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Magnetization measurements were performed on five LS samples, with 0.0092x<0.059. Two of
the samples were measured at 20 mK in magnetic fieldgp to 50 kOe parallel to thg111] 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 stepdST’s) arising from pairs. These MST'’s depend on the directioH p$o that anisotropic
interactions must be included in the data analysis. The MST’s lead to a ¥idye —0.228+ 0.007 K for the
dominant antiferromagnetic exchange constant. Computer simulations identify dsithe nearest-neighbor
exchange constadt, and show that the Eu distribution over the cation sites is random or very nearly random.
The MST's from pairs exhibit a splitting whed is parallel to[ 100]. The splitting is tentatively attributed to
exchange anisotropy, in which case the above valud figfers to the average exchange constarithe 20
mK data forH||[100] also show a MST from isolated Eu ions. This MST occurs because such “singles” are
subjected to a cubic crystal-field anisotrop$0163-182€08)03813-2

I. INTRODUCTION tization curves. Although the Ed ion, like Mn?*, is an
S-state ion with a typically small anisotropy, the exchange
In the last decade magnetization stéllST’s) have been interactions between the Eu ions are so weak that even small
used to measure antiferromagneifd=) exchange constants anisotropies are important.
between the magnetic ions in dilute magnetic semiconduc- The lead salts have the rocksalt structure. The cubic
tors (DMS’s). Early works focused on Mn-based II-VI crystal-field anisotropy for isolated Eii ions in these ma-
DMS’s, with a typical value of—10 K for the dominant terials was studied by EPR.This anisotropy is largest for
Mn-Mn exchange constark. More recently the Eu-Eu ex- Eu?* in PbS, smaller for E&i" in PbSe(roughly by a factor
change interaction has been studied in, BEu,Se and of 2), and smaller still for EG* in PbTe(another factor of
Pb,_,Eu,Te2® The present work on Rb,EuS continues 2). The effects of this anisotropy on the MST’s were consid-
the study of lead salts containing Eu, which are importanered briefly in the work on Bh ,Eu,Se? but because of their
examples of IV-VI DMS’s’ In the lead salts even the largest small size they were largely ignored in PhEu,Te2 In the
Eu-Eu exchange constant is only of ordef.1 K. To deter-  present work on Ph,EuS it was essential to include the
mine such a small it was necessary to change the experi-single-ion cubic anisotropy.
mental techniques. The temperature requiremeytt<|J| The cubic crystal-field anisotropy is the only anisotropy
for resolving the MST’s mandates the use of a dilution re-for isolated ions. For Eu ions which are in pairs, or in larger
frigerator and a magnetometer capable of operating at thessusters, several other anisotropies may be importtant.
very low temperatures. One of these arises from the fact that in such clusters the
On the theoretical side, a simple model with one exchangécal environment for each Eu ion is no longer cubic. Non-
constant] and with no anisotropy was adequate for the earlycubic crystal-field terms may then be needed. Another an-
studies of MST’s in Mn-based 1I-VI DMS’$.Models with  isotropy arises from the dipole-dipole interaction. Finally,
more than one exchange constant were developed®later.the exchange interaction itself can be anisotropic. These ad-
Anisotropy is usually unimportant for MST’s involving ditional anisotropies were ignored in the earlier pagéersut
Mn?* ions, but it was considered for MST’s involving ¥, had to be considered in the present work because of the
Co?", and CP" ions8%In the present work on Bl ions  discovery of a splitting of the MST’s.
in Pb,_,Eu,S it was essential to include anisotropic interac- The main themes of this paper dfg the determination of
tions in theoretical modeling of the low-temperature magnethe dominant AF exchange constaht(2) the identification
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of this J as the nearest-neighb@N) exchange constan(3) 8
the splitting of the MST'’s arising from pairs, ard) the

large MST which arises from isolated Eu iofsingles. The

importance of the anisotropies is emphasized throughout.

Il. THEORY

Some of the theory for the present work was discussec
earlier’~3®Models with one exchange constahtwhich is
AF, prove adequate for the present study. In such models th
spins in a DMS are divided into clusters: singles, pairs, oper
triplets (OT’s), closed tripletdCT’s), and six types of quar- Singles i
tets. Spins in clusters larger than quartets are collectively 2
referred to as “others.” The magnetization of each cluster T=20 mK L
type can be calculated, and the total magnetization is ob 0 2 4
tained by summing over all the clusters. To perform the latter
sum one usually assumes that the Eu ions are randomly dis 0 ' ' ' ' .
tributed over the cation sites. The statistics of the clusters it
then knownt® The contribution of clusters larger than quar- H (kQe)
tets to the magnetization curve is usually quite small, so that

a rough approximation for these others is adequate. This a%-bl EuS at T—20 mK. The solid curves foH||[100] and
—X - .

pr0|XImatlon was discussed in Ref. 3 . H||[[111] use the cubic crystal-field anisotropy parameters
n the simplest model, only one isotropic exchange cony, _ 4zq Gy, — —0.0015 GHz, ang=1.975. The dotted line
Stam‘] and thle Zegman eLlelrlgy fre mcrigded’dbult all anISOtI’Oi's the Brillouin function(BF), which applies when there is no an-
pies are neg ected. We shall reler to.t IS mode a9 lone isotropy. The inset shows the energy levels of a singléidir100].

J, zero anisotropy Eétgnswe discussions of this model have 1 ¢rossing of the two levels shown as solid lines leads to the step
already been giveh.®>**Here, we emphasize the effects re- jj the magnetization curve.

sulting from various anisotropies.

B

M (u_/single)
N

FIG. 1. Calculated magnetizatioM of Eu?" singles in

to an increase of the magnetizatibh by a factor of about
A. Cubic crystal-field anisotropy 7/5. The MST disappears whet is not close to any of the
(100 directions because the level crossing changes to anti-
S(frossing.
Figure 1 shows the predicted magnetization of singles at

Among all the anisotropies in Pb,Eu,S the one due to
the cubic crystal field acting on each Eu ion has the large

effect on the magnetization. The Hamiltonian for this cubic
anisotropy was discussed by Abragam and Bledfejhe 20 mK for bothH||[100] and H||[111]. These results are

relevant anisotropy parameters for £uions in PbS are basgd on the 1-CUB model. Th.e dotted I!ne in Fig. 1 is the
b,=0.459 GHz andbs=—0.0015 GHz. Theg factor is prediction of thg ;I]-(_) model (i.e., a BnlIo_um fL{nCtIOIj. '
1.975. These values are from electron paramagnetic res learly, the cubic anisotropy causes the singles” magnetiza-
nance(EPR.X! The model in which only one isotropic ex- o0 to saturate at a higher field.

change constant and the cubic crystal field are included will
be referred to as theJICUB model. Such a model was
briefly considered in Ref. 2, but since the effects of the cubic EXxcept for singles, which are not affected bypairs are
crystal field are much stronger in the present system, a mori@e most numerous clusters. Information concernings

2. Pairs

extensive treatment is warranted. therefore obtained largely from the pairs’ response. In the
1J-0 model the Eu-pairs give rise to seven MST'’s at low
1. Singles temperatures KgT<|J|).}® These MST's are equally

For the Eu concentrations in the present wark0.059 spaced, and they occur at fields, which are given by

the number of spins which are singles exceeds the number in H.=2[J 1

. . . gughpy | |n! (1)
any other cluster type. Including the cubic crystal field but
excluding all other anisotropies is very realistic for singleswheren=1,2,...,7. Theoverall appearance of the magne-

because other anisotropies exist only when there are neiglization curve for pairs is that of a “ramp” composed of
boring Eu ions. The main effect of the cubic anisotropy is toseven steps. The ramp ends Hit=14J|/gug, when the
slow down the alignment of the singles in a magnetic fieldpairs’ magnetization becomes saturated.

H. This slowing down is important well belo1 K where the The energy levels of a pair when cubic anisotropy is also
thermal energ¥kgT is smaller than the level splitting caused included were obtained by a numerical diagonalization of the
by the cubic crystal field. Hamiltonian matrix. The magnetizatiovi was then obtained

The most spectacular effect occurs whtris parallel to  via the partition function. The qualitative featurés ramp
one of the(100) crystal axes. The cubic anisotropy then composed of seven MSTsemain the same. However, the
leads to a large MST from the singles. The energy-leveMST's are no longer equally spaced, and the positions of the
crossing causing this MST is shown in the inset of Fig. 1.MST'’s and the average spacing between them depend on the
The MST should occur afi,=3.38 kOe, and it should lead direction of H. These effects of the cubic anisotropy are
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gugH=21J|. Note that the ramps for both CT’s and OT’s
,,,,, end at the same field. This field is 50% higher than the field
PAIRS N . at which the pairs’ ramp ends.
T=20mK N The simple -0 model already indicates the difficulties
— of observing the rampsgor MST'’s) from CT's and OT's.
------- 1J-0 H 11 [100] Triplets are not the only contributors to the magnetization.
: 1 Whenx is of order 0.01 the slope of the pairs’ ramp is much
higher than those of the triplets’ ramps. Therefore, in the
field region where the pairs’ ramp overlaps the triplets’
ramps, the pairs’ ramp dominates. The combined triplets’
ramp, due to both OT's and CT's, becomes apparent only
0 : : . L . L after the pairs’ ramp ends.

Inclusion of the cubic anisotropy does not change the
gualitative features of the MST’s arising from OT's and
CT's. The energy levels of both types of triplet were ob-
£ tained from the 1-CUB model by a numerical diagonaliza-
10 - F - (b) tion of the Hamiltonian matrix. The calculations were for
J HIl[111] H||[100] andH||[111]. The magnetization was then calcu-

] lated via the partition function. Due to the cubic anisotropy
the MST’s are no longer equally spaced, and the fields where
they occur depend on field direction. Feif|[100] the CT
and OT ramps both end at 39.4 kOe. Ftji[111] the CT
and OT ramps end at slightly different fields, 33.4 and 33.7
0 0 : 1'0 : 2'0 ' 3'0 kOe, respectively.
For OT's in a field parallel t¢ 100] the cubic anisotropy
H (kOe) produces an interesting effect. In the absence of anisotropy,
the ground level of an OT has a net spin of 7/2. The cubic

FIG. 2. Calculated magnetization of Eupairs in Ph_,EuS at  anisotropy splits the eight-fold degenerate ground level into
T=20 mK. (a) H||[100], (b) H||[111]. The solid curves are based a doublet, a quartet, and another doublet. This splitting is
on the 1J-CUB model, i.e., one exchange constant and the cubigualitatively similar to that for singles, except that it is
crystal-field anisotropy. The dotted curve, which is the same in botfsmaller. The low field magnetization fod||[100] then re-
parts of the figure, uses the]-D model(oneJ, no anisotropy. sembles that of single€ig. 1), but the MST occurs at a
lower field, near 1.9 kOe instead of 3.4 kOe. This low-field

quite strong for the parameters of PHEWS (b, bg, andg MST for OT’s is in addition to the seven MST's at higher

as given above, anifkg= —0.228 K from the data analysis fields, between 14.5 and 39.4 kOe.
below). Because relatively few spins are in triplets, the effects of

The solid curves in Fig. 2 show the pair magnetizationthe cubic anisotropy on the triplets have only a slight influ-
calculated from the 1-CUB model for H||[[100] and €NCe oOn the shape of the magnetization curve as a whole.
H||[111]. These results fof =20 mK used the parameters One effect of the anisotropy which was observed experimen-
for Pb,_,EuS. The dotted curves are for zero anisotropy@llY in the present work is the dependence of the end of the

(13-0 mode). The cubic anisotropy causes the ramp for!"iPIEts’ ramp on the direction off.
H||[111] to end at a significantly lower field than for
H||[100]. For either field direction the six separations
AH=H,,;—H, between successive MST’s are unequal.
WhenH||[ 100] the separation between the sixth and seventh The anisotropy arising from the cubic crystal field ac-
steps is the largest among the six separations_kﬂit[rlll] counts for the observed behavior of isolated Eu ions

the separation between the sixth and seventh steps is th&ingles, but it cannot explain the splitting of MST's arising
smallest. from pairs. Such a splitting was observed in the present

work. To explain the splitting, three additional anisotropies
for pairs were considered. Each of the three can cause pairs
with different orientations in the crystal to have MST's at
For Eu concentrations=0.059, significantly fewer spins slightly different fields. For example, wheh is parallel to
are in triplets than in pairs. Among the two types of triplets,[ 100] there are two different groups of NN pairs: pairs per-
there are many more OT’s than CT’s. The ground state opendicular todH, and pairs making a 45° angle with These
either type of triplet has a net moment which aligns readilytwo groups are equivalent in theJACUB model but are in-
in a field. Calculations using theJ10 modef show that for equivalent when any of the following three additional
either type of triplet, a ramp composed of equally spacednisotropies are includedl) noncubic crystal-field anisot-
MST’s appears at higHl if T is sufficiently low. The ramp ropy; (2) dipole-dipole(DD) anisotropy; and3) anisotropic
for OT’s consists of seven MST’s, the first gugH=9|J|  exchangé?1* As mentioned below, the DD anisotropy can
and the last ayugH=21J|. The ramp for CT’s consists of be included formally in the anisotropic exchange, so that it
ten MST's, the first atgugH=3|J| and the last at need not be considered separately.

15—
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B. Other types of anisotropy

3. Triplets
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Unlike an isolated Eu ion, each of the two Eu ions in a T I T T

pair is no longer in a purely cubic crystal-field environment. 10k |
To describe the changes in the single-ion Hamiltorti&rior ’
each of the two Eu ions in the pair, one introduces a coordi
nate system in which the axis is along the line joining the 08t 4
two Eu ions. For a NN pair witlz along[110], thex axis is . .
along[001], and they axis along 110]. For a next-nearest- Pb Eu S
neighbor(NNN) pair with z along[001] the x andy direc- =~ 067 x—1302)é y
tions are along100] and[010], respectively. The deviation = : Sa_mr.)le A
from cubic symmetry can produce two new termsHf, 04 ] T—20mK -
axial and rhombic, )
5 s —— HII[100]

AH;=D[S,—(1/3)S(S+1)]+E(S—S})). (2 ook L HIl[4] 1
The full single-ion Hamiltoniarf4; also contains the cubic
anisotropy, parameterized Hy, and bg, and the Zeeman 0.0 . . . .

energy. o } . o 0 10 20 30 40 50
The possibility of anisotropic exchange is included by H (kOe)

taking the exchange interaction in the pair to be of the f6rm

- FIG. 3. Magnetization curves fox=0.026 (sample A, mea-
Hexcti= = 2351 S~ 2D exetl 3S1.5%:— 1+ ] sured aff = 20 mK with H||[ 100] andH||[ 111]. The magnetization

— 2E o] S1Son— SlySZy]- (3) M is normalized to its saturation valld.

He.re,\]_.is the average exchange constaDt,q, gives the  on x=0.0092 and on one of the samples witk0.026
axial anisotropy, antecn is the rhombic anisotropy in the (sample A. These two single crystals were oriented by x
perpendicular plane. The DD anisotropy can be included iRays and the magnetization was measured Witparallel to
the axial term of Eq(3) because it has the same form. The o '100) and[111] crystallographic axes. The magnetiza-
effects produced by the anisotropies described by E)s. tion of the other three samplésample B withx=0.026, and
and (3) will be discussed later when the splitting of the the samples withc=0.040 and 0.059was measured at’ 0.6 K
MST's from pairs is analyzed. in fields up to 180 kOe. The orientation bff relative to the
crystallographic axes was not controlled in these high-field

IIl. EXPERIMENTAL TECHNIQUES experiments.

The techniques used to measure the magnetizaion
were described earliér® Three magnetometers were used.
Measurements above 1.8 K and below 55 kOe, performed IV. RESULTS AND DISCUSSION
primarily for sample characterization, were made with a su-
perconducting quantum interference device magnetometer
system manufactured by Quantum Design Inc. Data at 0.6 K The overall behavior at 20 mK is illustrated by the results
in fields up to 180 kOe were obtained with a vibratingin Fig. 3. The data forH||[[100] show the MST of the
sample magnetometer operating in a Bitter magnet. In thesgingles, near 3.5 kOe. This MST is followed by a ramp aris-
0.6 K experiments the samples were immersed in liitié.  ing from pairs, which ends near 29 kOe. The MST of the
The crucial experiments at 20 mK were made in a plasticsingles is absent wheld is parallel to[111]. On the other
dilution refrigerator installed in a 50-kOe superconductinghand, the pairs’ ramp is also observed Fl{[ 111], except
magnet. The magnetization at 20 mK was measured with that it ends at a significantly lower field, near 23 kOe. All
capacitance force magnetometdn some of these experi- these features are expected from th&QUB model dis-
ments both dc and ac field gradients were used to produaeussed in Sec. Il A. An expanded version of Fig.(rit
the force. The two modes of operation gave very similarshown indicates that after the ramp from the pairs ends,
results. The 20 mK data presented in the figures below werthere remains a smaller ramp, attributed to triplets. The trip-
all taken with a dc gradient. lets’ ramp ends at a field which depends on field direction,
The five Ph_,Eu S samples were grown by the Bridg- about 34 kOe foH||[[111] and about 40 kOe foi||[ 100].
man method. The Eu concentratisnwas determined from At 50 kOe the magnetization is practically saturated.
the saturation magnetization at 0.6 K or 2 K. A spirrS//2 An example of data at 0.6 K in fields up to 180 kOe is
for the EW?* ion, and the EPR valug=1.975, were as- shown in Fig. 4. Similar results were obtained for sample B
sumed. The results for the five samples wa&re0.0092, (x=0.026) and forx=0.040. The ramps which were very
0.026, 0.026, 0.040, and 0.059. To distinguish between thdistinct at 20 mK are more rounded at 0.6 K. There are no
two samples withk=0.026(obtained from different boul¢s  additional ramps or MST’s above 50 kOe. The magnetization
they will be labeled as sample A and sample B. All valuesreaches saturation near 70 kOe. As pointed out later, the
for x were confirmed by the Curie constants which wereCurie-Weiss temperatures for these samples indicate that the
deduced from susceptibility data between 2 and 100 K.  dominant exchange constahtis of order —0.1 K. Such a
Magnetization measurements at 20 mK were made onljow value ofJ implies that the saturation observed in Fig. 4

A. Overall view of the magnetization curves



7858 VALDIR BINDILATTI et al. 57
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1-x X
x=0.059
2r T=06K
0 [ 1 1 1
0 40 80 120 160

H (kOe)

FIG. 4. Magnetization curve fox=0.059 at 0.6 K. A(smal)
correction for the diamagnetism of the lattice is included.

is a true saturation, as distinguished from the appafent
“technical”) saturation commonly observed in 1I-VI DMS'’s

for which J is much larget

B. MST of singles

HII[111]
T=20 mK

dM/dH
<
Q
[
os}

x=0.026, Sample A

x=0.0092
0 10 20 30 40
H (kOe)

FIG. 6. Experimental resultsolid curve$ and computer simu-
lations (dotted curvesfor dM/dH whenH||[111] and T=20 mK.
The computer simulations are for pairs only, and are based on the
1J-CUB and 1J-CUBEX models. The parameters for the two mod-
els are given in the text. The zero of the ordinate scale applies only
to the experimental results for both samples. The ordinate scale for
different curves is different.

kOe forx=0.0092, and 1.2 kOe for=0.026. The calculated

A clear view of the MST arising from the singles is thermal width at 20 mK is only 0.5 kOe. The difference
shown in Fig. 5. These results, obtained at 20 mK, are fobetween the observed widths and the thermal width is attrib-
x=0.0092 withH||[100]. The data confirm the prediction uted to two causes. First, any misalignment-bfelative to

that this MST results in a factor of 7/5 increase\df Analy-

the[100] direction will broaden and shift the MST, as dis-

sis of the derivativalM/dH shows that for this sample the cussed in Ref. 2. A misalignment of 3°, for example, should

MST is at H.=3.39+0.1 kOe. Forx=0.026, (sample A

lower H; by 0.04 kOe and increase the width by 0.3 kOe.

H.=3.47+=0.1 kOe. Both experimental values agree with theSecond, interactions with distant Eu spins should also

predictionH .= 3.38 kOe.

broaden the MST. By definition, singles have no Eu neigh-

The width of the MST is defined as the full width at half bors to which they are coupled by the dominant exchange
height of the peak inlM/dH. The experimental width is 0.9 constant]. However, there are always distant Eu neighbors

M (arb. units)
a
1

Pb, Eu S
1-x X
x=0.0092
5 H 1l [100]
T=20 mK
0 1 1 1
0 2 4 6

H (kOe)

FIG. 5. Low-field portion of the magnetization curve for

x=0.0092, measured at 20 mK wit||[ 100].

to which such singles are coupled by weaker exchange con-
stants. These distant-neighbor interactions should broaden
the MST arising from singles, and also shift it slightly, just
as they affect the MST’s from pait§.As x increases, there
are more distant neighbors so that the effects of distance
neighbors should increase. The experimental data show that
even forx=0.026 the effects of distant neighbors are small;
the shift in the position is less than about 0.1 kOe, and the
additional broadening is no more than 0.7 kOe.

C. Exchange constant

The exchange constafitwas determined from the MST’s
arising from pairs in the configuratioH||[111]. The
1J-CUB model, which gives a good account of the data for
H||[111], was used for this purpose. Later, in Sec. IV E, we
will use another model which includes exchange anisotropy
in addition to the cubic anisotropy. The value bfwill re-
main the same, but will then be identified as the average
exchange constaidt in Eq. (3).

Figure 6 shows the derivativdM/dH at 20 mK for
H||[111]. These results were obtained numerically from the
magnetization curves for the two samples which were stud-
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ied at this very low temperature. Following the large valuesish. The predictions based on the two hypotheses are very
of dM/dH at low fields, due to the alignment of the singles, different essentially because there are 12 NN cation sites but
six MST’s are observed at higher fields for each sampleonly 6 NNN cation sites. The main assumption in the simu-
These correspond to the second through seventh MST's frofations is that the Eu ions are randomly distributed over the
pairs. The first pairs’ MST is masked by the large derivativecation sites.
from the singles. Once the seventh MST is completed, the The simulations in Ref. 2 included only singles, pairs, and
ramp due to the pairs ends and the derivative drops. Fdriplets. In a later work, the relatively small contributions
x=0.026 there is another, smaller, dropdif/dH near 34  from quartet¥’ and larger clusters were also included. In the
kOe. The position of the latter drop agrees with the calcupresent work too the simulations take into account quartets
lated ends of the triplets’ ramps, which are nearly the samand larger clusters. But in contrast to the earlier simulations
for CT's and OT’s. Forx=0.0092 the percentage of spins which neglected the anisotropy, some of the present simula-
which are in triplets is much smallé? so that the end of the tions include an approximation for the anisotropy.
triplets’ ramp is not observed. The choice of] asJ; or J, does not fully specify the
The positions of thelM/dH peaks in Fig. 6 are the same simulation. It is also necessary to specify the model for the
for x=0.0092 and 0.026, within about 0.1 kOe. This resultanisotropy. In the present section the simulations ardXpr
indicates that the shifts in the positions of the MST'’s causedxperiments at 20 mK on oriented samples, &)dneasure-
by distant neighbot€ are small, because such shifts increasements at 0.6 K on unoriented samples. The simulations of the
with x. A similar conclusion was reached earlier for the MST 20 mK data use the 2CUB model for singles, pairs, and
arising from singles. It follows that models which include triplets, but quartets and larger clusters are treated using the
only the dominan are adequate for describing the positionssimpler 1J-0 model(no anisotropy. For the samples which
of the MST’s. were measured at 20 mkk£0.026), no more than 2.2% of
The value of the exchange constahis determined by the spins are in quartets or larger clusters, so that the
matching the observed MST's from pairs with simulations1J-CUB model is used for practically all the spins.
using the D-CUB model. The simulations, which are for ~ The simulations of the 0.6 K data use thd-Q model
pairs only, use the EPR values for the crystal field paramthroughout because the field direction is unknown. Actually,
eters and theg factor. The only adjustable parametedisA  the differences between simulations which include the an-
reasonably good match is obtained wittky= —0.228 K, as  isotropy and those which ignore it, or between simulations
shown in Fig. 6. The match becomes unsatisfactory i§ with different models for the anisotropy, are small compared
changed by more than 3%. ThuBkg=—0.228+0.007 K. to the difference between choosidgasJ; or J,. Thus, the
The value of) quoted above corresponds to the largestidentification ofJ is not affected by the choice of the model
AF exchange constant. If a larger AF exchange constant exXer the anisotropy.
isted it would have resulted in additional pairs’ ranpsn- Figure 7 shows the simulations of the 20 mK data for
sisting of MST’9 in fields above those of the main ramp in x=0.026. (To account for nonthermal broadening of the
Fig. 3. Such pairs’ ramps would have been recognized easifMST’s, these particular simulations used an effective tem-
The absence of additional ramps or MST’s up to 50 kOeperature of 50 mK. See Ref. 21The experimental data in
(Fig. 3 places a lower limit 4 K on themagnitude of any Fig. 7 are the same as in Fig. 3. Quite a good agreement with
larger AF exchange constant. Using the data in Fig. 4, up téhe simulations is obtained with the choide=J;. With
180 kOe, the lower limit increases to 12 K. Exchange conJ=J, the agreement is poor. A similar result was also ob-
stants above 12 K are incompatible with the Curie-Weisdained from simulations of the 20 mK data for=0.0092.
temperatures of these samples. T™s were deduced from Simulations of all the magnetization curves at 0.6 K con-
susceptibility data, obtained with the SQUID magnetometerfirmed the choiceJ=J;. For two of the three samples
All the ®’s were negative. A standard analysis which as-(x=0.059, and sample B witk=0.026) the agreement with
sumed one dominant exchange constaimdicated that this  the J; simulations is excellent, as shown in Fig. 8. For the
exchange constant is AF and is of ordef.1 K. This result third sample x=0.040) there is a slight difference between
is consistent with the value-0.228 K deduced from the the data and thd, simulation, comparable to the difference

MST’s. in Fig. 7, but the overall agreement is still quite good. Based
on all the simulations] is identified as the NN exchange
constant];.

D. Identification of J The key assumption in the simulations is that the Eu dis-

In EuS, EuSe, and EuTe the largest AF exchange constafribution is random. The simulations are sensitive to devia-
is J,=Jynn, fOr next-nearest neighbot®INN’s).?° On the tions from this assumption. The good-to-excellent agreement
other hand, in Ph ,EuSe and Pp_,EuTe (with low x) it  with the J; simulations implies that the Eu distribution in
was found that the NN exchange constdptJyy is the  these Pb_,Eu,S crystals was random or very close to ran-
largest AF exchange constant.The following analysis in- dom. Significant deviations from th&, simulations were
dicates that the AF exchange constdntletermined in the found in the earlier work on Rb,EuTe2 They were attrib-
preceding section also . uted to departures from a random distribution.

The identification of] is based on comparisons between
the measured magnetization curves and computer simula-
tions which start from two competing hypothesél:J is J;
and all other exchange constants, includiggvanish, or(2) For H||[ 100], detailed studies of the pairs’ magnetization
J is J, and all other exchange constants, includihgvan-  ramp at 20 mK revealed an unanticipated structure. Figure 9

E. Splitting of MST’s from pairs, for H |[[100]
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FIG. 7. Comparison between the magnetization curves in Fig. 3, FIG. 8. Comparison between magnetization curves measured at
me.asu-red at 20 mK, W|th Computel’ S|mU|at|OnS Wthh assume thajG K W|th Computer Simu|ations Wh|Ch assume tﬂlm eitherJl or
J is eitherJ; or J,. (@ Results forH||[111]. (b) Results for 3, (3 Results forx=0.026 (sample B. (b) Results forx=0.059.

H|[[100]. The computer simulations use the-CUB model for  The computer simulations use thd-0 model for all the clusters.
singles, pairs, and triplets, but théJ-D model for larger clusters.

The magnetizatioM is normalized to its saturation valld,. there are also two groups of NNN pairs: groupwith pairs

.. parallel to H, and group B8’ perpendicular toH, with
shows the results for=0.0092. There are more steps in this E IN,=2.The bas%c idFe)fis tpo a?tribute the last doublet in
figure than the seven expected from either tli_eOlor the Fig. 10, at the highest fields, to the two groups of pairs. The
1J-CUB models. The larger number of steps is seen more
clearly in the derivativelM/dH of these data, shown in Fig.

10 (lowest curve. Results of a detailed study of the pairs’ T T T T y T
ramp in sample A X=0.026) are also shown in Fig. 10. !
There is good agreement between thd/dH spectra from 1.00
the two samples. The peaksdi/dH suggest that each of

the seven MST's predicted by the simple models is split inta

two.

A splitting of the MST’s may be caused by two slightly ~_ 0.95 |
different AF exchange constants, with different neighbors. §
This possibility was rejected based on computer simulation: S
with two exchange constants, which failed to reproduce the
experimentadlM/dH curves in Fig. 10. Two exchange con- 0.90 |
stants are also inconsistent with the overall shape of each ¢
the magnetization curves, which depends on cluster statistic
The simulations in Figs. 7 and 8 show good agreement as
sumingJ, only. This agreement is ruined if two nearly equal 0.85
exchange constants, such &sandJ,, are included in the
simulations. 0 10 20 30

The interpretation of the observed pattern in Fig. 10 is H (kOe)
based on the existence of two inequivalent groups of NN
pairs whenH is along the[ 100] direction. The pairs in one  giG. 9. Expanded view of the pairs’ magnetization ramp for
group, callede, lie in the (100) plane, perpendicular k. x=0.0092, measured at 20 mK with||[100]. The magnetization
The pairs in the second group, callgdare oriented at a 45° M is normalized to its saturation valud,. The locations of the
angle toH. The ratio between the numbers of pairs in themagnetization stepdrom the peaks in the lowest curve in Fig.)10
two groups isNg/N,=2. It is noteworthy that foH||[100]  are indicated.

Pb, Eu S
1-x  x
x=0.0092 -

H 11 [100]
T=20 mK
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change anisotropy. A reasonably good match with the

H |'| [100] ' l dM/dH spectra was obtained with several combinations of
7220 mK parameters, assuming NN pairs. One of the best choices is

1J-CUBEX J/kg=—0.228 K, Dgn/ksg=0.017 K, and Egn/Kg
: =—0.034 K. The pair spectrum fdi||[100] calculated us-
ing these parameters is shown in Fig. 10. The calculated pair
spectrum foH||[111] is shown in Fig. 6(For H||[111] also
there are two inequivalent groups of NN’s, which lead to a
splitting of the MST’s. However, the splitting for this field
orientation is so small that it is not seen in the simulation at
20 mK) Both in Fig. 6 and in Fig. 10 there are small devia-
tions between the calculated and observed spectra. For ex-
ample, in Fig. 6 the observed separation between the two
peaks at the highest fields is not well reproduced by the
. . . . . . model. However, the overall agreement is quite good.
10 20 30 A variety of values for the three parameters of the
1J-CUBEX model was tried. The uncertainty in the value

J_/sz —0.228 K quoted above is only 3%t is noteworthy

FIG. 10. Experimental resultésolid curve$ and a computer that the value and uncertainty fdrare the same as those for
simulation (dotted curvg for dM/dH when H|[[100] and T=20  J in Sec. IV C) There is considerably more freedom in
mK. The computer simulation is for pairs only, and is based on thechoosing the values dd ., and E,,. Some combinations
1J-CUBEX model. The parameters for the model are given in thein which D exch @andEg, ¢ are changed by up to 50%, relative
text. The zero of the ordinate scale applies only to the experimentgh the values given above, fit the experimental data nearly
curve forx=0.0092. The ordinate scale for different curves is dif- equally well. The valud ,/kg=0.017 K quoted above is
ferent. close to that calculated from the DD interaction alone, but
igexch must be attributed to exchange anisotropy. It may be

attributed to group (or «'), and the more intense member possible to improve the agreement with the data by adding

to group (8'). The correct pair Hamiltonian, applied to the the noncubic crystal field terms of E¢2) to the model.
two groups, should reproduce the entire pattern of thdlowever, since the model will then involve five adjustable
dM/dH peaks, both the splittings and the intensities. TheParameters, this approach was not pursued.
pattern observed in the orientatiot{|[ 111], shown in Fig. Normally, exchange anisotropy fd-state ions such as
6, should also be reproduced, taking into account inequivaEu”" is very small. In contrast, the value Bf,c,found here
lent pairs for that field direction. The pair Hamiltonians is a sizable fraction ofl. Of course the fact that we were
which were considered used the anisotropies discussed imable to account for the pattern of the splitting of the
Sec. Il MST’s without invoking exchange anisotropy is no guaran-
The first attempt was to add the DD interacti@alcu-  tee that there is no other explanation for it. For this reason
lated with the lattice constara=5.936 A of Pb$ to the  the interpretation in terms of exchange anisotropy is still

cubic crystal-field anisotropy. It was found that the splittingjewed as tentative. In contrast, the conclusions concerning

produced by the DD interaction alone is far too small. In thethe value of the dominant exchange constrits identity as
second attempt the noncubic crystal field terms given by E o ) .
b 4 9 y =d 1, and the random distribution of the Eu ions, are viewed as

(2), and also the DD interaction, were added to the cubic.
anisotropy. An extensive study failed to find value$boand rm.
E which would lead to a good match with tklévi/dH spec-
tra if J is the NN exchange constaff. A reasonably good
match was found, with a purely axial anisotrogy=0), if
one assumed that was the NNN exchange constad.

dM/dH

H (kOe)

less intense member of this doublet, at the higher field,

F. Conclusion

: . . ; To conclude, we summarize our results on a series of lead
However, the evidence thakt is J; is very strong, as dis- . . :
ghalcogenides with a small concentration of Eu. For the three

cussed in Sec. IV D. Figures 7 and 8, presented in that se . .
tion, show a good match between the magnetization curve,%Ompounds studied, all with<0.06, we have found thal

and simulations which us&, and a random distribution of is the leading antiferromagnetic exchange constant. The
Eu ions. To obtain a match with the observed magnetizatiof’éasured  values  areJ; /kg=—0.228:0.007 K for
curves usingl, would have required a very nonrandom dis- PRi-xEUS  (this  work),  J;/kg=—0.24+0.03 K for
tribution of Eu ions, with just the right nonrandomicity. The Pbi—xEuSe, and J;/kg=-0.264£0.018 K  for
possibility of such a coincidence for five different samples isPbi - xEuTe.
extremely remote, and it was therefore rejected. The exchange constants in the corresponding Eu chalco-
More satisfactory results were obtained by adding the exgenides x=1) are very different. For EuS, EuSe, and EuTe
change anisotropy given by E() to the cubic crystal-field the largest AF exchange constant &, while J; is
anisotropy. This model will be called the]ACUBEX model.  ferromagneti¢® Despite sharing the same rock salt structure,
The DD interaction is included in the axial term of the ex-the pure Eu chalcogenides and the corresponding IV-VI
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