!. The
importance of the anisotropies is emphasized throughou

II. THEORY

Some of the theory for the present work was discus
earlier.1–3,15Models with one exchange constantJ, which is
AF, prove adequate for the present study. In such models
spins in a DMS are divided into clusters: singles, pairs, o
triplets ~OT’s!, closed triplets~CT’s!, and six types of quar-
tets. Spins in clusters larger than quartets are collectiv
referred to as ‘‘others.’’ The magnetization of each clus
type can be calculated, and the total magnetization is
tained by summing over all the clusters. To perform the la
sum one usually assumes that the Eu ions are randomly
tributed over the cation sites. The statistics of the cluster
then known.16 The contribution of clusters larger than qua
tets to the magnetization curve is usually quite small, so
a rough approximation for these others is adequate. This
proximation was discussed in Ref. 3.

In the simplest model, only one isotropic exchange c
stantJ and the Zeeman energy are included, but all aniso
pies are neglected. We shall refer to this model as 1J-0 ~one
J, zero anisotropy!. Extensive discussions of this model ha
already been given.1–3,15 Here, we emphasize the effects r
sulting from various anisotropies.

A. Cubic crystal-field anisotropy

Among all the anisotropies in Pb12xEuxS the one due to
the cubic crystal field acting on each Eu ion has the larg
effect on the magnetization. The Hamiltonian for this cub
anisotropy was discussed by Abragam and Bleaney.17 The
relevant anisotropy parameters for Eu21 ions in PbS are
b450.459 GHz andb6520.0015 GHz. Theg factor is
1.975. These values are from electron paramagnetic r
nance~EPR!.11 The model in which only one isotropic ex
change constant and the cubic crystal field are included
be referred to as the 1J-CUB model. Such a model wa
briefly considered in Ref. 2, but since the effects of the cu
crystal field are much stronger in the present system, a m
extensive treatment is warranted.

1. Singles

For the Eu concentrations in the present workx<0.059
the number of spins which are singles exceeds the numb
any other cluster type. Including the cubic crystal field b
excluding all other anisotropies is very realistic for sing
because other anisotropies exist only when there are ne
boring Eu ions. The main effect of the cubic anisotropy is
slow down the alignment of the singles in a magnetic fi
H. This slowing down is important well below 1 K where the
thermal energykBT is smaller than the level splitting cause
by the cubic crystal field.

The most spectacular effect occurs whenH is parallel to
one of the^100& crystal axes. The cubic anisotropy the
leads to a large MST from the singles. The energy-le
crossing causing this MST is shown in the inset of Fig.
The MST should occur atHc53.38 kOe, and it should lea
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to an increase of the magnetizationM by a factor of about
7/5. The MST disappears whenH is not close to any of the
^100& directions because the level crossing changes to a
crossing.

Figure 1 shows the predicted magnetization of singles
20 mK for both Huu@100# and Huu@111#. These results are
based on the 1J-CUB model. The dotted line in Fig. 1 is th
prediction of the 1J-0 model ~i.e., a Brillouin function!.
Clearly, the cubic anisotropy causes the singles’ magnet
tion to saturate at a higher field.

2. Pairs

Except for singles, which are not affected byJ, pairs are
the most numerous clusters. Information concerningJ is
therefore obtained largely from the pairs’ response. In
1J-0 model the Eu-pairs give rise to seven MST’s at lo
temperatures (kBT!uJu).1–3 These MST’s are equally
spaced, and they occur at fieldsHn which are given by

gmBHn52uJun, ~1!

wheren51,2, . . . ,7. Theoverall appearance of the magn
tization curve for pairs is that of a ‘‘ramp’’ composed o
seven steps. The ramp ends atH.14uJu/gmB , when the
pairs’ magnetization becomes saturated.

The energy levels of a pair when cubic anisotropy is a
included were obtained by a numerical diagonalization of
Hamiltonian matrix. The magnetizationM was then obtained
via the partition function. The qualitative features~a ramp
composed of seven MST’s! remain the same. However, th
MST’s are no longer equally spaced, and the positions of
MST’s and the average spacing between them depend on
direction of H. These effects of the cubic anisotropy a

FIG. 1. Calculated magnetizationM of Eu21 singles in
Pb12xEuxS at T520 mK. The solid curves forHuu@100# and
Huu@111# use the cubic crystal-field anisotropy paramete
b450.459 GHz,b6520.0015 GHz, andg51.975. The dotted line
is the Brillouin function~BF!, which applies when there is no an
isotropy. The inset shows the energy levels of a single forHuu@100#.
The crossing of the two levels shown as solid lines leads to the
in the magnetization curve.
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quite strong for the parameters of Pb12xEuxS (b4, b6, andg
as given above, andJ/kB520.228 K from the data analysi
below!.

The solid curves in Fig. 2 show the pair magnetizati
calculated from the 1J-CUB model for Huu@100# and
Huu@111#. These results forT520 mK used the parameter
for Pb12xEuxS. The dotted curves are for zero anisotro
(1J-0 model!. The cubic anisotropy causes the ramp
Huu@111# to end at a significantly lower field than fo
Huu@100#. For either field direction the six separation
DH5Hn112Hn between successive MST’s are unequ
WhenHuu@100# the separation between the sixth and seve
steps is the largest among the six separations. ForHuu@111#
the separation between the sixth and seventh steps is
smallest.

3. Triplets

For Eu concentrationsx<0.059, significantly fewer spins
are in triplets than in pairs. Among the two types of triple
there are many more OT’s than CT’s. The ground state
either type of triplet has a net moment which aligns read
in a field. Calculations using the 1J-0 model2 show that for
either type of triplet, a ramp composed of equally spac
MST’s appears at highH if T is sufficiently low. The ramp
for OT’s consists of seven MST’s, the first atgmBH59uJu
and the last atgmBH521uJu. The ramp for CT’s consists o
ten MST’s, the first at gmBH53uJu and the last at

FIG. 2. Calculated magnetization of Eu21 pairs in Pb12xEuxS at
T520 mK. ~a! Huu@100#, ~b! Huu@111#. The solid curves are base
on the 1J-CUB model, i.e., one exchange constant and the cu
crystal-field anisotropy. The dotted curve, which is the same in b
parts of the figure, uses the 1J-0 model~oneJ, no anisotropy!.
r
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gmBH521uJu. Note that the ramps for both CT’s and OT
end at the same field. This field is 50% higher than the fi
at which the pairs’ ramp ends.

The simple 1J-0 model already indicates the difficultie
of observing the ramps~or MST’s! from CT’s and OT’s.
Triplets are not the only contributors to the magnetizatio
Whenx is of order 0.01 the slope of the pairs’ ramp is mu
higher than those of the triplets’ ramps. Therefore, in
field region where the pairs’ ramp overlaps the triple
ramps, the pairs’ ramp dominates. The combined triple
ramp, due to both OT’s and CT’s, becomes apparent o
after the pairs’ ramp ends.

Inclusion of the cubic anisotropy does not change
qualitative features of the MST’s arising from OT’s an
CT’s. The energy levels of both types of triplet were o
tained from the 1J-CUB model by a numerical diagonaliza
tion of the Hamiltonian matrix. The calculations were f
Huu@100# and Huu@111#. The magnetization was then calcu
lated via the partition function. Due to the cubic anisotro
the MST’s are no longer equally spaced, and the fields wh
they occur depend on field direction. ForHuu@100# the CT
and OT ramps both end at 39.4 kOe. ForHuu@111# the CT
and OT ramps end at slightly different fields, 33.4 and 3
kOe, respectively.

For OT’s in a field parallel to@100# the cubic anisotropy
produces an interesting effect. In the absence of anisotr
the ground level of an OT has a net spin of 7/2. The cu
anisotropy splits the eight-fold degenerate ground level i
a doublet, a quartet, and another doublet. This splitting
qualitatively similar to that for singles, except that it
smaller. The low field magnetization forHuu@100# then re-
sembles that of singles~Fig. 1!, but the MST occurs at a
lower field, near 1.9 kOe instead of 3.4 kOe. This low-fie
MST for OT’s is in addition to the seven MST’s at highe
fields, between 14.5 and 39.4 kOe.

Because relatively few spins are in triplets, the effects
the cubic anisotropy on the triplets have only a slight infl
ence on the shape of the magnetization curve as a wh
One effect of the anisotropy which was observed experim
tally in the present work is the dependence of the end of
triplets’ ramp on the direction ofH.

B. Other types of anisotropy

The anisotropy arising from the cubic crystal field a
counts for the observed behavior of isolated Eu io
~singles!, but it cannot explain the splitting of MST’s arisin
from pairs. Such a splitting was observed in the pres
work. To explain the splitting, three additional anisotropi
for pairs were considered. Each of the three can cause p
with different orientations in the crystal to have MST’s
slightly different fields. For example, whenH is parallel to
@100# there are two different groups of NN pairs: pairs pe
pendicular toH, and pairs making a 45° angle withH. These
two groups are equivalent in the 1J-CUB model but are in-
equivalent when any of the following three addition
anisotropies are included:~1! noncubic crystal-field anisot
ropy; ~2! dipole-dipole~DD! anisotropy; and~3! anisotropic
exchange.12–14 As mentioned below, the DD anisotropy ca
be included formally in the anisotropic exchange, so tha
need not be considered separately.
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Unlike an isolated Eu ion, each of the two Eu ions in
pair is no longer in a purely cubic crystal-field environme
To describe the changes in the single-ion HamiltonianHi for
each of the two Eu ions in the pair, one introduces a coo
nate system in which thez axis is along the line joining the
two Eu ions. For a NN pair withz along@110#, thex axis is
along@001#, and they axis along@11̄0#. For a next-nearest
neighbor~NNN! pair with z along @001# the x andy direc-
tions are along@100# and@010#, respectively. The deviation
from cubic symmetry can produce two new terms inHi ,
axial and rhombic,

DHi5D@Siz
2 2~1/3!S~S11!#1E~Six

2 2Siy
2 !. ~2!

The full single-ion HamiltonianHi also contains the cubic
anisotropy, parameterized byb4 and b6, and the Zeeman
energy.

The possibility of anisotropic exchange is included
taking the exchange interaction in the pair to be of the form12

Hexch522J̄S1•S222Dexch@3S1zS2z2S1•S2#

22Eexch@S1xS2x2S1yS2y#. ~3!

Here, J̄ is the average exchange constant,Dexch gives the
axial anisotropy, andEexch is the rhombic anisotropy in the
perpendicular plane. The DD anisotropy can be included
the axial term of Eq.~3! because it has the same form. T
effects produced by the anisotropies described by Eqs.~2!
and ~3! will be discussed later when the splitting of th
MST’s from pairs is analyzed.

III. EXPERIMENTAL TECHNIQUES

The techniques used to measure the magnetizationM
were described earlier.2,3,5 Three magnetometers were use
Measurements above 1.8 K and below 55 kOe, perform
primarily for sample characterization, were made with a
perconducting quantum interference device magnetom
system manufactured by Quantum Design Inc. Data at 0.
in fields up to 180 kOe were obtained with a vibratin
sample magnetometer operating in a Bitter magnet. In th
0.6 K experiments the samples were immersed in liquid3He.
The crucial experiments at 20 mK were made in a pla
dilution refrigerator installed in a 50-kOe superconducti
magnet. The magnetization at 20 mK was measured wi
capacitance force magnetometer.5 In some of these experi
ments both dc and ac field gradients were used to prod
the force. The two modes of operation gave very sim
results. The 20 mK data presented in the figures below w
all taken with a dc gradient.

The five Pb12xEuxS samples were grown by the Bridg
man method. The Eu concentrationx was determined from
the saturation magnetization at 0.6 K or 2 K. A spin S5 7/2
for the Eu21 ion, and the EPR valueg51.975, were as-
sumed. The results for the five samples werex50.0092,
0.026, 0.026, 0.040, and 0.059. To distinguish between
two samples withx50.026~obtained from different boules!,
they will be labeled as sample A and sample B. All valu
for x were confirmed by the Curie constants which we
deduced from susceptibility data between 2 and 100 K.

Magnetization measurements at 20 mK were made o
.
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on x50.0092 and on one of the samples withx50.026
~sample A!. These two single crystals were oriented by
rays, and the magnetization was measured withH parallel to
the @100# and @111# crystallographic axes. The magnetiza
tion of the other three samples~sample B withx50.026, and
the samples withx50.040 and 0.059! was measured at 0.6 K
in fields up to 180 kOe. The orientation ofH relative to the
crystallographic axes was not controlled in these high-fi
experiments.

IV. RESULTS AND DISCUSSION

A. Overall view of the magnetization curves

The overall behavior at 20 mK is illustrated by the resu
in Fig. 3. The data forHuu@100# show the MST of the
singles, near 3.5 kOe. This MST is followed by a ramp ar
ing from pairs, which ends near 29 kOe. The MST of t
singles is absent whenH is parallel to@111#. On the other
hand, the pairs’ ramp is also observed forHuu@111#, except
that it ends at a significantly lower field, near 23 kOe. A
these features are expected from the 1J-CUB model dis-
cussed in Sec. II A. An expanded version of Fig. 3~not
shown! indicates that after the ramp from the pairs end
there remains a smaller ramp, attributed to triplets. The tr
lets’ ramp ends at a field which depends on field directio
about 34 kOe forHuu@111# and about 40 kOe forHuu@100#.
At 50 kOe the magnetization is practically saturated.

An example of data at 0.6 K in fields up to 180 kOe
shown in Fig. 4. Similar results were obtained for sample
(x50.026) and forx50.040. The ramps which were ver
distinct at 20 mK are more rounded at 0.6 K. There are
additional ramps or MST’s above 50 kOe. The magnetizat
reaches saturation near 70 kOe. As pointed out later,
Curie-Weiss temperatures for these samples indicate tha
dominant exchange constantJ is of order20.1 K. Such a
low value ofJ implies that the saturation observed in Fig.

FIG. 3. Magnetization curves forx50.026 ~sample A!, mea-
sured atT520 mK with Huu@100# andHuu@111#. The magnetization
M is normalized to its saturation valueM0.
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7858 57VALDIR BINDILATTI et al.
is a true saturation, as distinguished from the apparent~or
‘‘technical’’ ! saturation commonly observed in II-VI DMS’
for which J is much larger.1

B. MST of singles

A clear view of the MST arising from the singles
shown in Fig. 5. These results, obtained at 20 mK, are
x50.0092 withHuu@100#. The data confirm the predictio
that this MST results in a factor of 7/5 increase ofM . Analy-
sis of the derivativedM/dH shows that for this sample th
MST is at Hc53.3960.1 kOe. Forx50.026, ~sample A!
Hc53.4760.1 kOe. Both experimental values agree with t
predictionHc53.38 kOe.

The width of the MST is defined as the full width at ha
height of the peak indM/dH. The experimental width is 0.9

FIG. 4. Magnetization curve forx50.059 at 0.6 K. A~small!
correction for the diamagnetism of the lattice is included.

FIG. 5. Low-field portion of the magnetization curve fo
x50.0092, measured at 20 mK withHuu@100#.
r

kOe forx50.0092, and 1.2 kOe forx50.026. The calculated
thermal width at 20 mK is only 0.5 kOe. The differenc
between the observed widths and the thermal width is att
uted to two causes. First, any misalignment ofH relative to
the @100# direction will broaden and shift the MST, as dis
cussed in Ref. 2. A misalignment of 3°, for example, sho
lower Hc by 0.04 kOe and increase the width by 0.3 kO
Second, interactions with distant Eu spins should a
broaden the MST. By definition, singles have no Eu neig
bors to which they are coupled by the dominant excha
constantJ. However, there are always distant Eu neighb
to which such singles are coupled by weaker exchange c
stants. These distant-neighbor interactions should broa
the MST arising from singles, and also shift it slightly, ju
as they affect the MST’s from pairs.18 As x increases, there
are more distant neighbors so that the effects of dista
neighbors should increase. The experimental data show
even forx50.026 the effects of distant neighbors are sma
the shift in the position is less than about 0.1 kOe, and
additional broadening is no more than 0.7 kOe.

C. Exchange constant

The exchange constantJ was determined from the MST’s
arising from pairs in the configurationHuu@111#. The
1J-CUB model, which gives a good account of the data
Huu@111#, was used for this purpose. Later, in Sec. IV E, w
will use another model which includes exchange anisotro
in addition to the cubic anisotropy. The value ofJ will re-
main the same, butJ will then be identified as the averag
exchange constantJ̄ in Eq. ~3!.

Figure 6 shows the derivativedM/dH at 20 mK for
Huu@111#. These results were obtained numerically from t
magnetization curves for the two samples which were st

FIG. 6. Experimental results~solid curves! and computer simu-
lations~dotted curves! for dM/dH whenHuu@111# andT520 mK.
The computer simulations are for pairs only, and are based on
1J-CUB and 1J-CUBEX models. The parameters for the two mo
els are given in the text. The zero of the ordinate scale applies
to the experimental results for both samples. The ordinate scale
different curves is different.
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ied at this very low temperature. Following the large valu
of dM/dH at low fields, due to the alignment of the single
six MST’s are observed at higher fields for each samp
These correspond to the second through seventh MST’s f
pairs. The first pairs’ MST is masked by the large derivat
from the singles. Once the seventh MST is completed,
ramp due to the pairs ends and the derivative drops.
x50.026 there is another, smaller, drop ofdM/dH near 34
kOe. The position of the latter drop agrees with the cal
lated ends of the triplets’ ramps, which are nearly the sa
for CT’s and OT’s. Forx50.0092 the percentage of spin
which are in triplets is much smaller,16 so that the end of the
triplets’ ramp is not observed.

The positions of thedM/dH peaks in Fig. 6 are the sam
for x50.0092 and 0.026, within about 0.1 kOe. This res
indicates that the shifts in the positions of the MST’s cau
by distant neighbors18 are small, because such shifts increa
with x. A similar conclusion was reached earlier for the MS
arising from singles. It follows that models which includ
only the dominantJ are adequate for describing the positio
of the MST’s.

The value of the exchange constantJ is determined by
matching the observed MST’s from pairs with simulatio
using the 1J-CUB model. The simulations, which are fo
pairs only, use the EPR values for the crystal field para
eters and theg factor. The only adjustable parameter isJ. A
reasonably good match is obtained withJ/kB520.228 K, as
shown in Fig. 6. The match becomes unsatisfactory ifJ is
changed by more than 3%. Thus,J/kB520.22860.007 K.

The value ofJ quoted above corresponds to the larg
AF exchange constant. If a larger AF exchange constant
isted it would have resulted in additional pairs’ ramps~con-
sisting of MST’s! in fields above those of the main ramp
Fig. 3. Such pairs’ ramps would have been recognized ea
The absence of additional ramps or MST’s up to 50 k
~Fig. 3! places a lower limit of 4 K on themagnitude of any
larger AF exchange constant. Using the data in Fig. 4, u
180 kOe, the lower limit increases to 12 K. Exchange c
stants above 12 K are incompatible with the Curie-We
temperatures of these samples. TheQ ’s were deduced from
susceptibility data, obtained with the SQUID magnetome
All the Q ’s were negative. A standard analysis which a
sumed one dominant exchange constant19 indicated that this
exchange constant is AF and is of order20.1 K. This result
is consistent with the value20.228 K deduced from the
MST’s.

D. Identification of J

In EuS, EuSe, and EuTe the largest AF exchange cons
is J2[JNNN , for next-nearest neighbors~NNN’s!.20 On the
other hand, in Pb12xEuxSe and Pb12xEuxTe ~with low x) it
was found that the NN exchange constantJ1[JNN is the
largest AF exchange constant.2,3 The following analysis in-
dicates that the AF exchange constantJ determined in the
preceding section also isJ1.

The identification ofJ is based on comparisons betwe
the measured magnetization curves and computer sim
tions which start from two competing hypotheses:~1! J is J1
and all other exchange constants, includingJ2, vanish, or~2!
J is J2 and all other exchange constants, includingJ1, van-
s
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ish. The predictions based on the two hypotheses are
different essentially because there are 12 NN cation sites
only 6 NNN cation sites. The main assumption in the sim
lations is that the Eu ions are randomly distributed over
cation sites.

The simulations in Ref. 2 included only singles, pairs, a
triplets. In a later work,3 the relatively small contributions
from quartets15 and larger clusters were also included. In t
present work too the simulations take into account quar
and larger clusters. But in contrast to the earlier simulatio
which neglected the anisotropy, some of the present sim
tions include an approximation for the anisotropy.

The choice ofJ as J1 or J2 does not fully specify the
simulation. It is also necessary to specify the model for
anisotropy. In the present section the simulations are for~1!
experiments at 20 mK on oriented samples, and~2! measure-
ments at 0.6 K on unoriented samples. The simulations of
20 mK data use the 1J-CUB model for singles, pairs, an
triplets, but quartets and larger clusters are treated using
simpler 1J-0 model~no anisotropy!. For the samples which
were measured at 20 mK (x<0.026), no more than 2.2% o
the spins are in quartets or larger clusters, so that
1J-CUB model is used for practically all the spins.

The simulations of the 0.6 K data use the 1J-0 model
throughout because the field direction is unknown. Actua
the differences between simulations which include the
isotropy and those which ignore it, or between simulatio
with different models for the anisotropy, are small compar
to the difference between choosingJ asJ1 or J2. Thus, the
identification ofJ is not affected by the choice of the mod
for the anisotropy.

Figure 7 shows the simulations of the 20 mK data
x50.026. ~To account for nonthermal broadening of th
MST’s, these particular simulations used an effective te
perature of 50 mK. See Ref. 21.! The experimental data in
Fig. 7 are the same as in Fig. 3. Quite a good agreement
the simulations is obtained with the choiceJ5J1. With
J5J2 the agreement is poor. A similar result was also o
tained from simulations of the 20 mK data forx50.0092.

Simulations of all the magnetization curves at 0.6 K co
firmed the choiceJ5J1. For two of the three sample
(x50.059, and sample B withx50.026) the agreement with
the J1 simulations is excellent, as shown in Fig. 8. For t
third sample (x50.040) there is a slight difference betwee
the data and theJ1 simulation, comparable to the differenc
in Fig. 7, but the overall agreement is still quite good. Bas
on all the simulationsJ is identified as the NN exchang
constantJ1.

The key assumption in the simulations is that the Eu d
tribution is random. The simulations are sensitive to dev
tions from this assumption. The good-to-excellent agreem
with the J1 simulations implies that the Eu distribution i
these Pb12xEuxS crystals was random or very close to ra
dom. Significant deviations from theJ1 simulations were
found in the earlier work on Pb12xEuxTe.3 They were attrib-
uted to departures from a random distribution.

E. Splitting of MST’s from pairs, for H zz†100‡

For Huu@100#, detailed studies of the pairs’ magnetizatio
ramp at 20 mK revealed an unanticipated structure. Figu
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shows the results forx50.0092. There are more steps in th
figure than the seven expected from either the 1J-0 or the
1J-CUB models. The larger number of steps is seen m
clearly in the derivativedM/dH of these data, shown in Fig
10 ~lowest curve!. Results of a detailed study of the pair
ramp in sample A (x50.026) are also shown in Fig. 10
There is good agreement between thedM/dH spectra from
the two samples. The peaks indM/dH suggest that each o
the seven MST’s predicted by the simple models is split i
two.

A splitting of the MST’s may be caused by two slight
different AF exchange constants, with different neighbo
This possibility was rejected based on computer simulati
with two exchange constants, which failed to reproduce
experimentaldM/dH curves in Fig. 10. Two exchange con
stants are also inconsistent with the overall shape of eac
the magnetization curves, which depends on cluster statis
The simulations in Figs. 7 and 8 show good agreement
sumingJ1 only. This agreement is ruined if two nearly equ
exchange constants, such asJ1 and J2, are included in the
simulations.

The interpretation of the observed pattern in Fig. 10
based on the existence of two inequivalent groups of
pairs whenH is along the@100# direction. The pairs in one
group, calleda, lie in the (100) plane, perpendicular toH.
The pairs in the second group, calledb, are oriented at a 45°
angle toH. The ratio between the numbers of pairs in t
two groups isNb /Na52. It is noteworthy that forHuu@100#

FIG. 7. Comparison between the magnetization curves in Fig
measured at 20 mK, with computer simulations which assume
J is either J1 or J2. ~a! Results for Huu@111#. ~b! Results for
Huu@100#. The computer simulations use the 1J-CUB model for
singles, pairs, and triplets, but the 1J-0 model for larger clusters
The magnetizationM is normalized to its saturation valueM0.
re

o

.
s
e

of
s.
s-
l

s

there are also two groups of NNN pairs: groupa8 with pairs
parallel to H, and group b8 perpendicular toH, with
Nb8 /Na852. The basic idea is to attribute the last doublet
Fig. 10, at the highest fields, to the two groups of pairs. T

3,
at

FIG. 8. Comparison between magnetization curves measure
0.6 K with computer simulations which assume thatJ is eitherJ1 or
J2. ~a! Results forx50.026 ~sample B!. ~b! Results forx50.059.
The computer simulations use the 1J-0 model for all the clusters.

FIG. 9. Expanded view of the pairs’ magnetization ramp
x50.0092, measured at 20 mK withHuu@100#. The magnetization
M is normalized to its saturation valueM0. The locations of the
magnetization steps~from the peaks in the lowest curve in Fig. 10!
are indicated.
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less intense member of this doublet, at the higher field
attributed to groupa ~or a8), and the more intense memb
to groupb (b8). The correct pair Hamiltonian, applied to th
two groups, should reproduce the entire pattern of
dM/dH peaks, both the splittings and the intensities. T
pattern observed in the orientationHuu@111#, shown in Fig.
6, should also be reproduced, taking into account inequ
lent pairs for that field direction. The pair Hamiltonian
which were considered used the anisotropies discusse
Sec. II.

The first attempt was to add the DD interaction~calcu-
lated with the lattice constanta55.936 Å of PbS! to the
cubic crystal-field anisotropy. It was found that the splitti
produced by the DD interaction alone is far too small. In t
second attempt the noncubic crystal field terms given by
~2!, and also the DD interaction, were added to the cu
anisotropy. An extensive study failed to find values ofD and
E which would lead to a good match with thedM/dH spec-
tra if J is the NN exchange constantJ1. A reasonably good
match was found, with a purely axial anisotropy (E50), if
one assumed thatJ was the NNN exchange constantJ2.
However, the evidence thatJ is J1 is very strong, as dis-
cussed in Sec. IV D. Figures 7 and 8, presented in that
tion, show a good match between the magnetization cu
and simulations which useJ1 and a random distribution o
Eu ions. To obtain a match with the observed magnetiza
curves usingJ2 would have required a very nonrandom d
tribution of Eu ions, with just the right nonrandomicity. Th
possibility of such a coincidence for five different samples
extremely remote, and it was therefore rejected.

More satisfactory results were obtained by adding the
change anisotropy given by Eq.~3! to the cubic crystal-field
anisotropy. This model will be called the 1J-CUBEX model.
The DD interaction is included in the axial term of the e

FIG. 10. Experimental results~solid curves! and a computer
simulation ~dotted curve! for dM/dH when Huu@100# and T520
mK. The computer simulation is for pairs only, and is based on
1J-CUBEX model. The parameters for the model are given in
text. The zero of the ordinate scale applies only to the experime
curve forx50.0092. The ordinate scale for different curves is d
ferent.
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change anisotropy. A reasonably good match with
dM/dH spectra was obtained with several combinations
parameters, assuming NN pairs. One of the best choice

J̄/kB520.228 K, Dexch/kB50.017 K, and Eexch/kB

520.034 K. The pair spectrum forHuu@100# calculated us-
ing these parameters is shown in Fig. 10. The calculated
spectrum forHuu@111# is shown in Fig. 6.~For Huu@111# also
there are two inequivalent groups of NN’s, which lead to
splitting of the MST’s. However, the splitting for this fiel
orientation is so small that it is not seen in the simulation
20 mK.! Both in Fig. 6 and in Fig. 10 there are small devi
tions between the calculated and observed spectra. For
ample, in Fig. 6 the observed separation between the
peaks at the highest fields is not well reproduced by
model. However, the overall agreement is quite good.

A variety of values for the three parameters of t
1J-CUBEX model was tried. The uncertainty in the valu

J̄/kB520.228 K quoted above is only 3%.~It is noteworthy

that the value and uncertainty forJ̄ are the same as those fo
J in Sec. IV C.! There is considerably more freedom
choosing the values ofDexch andEexch. Some combinations
in which Dexch andEexch are changed by up to 50%, relativ
to the values given above, fit the experimental data ne
equally well. The valueDexch/kB50.017 K quoted above is
close to that calculated from the DD interaction alone, b
Eexch must be attributed to exchange anisotropy. It may
possible to improve the agreement with the data by add
the noncubic crystal field terms of Eq.~2! to the model.
However, since the model will then involve five adjustab
parameters, this approach was not pursued.

Normally, exchange anisotropy forS-state ions such as
Eu21 is very small. In contrast, the value ofEexch found here

is a sizable fraction ofJ̄. Of course the fact that we wer
unable to account for the pattern of the splitting of t
MST’s without invoking exchange anisotropy is no guara
tee that there is no other explanation for it. For this reas
the interpretation in terms of exchange anisotropy is s
viewed as tentative. In contrast, the conclusions concern

the value of the dominant exchange constantJ̄, its identity as
J1, and the random distribution of the Eu ions, are viewed
firm.

F. Conclusion

To conclude, we summarize our results on a series of l
chalcogenides with a small concentration of Eu. For the th
compounds studied, all withx,0.06, we have found thatJ1

is the leading antiferromagnetic exchange constant.
measured values areJ1 /kB520.22860.007 K for
Pb12xEuxS ~this work!, J1 /kB520.2460.03 K for
Pb12xEuxSe, and J1 /kB520.26460.018 K for
Pb12xEuxTe.

The exchange constants in the corresponding Eu cha
genides (x51) are very different. For EuS, EuSe, and Eu
the largest AF exchange constant isJ2, while J1 is
ferromagnetic.20 Despite sharing the same rock salt structu
the pure Eu chalcogenides and the corresponding IV
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DMS’s have very dissimilar electronic band structures. T
positions of the 4f 7 levels of the Eu21 ion may also be
different. Thus, the observed differences in the Eu-Eu
change constants are not so surprising. While the excha
mechanisms in the pure Eu-chalcogenides are well un
stood theoretically, this is not the case for the DMS
.
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