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We have extended our generalized pair approximation applicable, in principle, to diluted magnetic semicon-
ductors, in which the spatial distribution of the magnetic ions may be assumed to be random and homogeneous,
to systems with a variable magnetic ion concentration. Using our model, which may be called the extended
generalized pair approximation, we have developed a quantitative description of the magnetization in dilute
magnetic semiconductor quantum structures with moderate magnetic ion concentxatib®®f). The latest
models describing the radial dependence of the exchange interaction, clustering, and interface mixing are also
discussed[S0163-182807)04923-(

I. INTRODUCTION perimentally in digital magnetic heterostructufds. studies
of the magneto-optical properties of DMS QS the determina-
A dilute magnetic semiconductdDMS) is formed by tion of the average spin of the magnetic ions and knowledge
replacing a fraction of the cations in a host semiconductobf the exact magnetic ion concentration is of utmost impor-
(SO alloy with transition-metal ions such as manganeseance as the magnetic-field-induced band potential is propor-
(Mn%*). The presence of a magnetic component introduce§ional to the product of the average sggthe mean spin pro-
specific properties related to the strong coupling of the Spinfection) of the magnetic ionsS, and the magnetic ion
of band electrons or holes of a semiconductor to the localgoncentratiorx. The mean spin projection of DMS QS has
ized ‘magnetic moments QUe to the eIectror_1§ of the _ been approximated until now b, = Sy(X)B,(B, Ter(X)),
transition-metal ions. This, in turn, greatly modifies the SPiNhereB is the external magnetic field, amg} is a Brillouin

splitting of the ba_nd_carriers and makes it unique_ly temper.afunction for the spin valud with two adjustable parameters
ture and magnetic field dependent. The magnetic properties '

-~ 2 i-e., the saturation valu&y(x) and effective temperature
of bulk DMS containing moderate magnetic ion concentra—T It has b d Stthat in the limit
tions (x<10%) have been satisfactorily described by the eﬁ(x.)‘ as been proposed rece $hat in the limi
pair approximation(for a review see Ref.)lor generalized of high magnetic field, a saturgnon value has to be
pair approximatioh (GPA), which express the total free en- ePlaced by ,SO(X)“L 6Sp(x)  with  6Sp(x) =[Jgue
ergy of DMS as a sum of interacting pairs multiplied by ~So(X)1By(B.Ter(X)), whereg is the Landefactor, ug is
appropriate probabilities. the Bohr magnetron, antl,(x) an additional effective tem-
The molecular beam epitaxBE) technique gives the perature that describes the field-dependent increase in the
possibility to manufacture DMS quantum structur€®S),  saturation value. However, such an approximation, which
such as thin films, quantum-well structures, and superlatsatisfactorily reproduces the experimental data, is justified
tices, with the energy gap depending on the magnetic ioonly for bulk materials in which the spatial distribution of
concentration, which can be controlled during the growththe magnetic ions may be assumed to be random and
process. As a consequence, the shape of the quantum potéremogeneou$.Moreover, this approach is not very useful
tial of the DMS QS depends on the magnetic ion distributiorwhen studying the exchange interaction between the mag-
along the growth direction. Recent magneto-optical studiesetic ions and is additionally invalid at low temperature and
of the sharpness of the interfaces between the DMS and Shkigh fields, where a steplike behavior®foccurs and values
regions revealed the existence of small-scale disorder, whicbf the adjustable parameters depend on the number of layers.
is also called interface mixingsee Ref. 3 This noninten- Motivated by the difficulties mentioned above with the
tional dilution at the interfaces leads to a giant Zeeman splitdescription of the mean spin in DMS QS, we have under-
ting in CdTe/CdMn,;_,Te quantum welf5(QW) and is re- taken a theoretical effort to extend the generalized pair ap-
sponsible, in our opinion, for the increase in the number oproximation of DMS systems with variable magnetic ion
uncompensated paramagnetic spins, recently observed essncentrations. We have subsequently used the resulting
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model to test the recently proposed independent path modéhe Boltzmann constaptand the probabilityP$(x) of find-
of the radial dependence of superexchange, to check the raimg such a pair is given by

domness of the magnetic ion distribution in MBE-grown

DMS epilayers, and to calculate the effect of the interface Pj(x):(l—x)ﬂﬁ—l—(l—x)“‘i, 4)

mixing in extremely thin DMS epilayers. _ _ o
whereny=%’N, with N, being the number of sites irth

Il THEORY sphere. Based on Eqd)—(3), other thermodynamic quanti-
ties can be derived such as the magnetization =(
The pair approximation or its extended version with open—[gF/9B];), the magnetic specific heat Cf,=
triplets called ENNPA(Ref. 8§ may be applied to DMS’s  —T[4°F/4T%]g), and the magnetic susceptibilityy &€
with moderate concentrationx€10%) of magnetic ions —[4°F/9B?];).

randomly distributed over a cation sublattice and where eacl‘llhe application of the GPA to DMS QS becomes possible
cation site has the same arrangement of other cations. Thj

' o : because of the following facts:

resu,lts in the same number of equidistant nearest,ne|ghbors (i) From the point of view of the GPA, DMS QS are
(NN's) and applies to most of the known II-VI DMS's crys- i \yith nonequivalent planes perpendicular to the growth
tallizing in the zinc-blende structure. As follows from our direction. This means that all the ions belonging to a given

?revllcou?hworkz, there W%_tgenerallzte(i t?e F;a" approx;;na- plane have the same numbers of fldN), se_conciZN), third
1on Tor Ine case of an arbitrary crystal structure posse Ing(3N), etc. neighbors, so they are all equivalent, but the ion

kinds of inequivalent sites in th(_a hOSt lattice, the_ total freesites belonging to different planes may be inequivalent. For
energy of the system of magnetic ions can be written as

example, all the ions placed in a DMS quantum wWe&W)
t in the plane adjacent to a nonmagnetic SC have eight 1N,
F(x)= E N, F%(x), (1) five 2N, twelve 3N, etc., while the ions in the adjacent DMS
a=1 plane have 12, 5, 20, etc., neighbors, respectively.
where F%(x) is the mean free energy per spiN,, is the (i) Due_ to Fhe technological process, thle magnetic ion
concentration in DMS QS may be varied intentionally or

number of spins occupying the lattice sites of tta kind, _ . ) - .
and the summation runs over all inequivalent cation sitesF‘O””_“e”“‘?”a"y“he interface mixing when passing from
ne inequivalent plane to another.

Treating the sites of the host lattice as being arranged igne ! .
. a : (iii) In 1I-V DMS, the number of NN’s is not greater than
spheres at distance®; around the reference site of th¢h 5 (i.e., there may be 3, 4, and 5 N\'svhile in II-VI DMS

kind, F(x) can be defined &s this number is 12 and this essential difference requires one to

o take into account also the contributions of larger clusters,
Fo(x)=>, PYx)F, (2)  first of all the open triplets. Therefore, such an approxima-
v tion may be called the extended generalized pair approxima-
with SP*(x)=1, and where tion (EGPA). To simplify the resulting equations, we assume

that, as far as the distances between ions are concerned, all
kgT the cation sites in the DMS are equivalent. Formally this
Fy=——"InTrexpBlgus(S,+S)B+2J,5,5'] (3)  means that the exchange constant is independent of the index
.
is the free energy of a pair of interacting spid$=J(R?) is Taking into account the above considerations, the mean
the corresponding exchange consta@)tand S* denote the free energy of a magnetic ion placed in thgplane can be
spin operators of the magnetic ion8= (kgT) * (with kg written as

v
Fa(X]JXZi"'Xt): P%(Xaflixa vXaJrl)FiY_{—Ta(Xa*liXa 1Xa+1)F$+§ P(j(xaffv"'ixaflixa 1Xa+11---1xa+T)F§ ’ (5)

whereF7 is the free energy of the open triplet, which is given by

k
Fi=— 2 Tr expl Blgua(Si + §7+ S1)-B+2(21, 5,5+ IR)SS1) ).

The probabilitiesP$ and T, which determine whether a given magnetic ion placed in plaméth concentratiorx,, has a
nearest magnetic neighbor at distaftg now reads as

Pg(xafl Xa 1Xa+l) :{m%xa(l_xa)m?(l_ Xa+ l)miﬁl(1_Xafl)mgil}+{cpl}l (6)
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m{ a o a—
T“(xal.xa,xm)=( 21)xi(l—xa>m1—2<1—xa+1>m1“<1—xa1>m1 '

@ at+1 a—1
MEME I X 31— XM ML= x, )™ (1= x, ™ {CP, @
ato ato
Pg(xafﬂ"'vxaflixa1Xa+11"'7xa+7)= ].__.[ (1_Xa+f)my_l_ ]._—.[ (l_xa+7)mV ) (8)

wherem? is the number of sites in the circle defined by the mentally determined sum of the spatial gradieviggr) with
intersection of theth sphere centered on tlheplane with a  those calculated from the phenomenological model follow-
planeg, such thata— 7<e<a-+ 7 with 7 being the number of ing the power la#’ J(r)~(r)™", n=7-14 and also the
planes corresponding to the lend®y and{CPI} denotes the short-range superexchange in the Gaussian Yorm
sum of two similar terms obtained by cyclic permutation of exp(— ur?), whereu is a constant factor. As a solution, they

indices{a, a+1, a—1}. have proposed a new, independent-exchange-path model in
which the spatial dependence of the superexchange interac-
Ill. APPLICATION OF THE EGPA TO II-VI DMS tion, expressed by the consecutive exchange conslants

described by the product of two parametégsand y as J;

The total free energf derived within EGPA from Egs. =Joy, J,=4J07?, J3=2J97? J,=Joy?, and Jg
(1) and(5) is the sum of the free energies of pairs and triplets=4J,y® with y=0.044 for ZMT. The arguments used by the
of interacting spins multiplied by appropriate probabilities, authors of Ref. 9 to show the failures in the existing descrip-
which can easily be calculated for a givenprovided the tion are based on several simplified assumptions; the most
crystal structure and the parameters of the QW in questiomportant of these is that the analytical expressions written
are known. Thus, in order to calculate, one needs to above describe fully the radial dependence of the exchange
specify an exchange constant for each pair. Recently, wheimteraction. In reality, as is known from experimental studies
discussing the radial dependence of thed exchange in- of the magnetization under high pressure in DR&f. 11
teraction in DMS, some new facts have appeared requiringnd from theoretical consideratiotfsthe proportionality
additional treatment. Namely, Shen, Luo, and Furdyreve  constant in these expressions strongly depends on the Mn-Te
studied the exchange striction effe¢t®., the temperature- bond lengthd, giving an additional strong radial dependence
dependent change of the lattice constants parallel and normas d 6. A compression of the lattice constants in they
to ZnggsMg g3gTe (ZMT) [001] epilayers and have found plane accompanied by an expansion along zhdirection
failures in the existing models. They compared the experi{for so-called ‘Z’’ domains, see Ref. Pshortens the bond
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FIG. 1. A comparison of our calculatioflines) of the mean spin projectioS,) in Zn, _,Mn,Te with the experimental datgoints
taken from Ref. 14. The lines are calculated within the extended generalized pair approximation. The solid lines correspond to the
phenomenological power-law dependence of the exchange interaI(lR),j)/kB=JlR;6'8. The dashed lines are calculated within the
independent-exchange-path modREf. 9 in which the first five exchange interactions are the followidg; J,=4J,y, J3=2J;y, J4
=J;y, Js=4J,9% with y=0.044. In both cases the experimentally determitsss Ref. 14value of —10 K is taken forJ, /kg.
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o tion (S,) for Cd,_,Mn,Te at
v . T=1.5 K as a function of mag-
2 15 E netic field. The solid lines are cal-
[&] L
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from Ref. 5.
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lengthd. In contrast, the cation-cation distancein thez  also that recently as a better approximation of the short-range
direction, becomes larger. The result is that the final radiabuperexchange the power-law radial dependence
dependence of the superexchange interaction observed in tiér)~r 8% has been propos&tithan a Gaussian form. In
magnetostriction experiments should be a competition belight of our analysis the acceptable value of the expoment
tween these two opposite mechanisms, which leads to slowéor the DMS considered in=6.8+0.2.

spatial dependence. For this reason we will not discard the We concentrate now on the discussion of clustering ef-
phenomenological description, which has a simple formfects in DMS QS grown by MBE. The concept of a nonran-
However, since the radial dependence of the exchange intedom distribution of magnetic ions in these structufelsis-
action given by the new model is also simple, we will testtering was introduced to explain the guantum size effect
both models. Furthermore neither model requires fitting paebserved in DMS Q% In order to clarify the situation, we
rameters if forJd; the experimentally determined value is have applied our model to describe the Zeeman splitting
taken. The magnetization data for ZnMn,Te (Ref. 14  measured in thick Cd ,Mn,Te and ZRp_,Mn,Se epilayers
together with the theoretical curves calculated with EGPA
for the power-law radial dependen(mlid line) and with the
independent-exchange-path modetoken ling are shown

in Fig. 1. The calculations were performed with the value of
the nearest-neighbor constant equat-tb0 K, as experimen-
tally determined from the position of the magnetization step
in ZMT.* It can be seen that the EGPA describes very well
the experimental data with the phenomenological radial de-
pendence of the exchange interaction in the power-law form,
while the independent-exchange-path model gives the wrong 1.5
description. For the latter consideration we need also the ,
exchange parameters for another DMS; in Figs. 2 and 3 we "
show the results of similar calculations for bulk
Cd,_,Mn,Te (CMT) and Zn _,Mn,Se (ZMS) with experi- 1.0
mentally determined nearest-neighbor exchange constar
J;=—7 K for CMT andJ;=-12.2 K for ZMS(see Ref. 1
and with distant neighbor interaction in the power-ldy
=J;r %8 andJ,=Jor %% »=2 andJ,=-10 K, respec-
tively, for CMT and ZMS. It is remarkable that the descrip-
tion with the same exponent in the power law appears to be
equally good for these wide-gap Mn alloyed DMS. In order 0 L ! ! !
to show the limits of applicability of the presented model in 0 5 10 15 20 25
higher magnetic fields, we present in Fig. 4 the experimental B(T)

data of Ref. 16 obtained from Faraday rotation measure-

ments up to 150 T. As can be seen, our model works well F|G. 3. The mean spin projectiofS,) for Zn,_ Mn,Se as a
even in fields up to 50 T fox=0.1. On the other hand, the function of magnetic field, aT=1.52 K (circles Ref. 15 and at
fact that the model reproduces very well experimental data=2.2 K (boxes Ref. 10 The lines are calculated in the same way
with x=<0.01 provides a very good proof of the randomnesss in Fig. 2 with experimentally determingdg/kg=—12.2 K (see

of the magnetic ion distribution in bulk DMS. We note here Ref. 1) and J/kg=JoR, ®%, v=2 andJ,/kg=—10 K.

2.5 T T T T

x=0.0315
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FIG. 4. The high-magnetic-field mean spin projectic®)) of .
Cd,_«Mn,Te. The solid lines are calculated in the same way as in
Fig. 2. The experimental data of Refs. 16 and 17 are shown in the e S ——
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inset.
B(T)

grown by MBE €., .bUIkI'ke samples grown under nonequi- FIG. 6. A comparison of the calculated Zeeman splittifeysid
librium conditions. Figures 5 and 6 show recently measureqneq with experiment for za_,Mn,Se as a function of magnetic
Zeeman SpllttlngSGIr) pulsed high magnetic fiefdp to 45T fieiq at 4.2 K. The solid lines are calculated in the same way as in
by Nicholaset al” in a series of Cd Mn,Te epilayers, Fig. 3. The experimental data are taken from Ref. 18.
grown by MBE on[001] InSb substrates as well as the ex-
perimental data obtained by Yetall® on a series of ized conduction- and valence-band integrals, respectively.
Zn,_,Mn,Se epilayers grown by MBE on semi-insulating The comparison of the experimental data with the results of
GaAg100] substrates. From magneto-optical measurementgalculations, performed with the same set of parameters as
we have access to the energies of the Zeeman splitting&r the bulk, leads us to the important conclusion that the
which for the o~ excitations are given by magnetic ion distribution in these samples is random. Some
+ 3(Noa/NoB)X(S,), whereNgar and Ny are the normal- deviation observed in the case of the CMT epilayers in high
magnetic fields is most probably due to an incorrect diamag-
netic correction and/or pulsed high magnetic field measure-
' ' ' ' ment calibration.
Another application of the EGPA model is the possibility

012" ¢, MnTe X = 15.8%] to take into account the effects connected with the dilution of
) ® the SC/DMS interface. To simulate the real distribution of
epilayers the Mn ions near the interfaces, we usecording to Ref.
. 19) 20% interface disorder over two monolayesIN),
3 which means that 2 MN in the barrier region adjacent to the
g 0.08 interface have magnetic ion concentration X.8nd 2 MN
£ in the well region adjacent to the interface have X2.2Ve
S have chosen a nominal concentratiocn5% and a series of
c DMS thin epilayers buried between SC layers consisting, in
= the perfect case, of 2, 3, 5, and 7 ML. In Fig. 7 we show the
N 004 influence of interface mixing on the averaged s{®)) by

comparing these results of calculations for perfect DMS ep-

ilayers with those obtained when the local disorder is in-

cluded. The main difference in the magnetic properties of
such quantum structures has only a statistical source and the
appropriate probabilities must be calculated for each specific
epilayer separately. Generally, the average spin in these thin
DMS structures increases systematically as the number of
Magnetic field (Tesla) layers decreases and this is very pronounced in low magnetic

fields. Additionally, the dilution effects lead to an enhance-

FIG. 5. A comparison of the calculated Zeeman splittitegid ~ ment of the paramagnetic behavior. At higher fiel®)

lines) at T=4.2 K with experiments for Cd ,Mn,Te. The solid exhibits a temperature-broadened, steplike increase due to

lines are calculated with the same values of parameters as in Fig. the magnetic-field-induced alignments of the antiferromag-

Experimental data are taken from Ref. 6. netically coupled 1N pairs and for this reason the calculation
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25 : : , : , , dom and homogeneous, for use with the systems with vari-
able magnetic ion concentration. Using our model, which
may be called the extended generalized pair approximation,
we have shown that the recently proposed, independent-
exchange-path model of the spatial dependence of the super
exchange interaction appears to be of limited use for the
description of the magnetic properties of DMS. We have also
shown that the EGPA, together with the phenomenological
i ; radial dependence of the exchange interaction in the power-
i law form, which has no fitting parameters, describes the ex-
! _epilayers perimental data very well for moderate magnetic ion concen-
with interface disorder trations (=< 10%). This description is sufficiently good to be
used as a method for determining the magnetic ion concen-
. . . ) ) ) trations in DMS. Application of the EGPA to the measured
0 10 20 30 0 10 20 30 Zeeman splittings obtained for thick epilayers of
B(T) B(M Zn;_,Mn,Se and C¢ ,Mn,Te, grown under nonequilib-
rium conditions by the MBE technique, shows that the dis-
FIG. 7. The calculated magnetic field dependence of the avertribution of magnetic ions in these structures can be assumed
aged spin of MA™ ions in Zmy ggMng gsTe atT=1 K: (a) thin per-  to be random. This is an important conclusion that demon-
fect epilayers consisting of with 2, 3, 5, and 7 layers are comparedtrates that DMS QS with a random distribution of magnetic
with bulk, (b) the same as ia) but with interface disorder in- jons can in principle be fabricated. This indicates that the
cluded. presented method would have applications in the determina-
tion of growth parameters and cluster formation in DMS QS.
has been performed with a temperature of 1 K. A comparisomnother important feature of the EGPA is the possibility to
of the step magnitudeX(S,)s.cp of these curves shows that take correctly into account dilution effects at the SC/DMS
the dilution in thin epilayers decreases the step height, whilénterface, making it a useful tool for studies of interface

in thin perfect layers the step height is the same as in theharpness and the potential profiles of DMS QS.
bulk.

n
=3

-
[&2]
T

Average spin of Mn?" ion
=)

perfect epilayers

o
”
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