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Magnetic anisotropy of bulk GaN:Mn single crystals codoped with Mg acceptors
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Magnetization measurements of the wurtzite highly resistive bulk crystals of GaN:Mn, codoped with Mg,
are presented. Strong anisotropy of magnetization at low temperéf#&¢ K) was observed. The data were
analyzed assuming Mn ions if configuration. The crystal field model taking into account cubic field of
tetrahedral symmetry, trigonal field along theaxis simulating hexagonal structure, tetragonal static Jahn-
Teller distortion, and the spin-orbit interaction provides good description of the experimental magnetization
data.
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I. INTRODUCTION center results from the fact that the Mn center C2 is nega-

Recently magnetic semiconductors based on IlIl-v comiVely charged ansd can in hand attract d"gﬁaklw bind a
pounds have attracted considerable interest due to potentidf'®: forming a(d>+h) complex (center C3.* Due to ex-
application of these materials in spintronic deviéegspe- Cchange interaction between tie shell (S=5/2) and the
cially attractive is ferromagnetistFM) observed in InMnAs ~ bound hole(j=3/2), the C3 ground state may have a total
and GaMnA<:3 as ferromagnetic interaction enhances theangular momentund=4 (for ferromagnetic interactionor
effect of external magnetic field. Unfortunately, the observed!=1 (for antiferromagnetic interactionCenters C1 and C3
Curie critical temperature€T,) are still far from room tem- can be viewed as neutral acceptor cent?s(d*) and A°
perature, necessary for commercial applications. Some hog@®+h), respectively, while center C2 as an ionized acceptor
was raised by theoretical predictions tAaican exceed room A".
temperature irp-type GaMnN, assuming hole mediated fer-  The nature of the Mn center is crucial for MAMn in-
romagnetism (Zener modé). This suggestion caused teraction. C2 centers essentially lead to antiferromagnetic
GaMnN to become the most intensively studied magnetiéAFM) superexchange interaction, similarly as for 1I-Mn-VI
lI-V material. Ferromagnetism was indeed observed forcompounds. The only hope for ferromagnetism in such a
some GaMnN samplésl! but its origin is still not clear. case is high concentration of free carrigpseferably holes
Some authors relate this FM behavior to GaMnN, while oth-which can induce Zener-type ferromagnetic coupling. On the
ers to FM precipitates in this compoufid! The nature of other hand for C1 centers both AFM and FM exchange chan-
magnetic interactions in GaMnN, possibly leading to ferro-nels are possible and the final type of coupling depends on
magnetism in this material, is still under discussion. A num-details of energy structure. Moreover coexistence of C1 and
ber of theoretical models for GaMnN were develofé&” C2 centers opens the possibility for a double exchange
Important input information for all these models and thus formechanism, which could yield FM interaction between Mn
understanding the magnetic properties of GaMnN is thdons.
knowledge about the nature of Mn impurity in GaN. The most common configuration of Mn in a Ill-V com-

Manganese impurity in I11-V compounds has been studiedoound appears to be C2 center, which was observed for
for a long time. The results of those investigations can bé3aMnAs?? InMnAs23 GaP:Mn?* as well as for GaN:M#>
summarized as follows: There are essentially three types d¢1 centers were reported for GaP:Mn, for which Mn forms a
Mn centers in 11l-V compounds. The first orfere denote it deep acceptor levéf. The other neutral acceptor center, C3,
center C} is formed by substitutional manganese ¥n was reported for GaAs:M#, InP:Mn .2
which is in d* configuration(the ground state spiS=2). For GaMnN the situation is particularly interesting since
This configuration is in fact equivalent to €rin 11-VI di-  Mn acceptor leveA™ (Mn2*/**) is located deep in the band
luted magnetic semiconductof®MS), with all the features gap of GaN¢’~2°As a result, the nature of Mn impurity will
characteristic for that case, including Jahn-Teller effd@ strongly depend on mutual position of the #f* and Fermi
and magnetic anisotrog§-2° The second type of Mn center levels (Fig. 1). For n-type samples the Fermi level may be
(center C2 constitutes when the center C1 traps an electror@bove theA™® (Mn?*/3%) level, which is therefore occupied
and binds it tightly at thed shell. Such a center can be re- (Fig. 1) and forces Mn ions into d® configuration. On the
garded as a® configuration, withS=5/2. Thethird type of  other hand fop-type samples the Fermi level is beldw/°,
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FIG. 2. Magnetization of GaN:Mn as a function of the magnetic
FIG. 1. A scheme presenting the influence of the Fermi levelffield at T=2 K. The points in the left-hand panel represent experi-
position on the charge state of Mn ion in GaN:Mn crystals. mental data for Bc. The solid line shows the calculated Brillouin
function for S=5/2 andx=0.2%. On the right-hand panel a com-
parison of magnetization measured for parallel and perpendicular

which is empty and Mn ions should be @t configuration
Py 9 orientation of the magnetic field referred to tbexis is shown.

(Fig. 1). Recent optical studies oftype GaN:Mn and highly
resistive GaN:Mn, codoped with M@ well-known acceptor
in the case of GaNstrongly suggest that tuning Fermi level @ resonance, originating from manganese occupying a gal-
in GaMnN indeed results in switching frord® into d*  lium site in Mr** (d°) configuration, in all then-type
configuratior?” GaN:Mn. On the other hand GaN:Mn,Mg single crystals
In this paper we focus on the magnetic aspect of thevere highly resistive withp~10° Q) cm at room tempera-
aforementioned problem. We present magnetization medure. EPR resulting from substitutional ¥fn(d®) configura-
surements of GaN:Mn, codoped with Mg, as wellratype  tion was still observed but its amplitude was about 5-10
GaN:Mn (see our preliminary data in Ref. BBoth systems times weaker than in GaN:Mn, while the two compared crys-
were chosen with low concentration of Mn ions in order totals had similar Mn content, i.ex=0.01% and 0.009% for
produce clear results concerning the nature of Mn centers$aN:Mn and GaN:Mn,Mg, respectively. In terms of the
n-GaN:Mn shows isotropic paramagnetic behavior, typicalmanganese acceptor level, it means that the Fermi level in
for a spin-only magnetic moment expected é8rconfigura-  GaN:Mn,Mg is placed close t87°. Moreover, a character-
tion. In contrast, GaN:Mn,Mg reveals strong magnetic anisoistic absorption band appears at the absorption spectra of
tropy. It will be shown that the experimental data can behighly resistive GaN:Mn,Mg samples, in contrast with
successfully interpreted assuming Mn in tifeconfiguration.  GaN:Mn. This band was assigned to the internal transition
This interpretation is consistent with the conclusions of Refswithin the neutral configuration of Mffor more details see
27 and 30. Ref. 27.
The samples’ magnetization was measured as a function
of magnetic field(up to 6 T) and temperaturé2—300 K)
Il. EXPERIMENT using a superconducting quantum interference device

Bulk, single crystals of GaMnN and GaMnN:Mg were (S_QUID) magnetometer. In order to have samples of appro-
grown at the High Pressure Research Cefitarsaw by an priate mf%sse$~5° mg a few pla_telets(5—8) were sa_nd-_
equilibrium high pressure technique from nitrogen solutionWiched with the use of diamagnetic glue. The magnetic field

in liquid gallium. Manganese and magnesium were addedvas applied in pe_rpendlcular or parallel orientation to the
into gallium during the growth. The growth was performed GaN hexagona_rt axis. Magnetization da;a were corrected for
under high pressure of Np~1.5 GPa and at elevated tem- the diamagnetism of the GaN host lattice and the glue.
peratureT =~ 1500 °C3! Platelets with a diameter of about a
few millimeters and thickness of about 1@®n, with wurtz- Il RESULTS
ite (2H) structure andc axis perpendicular to the crystal '
plane, were grown. As for GaMnN:Mg we used the same Representative magnetization data fetype samples are
samples which are reported in Ref. 27. depicted in Fig. 2, where magnetization as a function of
The concentration of Mn in the studied samples wasmagnetic field is shown. Typical Brillouin-type paramagnet-
evaluated by secondary ion mass spectrosd@IS) and  ism is observed, with magnetization isotropic within experi-
ranged from 0.0005 to 0.2 mol % depending on the growtimental accuracyFig. 2). The data can be well-described by
conditions. This result is consistent with concentration dethe standard Brillouin function with spi8=5/2 and Mn ion
duced, in an indirect way, from magnetization data, de-contentx=0.2% (solid line on the left-hand panel in Fig).2
scribed below. The low Mn concentration means that moresuch behavior is exactly as expectedd®configuration, for
than about 99% of Mn ions have no nearest magnetic neighwhich the ground state of M ion is an orbital singlet and
bors. Thus it is reasonable to consider Mn ions as singlespin sextet. Such a state is spherically symmetric and thus is

noninteracting magnetic centers. insensitive to surrounding ligands, which leads to observed
The n-type GaN:Mn samples reveled metallic conductiv- magnetic isotropy.
ity with a concentration of free electrons~ 10 cm 3, Magnetic behavior of samples codoped with Mg is essen-

Electron paramagnetic resonan@&PR) experiment showed tially different. The data cannot be described by Brillouin
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FIG. 3. Magnetization of GaN:Mn codoped with Mg as a func-
tion of the magnetic field, for two orientations of the magnetic field
referred toc axis, atT=2, 10, and 50 K. The solid and dashed lines
show the magnetization curves calculated due to crystal field model
(Table I, parameter set No).2

function withS=5/2. At thelowest temperatures pronounced
anisotropy(ranging to about 50% &=2 T andT=2 K) is
observed, with the crystathexagonal axis being a hard axis FIG. 4. Schematic picture showing the three distortion axes re-
(Fig. 3. The anisotropy decreases with increasing temperaferred to thec-axis of hexagonal lattice.

ture and becomes negligible above 50(Kig. 3). The ob-

served anisotropy suggests a nonspherical ground state of magnetic field. The three first terms of the Hamiltonian
Mn ion, i.e., a configuration different frord® (although in  can be expressed with a use of Stevens equivalent
hexagonal surrounding anisotropy fif¥ configuration can in  operators®*

principle be expected, but it is negligible in our temperature 5

ra?ges, Ref. 3p Although different electronic configurations Her= — =B4(0§ - 20y205),

(d*,d?,...) can yield anisotropic magnetization, we follow 3

the suggestions of Ref. 27, that the dominant Mn configura-

tion in GaN:Mn,Mg is Mri* (d*) and interpret the data ac- Hor=B202 + B26?, 2)
cordingly. Since concentration of Mhions was not known
with reasonable accuracy, in a first attempt to retrieve experi-
mental data we refrained from subtracting their contribution

from mt_easured magnetization. This problem will be dls'Where(:) andO are the Stevens operators for tetragonal dis-
cussed in the last section.

For the sake of completeness we recall below the modetiortIon along the(100) axis and trigonal axig11Dlic (in

successfully used to describe magnetic propertiesdof hexagonal latticeand By, By, are parameters. Her® are
configuration? operators of tetragonal distortion along #0 axis (Fig.

4) rewritten in the basis for whick111) is the quantization
axis (coinciding with thec axis).
IV. THE MODEL The first term of Hamiltonian(1) splits the free ion
ground state into a tenfold orbital doublé and 15-fold
Calculations of magnetization require knowledge aboufrpital triplet °T, which is the ground tern{Fig. 5. The
the Mn center energy structure. Fdf configuration energy Sg_5T splitting is the crystal field splittingA=120B,. A
structure can be described by the crystal field model develktatic tetragonal Jahn-Teller distortion lowers the local sym-

oped for C#* by Vallin et al*®*and then successfully used metry and lifts the degeneracy of the ground téffn This
for Cr-doped cubic and hexagonal 1I-VI semiconducfr&  gistortion is equivalent to a stress along one of {60

We recall that this model takes into account tetrahedral CUbi@rystal axes and results ﬁT term Sp“tt”']g into fivefold de-
field, spin-orbit interaction, static tetragonal Jahn-Teller diS'generate orbital singleB and (located higher orbital dou-
tortion, and magnetic field. In the case of hexagonal crystalg|et 5 (Fig. 5). We note that Jahn-Teller distortion creates
(e.g., GaN hexagonal crystal field is also included. It is three kinds of Mn centers in the crystal: center A distorted
simulated by a trigonal distortion, along tk&L1) cubic di- along [100], center B distorted alon§010], and center C
rection, which is considered as tbeaxis. The energy struc- gistorted along001] (Fig. 4). In the absence of magnetic
ture of a single ion ird* configuration is then described by field these centers are equivalent and they all are equally
the Hamiltonian: probable. Trigonal field splits theE orbital doublet intost;e
- two orbital singlets and slightly decreases energy of*Be

H=Hee* Hor* Him+ Hso* Ha, D orbital singlet. Trigonal field does not favor any of the cen-
where Her is the cubic crystal field tetrahedral symmetry ters A, B, and C.
(Ta), Hrg is the trigonal crystal field along theaxis, which The spin-orbital term in Hamiltonian i$sg=\-L -S,
lowers the symmetry t&4y, Hjr represents the static Jahn- whereL andS are the orbital and spin momentum operators,
Teller distortion of tetragonal symmetiiygois the spin-orbit  and \ is the spin-orbit parameter. In general, to take into
coupling, andHg is the Zeeman term representing the effectaccount the fact that the hybridization of thevave function

Hyg = B3OS + BJO?,
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FIG. 5. Scheme of the splittings of tAB state of a MA* ion in
the absence of the magnetic field. The energy level scheme results
from tetrahedral cubic field, tetragonal Jahn-Teller distortion, trigo-

nal crystal field, and spin-orbit coupling. The energy level scheme
is not in scale.
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FIG. 6. The calculated energy of the five lowest levels for

A-type center as a function of magnetic field paraliep panel and
with the ligands’ wave functions is different for tA€ and®E  perpendiculafbottom paneélto the hexagonat axis and collinear

terms the three different parameteksy, Ayg, andAgg, in-  with the distortion axegmiddle panel
stead of the singla parameter are used in computation. The

three parameters are defined as follows: tion and magnetic field is different for different centers. Only

(Wo|Hsd W) = Ayr(W|L - S[W) for B directed along111] centers A, B, and C are equivalent.
s AT v On the other hand foB along[211] (a, direction centers B

Vol Hed W) = MWL - S| L), 3 and C are eql_JivaIent but different from centefRg. 4).

(WrlHsolVe) = hre(Wri Ve © As the basis for the 25-fold degenerai term products

W Hed Vo) = AWl - SWe) of the orbital stategp,=|L, L,y and spin stateg,,=|S, S,
EIT'S E/ = AE E : E/>»

were chosen. The eigenenergies, as well as eigenstates then

where W and ¥ are the wave functions of thi#€ and®T  were calculated by numerical diagonalization of the full 25
subspaces, respectively. The spin-orbit interaction splits th& 25 Hamiltonian(1) matrix. Thus all the interactions were
5B state into five singletgthe lowest two states are close fully taken into account, without any approximations. The
enough to be regarded as semidoublet in our temperatutdamiltonian matrix is parameterized by seven parameters:
range. B,,B9,B,B2,B), A1, and \¢ (final results do not depend

The effect of an external magnetic field is described byon \gg since the spin-orbit matrix elements relevant\ig:
the Zeeman termtlg=pug(L +2-S)-B, whereug is the Bohr  vanish. Figure 6 displays an example energy level diagram
magneton and is the magnetic field vector. The Zeeman of the lowest five levels for center A, and for the parameters
term lifts all the remaining degeneracies. Magnetic field aptabulated in Table I, set No. 2. The magnetic field was ap-
plied along a particular direction distinguishes centers A, Bplied along the hexagonalaxis (top panel, along JT distor-
and C, as in general mutual orientation of Jahn-Teller distortion (middle panel, and perpendicularly to hexagorabxis

TABLE I. Parameters,, B3, B, B3, B, Ar1, Mg, Xyn3+ andxynz+ used in the magnetization calculations
for GaN:Mn,Mg. The second row contains the set of parameters describing the anisotropy of GalSGr
from Ref. 20. All parameters’ values are in meV.

Parameter set No. B, B9 BS BY BS M1 ME Xunet [%] Xunz+ [%)]
12 5.0 023 -0.16 -580 -1.16 1.73 6.0
2 1144 433 -056 -580 -1.16 35 12.5 0.0099 0
3b 1144 400 -056 -525 -105 6.5 10 0.0068 0.0022
4 1144 400 -056 -525 -1.05 4.0 12.5 0.00870 0.00087

8CdS:Cr, Ref. 20.
bReference 36.
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B(T) eigenstate of M# ion n-type center. The example magnetic

moment of center A is depicted in Fig. 8 for a magnetic field

FIG. 7. Calculated energy levels for the A-tyfiep panel and  parallel and perpendicular to the crystal hexagonal axis. A

B, C-type (bottom paneél centers in magnetic field applied perpen- large difference in magnetic moment for different orienta-

dicularly to thec axis (Bllay). tions of the magnetic field in the plane perpendicular to the
hexagonalc axis is visible. It should be noted that this in-

(bottom panel The mixing between levels is clearly visible. Plane anisotropy occurs only for a single center. Calculation
The difference between centers A, B, and C is exemplified irPf total mean magnetic moment given by &8), i.e., aver-
Fig. 7 for the magnetic field perpendicular to the hexagonal 29ing over centers A, B, and C, yields practically isotropic
axis. in-plane magnetization. However, the difference between

Numerical solution of Hamiltoniag1) allows one to cal- Parallel(relative to thec axis) and perpendicular magnetiza-
culate the magnetic moment and then to evaluate magnetizHOn is still large. We conclude that the magnetic anisotropy
tion for a given concentration of Mn ions. Magnetization perOf the Mr*(d%) system originates from the hexagonal axial
unit mass along the chosen directigris the product of the field along thec axis and different distributions of non-
mean magnetic moment of an ion and the number of the iongquivalent Jahn-Teller centers in two orientations of mag-
in the crystal: netic field.

_ p#eNay V. DISCUSSION

M,==———xL+2-S),, (4)
Mole Applying the above-presented model to experimental
where (L +2-S),, is the average magnetic moment of the magnetization data one should be aware of two issues. The
Mn3* ion along they direction, m,, is the molar mass of first one is th_e large numper of paramet.ers in the model. The
the GaMnN “molecule,N,, is Avogadro number, and is §econd one |§ asnon—neghglble magnetic contnbuuon result-
the fraction of magnetic ions substituting gallium ions. Sincei"d from Mr?*(d®) S$=5/2 detected in the EPR experiment,
there are in general three different Mn centers in the crystdlentioned abovésee Sec. )L The latter contribution is de-
the average magnetic moment will be composed of magnetigcibed by a standard Brillouin functidi$ec. I1) and could
moments of centers A, B, and C. The contribution of eacH€ €asily taken into account provided the exact concentration
center is proportional to the probability of finding such a©f Mn2*ions is known. Unfortunately only the rough estima-
center for a given magnetic field. Following the suggestiondion of this parameter is availablgather the ratio between

of Ref. 35 full thermal equilibrium of the system was as- Mn°*/Mn?* estimated from EPR In such a situation it is
sumed and(M), was calculated with the following essential to limit the number of free parameters and to pro-
formula33 7 ceed step by step with the fit to control the role played by

each parameter.
=71 A4 B4 c Therefore as a first approach we decided to fit the raw
(M), =27 (2a MYy + 26Dy + ZcMy). ©® magnetization daté.e., incF:)Iﬁding Mrf* contribution, Fig. 3
whereZ, is the partition functions oh center,n=A, B, or by pured* model[Eqg. (5)], i.e., neglecting Mf" contribu-
C, for a given magnetic field and temperatuf&, tion. Moreover, since little was known about parameters of
=3, exp(—E'/kgT)], Z=Z,+Zg+Zc. The average magnetic the model for the particular case of GaN, as starting param-
moment(M)] of Mn®* ion (in ug units is the thermody- ~ eters the values reported forx(d*) in CdS(Ref. 20 were

namical average of the magnetic moment operator: used forBY, BS, ~Bg,~BS, A, andh g (Table |, parameter set
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with the above fits should be treated with caution. Calculat-
ing magnetization means in fact averaging over different en-
ergy levels and different configuratiortd, B, and C cen-
ters, so the energy structure is probed in an indirect way. In
this regard we would favor parameter set No.3, as this is the
optimal one for both magnetic and IR spectroscopy data.

A much more reliable way to determine these parameters
is far infrared(FIR) magnetospectroscopy, which probes low
energy levels of the ground terfprecisely the lowest five

FIG. 9. Magnetization of GaN:Mn,Mg as a function of the mag- levelg and enables direct comparison of calculated energy
netic field, for two orientations of the magnetic fieldTat2 K. The  levels and measured transition energies. The set of energies
solid and dashed lines represent magnetization calculated with thef several transition energies is usually critically sensitive to
use of parameter set No. 3 and parameter set N¢Table ),  the model parametefé.Unfortunately the appropriate FIR
respectively. data are unavailable.

Nevertheless, it seems apparent that the model of Mn in
No.1). For °B we used 11.44 meV, the value obtained fromthe d* configurationcan satisfactory describe magnetization
experimentally observed crystal field splitting in GaN:kfn. of our GaN:Mn,Mg samples, which supports results of opti-
The value ofB, was then kept constant during the fit. Per- cal experiments discussed in Refs. 27 and 36. However, the
forming the calculations we noticed that the magnitude of thedther possibilities(different d” configurationg are not ex-
anisotropy is very sensitive to spin-orbit and trigonal field cluded. To make this conclusion more pertinent further ex-
parameters values, while the influence of the Jahn-Teller pgperiments should be performed. In particular the structure of
rameters on the final result is much smaller. It was found thathe lowest levels should be precisely established by FIR
all the data can be reasonably well descrilgee Fig. 3by  magnetospectroscopy.
the set of parameters collected in Tablgplarameter set
No.2). Although the obtained paramet@et No.2 should be VI. CONCLUSIONS

regarded as a sample one, due to neglect of Montribu- The magnetic properties of bulk GaN:Mn and GaN:Mn

e e ot zaCodoped i Mg, grown by the equibrium figh pressure
tion :Mn,Nig mag method, were investigated. Magnetization measurements

In the next step the contribution of Mhions was taken performed on these crystals revealed strong dependence of

into account. The measured magnetizaigiy. 3 was then the'Fermi level positiqn, yielding differences of thg Mn im-

assumed to.be composed of #Mrand Mr?* 6ontributions purity nature. Magnetization O.f thlg-type GaN:Mn is \_/veII

. mp . ' _described by the standard Brillouin function with spin 5/2

.e., mean magnetic moment was described by the formUIaresulting fromd® configuration of MR* ions. In contrast,

@ GaN:Mn codoped with Mg, which lowers the Fermi level,
reveals strong magnetic anisotropy. Our calculations show

where(M 2+ is given by a Brillouin function withs=5/2  that the observed anisotropy can be well understood in terms
and xy,a+ Xy are additional adjustable parameters. OnIyOf nonsphericati* configuration of Mn ions. The crystal field

slight modifications(less than 10% in most cagesf previ- model of thed" configuration was successfully used to re-
ous crystal field parameters, set No.2, were necessary to OB_roduce the.magnetlzauon d"."ta of GgN.Mn,Mg crystals. The
tain a reasonable fit with M and Mr#* centers. If one results of this work are consistent with spectroscopy results

chooses exactly the same parameters as recently obtainBBes_entEd_ In R_efs. 27 and 36. Observation qf Mn in df‘\e_
from analysis of magnetospectroscopy experiniemthere configuration rises the hopes for an alternatlv_e mechanism
infrared (IR) transitions betweefT and°E terms were ob- ' ferromagnetic coupling between Mn ions in GaN, not

served and successfully described by ¢iemodel (Table | necessarily requiring high concentration of free holes. Ex-
parameter set No)3 the valuesxy,s+=0.0068 andxy, 2+’ perimental verification of this hypothesis requires GaMnN
n " n

~0.0022 were returneTable I, set No.3, Fig. 9 The ob- crystals with substantially higher concentration of manga-

tained abundance of Miimay be too high in respect of EPR nese ions ird" configuration(few molar percent which is
data mentioned above. Fixing the rabiQ,s+/ Xy,2+ on the probably a challenging task.

level of 10/1, as suggested by EPR, one obtains an equally
good fit (Fig. 9 for slightly different spin-orbit interaction
parameter§Table |, parameter set N9.4The difference in This work was partially supported under the project
parameters of sets No.3 and No.4 is not large and in ouUFENIKS (G5RD-CT-2001-2001-0053%nd partially by the
opinion is irrelevant, as the ratixys+/Xy,2+ is known with  State Committee for Scientific Reseak&oland, in particu-
poor accuracy. We stress that the model parameters obtainé&tt under Grant No. PBZ-KBN-044/P03/2001.

(M) = X3 Mun3+) + X2 Myn2+)
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