
Magnetic anisotropy of bulk GaN:Mn single crystals codoped with Mg acceptors

J. Gosk*
Institute of Experimental Physics, Warsaw University, Hoza 69, 00-681 Warsaw, Poland

and Faculty of Physics, Warsaw University of Technology, Koszykowa 75, 00-662 Warsaw, Poland

M. Zajac, A. Wolos, M. Kaminska, and A. Twardowski
Institute of Experimental Physics, Warsaw University, Hoza 69, 00-681 Warsaw, Poland

I. Grzegory, M. Bockowski, and S. Porowski
High Pressure Research Center, Polish Academy of Sciences, Sokołowska 29/37, 01-142 Warsaw, Poland

sReceived 5 July 2004; revised manuscript received 12 November 2004; published 31 March 2005d

Magnetization measurements of the wurtzite highly resistive bulk crystals of GaN:Mn, codoped with Mg,
are presented. Strong anisotropy of magnetization at low temperaturess2–10 Kd was observed. The data were
analyzed assuming Mn ions ind4 configuration. The crystal field model taking into account cubic field of
tetrahedral symmetry, trigonal field along thec-axis 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

Recently magnetic semiconductors based on III-V com-
pounds have attracted considerable interest due to potential
application of these materials in spintronic devices.1 Espe-
cially attractive is ferromagnetismsFMd observed in InMnAs
and GaMnAs,2,3 as ferromagnetic interaction enhances the
effect of external magnetic field. Unfortunately, the observed
Curie critical temperaturessTcd are still far from room tem-
perature, necessary for commercial applications. Some hope
was raised by theoretical predictions thatTc can exceed room
temperature inp-type GaMnN, assuming hole mediated fer-
romagnetism sZener model4d. This suggestion caused
GaMnN to become the most intensively studied magnetic
III-V material. Ferromagnetism was indeed observed for
some GaMnN samples,5–11 but its origin is still not clear.
Some authors relate this FM behavior to GaMnN, while oth-
ers to FM precipitates in this compound.9–11 The nature of
magnetic interactions in GaMnN, possibly leading to ferro-
magnetism in this material, is still under discussion. A num-
ber of theoretical models for GaMnN were developed.4,12–17

Important input information for all these models and thus for
understanding the magnetic properties of GaMnN is the
knowledge about the nature of Mn impurity in GaN.

Manganese impurity in III-V compounds has been studied
for a long time. The results of those investigations can be
summarized as follows: There are essentially three types of
Mn centers in III-V compounds. The first oneswe denote it
center C1d is formed by substitutional manganese Mn3+,
which is in d4 configurationsthe ground state spinS=2d.
This configuration is in fact equivalent to Cr2+ in II-VI di-
luted magnetic semiconductorssDMSd, with all the features
characteristic for that case, including Jahn-Teller effectsJTd
and magnetic anisotropy.18–20The second type of Mn center
scenter C2d constitutes when the center C1 traps an electron
and binds it tightly at thed shell. Such a center can be re-
garded as ad5 configuration, withS=5/2. Thethird type of

center results from the fact that the Mn center C2 is nega-
tively charged and can in hand attract andsweaklyd bind a
hole, forming asd5+hd complex scenter C3d.21 Due to ex-
change interaction between thed shell sS=5/2d and the
bound holes j =3/2d, the C3 ground state may have a total
angular momentumJ=4 sfor ferromagnetic interactiond or
J=1 sfor antiferromagnetic interactiond. Centers C1 and C3
can be viewed as neutral acceptor centersA0 sd4d and A0

sd5+hd, respectively, while center C2 as an ionized acceptor
A−.

The nature of the Mn center is crucial for MnuMn in-
teraction. C2 centers essentially lead to antiferromagnetic
sAFMd superexchange interaction, similarly as for II-Mn-VI
compounds. The only hope for ferromagnetism in such a
case is high concentration of free carriersspreferably holesd,
which can induce Zener-type ferromagnetic coupling. On the
other hand for C1 centers both AFM and FM exchange chan-
nels are possible and the final type of coupling depends on
details of energy structure. Moreover coexistence of C1 and
C2 centers opens the possibility for a double exchange
mechanism, which could yield FM interaction between Mn
ions.

The most common configuration of Mn in a III-V com-
pound appears to be C2 center, which was observed for
GaMnAs,22 InMnAs,23 GaP:Mn,24 as well as for GaN:Mn.25

C1 centers were reported for GaP:Mn, for which Mn forms a
deep acceptor level.24 The other neutral acceptor center, C3,
was reported for GaAs:Mn,21 InP:Mn.26

For GaMnN the situation is particularly interesting since
Mn acceptor levelA−/0 sMn2+/3+d is located deep in the band
gap of GaN.27–29As a result, the nature of Mn impurity will
strongly depend on mutual position of the Mn2+/3+ and Fermi
levels sFig. 1d. For n-type samples the Fermi level may be
above theA−/0 sMn2+/3+d level, which is therefore occupied
sFig. 1d and forces Mn ions into ad5 configuration. On the
other hand forp-type samples the Fermi level is belowA−/0,
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which is empty and Mn ions should be ind4 configuration
sFig. 1d. Recent optical studies ofn-type GaN:Mn and highly
resistive GaN:Mn, codoped with Mgsa well-known acceptor
in the case of GaNd strongly suggest that tuning Fermi level
in GaMnN indeed results in switching fromd5 into d4

configuration.27

In this paper we focus on the magnetic aspect of the
aforementioned problem. We present magnetization mea-
surements of GaN:Mn, codoped with Mg, as well asn-type
GaN:Mn ssee our preliminary data in Ref. 30d. Both systems
were chosen with low concentration of Mn ions in order to
produce clear results concerning the nature of Mn centers.
n-GaN:Mn shows isotropic paramagnetic behavior, typical
for a spin-only magnetic moment expected ford5 configura-
tion. In contrast, GaN:Mn,Mg reveals strong magnetic aniso-
tropy. It will be shown that the experimental data can be
successfully interpreted assuming Mn in thed4 configuration.
This interpretation is consistent with the conclusions of Refs.
27 and 30.

II. EXPERIMENT

Bulk, single crystals of GaMnN and GaMnN:Mg were
grown at the High Pressure Research CentersWarsawd by an
equilibrium high pressure technique from nitrogen solution
in liquid gallium. Manganese and magnesium were added
into gallium during the growth. The growth was performed
under high pressure of N2 sp<1.5 GPad and at elevated tem-
peratureT<1500 °C.31 Platelets with a diameter of about a
few millimeters and thickness of about 100mm, with wurtz-
ite s2Hd structure andc axis perpendicular to the crystal
plane, were grown. As for GaMnN:Mg we used the same
samples which are reported in Ref. 27.

The concentration of Mn in the studied samples was
evaluated by secondary ion mass spectroscopysSIMSd and
ranged from 0.0005 to 0.2 mol % depending on the growth
conditions. This result is consistent with concentration de-
duced, in an indirect way, from magnetization data, de-
scribed below. The low Mn concentration means that more
than about 99% of Mn ions have no nearest magnetic neigh-
bors. Thus it is reasonable to consider Mn ions as single,
noninteracting magnetic centers.

The n-type GaN:Mn samples reveled metallic conductiv-
ity with a concentration of free electronsn<1019 cm−3.
Electron paramagnetic resonancesEPRd experiment showed

a resonance, originating from manganese occupying a gal-
lium site in Mn2+ sd5d configuration, in all then-type
GaN:Mn. On the other hand GaN:Mn,Mg single crystals
were highly resistive withr,109 V cm at room tempera-
ture. EPR resulting from substitutional Mn2+ sd5d configura-
tion was still observed but its amplitude was about 5–10
times weaker than in GaN:Mn, while the two compared crys-
tals had similar Mn content, i.e.,x=0.01% and 0.009% for
GaN:Mn and GaN:Mn,Mg, respectively. In terms of the
manganese acceptor level, it means that the Fermi level in
GaN:Mn,Mg is placed close toA−/0. Moreover, a character-
istic absorption band appears at the absorption spectra of
highly resistive GaN:Mn,Mg samples, in contrast with
GaN:Mn. This band was assigned to the internal transition
within the neutral configuration of Mnsfor more details see
Ref. 27d.

The samples’ magnetization was measured as a function
of magnetic fieldsup to 6 Td and temperatures2–300 Kd
using a superconducting quantum interference device
sSQUIDd magnetometer. In order to have samples of appro-
priate massess,50 mgd a few plateletss5–8d were sand-
wiched with the use of diamagnetic glue. The magnetic field
was applied in perpendicular or parallel orientation to the
GaN hexagonalc axis. Magnetization data were corrected for
the diamagnetism of the GaN host lattice and the glue.

III. RESULTS

Representative magnetization data forn-type samples are
depicted in Fig. 2, where magnetization as a function of
magnetic field is shown. Typical Brillouin-type paramagnet-
ism is observed, with magnetization isotropic within experi-
mental accuracysFig. 2d. The data can be well-described by
the standard Brillouin function with spinS=5/2 and Mn ion
contentx=0.2% ssolid line on the left-hand panel in Fig. 2d.
Such behavior is exactly as expected ford5 configuration, for
which the ground state of Mn2+ ion is an orbital singlet and
spin sextet. Such a state is spherically symmetric and thus is
insensitive to surrounding ligands, which leads to observed
magnetic isotropy.

Magnetic behavior of samples codoped with Mg is essen-
tially different. The data cannot be described by Brillouin

FIG. 1. A scheme presenting the influence of the Fermi level
position on the charge state of Mn ion in GaN:Mn crystals.

FIG. 2. Magnetization of GaN:Mn as a function of the magnetic
field at T=2 K. The points in the left-hand panel represent experi-
mental data for Bic. 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
orientation of the magnetic field referred to thec axis is shown.
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function withS=5/2. At thelowest temperatures pronounced
anisotropysranging to about 50% atB=2 T andT=2 Kd is
observed, with the crystalc-hexagonal axis being a hard axis
sFig. 3d. The anisotropy decreases with increasing tempera-
ture and becomes negligible above 50 KsFig. 3d. The ob-
served anisotropy suggests a nonspherical ground state of
Mn ion, i.e., a configuration different fromd5 salthough in
hexagonal surrounding anisotropy ford5 configuration can in
principle be expected, but it is negligible in our temperature
range, Ref. 32d. Although different electronic configurations
sd4,d3, . . .d can yield anisotropic magnetization, we follow
the suggestions of Ref. 27, that the dominant Mn configura-
tion in GaN:Mn,Mg is Mn3+ sd4d and interpret the data ac-
cordingly. Since concentration of Mn2+ ions was not known
with reasonable accuracy, in a first attempt to retrieve experi-
mental data we refrained from subtracting their contribution
from measured magnetization. This problem will be dis-
cussed in the last section.

For the sake of completeness we recall below the model
successfully used to describe magnetic properties ofd4

configuration.20

IV. THE MODEL

Calculations of magnetization require knowledge about
the Mn center energy structure. Ford4 configuration energy
structure can be described by the crystal field model devel-
oped for Cr2+ by Vallin et al.18,19 and then successfully used
for Cr-doped cubic and hexagonal II-VI semiconductors.20,33

We recall that this model takes into account tetrahedral cubic
field, spin-orbit interaction, static tetragonal Jahn-Teller dis-
tortion, and magnetic field. In the case of hexagonal crystals
se.g., GaNd hexagonal crystal field is also included. It is
simulated by a trigonal distortion, along thek111l cubic di-
rection, which is considered as thec axis. The energy struc-
ture of a single ion ind4 configuration is then described by
the Hamiltonian:

H = HCF + HJT + HTR + HSO+ HB, s1d

where HCF is the cubic crystal field tetrahedral symmetry
sTdd, HTR is the trigonal crystal field along thec axis, which
lowers the symmetry toC3V, HJT represents the static Jahn-
Teller distortion of tetragonal symmetry,HSO is the spin-orbit
coupling, andHB is the Zeeman term representing the effect

of magnetic field. The three first terms of the Hamiltonian
can be expressed with a use of Stevens equivalent
operators:34

HCF = −
2

3
B4sÔ4

0 − 20Î2Ô4
3d,

HJT = B̃2
0Q̂4

0 + B̃4
0Q̂4

2, s2d

HTR = B2
0Ô4

0 + B4
0Ô4

2,

whereQ̂ andÔ are the Stevens operators for tetragonal dis-
tortion along thek100l axis and trigonal axisk111l ic sin
hexagonal latticed and Bm

n ,B̃m
n are parameters. HereQ̂ are

operators of tetragonal distortion along thek100l axis sFig.
4d rewritten in the basis for whichk111l is the quantization
axis scoinciding with thec axisd.

The first term of Hamiltonians1d splits the free ion
ground state into a tenfold orbital doublet5E and 15-fold
orbital triplet 5T, which is the ground termsFig. 5d. The
5E−5T splitting is the crystal field splittingD=120B4. A
static tetragonal Jahn-Teller distortion lowers the local sym-
metry and lifts the degeneracy of the ground term5T. This
distortion is equivalent to a stress along one of thek100l
crystal axes and results in5T term splitting into fivefold de-
generate orbital singlet5B and slocated higherd orbital dou-
blet 5E sFig. 5d. We note that Jahn-Teller distortion creates
three kinds of Mn centers in the crystal: center A distorted
along f100g, center B distorted alongf010g, and center C
distorted alongf001g sFig. 4d. In the absence of magnetic
field these centers are equivalent and they all are equally
probable. Trigonal field splits the5E orbital doublet into the
two orbital singlets and slightly decreases energy of the5B
orbital singlet. Trigonal field does not favor any of the cen-
ters A, B, and C.

The spin-orbital term in Hamiltonian isHSO=l ·L ·S,
whereL andS are the orbital and spin momentum operators,
and l is the spin-orbit parameter. In general, to take into
account the fact that the hybridization of thed wave function

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
sTable I, parameter set No. 2d.

FIG. 4. Schematic picture showing the three distortion axes re-
ferred to thec-axis of hexagonal lattice.
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with the ligands’ wave functions is different for the5T and5E
terms the three different parameters,lTT, lTE, and lEE, in-
stead of the singlel parameter are used in computation. The
three parameters are defined as follows:

kCTuHSOuCTl = lTTkCTuL ·SuCTl,

kCTuHSOuCEl = lTEkCTuL ·SuCEl, s3d

kCEuHSOuCEl = lEEkCEuL ·SuCEl,

whereCE and CT are the wave functions of the5E and 5T
subspaces, respectively. The spin-orbit interaction splits the
5B state into five singletssthe lowest two states are close
enough to be regarded as semidoublet in our temperature
ranged.

The effect of an external magnetic field is described by
the Zeeman termHB=mBsL +2·Sd ·B, wheremB is the Bohr
magneton andB is the magnetic field vector. The Zeeman
term lifts all the remaining degeneracies. Magnetic field ap-
plied along a particular direction distinguishes centers A, B,
and C, as in general mutual orientation of Jahn-Teller distor-

tion and magnetic field is different for different centers. Only
for B directed alongf111g centers A, B, and C are equivalent.

On the other hand forB alongf21̄1̄g sa2 directiond centers B
and C are equivalent but different from center AsFig. 4d.

As the basis for the 25-fold degenerate5D term products
of the orbital stateswn= uL , Lzl and spin statesxm= uS, Szl
were chosen. The eigenenergies, as well as eigenstates then
were calculated by numerical diagonalization of the full 25
325 Hamiltonians1d matrix. Thus all the interactions were
fully taken into account, without any approximations. The
Hamiltonian matrix is parameterized by seven parameters:

B4,B2
0,B4

0,B̃2
0,B̃4

0, lTT, and lTE sfinal results do not depend
on lEE since the spin-orbit matrix elements relevant tolEE
vanishd. Figure 6 displays an example energy level diagram
of the lowest five levels for center A, and for the parameters
tabulated in Table I, set No. 2. The magnetic field was ap-
plied along the hexagonalc axis stop paneld, along JT distor-
tion smiddle paneld, and perpendicularly to hexagonalc axis

FIG. 5. Scheme of the splittings of the5D state of a Mn3+ 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. FIG. 6. The calculated energy of the five lowest levels for

A-type center as a function of magnetic field parallelstop paneld and
perpendicularsbottom paneld to the hexagonalc axis and collinear
with the distortion axessmiddle paneld.

TABLE I. ParametersB4,B2
0,B4

0,B̃2
0,B̃4

0, lTT, lTE, xMn3+, andxMn2+ used in the magnetization calculations
for GaN:Mn,Mg. The second row contains the set of parameters describing the anisotropy of CdS:Crstaken
from Ref. 20d. All parameters’ values are in meV.

Parameter set No. B4 B2
0 B4

0 B̃2
0 B̃4

0 lTT lTE xMn3+ f%g xMn2+ f%g

1a 5.0 0.23 −0.16 −5.80 −1.16 1.73 6.0

2 11.44 4.33 −0.56 −5.80 −1.16 3.5 12.5 0.0099 0

3b 11.44 4.00 −0.56 −5.25 −1.05 6.5 10 0.0068 0.0022

4 11.44 4.00 −0.56 −5.25 −1.05 4.0 12.5 0.00870 0.00087

aCdS:Cr, Ref. 20.
bReference 36.
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sbottom paneld. The mixing between levels is clearly visible.
The difference between centers A, B, and C is exemplified in
Fig. 7 for the magnetic field perpendicular to the hexagonalc
axis.

Numerical solution of Hamiltonians1d allows one to cal-
culate the magnetic moment and then to evaluate magnetiza-
tion for a given concentration of Mn ions. Magnetization per
unit mass along the chosen directiong is the product of the
mean magnetic moment of an ion and the number of the ions
in the crystal:

M g = −
mBNAv

mmole
xkL + 2 ·Slg, s4d

where kL +2·Slg is the average magnetic moment of the
Mn3+ ion along theg direction,mmole is the molar mass of
the GaMnN “molecule,”NAv is Avogadro number, andx is
the fraction of magnetic ions substituting gallium ions. Since
there are in general three different Mn centers in the crystal
the average magnetic moment will be composed of magnetic
moments of centers A, B, and C. The contribution of each
center is proportional to the probability of finding such a
center for a given magnetic field. Following the suggestions
of Ref. 35 full thermal equilibrium of the system was as-
sumed and kM lg was calculated with the following
formula:33

kM lg = Z−1sZAkM lg
A + ZBkM lg

B + ZCkM lg
Cd, s5d

whereZn is the partition functions ofn center,n=A, B, or
C, for a given magnetic field and temperaturefZn

=Si exps−Ei
n/kBTdg, Z=ZA +ZB+ZC. The average magnetic

moment kM lg
n of Mn3+ ion sin mB unitsd is the thermody-

namical average of the magnetic moment operator:

kMlg
n =

− oi=1

N
kwiuL̂ + 2Ŝuwilg exps− Ei

n/kBTd

oi=1

N
exps− Ei

n/kBTd
, s6d

whereEi
n and wi are anith energy level and corresponding

eigenstate of Mn3+ ion n-type center. The example magnetic
moment of center A is depicted in Fig. 8 for a magnetic field
parallel and perpendicular to the crystal hexagonal axis. A
large difference in magnetic moment for different orienta-
tions of the magnetic field in the plane perpendicular to the
hexagonalc axis is visible. It should be noted that this in-
plane anisotropy occurs only for a single center. Calculation
of total mean magnetic moment given by Eq.s5d, i.e., aver-
aging over centers A, B, and C, yields practically isotropic
in-plane magnetization. However, the difference between
parallelsrelative to thec axisd and perpendicular magnetiza-
tion is still large. We conclude that the magnetic anisotropy
of the Mn3+sd4d system originates from the hexagonal axial
field along thec axis and different distributions of non-
equivalent Jahn-Teller centers in two orientations of mag-
netic field.

V. DISCUSSION

Applying the above-presented model to experimental
magnetization data one should be aware of two issues. The
first one is the large number of parameters in the model. The
second one is a non-negligible magnetic contribution result-
ing from Mn2+sd5d S=5/2 detected in the EPR experiment,
mentioned abovessee Sec. IId. The latter contribution is de-
scribed by a standard Brillouin functionsSec. IIId and could
be easily taken into account provided the exact concentration
of Mn2+ ions is known. Unfortunately only the rough estima-
tion of this parameter is availablesrather the ratio between
Mn3+/Mn2+ estimated from EPRd. In such a situation it is
essential to limit the number of free parameters and to pro-
ceed step by step with the fit to control the role played by
each parameter.

Therefore as a first approach we decided to fit the raw
magnetization datasi.e., including Mn2+ contribution, Fig. 3d
by pured4 model fEq. s5dg, i.e., neglecting Mn2+ contribu-
tion. Moreover, since little was known about parameters of
the model for the particular case of GaN, as starting param-
eters the values reported for Cr2+ sd4d in CdSsRef. 20d were

used forB2
0,B4

0, B̃2
0,B̃4

0, lTT, andlTE sTable I, parameter set

FIG. 7. Calculated energy levels for the A-typestop paneld and
B, C-typesbottom paneld centers in magnetic field applied perpen-
dicularly to thec axis sBia2d.

FIG. 8. Calculated magnetic moment of a single Mn3+ sd4d ion
for A-type center as a function of magnetic field for three chosen
directions of the magnetic field.
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No.1d. For 5B we used 11.44 meV, the value obtained from
experimentally observed crystal field splitting in GaN:Mn.27

The value ofB4 was then kept constant during the fit. Per-
forming the calculations we noticed that the magnitude of the
anisotropy is very sensitive to spin-orbit and trigonal field
parameters values, while the influence of the Jahn-Teller pa-
rameters on the final result is much smaller. It was found that
all the data can be reasonably well describedssee Fig. 3d by
the set of parameters collected in Table Isparameter set
No.2d. Although the obtained parametersset No.2d should be
regarded as a sample one, due to neglect of Mn2+ contribu-
tion, the obtained result demonstrate that thed4 model is able
to recover characteristic features of GaN:Mn,Mg magnetiza-
tion.

In the next step the contribution of Mn2+ ions was taken
into account. The measured magnetizationsFig. 3d was then
assumed to be composed of Mn3+ and Mn2+ contributions,
i.e., mean magnetic moment was described by the formula:

kMl = xMn3+kMMn3+l + xMn2+kMMn2+l s7d

wherekMMn2+l is given by a Brillouin function withS=5/2
and xMn3+, xMn2+ are additional adjustable parameters. Only
slight modificationssless than 10% in most casesd of previ-
ous crystal field parameters, set No.2, were necessary to ob-
tain a reasonable fit with Mn3+ and Mn2+ centers. If one
chooses exactly the same parameters as recently obtained
from analysis of magnetospectroscopy experiment,36 where
infrared sIRd transitions between5T and 5E terms were ob-
served and successfully described by thed4 model sTable I,
parameter set No.3d, the valuesxMn3+=0.0068 andxMn2+

=0.0022 were returnedsTable I, set No.3, Fig. 9d. The ob-
tained abundance of Mn2+ may be too high in respect of EPR
data mentioned above. Fixing the ratioxMn3+/xMn2+ on the
level of 10/1, as suggested by EPR, one obtains an equally
good fit sFig. 9d for slightly different spin-orbit interaction
parameterssTable I, parameter set No.4d. The difference in
parameters of sets No.3 and No.4 is not large and in our
opinion is irrelevant, as the ratioxMn3+/xMn2+ is known with
poor accuracy. We stress that the model parameters obtained

with the above fits should be treated with caution. Calculat-
ing magnetization means in fact averaging over different en-
ergy levels and different configurationssA, B, and C cen-
tersd, 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 infraredsFIRd magnetospectroscopy, which probes low
energy levels of the ground termsprecisely the lowest five
levelsd and enables direct comparison of calculated energy
levels and measured transition energies. The set of energies
of several transition energies is usually critically sensitive to
the model parameters.37 Unfortunately the appropriate FIR
data are unavailable.

Nevertheless, it seems apparent that the model of Mn in
the d4 configurationcan satisfactory describe magnetization
of our GaN:Mn,Mg samples, which supports results of opti-
cal experiments discussed in Refs. 27 and 36. However, the
other possibilitiessdifferent dn configurationsd are not ex-
cluded. To make this conclusion more pertinent further ex-
periments should be performed. In particular the structure of
the lowest levels should be precisely established by FIR
magnetospectroscopy.

VI. CONCLUSIONS

The magnetic properties of bulk GaN:Mn and GaN:Mn
codoped with Mg, grown by the equilibrium high pressure
method, were investigated. Magnetization measurements
performed on these crystals revealed strong dependence of
the Fermi level position, yielding differences of the Mn im-
purity nature. Magnetization of then-type GaN:Mn is well
described by the standard Brillouin function with spin 5/2
resulting fromd5 configuration of Mn2+ ions. In contrast,
GaN:Mn codoped with Mg, which lowers the Fermi level,
reveals strong magnetic anisotropy. Our calculations show
that the observed anisotropy can be well understood in terms
of nonsphericald4 configuration of Mn ions. The crystal field
model of thed4 configuration was successfully used to re-
produce the magnetization data of GaN:Mn,Mg crystals. The
results of this work are consistent with spectroscopy results
presented in Refs. 27 and 36. Observation of Mn in thed4

configuration rises the hopes for an alternative mechanism
for ferromagnetic coupling between Mn ions in GaN, not
necessarily requiring high concentration of free holes. Ex-
perimental verification of this hypothesis requires GaMnN
crystals with substantially higher concentration of manga-
nese ions ind4 configurationsfew molar percentd, which is
probably a challenging task.
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