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Spin resonance investigations of Mn2¿ in wurtzite GaN and AlN films
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High quality Mn-doped GaN and AlN films grown by molecular beam epitaxy have been investigated with
X-band electron spin resonance~ESR!. The observed resonance patterns are well described by the spin Hamil-
tonian for isolated55Mn21 centers with electronic spinS55/2 and nuclear spinI 55/2. Isotropicg factorsg
52.000 and hyperfine parametersA5269 G3gmB are observed both in GaN and AlN, while the fine-
structure parameters vary fromDGaN52218 G3gmB for strongly strained GaN films toDGaN52236 G
3gmB for almost relaxed GaN films, and toDAlN52648 G3gmB for relaxed AlN films. At intermediate
orientations of the crystallinec axis with respect to the magnetic field, intermixing occurs between the nuclear
spin eigenstates due to off-diagonal elements in the spin Hamiltonian, which strongly enhances the transition
probabilities of usually forbidden ESR transitions withuDmI u.0. This is confirmed experimentally as well as
by numerical simulations. It is concluded that Mn21 impurities are present as isolated, paramagnetic centers at
the investigated doping concentration of 1020 cm23, without any evidence for electrostatic or magnetic cou-
pling to extended valence band states, which is a prerequisite of ferromagnetic exchange required for spintronic
devices.

DOI: 10.1103/PhysRevB.67.165215 PACS number~s!: 76.30.Fc, 71.55.Eq, 75.50.Pp
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I. INTRODUCTION

The electronic and magnetic properties of transition me
impurities in wide band-gap semiconductors currently attr
considerable scientific interest because of their potential
in spintronic devices at high doping concentrations.1 Room
temperature ferromagnetism was predicted for transiti
metal-doped GaN, ZnO, and diamond, extrapolating fr
the Curie temperatureTC5110 K of the dilute magnetic
semiconductor~DMS! material Ga0.95Mn0.05As.2 In this ma-
terial, itinerant holes are believed to mediate the ferrom
netic exchange between localized Mn spins.

Information about the microscopic configuration of tra
sition metal centers has been extracted from their param
netic resonance in many crystals, ranging from the pur
covalent group IV semiconductors to the ionic group I–V
salts. Mn-related centers have been investigated in sev
III–V compounds, but the information on the oxidatio
states of substitutional Mn in GaN and AlN is still incom
plete. The aim of this paper is the determination of the s
properties of the Mn ground state in epitaxial GaN and A
films. Up to a doping level of about 1020 cm23, we detect
only isolated S55/2 centers by electron spin resonan
~ESR!. In particular, we find no effective-mass-lik
Mn21-hole complexes in Mn-doped group III nitrides, co
trary to what has been reported previously for bu
GaAs:Mn.3 The observed axial distortion at the localize
Mn21 states in wurtzite GaN and AlN indicates that also
possibly itinerant states in these materials a polaronic mo
is more appropriate than the mean-field Zener model use
describe the ferromagnetism of GaAs.4

Up to now, ESR identification of Mn21 in GaN has only
been reported in unintentionally doped bulk crystals prepa
by the sublimation sandwich method at small Mn concen
0163-1829/2003/67~16!/165215~12!/$20.00 67 1652
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tions of 1017 cm23.5–7 This growth method is quite usefu
for the preparation of large GaN crystals;8 however, most
device-quality epitaxial GaN films are presently grown
molecular beam epitaxy~MBE! or metal-organic chemica
vapor deposition~MOCVD! because of higher purity an
better doping control. Although at first sight the ESR spec
of our highly doped MBE-grown GaN:Mn21 films are simi-
lar to those reported for the lower-doped bulk crystals,
extracted fine- and hyperfine-structure parameters differ
nificantly. The differences in the axial fine-structure para
eter can be dominantly ascribed to the biaxial strain from
sapphire substrate. Because the degree of relaxation v
with the film thickness and the growth conditions in o
samples, the influence of the crystal field on the Mn21

ground state can be studied without the application of ex
nal pressure. Some features of the numerical simulation
ported in Refs. 5–7 are neither present in the experime
spectra nor in our numerical results. However, some ad
tional ‘‘forbidden’’ transitions neglected in Refs. 5–7 a
prominent in our experimental spectra. To review their orig
and to describe the spin properties of Mn21 in GaN and AlN
more accurately, a refined experimental and numerical inv
tigation of the spin Hamiltonian is presented here.

So far, only few other ESR studies on Mn in group-I
nitrides are available. In addition to Refs. 5–7, Mn-relat
ESR was reported in microcrystalline GaN grown by t
ammonothermal method and doped intentionally with diff
ent concentrations of Mn.9 In this study, the identification
was restricted to the isotropic part of the ESR spectrum,
therefore no direct evidence for the Mn oxidation state co
be extracted. Intentionally doped GaN:Mn crystals have b
prepared by MOCVD~Refs. 10 and 11! and MBE,12,13but to
our knowledge, these samples have not been studied by
yet. In polycrystalline AlN, some Mn-related ESR spec
©2003 The American Physical Society15-1
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T. GRAF et al. PHYSICAL REVIEW B 67, 165215 ~2003!
with g factors in the range of 1.8–10 were reported toget
with Mn21- and Mn41-related photoluminescense.14 Again,
no ESR anisotropy of Mn-related centers in AlN crystals w
reported up to now, which is necessary for a detailed anal
of the spin Hamiltonian.

II. EXPERIMENTAL DETAILS

The GaN:Mn and AlN:Mn films investigated here we
grown epitaxially on Al2O3 substrates by plasma induce
molecular beam epitaxy~PIMBE! with a layer thickness of
1 –1.5mm. The growth temperatures were 690–820 °C
GaN:Mn and for codoped GaN:Mn:Si films, and abo
850 °C for AlN:Mn films, which is somewhat lower than th
temperatures used for the growth of optimized GaN and A
layers.15 The doping concentrations@Mn#GaN'1020 cm23

and@Mn#AlN'1019 cm23 were determined by Elastic Reco
Detection~ERD!.16 Lowering the GaN growth temperature
did not lead to a significant increase of the Mn incorporati
but gave rise to the precipitation of Mn3N2 clusters,17 which
were clearly observed in samples grown at 690 °C. The c
talline quality and the lattice constants of the epitaxial film
were investigated by x-ray diffraction. Typically, the fu
width at half maximum~FWHM! of the ~002! reflex for
GaN:Mn ~AlN:Mn ! layers was about 500~800! arcsec for
rocking curves (V scans! and 50 ~100! arcsec for 2Q –V
scans, independent of the doping concentration. Th
widths confirm the structural quality of the GaN and Al
films. They would correspond to variations of the out-o
plane lattice constantc of about 0.04%, if they were cause
by a spread ofc only.

As reported, e.g., in Ref. 18, the lattice mismatch to
sapphire substrate and the mismatch of the respective
mal expansion coefficients causes biaxial strain in GaN
AlN thin films. Additionally, hydrostatic strain is expected
high doping concentrations. Therefore, the in-plane lat
constanta of expitaxial GaN films is compressed with re
spect to the bulk valuea053.1878 Å, andc expanded with
respect toc055.1850 Å.18 These changes were monitored
reciprocal space maps of the asymmetric~202̄5! reflex for all
samples investigated here. The relative deviations of the
plane lattice constant«a5(a2a0)/a0 varied from20.04%
to 20.25%, and the deviations in growth direction«c
5(c2c0)/c0 from 0.03% to 0.15%, with the codope
GaN:Mn:Si samples grown at 820 °C showing the larg
strain. A linear dependence between both relative chan
with «c /«a520.660.02 is observed for the investigate
films, which corresponds to the effective Poisson ra
n52(«c /«a)/@(«c /«a)22#50.23 reported earlier in Ref
18. In the following, we first analyze in detail the sp
Hamiltonian parameters of the pure GaN:Mn21 and
AlN:Mn21 films, which are mostly relaxed. Then, these v
ues are compared with the spin Hamiltonian parameter
the more strained GaN:Mn21:Si films and those of the bulk
GaN:Mn21 crystal of Refs. 5–7.

The ESR spectra were recorded with a Bruker ESP-
system, using a standardX-band TM102 resonator. The
sample temperature was controlled in the range from 2.
300 K with a helium flow cryostat. The orientation of th
16521
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sample with respect to the magnetic field could be chec
conveniently with the help of the known anisotropic ES
signals from the sapphire substrate. Most of these ba
ground resonances are saturated easily at sufficiently
microwave power and low temperatures and, thus, are s
pressed in the experimental spectra.

III. RESULTS

A. Spin Hamiltonian of the Mn 2¿ ground state

Starting from the@Ar#3d54s2 electronic configuration of
free Mn atoms, Mn21 usually denotes the Mn oxidation sta
with a half-filled 3d5 shell. Within a semiconductor lattice
this formally twofold ionic charge is distributed over th
neighboring host valences and screened by the valence
electrons, so that the ionization threshold is effectively
duced in comparison to free Mn ions.19,20The electronic spin
S55/2 of the five 3d electrons of the Mn21 Kramers ion is
conserved and typically combined to a6A1 ground-state con-
figuration without orbital momentum. This ground state
additionally coupled to the nuclear spinI 55/2 of the natural
isotope 55Mn.

Generally, it is incorrect to employ crystal field theory
describe the zero-field splitting of impurity ground states
semiconductors because of the presence of continuum e
tronic states that hybridize with the atomic Mn orbitals.20,21

However, the phenomenological form of the crystal field sp
Hamiltonian is still correct, even if the true origin of th
occurring parameters fails to agree with real crystal field21

Therefore, the effective Mn21 ground state manifold of
(2S11)(2I 11)536 spin states can be described by t
Hamiltonian22–25

H5mBHW gSW 1DS Sz
22

35

12 D1SW AIW

1
1

6
aS Sj

41Sh
41Sz

42
707

16 D
1

7

36
FS Sz

42
95

14
Sz

21
81

16 D1PS I z
22

35

12 D2mBHW gI IW

~1!

with Bohr’s magnetonmB , and all other parameters intro
duced in the following. A so-called Breit-Rabi diagram of th
eigenenergies plotted as a function of the external fi
HW ieW zic ~lattice vector of the wurtzite crystal! is shown in
Fig. 1 using the parameters forg,D,A, . . . determined for
AlN:Mn21 later in this paper. The 36 eigenstates are deno
by mS andmI according to theirSz andI z quantum numbers
at large magnetic fields. As indicated, the allowed transitio
follow the selection ruleDmS561 andDmI50 in this ori-
entation. InX-band ESR experiments, the total eigenenerg
are mainly determined by the Zeeman energy on the orde
100 meV at H53300 G. The axial crystal field is param
etrized byD, which is dominating the fine structure of th
levels in the zero-field limit. It is distributing the electron
spin states into three Kramers doublets separated by a
20 meV, as indicated in Fig. 1. The hyperfine interactionA
5-2
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SPIN RESONANCE INVESTIGATIONS OF Mn21 IN . . . PHYSICAL REVIEW B 67, 165215 ~2003!
of the electronic spin with the nuclear spin of55Mn further
splits the spin levels by energies on the order of 2meV. The
fine-structure parametersa andF of the cubic crystal field for
S55/2 states are even smaller and on the order of 0.1meV
only. Sj , Sh , andSz are the projections ofSW onto the axis of
the cubic crystal field discussed below. Further contributio
such as the nuclear Zeeman interaction characterized bgI
'0.0004g and the nuclear quadrupolar interaction charac
ized byP give rise to even smaller energy corrections. T
nuclear spin parametersgI and P cancel out for the ‘‘al-
lowed’’ electron-spin-resonance transitions, for whichmI re-
mains unchanged, but they contribute significantly to the
sitions of the ‘‘forbidden’’ transition doublets of Eq.~10!.
Therefore, they should be included in Eq.~1!. However,
since the nuclear propertiesgI andP are extremely similar in
different materials, the values for both parameters were ta
from ZnO ~Ref. 26! to also describe the Mn21 states in GaN
and AlN.

In the ideal wurtzite structure, the coordination of the fo
nearest nitrogen neighbors is tetrahedral, but the symmet
lowered toC3v in the group-III nitrides. Consequently, th
axial distortion, which is expressed by the crystal field p
rameterD, is assumed to be oriented along the samplec axis
in agreement with the observed ESR signals discussed
low. For the notation~1! of the spin Hamiltonian, thez co-
ordinate axis is chosen along this axis ofD and fixed with
respect to the sample, although the axis of spin quantiza
will rather be oriented alongHW . To investigate all possible
relative orientations, the angleu betweenHW and thec axis of
the sample is varied between 0 and 90° by a rotation oHW

within the @12̄10# and @101̄0# planes, as shown in Fig. 2
For the tetrahedral substitutional sites, those two rotati
are indistinguishable in quadratic terms like the Zeeman
Hyperfine interaction, as the corresponding energy ellipso

FIG. 1. Breit-Rabi Diagram for Mn21 in AlN with the magnetic
field oriented parallel to thec axis of the film. At this orientation,
the spin quantization axis is well oriented along thez direction at
low and high magnetic fields because of the combined effect of
Zeeman and the axial fine-structure interactions. The param
used aregAlN'2.000, DAlN'28 meV, AAlN'20.8 meV, and
hn'40 meV.
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do not reflect the threefold crystalline symmetry aroundc.
This is different for the cubic crystal field described wi
three perpendicular axesj, h, and z, which are tilted by
35.26° with respect to the@0001# plane and oriented paralle
to the edges of the cubes, as indicated in Fig. 2.24–26 There
are two distinct cubes for theA andB site of the wurtziteAB
stacking sequence, each containing one central atom and
nearest tetrahedral neighbors on the corners. The orienta
of these cubes with respect to the external fieldHW can be
expressed by a single parameterf5 l 2m21m2n21n2l 2 with
l ,n,m being the direction cosines ofj, h, and z, respec-
tively, with respect to the field axis.22,25 As can be deduced
from Fig. 2, the parameterf is symmetric with respect to the
sign of u for rotations within the@101̄0# plane and asym-
metric for rotations within the@12̄10# plane for A and B
sites, respectively. Geometrical considerations result in

f101̄05
1

96
@2114 cos~2u!17 cos~4u!#,

f12̄105f101̄06
A2

96
@8 sin~2u!24 sin~4u!#. ~2!

As the anisotropy of the cubic crystal field is described
terms off only, its symmetry reappears in the solutions
the spin Hamiltonian. The maximum difference between
eigenenergies of the magnetically inequivalentA andB sites
of the wurtzite lattice is expected for a maximal splitting
f [12̄10] at u560° in the@12̄10# plane.25

B. Analysis of the ESR spectra forH¢ ic

Most of the properties of Mn21 in GaN and AlN are con-
veniently extracted from the spectra of Fig. 3 atu50°,
where the splitting of adjacent lines is maximum. In th
orientation, the electronic part of the spin Hamiltonian c
be diagonalized analytically, as the axis of the crystal fieldD
coincides with the magnetic field axis.24,25 The parameters
from the analysis of the spectrum atu50° are then used in

e
rs

FIG. 2. The two magnetically nonequivalentA andB lattice sites
of the wurtzite lattice. The largest cubic fine-structure splitting b
tween the Mn21 ESR of the two sites is expected for magne

fields tilted byu560° from the@0001# axis towards@101̄0#. How-
ever, this splitting is below the experimental linewidth of the e
perimental data reported here.
5-3
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Sec. III C to verify the full anisotropy of the spin Hami
tonian. Neglecting hyperfine interactions, one obtains
analytical eigenenergies

W65/256gmBH1D/32~a2F !/2

6A@6~3/2!gmBH13D1~a2F !/6#21~20/9!a2,

W63/256~3/2!gmBH2~2/3!D1~a2F !,

W61/257gmBH1D/32~a2F !/2

6A@6~3/2!gmBH23D2~a2F !/6#21~20/9!a2.

~3!

According to the first-order approximation of large micr
wave energieshn@uDu@ua2Fu, the cubic crystal field pa-
rameters always occur in a combinationa2F, so that addi-
tional measurements at intermediate angles are required
the determination of these parameters separately. The s
tions for the resonance conditionhn5WmS

2WmS21 define

the magnetic-field positionsHmS↔mS21 of the resonances

umS&↔umS21&. The parametersg5hn/(mBH11/2↔21/2)
'2.000, andD and a2F are then calculated in terms o
these fields, which are indicated in Fig. 3 by the centers
gravity of the fine-structure resonance groups:

uDu5~gmB/56!u5~H15/2↔13/22H23/2↔25/2!

14~H13/2↔11/22H21/2↔23/2!u,

FIG. 3. X-band ESR spectra of Mn21 with the magnetic field
oriented parallel to thec axis of GaN and AlN atT56 K. In both
spectra, five (2S) groups of six (2I 11) hyperfine satellites indicate
the presence of55Mn21. Increased broadening of the outer fin
structure groups reveals fluctuations in the zero-field splitting
about 5%. In the spectra shown, microwave saturation helps
press the background ESR dominated by impurities in the sapp
substrate.
16521
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ua2Fu5~gmB /28!u23~H15/2↔13/22H23/2↔25/2!

16~H13/2↔11/22H21/2↔23/2!u. ~4!

For the spectrum of a GaN:Mn21 film with c55.187 Å and
a53.187 Å shown in Fig. 3, we find

uDGaNu5gmB~23662!G5hc322031024 cm21,

ua2FuGaN5gmB~663!G5hc3531024 cm21,

and correspondingly for an AlN:Mn21 film with c
54.981 Å anda53.112 Å

uDAlNu5gmB~64863!G5hc360531024 cm21,

ua2FuAlN5gmB~1064!G5hc3931024 cm21.

In units of frequency, the larger fine-structure zero-field sp
ting d'4uDu between the electronic Kramers doublets w
umSu53/2 and umSu55/2 at H50 is obtained asd
'0.66 GHz for GaN andd'1.8 GHz for AlN. As experi-
mentally the outer fine-structure splittingsuH15/2↔13/2
2H13/2↔11/2u anduH21/2↔23/22H23/2↔25/2u are larger than
the inner splittings uH13/2↔11/22H11/2↔21/2u and
uH11/2↔21/22H21/2↔23/2u, it can be deduced from Eq.~3!
that D anda2F have opposite signs. The relative sign ofD
with respect tog, the latter of which is assumed to be pos
tive, has to be deduced by other means, as discussed b

Up to now, the hyperfine interaction between electro
and nuclear spins has been neglected in the calculation o
eigenenergies. Treating this additional interaction as a sm
perturbation, the magnetic-field offsetsDhmS ,mI↔mS21,mI

of

the transitionsumS ,mI&↔umS21,mI& from the transitions
umS&↔umS21& resulting from Eq.~3! have been calculated
to third order inA in Ref. 26:

DhmS ,mI↔mS21,mI

5HmS ,mI↔mS21,mI
2HmS↔mS21

52
A

gmB
H mI1

A

hn
@~mS21/2!mI11/2~35/42mI

2!#

1
A2

~hn!2
@~35/42mI

2!~2mS21!

2~1/2!mI~35/423mS
213mS22!#

1
AD

~hn!2
@~35/42mI

2!~2mS21!

2mI~35/42mS
21mS21!#J . ~5!

The hyperfine constantuAu is given approximately by the
splitting of about 70 G within one of the fine-structu
groups. AtX-band energies, higher-order terms are shifti
the hyperfine resonances significantly, increasing both
apparentg factor and the effective hyperfine splitting. In Fig

f
p-
ire
5-4
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4, the resonance positions of themS51/2 central fine-
structure group are shown according to first-, second-,
third-order perturbation theory, and to the result of a num
cal diagonalization of the complete spin Hamiltonian~1!
for GaN and AlN, respectively. The numerical deviations
DhmS ,mI↔mS21,mI

2A/(gmB) within this group are on

the order of26 to 0 G (27 to 17 G! for GaN:Mn21

(AlN:Mn21). The constant first-order splittingA/(gmB) has
been reduced by a factor of 5 in Fig. 4 for better visibility
the higher-order effects. Obviously, the change inuDu be-
tween both materials influences both the average positi
as well as the splitting of the central hyperfine sextet. A
cording to the exact numerical calculations,uAu5gmB(69
61) G5hc36531024 cm21 is obtained both for the GaN
and AlN spectra of Fig. 3. After calibration of the magnet
field positions with diphenyl-picrylhydrazyl~DPPH, g
52.0036), correctedg-factorsg51.999460.0008 for Mn21

in GaN andg52.000460.0008 in AlN are obtained.
For other transitions thanu11/2,mi&↔u21/2,mi&, also

the second-order corrections of Eq.~5! modify the effective
hyperfine splitting, as they contain terms proportional tomI .
From the differences in hyperfine splitting, the relative si
of A with respect to that ofD can be determined, as, e.g., th
transitionsH13/2↔11/2 are shifted towards lower or highe
magnetic field compared toH11/2↔21/2 for positive or nega-
tive sign ofD, respectively. To illustrate this, the spectrum
GaN:Mn21 has been reversed in the inset of Fig. 5 in a w
that some inner and outer hyperfine pairs overlap. For th
groups, a larger splitting between adjacent hyperfine line
observed at lower magnetic fields~full line! than in the re-
versed signal that occurs at higher magnetic fields~dashed
line!. The consequently stronger overlap of the high-fie
satellites is also responsible for their smaller ESR amplit
compared to the low-field satellites. These observations s
that the sign of A is negative, if the transition
u13/2,mI&↔u11/2,mI& occurred at higher magnetic field

FIG. 4. For the Mn21 spin system with both fine and hyperfin
interactions, the resonance positionsH1/2↔21/2 without nuclear spin
are shifted byh1/2,mI↔21/2,mI

, defined in Eq.~5! according to per-
turbation theory. The numerical calculation shows that mixing ter
with the axial crystal fieldD of higher order become important i
AlN:Mn21 even atu50°. The first-order splitting has been re
duced toA/5 in this plot.
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i.e., if D was negative. Such a combination of negativeD and
A is depicted in the level diagram of Figs. 1 and 4.

However, it still remains to be shown thatD is indeed
negative in GaN and AlN. To determine the sign ofD, one
needs to clarify whether the transitions with positivemS oc-
cur at high or low magnetic fields. Because the transit
intensity I mS↔mS21 is proportional to the population differ

ence between the levelsumS& andumS21&, the situations for
positive and negativeD can be distinguished at low temper
tures. Below microwave saturation, and forkBT@hv@uDu,
the thermal occupation of the levelsumS& and umS21& is
given by the Boltzmann series23

I mS↔mS21}
NmS212NmS

(
n

Nn

5

12expS 2hn

kBT D
(

n
expS WmS212Wn

kBT
D

'
1

6 S hn

kBTD2
mS21/2

6 S hn

kBTD 2

. ~6!

To first order inhn/kBT, the occupation differences follow
Curie’s law for all levels, but as energetically lower pairs
levels have both a higher population as well as a hig
difference in population, their population difference and ES
absorption are larger in second order. AtX-band frequencies
hn/kB'0.43 K, so that at 2.8 K, which is the lowest tem
perature achievable with our cryostat, we expect relat
second-order changes of about 30% for the outer transit
u65/2,mI&↔u63/2,mI& and about 15% for the inner trans

s

FIG. 5. Integrated GaN:Mn21 spectra with the intensities cor
rected for the measurement temperature. The intensity ratio of
fine-structure groups is consistent with the ideal ratio 5:8:9:8:5
an S55/2 spin system. The intensity ratio at lower temperatu
requires the assignment of these transitions to themS quantum num-
bers, as shown in Fig. 1. Microwave power has been reduce
these spectra in order to avoid microwave saturation. Theref
some substrate resonances, e.g., a narrow line at 3750 G ar
suppressed completely. The inset shows that second-order e
increase the hyperfine splitting of the low-field transitionsumS5
21/2&↔umS523/2& compared to the transitionsumS53/2&↔umS

51/2&, which have been plotted on a reversed magnetic-field a
Therefore, the sign ofA is determined to be negative, as that ofD.
5-5
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tions u63/2,mI&↔u61/2,mI&. Two integrated ESR spectr
recorded at 2.8 and 6 K are shown normalized for the firs
order Curie term in Fig. 5. The satellites in the region
lower magnetic fields grow faster than linearly inhn/kBT
with decreasing temperature. Thus, they can be identifie
belong to negativemS . According to Fig. 1, this ordering o
the fine-structure lines indicates a negative sign ofD. From
the earlier conclusions about the relative signs,A follows to
be negative anda2F to be positive, respectively.

As shown in Fig. 6, the spin resonance signal of Mn21 in
GaN and AlN can be measured up to room temperat
Within the experimental errors, no change was observe
the spin parameters and densities. Within the accessible
perature range, the paramagnetic susceptibility is well
scribed by Curie’s law, confirming the presence of an u
changed amount of isolated Mn21 states below their
ionization temperature@Fig. 6~a!#. The inhomogeneous line
width of the central fine-structure group, which is about 30
in GaN and about 15 G in AlN, did not change up to roo
temperature, which indicates a small contribution of sp
lattice relaxation processes in group-III nitrides to the lin
width. By the continuous saturation method, it is possible
obtain a rough estimate of the productT13T2 of the spin-
lattice relaxation timeT1 and the spin-spin relaxation tim
T2, as displayed in Fig. 6~b!. The observed approximatel
inverse proportionality to temperature would be consist
with a direct spin-lattice relaxation process without a phon
bottleneck.

The resonances of the central fine-structure group are
resolved in the sample orientationHW ic, while the hyperfine
resonances of the fine-structure satellite groups tend to o
lap each other. As any spread due to a mosaic structure o
GaN film is small for orientations ofH parallel to the prin-
cipal crystalline axis, the excess linewidth of these satell
is most probably caused by an inhomogeneous distribu
of fine-structure constants. The good agreement of the
perimental ESR intensities and magnetic-field positions

FIG. 6. Temperature dependence of~a! the ESR signal intensity
and~b! the microwave saturation power, which is representative
the spin relaxation rates. The GaN:Mn21 and AlN:Mn21 ESR sig-
nals can be traced up to room temperature, indicating a low c
pling of the Mn21 spins to the surrounding lattice.
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HW ic with simulated spectra for a Lorentzian distribution
axial crystal fieldsD with a FWHM of 15 G3gmB is shown
in Fig. 7. According to Eq.~3!, the separation of the fine
structure satellites from the unperturbed resonance pos
H21/2↔11/2 is roughly proportional toD, so that the broad-
ening of the fine-structure satellites is proportional to t
variation of that separation for a distribution ofD. As the
central transition group is best resolved at intermediate
entations, where the magnetic-field separation of the fi
structure groups is small, possibly also fluctuations of
cubic crystal field parametersa and F must be considered
These variations of the crystal field are probably caused
residual inhomogeneous strains within the GaN layers.5–7,22

It would be interesting to compare this with independe
measurements of local strain, e.g., from micro-Raman sp
troscopy or excitonic photoluminescence. No addition
broadening due to electrostatic or magnetic interaction w
neighboring Mn centers, as claimed in Ref. 9, was obser
at the Mn concentrations of our GaN films. Despite the d
ferences in amplitude, the same resonance positions are
tained for spectra simulated for an average crystal field
rameter and for the distribution shown in Fig. 7. Therefo
neglecting linewidth effects, the following simulations fo
arbitrary sample orientation consider the average crystal fi
parameters only.

Due to the differences in linewidth, the relative intensiti
of the fine-structure groups can be compared best after
merical double integration. The theoretical intensity for t
five transition groupsumS↔mS21& is proportional to the
transition matrix elements from time-dependent perturbat
theory. In the strong field limit, they are given byS(S11)
2mS(mS21).22,23 Therefore, withS55/2, the intensity ra-
tios for the five fine-structure transition groups are 5:8:9:8

r

u-

FIG. 7. Simulated and measured ESR spectra of GaN:Mn21 for

the sample orientationHW ic. The upper spectrum~dotted line! was
simulated for a single axial crystal fieldD5236 G3gmB and a
residual linewidth of 25 G. A weighted average of similar spec
for a Lorentzian distribution of axial crystal parameters arou
236 G3gmB with a full width at half maximum of 30 G3gmB

results in the middle spectrum~dashed line!, which is very similar
to the experimental spectrum shown at the bottom~solid line!.
5-6



ra

g
b

et

rli
ne
o
fin
rs

he
te

ng
.
id

n
he
o

i
ra

a
on
w

il-
eter-

nce
r-

ic

if-
tion

e

the

l
rr
a

liz
of
it
n

stly
ters.
oup
and
d of
posi-
hire

n

SPIN RESONANCE INVESTIGATIONS OF Mn21 IN . . . PHYSICAL REVIEW B 67, 165215 ~2003!
which are satisfactorily reproduced by the experimental
tios 5:8:11:7:361, as can be seen in Fig. 5.

C. Resonance positions and intensities at arbitrary orientations

One of the advantages of ESR spectroscopy in sin
crystals is the symmetry information, which is accessible
rotation of the sample with respect to the external magn
field. The resonance positions foru.0° allow a critical
check of the spin Hamiltonian parameters determined ea
and the verification of the orientation of the axial crystalli
field along thec axis of the epitaxial layers. The presence
other interactions of Mn spins besides the fine and hyper
interaction of Mn21 or possible ESR signals from cente
which might overlap with the signal from Mn21 at u50°,
can also be investigated by such experiments.

Approximate solutions for the transitions between t
eigenstates of the spin Hamiltonian have been calcula
from the perturbation theory in Refs. 26 and 27, includi
the forbidden transitions withuDmI u.0 discussed below
Those results were supplemented in Ref. 28 with the forb
den half-field transitions withuDmSu.1. Today, the avail-
able computing power conveniently enables the exact
merical diagonalization of the spin Hamiltonian matrix. T
resonance field positions and transition intensities were
tained with the help of aMATHEMATICA ~Ref. 29! code de-
veloped by the authors and are shown in Figs. 8 and 9 w
the theoretical intensity of the transitions coded by a g
scale. The experimentally observed resonance positions
included in the same plot, with the intensity of the transiti
coded by the diameters of the dots. The good agreement
the experimental resonance positions measured for Mn21 in

FIG. 8. Anisotropy of the ESR resonance fields of GaN:Mn21

for sample rotations within the@12̄10# plane. The experimenta
resonance positions are indicated with different dot sizes co
sponding to their relative intensities. The underlying gray-scale m
shows the transition intensities calculated by numerical diagona
tion of the spin Hamiltonian. The significantly smaller linewidth
the centralumS51/2&↔umS521/2& fine-structure group makes
possible to distinguish this group from the other resonances eve
the strongly overlapping regime aroundu560°.
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GaN and AlN confirms the symmetry of the spin Ham
tonian assumed earlier and the parameters that were d
mined above from the spectra atHW uuc. Neglecting the con-
tributions from the nuclear spins, the analytical resona
positionsH(u)mS↔mS21 have been calculated to second o
der in D and to first order ina andF by Refs. 22 and 23:

H~u!65/2↔63/25@hn72D~3cos2u21!72pa

7~1/6!Fq#/~gmB!232D114D2 ,

H~u!63/2↔61/25@hn7D~3cos2u21!6~5/2!pa

6~5/24!Fq#/~gmB!14D125D2 ,

H~u!11/2↔21/25hn/~gmB!116D128D2 , ~7!

with the geometry parametersp5125f and q535 cos4u
230 cos2u13, and the second-order fine-structure shiftsD1
5D2/(gmBhn)cos2u sin2u, and D25D2/(4gmBhn)sin4u.
The direction cosinesf are defined in Eq.~2! for the@101̄0#

and@12̄10# rotation planes, respectively. The resulting cub
crystal field splitting between theA and B lattice sites is
visible in the simulations of Figs. 8 and 9; however, no d
ference between ESR spectra recorded in the two rota
planes was observed experimentally~not shown!. From the
analytical line positions of Eq.~7!, the maximum splitting
due to the cubic crystal field occurs atu560° for the
u63/2,mI&↔u61/2,mI& transition, and is of the order of 6 G
for uau,10 G3gmB , which can be assumed in the nitrid
epitaxial films in analogy to ZnO.25 Therefore, it is not un-
expected to find no experimental difference between

e-
p
a-

in

FIG. 9. Anisotropy of the ESR resonance fields of AlN:Mn21.
The hyperfine structure of the outer resonance groups is mo
unresolved because of variations in the fine-structure parame
However, the lineshapes are sometimes still indicative for a gr
of overlapping lines. In these cases, the positions of the left
right wings of the resonances are indicated by the dots instea
the central resonance positions. Similar resonances at those
tions marked with open circles have been found in the bare sapp
substrate as well, and are therefore not related to the AlN:M21

film under investigation.
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@101̄0# and @12̄10# rotation planes. The splitting betwee
the A and B lattice sites cannot explain the splitting of th
central fine-structure group indicated in the simulations
Refs. 5–7.

For intermediate angles, the quantization axis is til
away from the direction ofHW by the influence of the interna
axial crystal field. Therefore, the hyperfine shif
DhmS ,mI↔mS21,mI

of the allowed transitions in Eq.~5! have
to be corrected by higher-order terms inA and by mixing
cross terms withD, as calculated to second order by Refs.
and 27 for the central groupu11/2,mI&↔u21/2,mI&:

Dh~u!1/2,mI↔21/2,mI

52
A

gmB
H mI1

A

2hn
~35/42mI

2!

1S D

hn D 2

@36 sin2~2u!22 sin4~u!#mI J . ~8!

Note, that forD'(1/10) hn, as it is the case in theseX-band
experiments, the magnitude of the third term is almost hal
that of the first, so that this correction is indeed required
the analytical field positions.

An even more pronounced effect of the off-diagonal ter
I xSx1I ySy in the spin Hamiltonian is shown in Figs. 8 and
where numerical results for the transition intensities in G
are shown as a function of orientationu. Due to the mixing
of electronic and nuclear quantum numbers, the intensity
the ‘‘forbidden’’ DmIÞ0 transitions becomes even larg
than that of the formerly ‘‘allowed’’ transitions withDmI
50. According to Refs. 26 and 27, the ratio between
intensity I f of the first ‘‘forbidden’’ transition
umS ,mI&↔umS21,mI61& and I a of the ‘‘allowed’’ transi-
tion umS ,mI&↔umS21,mI& is given to second-order pertu
bation theory by

I f /I a'F3

4

D

hn
sin~2u!S 11

35

12mS~mS21! D G
2

3~35/42mI
21mI !. ~9!

Comparison with the exact numerical intensities for G
in Fig. 10 shows that although qualitatively similar, this an
lytical result is insufficient to describe the central hyperfi
group of Mn21 in GaN correctly at tilt angles ofu'10°, at
which the ‘‘forbidden’’ transitions withDmI561 ~dashed
lines in Fig. 10! have grown strongly at the expense of t
‘‘allowed’’ transitions ~full lines!. At larger tilt angles, only
the outmost ‘‘allowed’’ transitionsu11/2,65/2&↔u21/2,
65/2& remain visible, and many ‘‘forbidden’’ transition
with uDmI u.1 occur at intermediate angles. Note that t
resonance positions for GaN in Fig. 10 have not been
sumed fixed as in the simplified calculation of Ref. 27. Ho
ever, in order to reduce the number of 36 possible traces
outer and inner transitions for eachDmI were averaged to a
single line. In the case of AlN~not shown!, the axial crystal
field is tilting the quantization axes even stronger away fr
the magnetic-field orientation. Therefore, the intensities
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the ‘‘forbidden’’ transitions withDmI561 increase even
more rapidly upon rotation of the sample with respect to
magnetic field and exceed the ‘‘allowed transitions’’ alrea
at u'5°. The numerical results for the central fine-structu
group of both GaN and AlN are shown as gray-scale map
Figs. 11 and 12. It can be seen from these figures tha
contrast to the simulations in Refs. 5–7, the forbidden lin

FIG. 10. Angular variation of theu11/2,mI&↔u21/2,mI

6DmI& transition intensities for GaN:Mn21 at a fixedX-band mi-
crowave frequency. In order to reduce the number of 36 poss
traces, both the two ‘‘allowed’’ and four ‘‘forbidden’’ outer transi
tions u61/2,65/2&↔u71/2,65/27DmI& were averaged to a singl
line. Similarly, the intensities of the remaining inner transitio
have been averaged and are shown with a second thinner line o
same type for eachuDmI u.

FIG. 11. Magnified view of the inner fine-structure grou
u11/2,mI&↔u21/2,mI6DmI& of GaN:Mn21. The ‘‘forbidden’’ hy-
perfine satellites are interfering destructively with the ‘‘allowe
transitions at tilt angles aroundu'10°. The gray-scale map show
the transition intensities of the central fine-structure group obtai
from the exact numerical diagonalization without the outer grou
which are broadened experimentally because of the variation o
fine-structure parameters. A large number of resonances at inte
diate angles is caused by the appearance of ‘‘forbidden’’ fi
structure transitions, rather than by axial or cubic crystal field sp
tings of the inequivalent wurtzite lattice sites.
5-8
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do not split gradually from specific allowed lines atu50°,
but rather vanish at magnetic field positions in between th
of the allowed transitions.

In GaN, the experimental linewitdh is too large to spe
trally resolve both ‘‘allowed’’ and ‘‘forbidden’’ transitions.
Rather, the increased number of lines tend to interfere w
each other, as can be seen in Fig. 11, where the inner r
nances cancel out atu'10°. It is also evident that atu
'20° five new resonances appear between the two outm
resonance fields, which correspond to the outer of the
‘‘allowed’’ transitions atu'0°. In ZnO:Mn21, the spectral
resolution was limited by similar broad lines,25 until high-
quality crystals made it possible to separate the extrem
large number of narrow individual resonance positions.30 In
GaN or AlN, this might be impossible due to strains a
ligand hyperfine coupling with the highly abundant nitrog
isotope 14N with I 51, while the natural abundance of th
only oxygen isotope17O with nuclear spin is very low in
ZnO.

Due to somewhat smaller linewidths in the central tran
tion group in AlN, some ‘‘forbidden’’ transitions withDmI
561 are resolved for small misorientationsu,5° ~Fig. 12!.
To the second-order perturbation theory,26 the doublets
u11/2,mI&↔u21/2,mI21& and u11/2,mI21&↔u21/2,mI&
are split by

Dh~u!1/2,mI↔21/2,mI212Dh~u!1/2,mI21↔21/2,mI

517A2/~2gmBhn!12hn~gI /g!/gmB

225A3/@gmB~hn!2#~mI21/2!

18DA2/@gmB~hn!2#~mI21/2!~3 cos2u21!

22P/gmB~mI21/2!~3cos2u21!. ~10!

Each of the listed terms contributes shifts of severalG to the
forbidden transition doublet splitting and therefore cannot
neglected in the calculation of these transition fields. T
observed spacing of the five pairs of transitions decrea
from 30 G on the low-field side to overlapping lines on t
high-field side~Fig. 12!. This is consistent with the ratio
gI /g'0.000 377 and the reported nuclear quadrupolar m
ment of 55Mn, which is P50.17 G3gmB in ZnO.25,30

In summary, no indication of interactions between ad
cent centers was found at a doping level around 1020 cm23.
The effective spin Hamiltonian for isolated Mn21 centers
sufficiently describes all features of the observed ESR sp
tra in GaN and AlN at arbitrary orientations. In contra
exchange narrowing is observed in the ESR spectra
GaAs:Mn21 at doping concentrations around 0.1%, indic
ing the wave function overlap required for spintron
devices.31

IV. DISCUSSION

Manganese is expected to occupy the substitutional ca
site in GaN and AlN.20 Other lattice sites have been report
for Mn in group-III arsenides32 and will be discussed furthe
below. On the substitutional site, partly ionic and partly c
valent bonds to the four nitrogen neighbors bind three e
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trons of the free Mn@Ar#3d54s2 configuration, resulting in
the deep neutral acceptor state Mn31 (A0), e.g., in GaP,33 or
the antiferromagnetically coupled shallow Mn21-hole com-
plex in GaAs:Mn.3 Due to the Jahn-Teller instability of its
orbital ground state, large distortions are expected for Mn31

similar to Cr21.34,33 Because there is no unperturbed Kram
ers doublet in theS52 ground state manifold of these ox
dation states, their electron-spin-resonance transitions
possibly shifted outside the range ofX-band spectrometers.34

Additionally, the multiple lines are possibly broadened inh
mogeneously by strain effects, so that the spin-resonance
nature of Mn31 has been observed in few III–V semicondu
tors only, most notably GaP.33 In this work, the neutral Mn31

oxidation state was reduced to the negatively charged ac
tor Mn21 (A2) by the presence of residual donors
GaN:Mn grown at low growth temperatures, or by the
donors in the GaN:Mn:Si samples.35

Theoretical predictions of the parametersg andD of the
spin Hamiltonian need to consider spin-orbit coupling in p
turbation theory up to very high orders.36 Without the
symmetry-breaking presence of nearby ionic charges, the
pected deviations ofg from the free-electron valueg0
52.0023 are small. For substitutional Mn21, the g factor is
typically somewhat reduced fromg0 because of spin-orbi
coupling due to the admixture of excited Mn21 states and
due to small covalent contributions, in agreement with o
observations.22,36

Various mechanisms have been suggested to contribu
the observed spin Hamiltonian parameterD. The dominant
contributions are crystal fields causing spin-orbit interact
in higher orders, and intermixing from excited Mn21

configurations.37,38On the substitutional sites, both contribu
tions are of the order of 10meV in magnitude, but of oppo-
site sign. In contrast, the magnitude ofD typically exceeds
the Zeeman splitting by far for defect complexes.38,39 In the

FIG. 12. Magnified view of the inner fine-structure grou
u11/2,mI&↔u21/2,mI6DmI& of AlN:Mn21. The ‘‘forbidden’’ hy-
perfine satellites interfere destructively with the ‘‘allowed’’ trans
tions at tilt anglesu'5°. At the best obtained orientation, the ‘‘for
bidden’’ lines are small, but still visible. The distinct line moving
lower magnetic fields with increasing tilt angleu can be attributed
to impurities in the sapphire substrate.
5-9
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group-III nitrides, the axial crystal field is probably enhanc
by the different bond lengths and the asymmetric cha
compensation of Mn21 along thec lattice direction.40 How-
ever, theoretical estimates of the zero-field splittingD based
on higher-order perturbation formulas of the spin-or
mechanism turned out to be one order of magnitude
small in GaN.36 As, at the same time,D is at least one orde
of magnitude smaller than expected for a defect complex
was concluded from the experimental result, from Refs. 5
for bulk GaN:Mn crystals, that the Mn21 ion does not oc-
cupy the exact Ga31 site, but is displaced byd towards the N
ligand along thec lattice direction.36 Unfortunately, some
equations appear inconsistent in the printed version of R
36. Correcting the obvious typographic errors, the axial cr
tal field parameter due to spin-orbit coupling in the wea
field scheme38 is given by

Dweak'
23zd

2B20
2 263zd

3B20

70 P2D8
1

210zd
2B40

2 17zd
2B43

2

126P2G
~11!

with the trigonal crystal field parameters

B20'Ā2F2S R0

R1
D t2

13~3 cos2Q21!S R0

R2
D t2G ,

B40'Ā4F8S R0

R1
D t4

13~35 cos4Q230 cos2Q13!S R0

R2
D t4G ,

B43'26A35Ā4sin3QcosQS R0

R2
D t4

, ~12!

the spin-orbit coupling coefficientzd'317 cm21, and P
'25.33103 cm21, D8'26.93103 cm21, and G'21.9
3103 cm21, which can be obtained from the Racah para
eters estimated for Mn21 in GaN in Ref. 36 at the referenc
distanceR05(1/4)R1(0)1(3/4)R2(0), and with Ā2'10.5
3103 cm21, Ā4'878 cm21, and the exponentst2'3 and
t4'5. The distanceR1(d) from the Mn21 ion to the N
neighbors alongc and the distancesR2(d) to the three other
neighbors oriented atQ(d) from the Mn site are given by

R1~d!5uc2d,

R2~d!5Aa2/31@c~u21/2!2d#2,

Q~d!5arccos
c~u21/2!2d

R2~d!
, ~13!

with theu parameteruGaN'0.377,41 and the lattice constant
cGaN5(11«c)5.1850 Å, andaGaN5(11«a)3.1878 Å.18 As
aGaN and cGaN were measured by x-ray diffraction at roo
temperature, both lattice parameters must be reduced by
proximately 0.06% to account for cooling down to 6 K,42 at
which the ESR parameters were evaluated. With the par
eters discussed in Ref. 36, the reported displacemend
50.07 Å can be reproduced only, if the variation ofQ(d) is
ignored. Using theQ(d)-dependence of Eq.~13!, the as-
sumed crystal field parameters of Ref. 36, theu parameter of
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Ref. 41, and the measured lattice constantscGaN and aGaN,
the observed spin Hamiltonian parameterD is consistent
with a displacement ofdGaN510.085 Å. For AlN:Mn21, a
displacementdAlN510.13 Å would be suggested by th
measured lattice constants withuAlN'0.382 ~Ref. 41! and
the identical set of crystal field parameters, which were e
mated based on the optical properties of AlN:Mn21 and on
the similarity of the Mn-N bond in GaN:Mn and AlN:Mn
According to Eq.~11!, similar results would also result from
dGaN520.15 Å and fromdAlN520.24 Å. These displace
ments are, however, inconsistent with the observed sl
]DGaN/]«, as discussed below. Certainly, the accuracy
the deduced displacements is limited by the various assu
tions that are needed for the evaluation of Eq.~11!. It is
impossible to verify these assumptions and the validity of
crystal field approach with a single experimental crystal fi
parameter, because the displacementsd are unknowna pri-
ori, and were chosen to fit this experimental parameter. A
the good agreement of the weak- and strong-field scheme
Ref. 36 merely supports the validity of the perturbation a
proximation. It does not verify the assumed parameters
the dominant influence of the spin-orbit coupling over t
other contributing mechanisms.

However, this can be verified independently with the he
of ESR measurements on strained GaN films, for which
lattice distortions«a and«c are known. Similar experiment
have been performed and discussed for Mn21 in some other
host crystals.37,38,43The measured axial crystal field param
etersD of several GaN:Mn21 and GaNMn21:Si films are
shown in Fig. 13. A variation of the strain is caused in the
samples by the heteroepitaxy and the high doping concen
tions. The inset shows that the ratio of the strains in th

FIG. 13. GaN thin films suffer biaxial strain due to the lattic
mismatch to the Al2O3 substrate and the cool-down process af
growth. The resulting variation of the lattice constants was m
sured by reciprocal space maps of the asymmetric~202̄5! reflex of
different GaN:Mn and GaN:Mn:Si samples. The linear depende
between the relative changes«c /«a520.6 corresponds to an effec
tive Poisson ration50.23.18 The bulk GaN crystal of Refs. 5–7 is
included with the bulk lattice parameters. The solid line was cal
lated with Eq.~11! and the parameters of Ref. 36 without any a
ditional free parameters. The good agreement with the experime
data supports the validity of the superposition model for the sp
orbit coupling of Ref. 36.
5-10
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TABLE I. The chemical trend of the isotropic hyperfine constantA is related to the relative electronega
tivities of the ligandsx l and the Mn ionsxMn'1.5 eV and to Pauling’s covalency parameterp(x l) for the
nearest neighbors of the Mn atoms. The axial crystal field is given for the wurtzite materials and for st
GaMnAs, with the conversion factors 1 G3gmB50.93431024 cm213hc52.80 MHz3h511.6 neV. The
values listed above for bulk GaN are those of Table 1 of Ref. 5. The conversion factor was possibly o
in the evaluation of the hyperfine splittinguAGaNu575 G3gmB57031024 cm213hc of Refs. 5–7, as a
splitting of approximately 70 G was discussed in the text and is shown in the experimental data of R

x l p(x l) A D g Reference
~eV! ~%! (G3gmB) (G3gmB)

GaAs ~zb.! 2.0 23 256 (,2) 2.004 31,45
ZnS ~zb.! 2.6 20 268 2.003 22,46
ZnS ~wz.! 2.6 20 270 2113 2.002 46
GaN ~wz.! bulk 3.0 17 675 6257 1.999 5–7
relaxed film 3.0 17 269 2236 1.999 this work
strained film 3.0 17 269 2218 1.999 this work
AlN ~wz.! 3.0 17 269 2648 2.000 this work
ZnO ~wz.! 3.5 14 279 2253 2.001 25,30,47
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films is «c /«a520.6, as expected.18 Also shown at the po-
sition of the bulk lattice constant of GaN is the axial crys
field parameter measured on the bulk GaN:Mn21 crystal in
Refs. 5–7. As the ESR amplitude of the fine-structure sa
lites of the bulk samples was suppressed by fluctuations oD
similar to those shown in Fig. 7, the presence of resid
strain must be expected also in these bulk crystals. The
evaluation of the published data of Refs. 5–7 turns out to
consistent with a value ofuDu below 250 G3gmB as well,
which would give a better agreement with the fine-struct
parameters determined in this work. The dashed line in
13 was calculated according to Eq. 11 withd510.085 Å
and«c520.6«a , and corresponds to

D'~224021.03104«a!G3gmB , ~14!

without the assumption of any additional free paramete
For the opposite displacementdGaN520.15 Å, the slope
]D/]«a would be six times smaller and therefore incons
tent with the experimental data. The almost perfect quan
tive agreement convincingly supports the validity of the s
perposition model of Ref. 36. Nonlinear contributions
D(«a) would be expected from covalent contributions to t
spin-orbit coupling,44 or from strain effects ond and u,
which were assumed as constants here.

An overview of recent results for the isotropic hyperfi
splitting AGaN calculated with Green’s function method
given in Ref. 19. This splitting is mostly caused indirectly
a Fermi contact interaction of 3d-induceds orbital spin po-
larization at the55Mn nucleus. In the free Mn21 atom, the
total core polarization of the inner 1s, 2s, and 3s orbitals
sums up to about2110 G3gmB ,32 generating a local mag
netic field opposite to the external quantizing field. The
duced negative spin density is partly compensated by a p
tive 4s spin density of about190 G3gmB . In a covalent
bond, however, this positive contribution is reduced, as
spins are paired off in the binding 4s4p3 hybrid orbitals.
Therefore, a lower electronegativity of the surroundi
ligands leaves a larger negative overall spin density at
16521
l

l-

l
e-
e

e
g.

s.

-
a-
-

-
si-

e

e

Mn nucleus. This subtle balance can be exploited to estim
the valence band spin polarization at the Mn site, wh
might be of special interest for the determination of the e
change constants required for ferromagnetism in dilu
magnetic semiconductors. Additionally, delocalization of t
3d electrons and direct 4s admixture on the order of 1% ca
reduce the magnitude ofA significantly. These contributions
seem to be overestimated in the calculations of Ref.
where uAu540 G3gmB has been predicted for Mn21 in
GaN in contrast to the value of 69 G3gmB reported here.
The same difference between theory and experiment is fo
by the authors of Ref. 19 for other transition metal states

Alternatively toab initio calculations, the expected hype
fine splitting can be estimated with the help of chemic
trends between closely related materials. According to R
32, the electronegativitiesx l ~see Table I! of the four ligands
and of the Mn ionxMn'1.5 eV can be used to calculat
Pauling’s covalency parameterp(x l) of the Mn-ligand bond

p~x l !5@120.16~x l2xMn!20.035~x l2xMn!2#/4.
~15!

Selected semiconductor materials with anion electronega
tiesx l close to that of nitrogen are listed in Table I, togeth
with the covalencyp(x l) of the Mn-anion bond and the hy
perfine constants for substitutional Mn21 on the cation site.
Obviously, the hyperfine constants for GaN:Mn21 and
AlN:Mn21 fit in between the numbers for ZnS and ZnO,
would be expected from the electronegativity on N, which
between those of S and O; twice as large hyperfine const
have been reported for Mn21 on tetrahedral interstitial lattice
sites in GaP and GaAs,32 which confirms the substitutiona
nature that was assumed above. With respect to the c
lency and hyperfine constants, similarities to Mn in II–V
semiconductors rather than to III–V materials such as Ga
are expected, as long as the neutral Mn31 centers can be
reduced to Mn21 by residual donors or Si codoping, as in th
samples discussed here.
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V. SUMMARY

The ESR signature of Mn21 was observed and analyze
in Mn-doped MBE-grown GaN and AlN films. All observe
transitions are consistent with the spin Hamiltonian for is
lated substitutional 55Mn21 centers with gGaN51.9994,
gAlN52.0004, DGaN52218 to 2236 G3gmB , and DAlN
52648 G3gmB , (a2F)GaN516 G3gmB , (a2F)AlN
5110 G3gmB , and A5269 G3gmB both for GaN and
AlN. The differences of the axial crystal field parameters
correlated with the macroscopic strain in our GaN:Mn film
and agree well with predictions of the superposition the
of crystal fields. Intermixing of the spin eigenstates at int
mediate orientations strongly enhances the transition p
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