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The magnetization of three Pb12xEuxSe samples, withx51.3,3.0, and 4.1 %, was measured at 30 and 50
mK in magnetic fieldsH up to 50 kOe, and at 0.6 K in fields up to 180 kOe. Forx51.3% and with
Hi@100#, a magnetization step~MST! due to an energy-level crossing for isolated Eu21 ions was observed at
30 and 50 mK. The magnetic field at this MST, 1.7660.2 kOe, was close to the predicted valueHc51.98 kOe.
At the same low temperatures~30 and 50 mK! but at higher fields, a magnetization ‘‘ramp’’ due to pairs was
observed in all samples. Forx53.0 and 4.1 % this ramp consisted of well-resolved MST’s arising from pairs.
A ramp due to open triplets was also observed in these two samples. The MST’s due to pairs were used to
obtain the valueJ/kB520.2460.03 K for the dominant antiferromagnetic exchange constant. Comparisons
between the measured magnetization curves at 30 or 50 mK and theoretical simulations indicates that thisJ is
the nearest-neighbor~NN! exchange constantJ1 . At 0.62 K the magnetization of each of the three samples
rose rapidly withH in fields below several kOe. At higher fields a rounded ramp due to pairs and triplets was
present. This ramp ended near 40 kOe, and complete saturation was achieved near 50 kOe. A model which
includes only the NN exchange constantJ1 gave a reasonably good account for all the data at 0.62 K.
Calculated magnetization curves for pairs, and for open and closed triplets, at various values ofkBT/uJu are
presented. The effects of the single-ion and dipole-dipole anisotropies on the MST’s due to pairs are also
discussed.

I. INTRODUCTION

The Eu chalcogenides~EuO, EuS, EuSe, and EuTe! are
probably the most extensively studied group of magnetic
semiconductors.1–4 The lead salts~PbS, PbSe, and PbTe!
constitute an important group of IV–VI semiconductors. The
compounds in both groups have the rocksalt structure, with
an fcc cation lattice. Lead salts in which a small fraction of
the Pb cations has been replaced by Eu21 ions are examples
of IV–VI diluted magnetic semiconductors~DMS!.5 The
Eu21 ion is anS-state ion, with very weak interactions with
the lattice. The magnetic behavior of this ion is therefore
relatively simple, similar to that of Mn21 ~which is also an
S-state ion! but unlike those of Co21 or Fe21.

Accurate values for the exchange constantsJi between the
Eu21 ions in IV–VI DMS proved difficult to obtain. It is
known, however, that theseJi are considerably smaller than
those for Mn ions in II–VI DMS~e.g., Cd12xMn xTe!.

5,6 In
this paper we report on direct measurements of the dominant
antiferromagnetic~AF! exchange constant for Eu21 ions in
PbSe.

In the past decade the magnetization-step~MST! method
has emerged as a leading technique for determining ex-
change constants, and sometimes also single-ion anisotropy
parameters.7–10Nearly all MST experiments to date were on
Mn21 or Co21 ions in II–VI DMS. In such DMS the domi-
nant exchange constant is relatively large,uJ/kBu>10 K typi-
cally, and is antiferromagnetic.~Spins coupled ferromagneti-
cally do not lead to MST’s, but in II-VI DMS all exchange
interactions are believed to be AF.! The present study of
MST’s originating from Eu21 ions in Pb12xEuxSe presented
two challenges. First, temperaturesT,0.1 K were required
because even the largest AF exchange constantJ is only a
fraction of 1 K. Second, after measuringJ there still re-
mained the question of the identity of thisJ: is it the nearest-
neighbor ~NN! exchange constantJ1 or the next-nearest-
neighbor ~NNN! exchange constantJ2? In the fcc cation
lattice, with a lattice constanta, the NN’s are separated by
a/A2 while the NNN’s are separated bya. Because of the
smaller separation, one may expect that the largest AF inter-
action isJ1 , as in II–VI DMS. However, it is known

1 that in
EuSe the NN exchange constantJ1 is ferromagnetic,
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so that the largest AF exchange constant in this material is
J2 . At the start of this work it was unclear whetherJ1 or
J2 was the dominant AF exchange constant in Pb12xEuxSe
with low x.

II. THEORY

Relevant theoretical predictions for various types of
MST’s are summarized in this section. Much of the discus-
sion is based on a model in which the exchange interactions
are well represented by a single AF exchange constantJ; all
other exchange constants are ignored. This single-J model is
similar to theJ1 model in Refs. 7–9 except that~1! it does
not presuppose thatJ is necessarilyJ1 , and~2! it sometimes
also includes anisotropic interactions.

The notion of clusters is very useful when the single-J
model is applied to DMS with lowx. The Eu ions are
viewed as belonging to clusters of different types: singles
~isolated ions with no exchange bonds!, pairs, open triplets,
closed triplets, and clusters with more than 3 spins.7–9 Each
type of cluster gives rise to a series of MST’s with unique
characteristics.

A. MST due to isolated Eu ions

The behavior of an isolated Eu21 ion in PbSe can be
described in terms of an effective spin Hamiltonian for spin
S57/2. This Hamiltonian, whose form is given by Abragam
and Bleaney,11 contains three parameters: theg factor, and
the anisotropy coefficientsb4 and b6 . Recent EPR
measurements12 gave the valuesg51.982,b4510.27 GHz,
andb6520.0026 GHz.

The calculated energy levels for an isolated Eu21 ion
when the magnetic fieldH is parallel to@100# are shown in
Fig. 1~a!. At the field Hc there is a level crossing which
changes the ground state. This change results in an increase
of the magnetic moment of the ground state, because the
magnetic moment of a stateu i & is equal to2]Ei /]H, where
Ei is the energy of the state. If the temperatureT is low, the
magnetizationM is controlled by the ground state, so that the
level crossing results in a magnetization step. Figure 1~b!
shows the calculated magnetization curves at 10 and 50 mK.
The levels which cross correspond roughly to states with
Sz525/2 and27/2, whereSz is the spin projection along
H. Therefore, the ratio between the magnetizations before
and after the MST is roughly 5/7. ForHi@100# the MST is
predicted to occur atHc51.98 kOe.

As the angleu betweenH and the@100# axis increases
from zero, the energy-level crossing atHc changes to anti-
crossing. The MST is then broader, and its center is at a
lower field. The dependence of the MST onu was calculated
for H in the ~001! plane. The downward shift of the field at
the MST is 0.06 kOe foru55°, and about 0.2 kOe for
10°. At u515° ~or 75°) the MST becomes very broad. For
20,u,70°, which includes the@110# direction, there is no
distinct MST. Additional calculations forHi@111# show that
for this direction also there is no distinct MST.

B. Simple model for MST’s due to pairs and triplets

The main features of the series of MST’s which arise from
pairs, from open triplets~OT’s!, and from closed triplets

~CT’s!, are obtained from a simplified version of the single-J
model. In this simple version all anisotropic interactions are
ignored.7–9The Hamiltonian for an isolated ion then does not
contain the terms involvingb4 andb6 . The magnetization of
isolated Eu ions~singles! therefore follows the Brillouin
function, and it does not exhibit the MST described in the
preceding section. However, level crossings for pairs, OT’s,
and CT’s do occur, and they lead to MST’s at low tempera-
tures.

The energy levels for pairs, for OT’s and for CT’s are
known.13 We used them to calculate the partition function as
a function ofH. The free energy, and the magnetizationM
were then obtained numerically. For pairs there also exists an
analytic expression forM .6,14

1. Magnetization of pairs

The calculated magnetization of pairs at three values of
the normalized temperaturet[kBT/uJu is shown in Fig. 2~a!.
Well-resolved MST’s occur whent is low, as illustrated by
the curve fort50.25. In the present simple model the fields
Hn at the centers of the MST’s are given by

gmBHn52uJun, ~1!

FIG. 1. ~a! Energy levels for an isolated Eu21 ion ~single! in
PbSe as a function of magnetic fieldH. Note the level crossing at
Hc . ~b! Calculated magnetization curves for isolated Eu21 ions at
10 and 50 mK. These results are forHi@100#.
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wheren51,2, . . . ,7 for Eu21 (S57/2 for each ion!. For an
arbitraryS, the values ofn are 1,2,. . . ,2S. After the last
MST is completed, the pair magnetization saturates at
2SgmB .

An estimate of the maximum temperature at which the
MST’s are resolved is obtained as follows. Each MST corre-
sponds to a peak indM/dH. The full width at half height,
dH, of this peak is given by9

gmBdH53.53kBT. ~2!

If one assumes that the MST’s are resolved when the sepa-
ration DH5Hn112Hn between adjacent MST’s exceeds
dH, the condition for resolving the MST’s is
t[kBT/uJu,0.6. Computer calculations ofdM/dH indicate
that actually the temperature requirement is somewhat less
stringent; most of the MST’s are still resolved~but only
barely! at t51.0. These results are true only for the simple
model considered now, in whichdH is due to thermal broad-
ening only. When other sources of broadening are consid-
ered, lower temperatures are required to resolve the MST’s.

At normalized temperaturest>1 the MST’s coalesce and
form a ‘‘ramp,’’ with M increasing approximately linearly
with H. The ramp fort51 is shown in Fig. 2~a!. Increasing
t to 3 results in a rounding of the ramp. Some of our experi-
mental data are in the range where the MST’s due to pairs are
resolved, but others, at higher temperatures, correspond to
rounded ramps. Ramps were observed earlier in other
DMS.15,16

2. Magnetization of open triplets

The magnetization curves for OT’s at three values oft are
shown in Fig. 2~b!. Consider first the curve fort50.25. At
low H there is a rapid alignment of the ground-state mag-
netic moment.~The ground-state magnetic moment of an OT
is equal to 1/3 of its saturation moment, corresponding to a
↑↓↑ ground-state configuration.! Following the alignment of
the ground-state moment, a series of MST’s occurs at fields
Hr which are given by

gmBHr5r uJu, ~3!

wherer59,11,13,. . . ,21 for Eu21 spins (S57/2). For an
arbitrary S the first MST is atr52S12, and the last at
r56S. The spacing of the MST’s is the same as that for
pairs, but the positions are different. In the present simple
model, the criterionDH.dH for resolving the MST leads to
the same temperature requirement (t,0.6) as in the case of
pairs. Ast increases to 1, the MST’s coalesce and form a
ramp. The ramp is more rounded att53.

3. Magnetization of closed triplets

Magnetization curves for CT’s are shown in Fig. 2~c!. The
curve at the lowestt can be understood as follows. For a CT
consisting of Eu21 ions the net spin of the ground state is
1/2. The ground-state magnetic moment is therefore equal to
1/21 of the saturation moment of the CT. Att50.25 the
ground-state moment aligns rapidly withH. Following this
alignment, a series of MST’s occurs at fieldsHk which are
given by

gmBHk5kuJu, ~4!

where k53,5,7,. . . ,21 for S57/2. For an arbitrary half-
integerS the first MST is atk53 and the last atr56S. The
separation between the MST’s is the same as that for pairs,
but the positions are different. Once the last MST is com-
pleted, the magnetization of the CT’s becomes saturated. As
in the case of pairs and OT’s, the MST’s merge into a ramp
whent51.

FIG. 2. Calculated magnetization curves for various clusters at
three values of the normalized temperaturet[kBT/uJu. In each
case the average magnetic moment per clusterM ~in units of
gmB) is plotted as a function of the normalized magnetic field
gmBH/uJu. ~a! Pairs. ~b! Open triplets.~c! Closed triplets. All
curves fort51 have been moved upward by two units. Curves for
t53 have been moved upward by four units.
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4. Simulations of the magnetization curve

The magnetization curve of the sample as a whole is cal-
culated by adding the contributions of singles, pairs, OT’s,
and CT’s. The contribution of larger clusters is neglected.
This is an excellent approximation for two of our samples
(x<3.0%), and is quite a good approximation even for the
third sample (x54.1%). To carry out the calculation it is
necessary to know the concentrations of the various clusters.
In this work it was always assumed that the distribution of
the Eu ions over the cation sites was random. The probabili-
ties of finding various clusters were then obtained from Ref.
17.

For purpose of illustration we takex54.1% and assume
that J is the NN exchange constantJ1 . To simplify the in-
terpretation, we neglect~in this case only! the very small
contribution of the CT’s. The calculated magnetization
curves fort50.25, 1, and 3, are shown in Fig. 3. Consider
the curve fort51. At low fields there is a rapid alignment of
the singles and of the ground-state moments of the OT’s.
This alignment is followed by the ramp due to pairs. A slight
increase in slope occurs when the ramp due to OT’s begins,
near gmBH/uJu59. The ramp due to pairs ends near
gmBH/uJu514, but the smaller ramp due to the OT’s persists
until gmBH/uJu>21. Some of these features were previously
observed experimentally in Cd12xMn xTe ~Ref. 16!.

At t50.25 the calculated magnetization curve shows
MST’s due to pairs and OT’s. These MST’s stand out more
clearly in Fig. 4. The derivativedM/dH is also shown in
Fig. 4. The MST’s appear as peaks in the derivative. One
interesting feature is that the peaks from the first few MST’s
due to the OT’s~at gmBH/uJu59, 11, 13! are exactly out of
phase with peaks due to pairs. The net effect is that in this
field range the peaks due to pairs have a smaller size. The

last few small peaks in the derivative (gmBH/uJu.14) are
due to OT’s alone, because by then the magnetization of the
pairs is saturated.

C. Effects of other interactions on the MST’s due to pairs

The simple model in the preceding section considered
only the dominant AF exchange constantJ. Other exchange
constants,JiÞJ, were neglected. All anisotropies were also
neglected. The expected effects due to these additional inter-
actions will now be considered.

1. Other exchange interactions

The main effect of the otherJi on the MST’s due to pairs
is to shift the fieldsHn at the MST’s. An approximate treat-
ment by Larsonet al.18 indicates that Eq.~1! should be re-
placed by

gmBHn52uJun1Dn , ~5!

where the shiftDn is nearly independent ofn. Recent nu-
merical results for a simple case8 suggest thatDn is indepen-
dent ofn only when the otherJi are less than;0.01J. Typi-
cally the otherJi are not so small. Nevertheless, quite
accurate values forJ are obtained by using Eq.~5! with a
constantDn . The reason is thatDn is usually an order of
magnitude smaller than 2uJu and the variation ofDn with n is
only a fraction ofDn .

The otherJi also broaden the MST’s because although all
pairs are coupled by the sameJ, the configurations of the
other Ji are different for different pairs. Due to the extra
broadening,dH is larger than the thermal width given by Eq.
~2!. As a consequence the temperature requirement for re-
solving the MST’s becomes more stringent.

2. Single-ion anisotropy

In this work J was obtained from the fieldsHn of the
MST’s due to pairs. Two types of anisotropy affect these
Hn . First, each spin is subjected to the single-ion anisotropy
~cubic anisotropy! involving the parametersb4 andb6 in the
spin Hamiltonian. Second, there is a dipole-dipole~DD! in-

FIG. 3. Theoretical simulations of the magnetization curves for
x54.1% for three values oft[kBT/uJu. The cation lattice is fcc,
andJ is assumed to be the NN exchange constantJ1 . Only singles,
pairs, and open triplets are included in the simulations. The curves
for t51 and 3 have been shifted upward by one and two units,
respectively.

FIG. 4. Expanded view of the top part of the curve for
t50.25 in Fig. 3. The MST’s due to pairs and OT’s are clearly
visible. Also shown is the derivativedM/dH of this curve.
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teraction between the two spins in the pair. The single-ion
and DD anisotropies are considered first separately and then
together.

The energy levels of a pair in the presence of a single-ion
anisotropy were obtained by a numerical diagonalization of
the pair Hamiltonian, represented by a 64364 matrix. The
calculations were performed using the relevant parameters
for Eu21 in PbSe (b4 and b6 as given above, and
J/kB520.24 K as given below!. Results were obtained for
H parallel to the@100#, @110#, and@111# directions. The fields
where the ground state changes, due to level crossing, gave
the values ofHn .

The single-ion anisotropy has a significant effect onHn .
The separationDH5Hn112Hn between adjacent MST’s is
no longer independent ofn. The largest change ofDH com-
pared to the value (DH)J in the absence of anisotropy is for
the separation between the sixth and seventh steps~at the
highest fields!. This particularDH is about 40% higher than
(DH)J for Hi@100#, but forH parallel to either the@110# or
@111# directions thisDH is about 30% lower than (DH)J .
Theaverageseparation (DH)av between the MST’s is much
closer to (DH)J . Specifically, (DH)av is 9% higher than
(DH)J for Hi@100#, 4% lower than (DH)J for Hi@110#, and
7% lower than (DH)J for theHi@111#.

In the present workJ was obtained from a fit of the mea-
sured fieldsH2 throughH7 to Eq. ~5!. The effect of the
single-ion anisotropy on theJ obtained in this manner was
therefore considered. Compared to the trueJ the exchange
constant which is obtained from the fit to Eq.~5! is 9%
higher forHi@100#, 3% lower forHi@110#, and 6% lower
for Hi@111#. For an unknown field direction it is probably
safe to assume that theJ obtained from a fit to Eq.~5! will be
correct to within 10%. Values ofDn obtained by fitting the
calculatedH2 throughH7 to Eq. ~5! were of order 1 kG;
negative forHi@100# but positive for the other two principal
directions.

The results above show that the sign of the change in
(DH) av is positive for the@100# direction but negative for
the @110# and @111# directions. For some intermediate direc-
tions the single-ion anisotropy hardly changes (DH)av, e.g.,
only a 1% change for the@102# direction. The variation of
DH with n is also much smaller for the@102# direction.

3. Dipole-dipole interaction

The DD energy between two magnetic moments,m1 , and
m2 , separated byr is

EDD5~m1•m2 /r
3!23~m1•r !~m2•r !/r

5. ~6!

The first term is isotropic, similar in form to the isotropic
Heisenberg exchange interaction. Its effect is equivalent to a
change ofJ. In the present case the change of the effectiveJ
is 16% if the pair consists of NN spins. The second term in
Eq. ~6! is anisotropic, i.e., it depends on the direction of the
magnetic moments relative to the lattice rather than relative
to each other. The shifts in the values ofHn due to this
second term were obtained from a numerical diagonalization
of the pair Hamiltonian. Results for a pair of NN Eu21 ions
in PbSe were obtained for anglesf50, 45°, and 90° be-
tweenH and r . For eachf the separationDH5Hn112Hn
depends onn, but this dependence is much weaker than that

caused by the single-ion anisotropy. Due to the second term
in Eq. ~6! the average separation (DH)av is reduced by 6%
for both f50 andf545°, and by 9% forf590°. Since
the first term in Eq.~6! increasesDH by 6%, the net change
of (DH)av due to the DD interaction is no more than 3% in
all cases. IfJ is obtained from a fit ofH2 throughH7 to Eq.
~5! then the net change due to the DD interaction is only 1%
for all threef ’s.

Although (DH)av is nearly independent off, the values
of Hn vary by;1 kOe asf changes from zero to 90°. This
variation is not negligible compared to the actual separation
between adjacent MST’s,DH>3.6 kOe, and is important for
the following reason. Each Eu ion in PbSe has 12 NN cation
sites. In general, the vectorsr for these NN sites make dif-
ferent anglesf with H. For example, whenH is along@100#,
f545° for 8 NN’s but for the other 4 NN’sf590°. In
principle, the existence of severalf ’s and the fact thatHn
depends onf will cause a fine structure to appear in the
MST’s. When this fine structure is not resolved, which is the
case in practice, it will make an additional contribution to the
width dH of the MST’s. Due to the extra width, the tempera-
ture requirement for resolving the MST’s will be more strin-
gent.

4. Combined single-ion and dipole-dipole anisotropies

The combined effect of the single-ion and DD anisotro-
pies was calculated for several field directions. Examples of
the results are the following. ForHi@100# there are two
groups of NN’s, with f545° or 90°. Compared to
(DH)J , (DH)av is 9% higher for the first group and 7%
higher for the second group. ForHi@110# there are three
groups of NN’s, withf50°, 60°, and 90°. Compared to
(DH)J the changes in (DH)av are 23%, 24%, and
210%, respectively. All these changes in (DH)av are not
very different from the sum of the changes caused by the two
anisotropies separately.

III. EXPERIMENT

The three single crystals of Pb12xEuxSe used in the ex-
periments were grown by the Bridgman method. The Eu con-
centrationx was obtained from the saturation magnetization
at low temperatures, including a small correction for the lat-
tice diamagnetic susceptibilityxd523.631027 emu/g
~Refs. 19 and 20!. Assuming a saturation moment of 7.0mB
per Eu21 ion, the results werex51.3, 3.0, and 4.1 %. Simi-
lar values~1.2, 2.9, and 4.1 %! were derived from the Curie
constants which were obtained from low-field susceptibility
data. The susceptibility was measured with a superconduct-
ing quantum interference device~SQUID! magnetometer
manufactured by Quantum Design Inc.

Magnetization measurements at low temperatures (T,1
K! were carried out with two systems. One system used a
force magnetometer, a plastic dilution refrigerator, and a 55
kOe superconducting magnet.10,21 The magnetic force was
produced by a magnetic-field gradient, which was superim-
posed on the main field of the superconducting magnet. Both
dc and ac gradients were used. In the case of a dc gradient
the temperature was between 20 and 30 mK. With the ac
gradient, a tiny amount of heat was generated by eddy cur-
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rents~there were a few small metallic components!, and the
temperature was near 50 mK. The second magnetometer sys-
tem consisted of a vibrating sample magnetometer~VSM!
operating in a 190-kOe Bitter magnet. Temperatures near 0.6
K were obtained by immersing the samples in pumped liquid
3He.

IV. RESULTS AND DISCUSSION

A. MST due to isolated ions

The MST due to isolated Eu ions~singles! was observed
in the sample withx51.3%. These data were taken in the
dilution refrigerator. The sample was mounted with a~100!
cleaved face perpendicular toH. The angleu betweenH and
the@100# direction was estimated to be less than 5°. Some of
the results are shown in Fig. 5. They closely resemble the
predicted behavior forT550 mK @Fig. 1~b!#. The ratio be-
tween the magnetizations before and after the MST is ap-
proximately 5/7, as predicted.

The derivativedM/dH of the curve in Fig. 5~not shown!
exhibits a peak. After subtracting the monotonic background,
the field at the peak gives the position of the MST as
Hc51.7660.2 kOe. The large uncertainty is due to the fact
that the peak is broad, with a flat top. The predicted value for
Hc is 1.98 kOe. Considering the experimental uncertainty,
and a possible small shift to lowerH due to a finiteu, the
agreement is quite reasonable.

B. Magnetization of pairs and open triplets atT<50 mK

Examples of magnetization curves measured in the dilu-
tion refrigerator are shown in Figs. 6~a! and 6~b!. These data
are for x54.1 and 3.0 %. Unlike the case ofx51.3%, the
direction ofH was not controlled in these experiments. The
curve for each of the two samples is the average of all traces
obtained with a dc gradient. Forx53.0% similar data were

also obtained with an ac gradient. Figures 6~a! and 6~b! show
a rapid rise ofM at low fields. This rise is attributed to the
rapid alignment of the singles, but with some contribution
from the OT’s and CT’s. The MST due to singles was not
observed with these samples, probably becauseH was not
aligned along one of thê100& directions.

Following the rapid rise at low fields, the magnetization in
either Figs. 6~a! or 6~b! exhibits a ramp which is attributed to
pairs. After this ramp ends, near 27 kOe, there is another
ramp with a smaller slope. This second ramp is mainly due to
OT’s. ~The ramp due to the OT’s actually starts well below
27 kOe, but in that field range it is masked by the ramp from
the pairs.! The ramp due to the OT’s ends near 40 kOe.

When the vertical scale of Figs. 6~a! and 6~b! is expanded,
the ramp due to the pairs exhibits well-resolved MST’s.
These MST’s are also revealed by the derivativedM/dH,
obtained by numerical differentiation of the magnetization
curve after some data smoothing. The derivative curves are
shown in Figs. 7~a! and 7~b!. The last six MST’s due to pairs
(n52,3, . . . ,7) are clearly visible for both samples. The first
MST due to pairs (n51) is obscured by the initial large drop
in dM/dH, but in Fig. 7~b! it still manifests itself as a
‘‘shoulder’’ in the derivative curve. The peaks indM/dH
which correspond to MST’s withn52 and 3 seem to be
more prominent than the peaks for highern. Such a behavior
is expected from the simulation in Fig. 4. When the ramp due
to pairs ends, near 27 kOe, there is a drop indM/dH. A
smaller drop ofdM/dH occurs when the ramp due to the
OT’s ends near 40 kOe.

FIG. 5. Magnetization curve forx51.3%, measured at 50 mK.
The magnetic fieldH is parallel to@100# within 5°. These data were
obtained with an ac field gradient. To display the MST due to
singles clearly, only data below 5 kOe are shown.

FIG. 6. Magnetization curves measured at 30 mK using a dc
gradient.~a! Data forx54.1%. ~b! Data forx53.0%.
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Above 5 kOe the magnetization curve forx51.3% ~not
shown! also exhibits a ramp due to pairs. This ramp is in
fields above the MST due to singles. As in the other two
samples the ramp due to pairs ends near 27 kOe, but for this
lower x the MST’s due to pairs can be resolved only after
extensive data smoothing. The ramp due to the OT’s is not
seen clearly forx51.3%, presumably because the concen-
tration of OT’s is lower than in the other two samples.

C. The dominant AF exchange constant

The exchange constantJ was obtained from the MST’s
due to pairs. The fields at the peaks ofdM/dH @Figs. 7~a!
and 7~b!, and other similar results# were chosen asHn . The
fieldsH2 throughH7 were fitted to Eq.~5!, with Dn taken as
a constant. With the knowng value the only two parameters
in this linear fit wereJ andDn . All sets ofHn for x53.0 and
4.1% were well fitted by Eq.~5!, and they all gave very
similar results, namely,J/kB520.24 K andDn /gmB>0.7
kOe. The spread in the values ofJ was only 2%. However, in
view of possible effects due to anisotropies~calculated in
Sec. II C! our final result isJ/kB520.2460.03 K.

Only one AF exchange constant (J/kB520.24 K! was
observed in the present experiments. The following argu-
ments indicate that it is the largest AF exchange constant.
First, magnetization data at 0.6 K~discussed later! show no
other MST’s or ramps between 40 and 180 kOe. This means
that there is no larger AF exchange constant, unless it is
larger than 12 K in which case the MST’s will occur at still

higher fields. Second, a rough estimate of the dominant ex-
change constant can be obtained from the Curie-Weiss tem-
peraturesQ ~see, e.g., Ref. 9!. This estimate depends on
whether the NN or NNN exchange constant is the largest, but
there is only a factor of 2 difference between the two
choices. Values ofQ were obtained from low-field suscepti-
bility data, performed on all three samples using a SQUID
magnetometer. The results~e.g.,Q>20.6 K for x53.0%)
showed that the dominant exchange constant is antiferromag-
netic, and its magnitude is only a fraction of 1 K. Thus it
cannot be higher than 12 K.

D. Identity of the dominant AF exchange constant

There are two likely possibilities for the identity of the
dominant AF exchange constant,J/kB520.2460.03 K. Ei-
ther it is J1 ~for NN’s! or it is J2 ~for NNN’s!. The method
used to identifyJ is based on the fact that there are 12 NN
sites but only 6 NNN sites in the fcc cation lattice. Assuming
a random distribution of Eu ions over the cation sites~which
is the key assumption!, the calculated ramp due to NN pairs
is substantially larger ifJ is J1 than if it isJ2 . The size of the
calculated ramp due to OT’s is also different. The identifica-
tion of J is based on a comparison between the sizes of the
observed ramps and those calculated by assuming thatJ is
eitherJ1 or J2 .

The calculated magnetization curves were based on the
model in Sec. II B, and they included singles, pairs, OT’s,
and CT’s. The probabilities of finding these clusters were
obtained from Behringer.17 ~His results are only for clusters
with NN coupling, J5J1 , but they are given for several
lattices. It is then useful to notice that the probabilities for
clusters with NNN coupling only,J5J2 , when the lattice is
fcc are the same as those for NN coupling when the lattice is
simple cubic.! Only thermal broadening of the MST’s was
included in the simulations. However, since the MST’s ob-
served at 30 or 50 mK showed an additional broadening, a
higher effective temperature,Teff5100 mK, was used in the
simulations. The use of a higher temperature had no effect on
the sizes of the calculated ramps, and therefore did not influ-
ence the identification ofJ.

To compare the shapes of the calculated magnetization
curves with the measured curves, all curves were normalized
so that they agreed at the highest field. Figures 8~a! and 8~b!
show the comparison forx53.0%. The experimental curve
in Fig. 8~a! is the average of all traces obtained with a dc
gradient, while the very similar curve in Fig. 8~b! is the
average for an ac gradient. In either case theJ1 model ~i.e.,
the calculation withJ5J1) simulates the data much better
than the J2 model. The comparisons for the other two
samples~not shown! also indicate that theJ1 model is much
better. On this basis the dominant AF exchange constantJ is
identified as the NN exchange constantJ1 .

The method of identifyingJ assumed that the Eu ions
were randomly distributed. Some justification for this as-
sumption is that theJ1 model with a random distribution
gives fairly good fits for data on three samples with different
x. It is unlikely that good agreement for three samples is
accidental.

The conclusion thatJ5J1 applies to Pb12xEuxSe with
x!1. For pure EuSe, the accepted view is thatJ1 is ferro-

FIG. 7. The derivativedM/dH of the magnetization curves in
Figs. 6~a! and 6~b!.
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magnetic andJ2 is the largest AF exchange constant.1 The
present data do not agree with the accepted exchange con-
stants for pure EuSe. Data analysis which included both a
ferromagneticJ1 and an antiferromagneticJ2 was per-
formed, using the probabilities which follow from a random
distribution.22 The results showed no significant improve-
ment over theJ2 model, withJ2 only. The main reason why
adding a ferromagneticJ1 does not improve the fits signifi-
cantly is that ferromagnetic clusters align rapidly at lowH,
so that they do not increase the sizes of the ramps at higher
fields.

Since both EuSe and PbSe have the rocksalt structure, it is
somewhat surprising thatJ1 is ferromagnetic in EuSe but is
AF for a small Eu concentration in PbSe. The difference in
the sign ofJ1 is presumed to be related to the very different
electronic structures of EuSe and PbSe. The mechanisms re-
sponsible forJ1 andJ2 in EuSe are well known,

1,2 but this is
not the case for Eu in PbSe. Indeed, even the location of the
4 f 7 levels of the Eu21 ion with respect to the PbSe band
structure has not been established.6 In EuSe the dominant
mechanism responsible for the ferromagneticJ1 involves the
two Eu21 cations but not the neighboring anion.1,2 In con-
trast, it has been suggested by Go´rska et al.6 that in rare-

FIG. 9. Magnetization curves at 0.62 K for all three samples.
These experimental results include the~small! correction for the
diamagnetism of the lattice.

FIG. 10. Comparisons between two of the experimental curves
in Fig. 9 and theoretical simulations based on theJ1 andJ2 models.
~a! Comparison forx54.1%. ~b! Comparison forx51.3%.

FIG. 8. Comparisons between theoretical simulations based on
theJ1 andJ2 models and experimental data forx53.0%. ~a! Com-
parison with data obtained at 30 mK using a dc gradient.~b! Com-
parison with data obtained at 50 mK using an ac gradient. To allow
for nonthermal broadening, an effective temperature of 100 mK was
used in the theoretical simulations~see text!.
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earth-doped IV–VI DMS, a 90° superexchange via the anion
may lead to aJ1 which is AF. A calculation, or even a theo-
retical estimate, ofJ1 for Eu

21 ions in PbSe is not available
at present to our knowledge.

Figures 8~a! and 8~b! ~and similar results for the other
samples! indicate that while theJ1 model is clearly superior
to theJ2 model, it still fails to agree with the data perfectly.
The remaining deviations are attributed to the simplicity of
the model: no anisotropy, only oneJ, and only clusters with
less than 4 spins. It is possible to improve on theJ1 model.
For example, the experimental results forHn show that these
fields are shifted upward by about 0.7 kOe relative to the
J1 model, i.e., Eq.~5! rather than Eq.~1! applies. An upward
shift by 0.7 kOe of the calculated ramps in Figs. 8~a! and
8~b! will improve the agreement with the data.

E. Magnetization curves at 0.6 K

The magnetization curves at 0.62 K for all the samples are
shown in Fig. 9. These data have been corrected for the
diamagnetic susceptibility of the lattice. The general shape of
all three curves is the same: a fast rise ofM at low H,
followed by a rounded ramp, followed by full saturation at
H.50 kOe.

Theoretical simulations of the magnetization curves in
Fig. 9 were performed using theJ1 andJ2 models. The ac-
tual temperature was used in these simulations because at
0.62 K thermal broadening of the ramps is expected to domi-
nate all other sources of broadening.~The extra broadening
observed atT<50 mK was equivalent to only 60 mK ap-
proximately.! The simulations forx54.1 and 1.3% are com-
pared with the data in Figs. 10~a! and 10~b!. It is clear that
theJ1 model gives a much better account for the experimen-

tal data. The simulations for the sample withx53.0% ~not
shown! lead to the same conclusion. These results confirm
that the dominant AF exchange constant isJ1 .

V. CONCLUSIONS

Amagnetization step arising from isolated Eu21 ions was
observed at 1.7660.2 kOe, which is close to the value 1.98
kOe expected from EPR data. The relatively low field at
which this MST occurs is consistent with the expected low
anisotropy for anS-state ion.

Magnetization ramps due to pairs and OT’s were ob-
served. At 30 and 50 mK, the ramp due to pairs consisted of
well-resolved MST’s. These MST’s gave the value
J/kB520.2460.03 K for the dominant AF exchange con-
stant. Such a smallJ confirms early indications5,6 that ex-
change interactions in IV–VI DMS are much weaker than in
the traditional II–VI DMS. Comparisons of the magnetiza-
tion curves with theoretical simulations identifyJ asJ1 , in
contrast to pure EuSe for which the dominant AF exchange
constant isJ2 .

The availability of a magnetometer operating in a dilution
refrigerator was crucial for the success of the present experi-
ments. With such a magnetometer, weak exchange interac-
tions between magnetic ions, and small anisotropies for iso-
lated ions, can be measured by the MST method.
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