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The magnetization of three Pb,Eu,Se samples, witkk=1.3,3.0, 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. BoGt1.3% and with
H|[100], a magnetization stefMST) due to an energy-level crossing for isolated’Elons was observed at
30 and 50 mK. The magnetic field at this MST, 1#78.2 kOe, was close to the predicted valig=1.98 kOe.
At the same low temperaturé30 and 50 mK but at higher fields, a magnetization “ramp” due to pairs was
observed in all samples. Far=3.0 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 valuel/kg= —0.24+0.03 K for the dominant antiferromagnetic exchange constant. Comparisons
between the measured magnetization curves at 30 or 50 mK and theoretical simulations indicatesltligt this
the nearest-neighbdNN) exchange constad; . 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 constaht 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 vatg&g|ff are
presented. The effects of the single-ion and dipole-dipole anisotropies on the MST’s due to pairs are also
discussed.

I. INTRODUCTION In the past decade the magnetization-St&$T) method
has emerged as a leading technique for determining ex-
The Eu chalcogenide@EuO, EuS, EuSe, and EuTare change constants, and sometimes also single-ion anisotropy
probably the most extensively studied group of magnetiarameter$.*°Nearly all MST experiments to date were on
semiconductors® The lead saltsPbS, PbSe, and PbTe Mn2* or Co?* ions in [1-VI DMS. In such DMS the domi-
constitute an important group of IV—VI semiconductors. Thenant exchange constant is relatively largikg|= 10 K typi-
compounds in both groups have the rocksalt structure, witisally, and is antiferromagneti¢Spins coupled ferromagneti-
an fcc cation lattice. Lead salts in which a small fraction ofcally do not lead to MST's, but in II-VI DMS all exchange
the Pb cations has been replaced by Eipns are examples interactions are believed to be AFThe present study of
of IV=VI diluted magnetic semiconductor€OMS).° The = MST’s originating from E¢* ions in Pb,_,Eu,Se presented
Eu?* ion is anS-state ion, with very weak interactions with two challenges. First, temperatur€s<0.1 K were required
the lattice. The magnetic behavior of this ion is thereforebecause even the largest AF exchange conskastonly a
relatively simple, similar to that of Mfi* (which is also an fraction of 1 K. Second, after measurirlythere still re-
S-state ion but unlike those of Cé" or F&?™. mained the question of the identity of thisis it the nearest-
Accurate values for the exchange constdntsetween the  neighbor (NN) exchange constant; or the next-nearest-
Eu?* ions in IV-VI DMS proved difficult to obtain. It is neighbor (NNN) exchange constani,? In the fcc cation
known, however, that thesk are considerably smaller than lattice, with a lattice constard, the NN’s are separated by
those for Mn ions in 1I-VI DMS(e.g., Cd_,Mn,Te).>®In  a/\/2 while the NNN's are separated lay Because of the
this paper we report on direct measurements of the dominasmaller separation, one may expect that the largest AF inter-
antiferromagneti¢AF) exchange constant for Eli ions in  action isJ;, as in 1I-VI DMS. However, it is knowhthat in
PbSe. EuSe the NN exchange constadi is ferromagnetic,
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so that the largest AF exchange constant in this material is

J,. At the start of this work it was unclear whethéy or 2F ISINGLES '
J, was the dominant AF exchange constant in, BiEu,Se (@ H 117100
with low x. Hf100)

IIl. THEORY

Relevant theoretical predictions for various types of & 0
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 constaal
other exchange constants are ignored. This sidgtedel is
similar to theJ; model in Refs. 7—-9 except thét) it does
not presuppose thdtis necessarilyl;, and(2) it sometimes
also includes anisotropic interactions.

The notion of clusters is very useful when the single-
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 bondpairs, open triplets,
closed triplets, and clusters with more than 3 spifi€Each
type of cluster gives rise to a series of MST’s with unique 6
characteristics.

-

A. MST due to isolated Eu ions

M (g fion)
F-N

The behavior of an isolated Eii ion in PbSe can be
described in terms of an effective spin Hamiltonian for spin
S=7/2. This Hamiltonian, whose form is given by Abragam
and Bleaney! contains three parameters: thefactor, and
the anisotropy coefficientsb, and bg. Recent EPR
measurement$gave the valueg=1.982,b,= +0.27 GHz,
andbg=—0.0026 GHz.

The calculated energy levels for an isolated?Euion H (kCe)
when the magnetic fieltl is parallel to[100] are shown in
Fig. 1(a). At the field H; there is a level crossing which FIG. 1. (a) Energy levels for an isolated Bl ion (single in
changes the ground state. This change results in an increaBkSe as a function of magnetic fietl Note the level crossing at
of the magnetic moment of the ground state, because thd.. (b) Calculated magnetization curves for isolatec? Euons at
magnetic moment of a staf® is equal to— JE;/JH, where 10 and 50 mK. These results are t8}[ 100].

E; is the energy of the state. If the temperatiires low, the _ o _ )
magnetizatiorM is controlled by the ground state, so that the(CT’s), are o_bta|_ned from a Slmpllfle_d version of the §|ngle-
level crossing results in a magnetization step. Figuis 1 _model. lngtms S|mpI(_a version all anisotropic interactions are
shows the calculated magnetization curves at 10 and 50 mignored:. — The Hamiltonian for an isolated ion then does not
The levels which cross correspond roughly to states wittffontain the terms involving, andbg. The magnetization of
S,=—5/2 and—7/2, whereS, is the spin projection along |solat_ed Eu |Qns(smgles) ther_ef_ore follows the _Brllloyln
H. Therefore, the ratio between the magnetizations beforinction, and it does not exhibit the MST described in the

and after the MST is roughly 5/7. Féf[100] the MST is preceding section. However, level crossings for pairs, OT’s,
predicted to occur atl .= 1.98 kOe. and CT's do occur, and they lead to MST’s at low tempera-

tures.

o

As the angled betweenH and the[100] axis increases _ , i
from zero, the energy-level crossing ldt changes to anti-  The energy levels for pairs, for OT's and for CT's are
crossing. The MST is then broader, and its center is at known:~ We used them to calculate the partition function as

lower field. The dependence of the MST 8nwas calculated @ function ofH. The free energy, and the magnetizathdn

for H in the (001) plane. The downward shift of the field at Were then obtained num%rﬁally. For pairs there also exists an
the MST is 0.06 kOe for§=5°, and about 0.2 kOe for analytic expression fok.™

10°. At 6=15° (or 75°) the MST becomes very broad. For
20< #<70°, which includes th¢110] direction, there is no
distinct MST. Additional calculations far|[111] show that The calculated magnetization of pairs at three values of

for this direction also there is no distinct MST. the normalized temperature=kgT/|J| is shown in Fig. 2a).
Well-resolved MST's occur whem is low, as illustrated by

the curve forr=0.25. In the present simple model the fields

} ] ) ) H, at the centers of the MST's are given by
The main features of the series of MST’s which arise from

pairs, from open triplet§OT’s), and from closed triplets gugH,=2|J|n, 1)

1. Magnetization of pairs

B. Simple model for MST'’s due to pairs and triplets
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If one assumes that the MST's are resolved when the sepa-

ol ' ' ' ' ' i ration AH=H,,,—H, between adjacent MST’s exceeds
PAIRS KT/ |1J] = 3 6H, the condition for resolving the MSTs is
: r=KkgT/|J|<0.6. Computer calculations afM/dH indicate
that actually the temperature requirement is somewhat less
stringent; most of the MST's are still resolvegBut only
barely at r=1.0. These results are true only for the simple
model considered now, in whicdH 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 temperatures=1 the MST's coalesce and
form a “ramp,” with M increasing approximately linearly
with H. The ramp forr=1 is shown in Fig. a). Increasing
7 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.lS‘lG

Mpair /gng

2. Magnetization of open triplets

Mot /gng

The magnetization curves for OT’s at three values afe
shown in Fig. 2Zb). Consider first the curve for=0.25. 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
0 5 10 15 20 25 30 111 ground-state configurationf-ollowing the alignment of
the ground-state moment, a series of MST’s occurs at fields
H, which are given by

16 T T T T

————
-

12 } /":,. """""""""" T gugH,=r|J], (3

o wherer=9,11,13,...,21 for E" spins §=7/2). For an

8 . arbitrary S the first MST is atr=2S+2, and the last at

e r=6S. The spacing of the MST's is the same as that for

et pairs, but the positions are different. In the present simple

T © 1 model, the criterio\H > SH for resolving the MST leads to
the same temperature requirement0.6) as in the case of

0 N . . . . pairs. Ast increases to 1, the MST’s coalesce and form a

0 5 10 16 20 25 30 ramp. The ramp is more rounded &t 3.

g HAI

Mct/ gup
Ay

3. Magnetization of closed triplets

FIG. 2. Calculated magnetization curves for various clusters at Magnetization curves for CT’s are shown in FigcR The
three values of the normalized temperaturekgT/|J|. In each  curve at the lowest can be understood as follows. For a CT
case the average magnetic moment per cluserin units of  consisting of EG" ions the net spin of the ground state is
gue) is plotted as a function of the normalized magnetic field 1/2. The ground-state magnetic moment is therefore equal to
gugH/|J|. (a) Pairs. (b) Open triplets.(c) Closed triplets. Al 1/21 of the saturation moment of the CT. At=0.25 the
curves forr=1 have been moved upward by two units. Curves forground-state moment aligns rapidly with. Following this

7=3 have been moved upward by four units. alignment, a series of MST’s occurs at fieldg which are
given by

wheren=1,2,...,7 for E* (S=7/2 for each ioh For an

arbitrary S, the values of are 1,2,...,2S. After the last gusH=K|J| @)

MST is completed, the pair magnetization saturates at ek '

2Squeg. where k=3,5,7,...,21 for S=7/2. For an arbitrary half-

An estimate of the maximum temperature at which the; : : " N
MST's are resolved is obtained as follows. Each MST corre-Integers the first MST is ak=3 and the last at=6S. The

sponds to a peak idM/dH. The full width at half height separation between the MST'’s is the same as that for pairs,
SH, of this peak is given By " 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
gugéH=3.5KgT. (2 whenr=1.
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L . 1 4 L : FIG. 4. Expanded view of the top part of the curve for
0 10 20 30 7=0.25 in Fig. 3. The MST’s due to pairs and OT’s are clearly
ngH | visible. Also shown is the derivativéM/dH of this curve.

o _ o last few small peaks in the derivativgggH/|J|>14) are
FIG. 3. Theoretical simulations of the magnetization curves fordue to OT’s alone, because by then the magnetization of the
x=4.1% for three values of=kgT/|J|. The cation lattice is fcc, pairs is saturated '
andJ is assumed to be the NN exchange consiiantOnly singles, '

pairs, and open triplets are included in the simulations. The curves _ ) )
for =1 and 3 have been shifted upward by one and two units, 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 constantOther exchange

4. Simulations of the magnetization curve constantsJ; #J, were neglected. All anisotropies were also
neglected. The expected effects due to these additional inter-

The magnetization curve of the sample as a whole is cal- _> : .

; S ) ) ions will now nsidered.

culated by adding the contributions of singles, pairs, OT’s,aCto s ow be considered
and CT's. The contribution of larger clusters is neglected. 1. Other exchange interactions

This is an excellent approximation for two of our samples ' '
(x<3.0%), and is quite a good approximation even for the The main effect of the othel; on the MST's due to pairs
third sample k=4.1%). To carry out the calculation it is IS to shift the fieldsH, at the MST's. An approximate treat-

necessary to know the concentrations of the various clustergent by Larsoret al*® indicates that Eq(1) should be re-
In this work it was always assumed that the distribution ofplaced by

respectively.

the Eu ions over the cation sites was random. The probabili-
ties of finding various clusters were then obtained from Ref. gugH,=23In+A,, 6)
17 where the shiftA,, is nearly independent ai. Recent nu-

For purpose of illustration we take=4.1% and assume . : 8 o
thatJ is the NN exchange constadf{. To simplify the in- merical results for a simple ¢ ggest thad, is mdepe_n-
terpretation, we negledtin this case only the very small delrllt 0th onlt);]wr\]]en the theﬂ‘ are Ieﬁs tEaWOt.k(])]]]. Typi- i
contribution of the CT's. The calculated magnetizationc"’l y the otherJ; are not so smaill. Nevertheless, quite
curves forr=0.25, 1, and 3, are shown in Fig. 3. Consideraccurate values fod are o.btalned t_)y using Eq5) with a
the curve forr=1. At low fields there is a rapid alignment of constgntAn. The reason is thad, is psyally an Qrder. of
the singles and of the ground-state moments of the OT,Sr_nallgnlt:che _smallar than2| and the variation o\, with n is

R - ; ; tion ofA,,.

This alignment is followed by the ramp due to pairs. A sllghtOn y alrac n ,

increase in slope occurs when the ramp due to OT's begins The otherJ; also broaden the MST's because although all

near gugH/|J|=9. The ramp due to pairs ends near pairs are coupled by the s_an;ie the qonfigurations of the

gueH/| 3] =14, but the smaller ramp due to the OT's persistsOther‘]i are dlf_ferent for different pairs. I_Due to the extra

until gugH/|J|=21. Some of these features were previouslybroadenmgﬁH is larger than the thermal width given by Eq.
(2). As a consequence the temperature requirement for re-

observed experimentally in Gd,Mn,Te (Ref. 18. X . ;
At 7=0.25 the calculated magnetization curve showsSOIVIng the MST's becomes more stringent.
MST’s due to pairs and OT's. These MST's stand out more 2 Single-ion anisotr
clearly in Fig. 4. The derivativelM/dH is also shown in - Single-lon anisotropy
In this work J was obtained from the fieldsl,, of the

Fig. 4. The MST’s appear as peaks in the derivative. One
interesting feature is that the peaks from the first few MST'sMST's due to pairs. Two types of anisotropy affect these

due to the OT'SatgugH/|J|=9, 11, 13 are exactly out of H,,. First, each spin is subjected to the single-ion anisotropy
phase with peaks due to pairs. The net effect is that in thigcubic anisotropyinvolving the parameters, andbg in the
field range the peaks due to pairs have a smaller size. Th&pin Hamiltonian. Second, there is a dipole-dip@®) in-
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teraction between the two spins in the pair. The single-iorcaused by the single-ion anisotropy. Due to the second term
and DD anisotropies are considered first separately and then Eq. (6) the average separatioh ), is reduced by 6%

together.

for both $=0 and ¢=45°, and by 9% for$p=90°. Since

The energy levels of a pair in the presence of a single-ionhe first term in Eq(6) increaseAH by 6%, the net change
anisotropy were obtained by a numerical diagonalization obf (AH),, due to the DD interaction is no more than 3% in

the pair Hamiltonian, represented by a>6@4 matrix. The

all cases. If] is obtained from a fit oH, throughH- to Eq.

calculations were performed using the relevant parameter®) then the net change due to the DD interaction is only 1%

for Eu?* in PbSe b, and bg as given above, and
J/kg 0.24 K as given beloyv Results were obtained for
H parallel to thg 100], [110], and[111] directions. The fields

for all three ¢'s.
Although (AH),, is nearly independent ab, the values
of H,, vary by ~1 kOe as¢ changes from zero to 90°. This

where the ground state changes, due to level crossing, gaveriation is not negligible compared to the actual separation

the values oH,,.

The single-ion anisotropy has a significant effectkbp.
The separatiomH=H,,;—H, between adjacent MST’s is
no longer independent af. The largest change @&fH com-
pared to the valueXH); in the absence of anisotropy is for
the separation between the sixth and seventh dfapthe
highest fields This particularAH is about 40% higher than
(AH), for H|[100], but for H parallel to either th¢110] or
[111] directions thisAH is about 30% lower thanAH);.
The averageseparation A H) ., between the MST’s is much
closer to AH);. Specifically, AH),, is 9% higher than
(AH), for H|[100], 4% lower than AH); for H||[110], and
7% lower than AH); for the H|[[111].

In the present workl was obtained from a fit of the mea-
sured fieldsH, throughH, to Eq. (5). The effect of the
single-ion anisotropy on thé obtained in this manner was
therefore considered. Compared to the tduthe exchange
constant which is obtained from the fit to E(b) is 9%
higher for H||[100], 3% lower forH|[110], and 6% lower
for H||[111]. For an unknown field direction it is probably
safe to assume that tleobtained from a fit to Eq(5) will be
correct to within 10%. Values oA, obtained by fitting the
calculatedH, throughH; to Eq. (5) were of order 1 kG;
negative forH||[ 100] but positive for the other two principal
directions.

The results above show that the sign of the change i
(AH) ,, is positive for the[100] direction but negative for
the[110] and[111] directions. For some intermediate direc-
tions the single-ion anisotropy hardly changas),,, e.g.,
only a 1% change for thgL0O2] direction. The variation of
AH with n is also much smaller for thgl02] direction.

3. Dipole-dipole interaction
The DD energy between two magnetic momepts, and
Mo, separated by is
Epp= (- M2 /1) =3(py- 1) (pg-1)/1°. (6)

The first term is isotropic, similar in form to the isotropic
Heisenberg exchange interaction. Its effect is equivalent to
change ofl. In the present case the change of the effeclive

between adjacent MST'aH=3.6 kOe, and is important for
the following reason. Each Eu ion in PbSe has 12 NN cation
sites. In general, the vectorsfor these NN sites make dif-
ferent anglesp with H. For example, whehl is along[100],
¢$=45° for 8 NN’s but for the other 4 NN'sp=90°. In
principle, the existence of severals and the fact that,
depends onp 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 6H 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. Fdd|[[100] there are two
groups of NN’s, with $=45° or 90°. Compared to
(AH);, (AH),, is 9% higher for the first group and 7%
higher for the second group. Fét||[110] there are three
groups of NN’s, with¢p=0°, 60°, and 90°. Compared to
(AH); the changes in AH),, are —3%, —4%, and
—10%, respectively. All these changes iAH),, are not
very different from the sum of the changes caused by the two
anisotropies separately.

n

IIl. EXPERIMENT

The three single crystals of Rb,Eu,Se 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 susceptibilityyg=—3.6Xx10"" emu/g
(Refs. 19 and 20 Assuming a saturation moment of z4.§
per EF" ion, the results werg=1.3, 3.0, and 4.1 %. Simi-
lar values(1.2, 2.9, and 4.1 Ywere derived from the Curie
constants which were obtained from low-field susceptibility
data. The susceptibility was measured with a superconduct-
g quantum interference devic€SQUID) magnetometer
manufactured by Quantum Design Inc.

is +6% if the pair consists of NN spins. The second term in  Magnetization measurements at low temperatufies {

Eq. (6) is anisotropic, i.e., it depends on the direction of theK) were carried out with two systems. One system used a
magnetic moments relative to the lattice rather than relativéorce magnetometer, a plastic dilution refrigerator, and a 55
to each other. The shifts in the values ldf, due to this kOe superconducting magn@! The magnetic force was
second term were obtained from a numerical diagonalizatioproduced by a magnetic-field gradient, which was superim-
of the pair Hamiltonian. Results for a pair of NN Eliions  posed on the main field of the superconducting magnet. Both
in PbSe were obtained for anglegs=0, 45°, and 90° be- dc and ac gradients were used. In the case of a dc gradient
tweenH andr. For each¢ the separatiodH=H,,;—H, the temperature was between 20 and 30 mK. With the ac
depends om, but this dependence is much weaker than thagradient, a tiny amount of heat was generated by eddy cur-
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FIG. 5. Magnetization curve faxr=1.3%, measured at 50 mK. S
The magnetic fieldH is parallel to100] within 5°. These data were = ot
obtained with an ac field gradient. To display the MST due to
singles clearly, only data below 5 kOe are shown.
rents(there were a few small metallic componentnd the ol ) | | )
temperature was near 50 mK. The second magnetometer sys- 0 10 20 30 40 50
tem consisted of a vibrating sample magnetom¢#sM) H (kOe)

operating in a 190-kOe Bitter magnet. Temperatures near 0.6
K were obtained by immersing the samples in pumped liquid FIG. 6. Magnetization curves measured at 30 mK using a dc

3
He. gradient.(a) Data forx=4.1%. (b) Data forx=3.0%.
IV. RESULTS AND DISCUSSION also obtained with an ac gradient. Figuréa)@nd &b) show
_ _ a rapid rise ofM at low fields. This rise is attributed to the
A. MST due to isolated ions rapid alignment of the singles, but with some contribution

The MST due to isolated Eu ior(singles was observed from the OT's and CT's. The MST due to singles was not
in the sample witlx=1.3%. These data were taken in the observed with these samples, probably becatissas not
dilution refrigerator. The sample was mounted witii1@0  aligned along one of th€l00 directions. o
cleaved face perpendicular kb The anglet betweerH and Following the rapid rise at low fields, the magnetization in
the[100] direction was estimated to be less than 5°. Some ofither Figs. €a) or &(b) exhibits a ramp which is attributed to
the results are shown in Fig. 5. They closely resemble th@airs. After this ramp ends, near 27 kOe, there is another
predicted behavior fof =50 mK [Fig. 1(b)]. The ratio be- ramp with a smaller slope. This second ramp is mainly due to
tween the magnetizations before and after the MST is ap@T's: (The ramp due to the OT’s actually starts well below
proximately 5/7, as predicted. 27 kQOe, but in that field range it is masked by the ramp from

The derivatived M/dH of the curve in Fig. Snot shown  the pairs) The ramp due to the OT's ends near 40 kOe.
exhibits a peak. After subtracting the monotonic background, When the vertical scale of Figs(é and 6b) is expanded,
the field at the peak gives the position of the MST asthe ramp due to the pairs exhibits well-resolved MST's.
H.=1.76+0.2 kOe. The large uncertainty is due to the factThese MST's are also revealed by the derivatd/dH,
that the peak is broad, with a flat top. The predicted value foPPtained by numerical differentiation of the magnetization
H. is 1.98 kOe. Considering the experimental uncertaintyCurve after some data smoothing. The derivative curves are
and a possible small shift to lowét due to a finited, the  Shown in Figs. 7@ and 7b). The last six MST’s due to pairs
agreement is quite reasonable. (n=2,3,... ,7)'are clearly visible for both samples. The first

MST due to pairsif=1) is obscured by the initial large drop

B. Magnetization of pairs and open triplets atT<50 mK Ir;h((j)m(/ji:j inbl#]em d;%at-i(\z gu?\tlltlal. n.;ﬁglfs;;skslt?ﬂ?ll; /374 a

Examples of magnetization curves measured in the diluwhich correspond to MST’s witm=2 and 3 seem to be
tion refrigerator are shown in Figs(&® and @b). These data more prominent than the peaks for higimerSuch a behavior
are forx=4.1 and 3.0 %. Unlike the case &f1.3%, the is expected from the simulation in Fig. 4. When the ramp due
direction of H was not controlled in these experiments. Theto pairs ends, near 27 kOe, there is a dropdM/dH. A
curve for each of the two samples is the average of all tracesmaller drop ofdM/dH occurs when the ramp due to the
obtained with a dc gradient. For=3.0% similar data were OT’s ends near 40 kOe.
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higher fields. Second, a rough estimate of the dominant ex-
change constant can be obtained from the Curie-Weiss tem-
(@) x=4.1% i peratures® (see, e.g., Ref.)9 This estimate depends on

Pb Eu Se whether the NN or NNN exchange constant is the largest, but

1x there is only a factor of 2 difference between the two

choices. Values o® were obtained from low-field suscepti-
bility data, performed on all three samples using a SQUID
magnetometer. The resuls.g.,@=—0.6 K for x=3.0%)
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.

T=30mK
dc gradient

dM/dH (arb. units)

D. Identity of the dominant AF exchange constant

T T T T T T There are two likely possibilities for the identity of the
dominant AF exchange constadtkg= —0.24+0.03 K. Ei-
4 (b) x=3.0% . ther it isJ; (for NN's) or it is J, (for NNN's). The method
used to identifyd 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 siteich
oL i is the key assumptionthe calculated ramp due to NN pairs
is substantially larger if is J; than if it isJ,. 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 assumingJtieat
0F . . , , L] eitherJd; or J,.
0 10 20 30 40 50 The calculated magnetization curves were based on the
H (kOe) model in Sec. II B, and they included singles, pairs, OT'’s,
and CT's. The probabilities of finding these clusters were
obtained from Behring€¥. (His results are only for clusters
with NN coupling, J=J;, but they are given for several
lattices. It is then useful to notice that the probabilities for
Above 5 kOe the magnetization curve for=1.3% (not clusters with NNN coupling only=J, yvhen the lattice [s .
fcc are the same as those for NN coupling when the lattice is

shown also exhibits a ramp due to pairs. This ramp is in ) X ,
fields above the MST due F')co singlesp. As in the othF()er twi _S|mple cubicl Only thermal broadening of the MST's was

samples the ramp due to pairs ends near 27 kOe, but for th|QCIUded in the simulations. However, s_ince the MST’S. ob-
Iowerr)x the MSTPS due toppairs can be resolved only afterserved at 30 or 50 mK showed an additional broadening, a

extensive data smoothing. The ramp due to the OT’s is noti'.Igher effective temperaturdq=100 mK, was used in the

seen clearly fox=1.3%, presumably because the concen-Simulations. The use of a higher temperature had no effect on
tration of OT’s is lower than in the other two samples. the sizes .Of th(_a_calt_:ulated ramps, and therefore did not influ-
ence the identification al.
To compare the shapes of the calculated magnetization
curves with the measured curves, all curves were normalized
The exchange constadtwas obtained from the MST’s so that they agreed at the highest field. Figures &1d &b)
due to pairs. The fields at the peaksdi¥1/dH [Figs. 7a) show the comparison for=3.0%. The experimental curve
and 7b), and other similar resultsvere chosen all,. The in Fig. 8@a) is the average of all traces obtained with a dc
fieldsH, throughH- were fitted to Eq(5), with A, taken as  gradient, while the very similar curve in Fig(8 is the
a constant. With the knowg value the only two parameters average for an ac gradient. In either case Xhenodel(i.e.,
in this linear fit were] andA,,. All sets ofH,, for x=3.0 and  the calculation withJ=J;) simulates the data much better
4.1% were well fitted by Eq(5), and they all gave very than theJ, model. The comparisons for the other two
similar results, namely)/kg=—0.24 K andA,/gug=0.7 samplegnot shown also indicate that th&; model is much
kOe. The spread in the valuesbfvas only 2%. However, in  better. On this basis the dominant AF exchange constést
view of possible effects due to anisotropiémlculated in identified as the NN exchange constant
Sec. Il Q our final result is)/kg= —0.24+0.03 K. The method of identifying assumed that the Eu ions
Only one AF exchange constani/kg=—0.24 K) was were randomly distributed. Some justification for this as-
observed in the present experiments. The following argusumption is that thel; model with a random distribution
ments indicate that it is the largest AF exchange constangives fairly good fits for data on three samples with different
First, magnetization data at 0.6 (discussed latérshow no  x. It is unlikely that good agreement for three samples is
other MST's or ramps between 40 and 180 kOe. This meangccidental.
that there is no larger AF exchange constant, unless it is The conclusion thad=J, applies to Ph_,Eu,Se with
larger than 12 K in which case the MST'’s will occur at still x<1. For pure EuSe, the accepted view is tBatis ferro-

dM/dH (arb. units)

FIG. 7. The derivativelM/dH of the magnetization curves in
Figs. §a) and Gb).

C. The dominant AF exchange constant
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FIG. 9. Magnetization curves at 0.62 K for all three samples.
i These experimental results include ttamal) correction for the
diamagnetism of the lattice.

M (arb. units)

ac gradient
10 F 50 mK b

0 1 1 L 1 L
0 10 20 30 40 50

H (kOe) 6 T T T

FIG. 8. Comparisons between theoretical simulations based on
theJ, andJ, models and experimental data for 3.0%. (a) Com-
parison with data obtained at 30 mK using a dc gradigntCom-
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 simulatiofisee text

Pb, ,Eu Se
T=062K |

M (emu/g)

(@) x= 4.1%_

magnetic and), is the largest AF exchange constarthe || ..
present data do not agree with the accepted exchange con-
stants for pure EuSe. Data analysis which included both a
ferromagneticJ; and an antiferromagnetid, was per- 0 20 40 60
formed, using the probabilities which follow from a random 2 T T T
distribution?? The results showed no significant improve-
ment over thel, model, withJ, only. The main reason why
adding a ferromagnetid¢; does not improve the fits signifi-
cantly is that ferromagnetic clusters align rapidly at bWy
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 tha; is ferromagnetic in EuSe but is
AF for a small Eu concentration in PbSe. The difference in
the sign ofJ; is presumed to be related to the very different
electronic structures of EuSe and PbSe. The mechanisms re-
sponsible forJ; andJ, in EuSe are well knowh? but this is 0 ' ' L
not the case for Eu in PbSe. Indeed, even the location of the 0 20 40 60
4f7 levels of the EG" ion with respect to the PbSe band H (kOe)
structure has not been establisfieth EuSe the dominant
mechanism responsible for the ferromagnétiénvolves the FIG. 10. Comparisons between two of the experimental curves
two Eu?* cations but not the neighboring anibAIn con-  in Fig. 9 and theoretical simulations based ondp@ndJ, models.
trast, it has been suggested by r&ia et al® that in rare- (a) Comparison foix=4.1%. (b) Comparison fox=1.3%.

M (emu/g)

(b) x =1.3%
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earth-doped IV-VI DMS, a 90° superexchange via the aniortal data. The simulations for the sample with 3.0% (not
may lead to aJ; which is AF. A calculation, or even a theo- shown lead to the same conclusion. These results confirm
retical estimate, of; for Eu?* ions in PbSe is not available that the dominant AF exchange constandjs
at present to our knowledge.

Figures ) and 8b) (and similar results for the other V. CONCLUSIONS

samplegindicate that while the); model is clearly superior A magnetization step arising from isolated £uions was

to theJ, model, it still fails to agree with the data perfectly. ghserved at 1.760.2 kOe, which is close to the value 1.98
The remaining deviations are attributed to the simplicity ofkoe expected from EPR data. The relatively low field at
the model: no anisotropy, only ode and only clusters with \yhich this MST occurs is consistent with the expected low
less than 4 spins. It is possible to improve on dhemodel.  anisotropy for arS-state ion.

For example, the experimental results Fby show that these Magnetization ramps due to pairs and OT’s were ob-
fields are shifted upward by about 0.7 kOe relative to theserved. At 30 and 50 mK, the ramp due to pairs consisted of
J1 model, i.e., Eq(5) rather than Eq(1) applies. An upward  well-resolved MST’s. These MST's gave the value
shift by 0.7 kOe of the calculated ramps in Figga)8and  Jj/kg=—0.24+0.03 K for the dominant AF exchange con-

8(b) will improve the agreement with the data. stant. Such a small confirms early indicatior’$ that ex-
change interactions in IV=VI DMS are much weaker than in
E. Magnetization curves at 0.6 K the traditional II-VI DMS. Comparisons of the magnetiza-

éion curves with theoretical simulations identifyasJ,, in

The magnetization curves at 0.62 K for all the samples ar X .
ontrast to pure EuSe for which the dominant AF exchange

shown in Fig. 9. These data have been corrected for th&

diamagnetic susceptibility of the lattice. The general shape gfonstant isly. o
all three curves is the same: a fast rise Mf at low H, The availability of a magnetometer operating in a dilution

followed by a rounded ramp, followed by full saturation at refrigeratqr was crucial for the success of the present _experi—
H>50 kOe. ments. With such a magnetometer, weak exchange interac-

tions between magnetic ions, and small anisotropies for iso-

Theoretical simulations of the magnetization curves in )
lated ions, can be measured by the MST method.

Fig. 9 were performed using th andJ, 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 broadenirf@he extra broadening This work was supported by CNPg, FAPESP, and FINEP
observed aff <50 mK was equivalent to only 60 mK ap- (Brazilian agencies by NSF Grants No. DMR-9219727 and
proximately) The simulations fox=4.1 and 1.3% are com- No. INT-9216424, by CNRSFrance, and by the Polish
pared with the data in Figs. (@ and 1@b). It is clear that Committee for Scientific Research. The Francis Bitter Na-
theJ; model gives a much better account for the experimentional Magnet Laboratory is supported by NSF.
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