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Spin resonance investigations of Mfi* in wurtzite GaN and AIN films
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High quality Mn-doped GaN and AIN films grown by molecular beam epitaxy have been investigated with
X-band electron spin resonan@&SR. The observed resonance patterns are well described by the spin Hamil-
tonian for isolated®>Mn?* centers with electronic spi=5/2 and nuclear spih=>5/2. Isotropicg factorsg
=2.000 and hyperfine parametefs= —69 GXgug are observed both in GaN and AIN, while the fine-
structure parameters vary froBg,n=—218 GXgup for strongly strained GaN films t®g,=—236 G
X gug for almost relaxed GaN films, and 5= —648 GXgug for relaxed AIN films. At intermediate
orientations of the crystalline 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 wjthm,|>0. This is confirmed experimentally as well as
by numerical simulations. It is concluded that #nimpurities are present as isolated, paramagnetic centers at
the investigated doping concentration 0£46m™2, 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.
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. INTRODUCTION tions of 137 cm~2.5~" This growth method is quite useful
for the preparation of large GaN crystél$iowever, most
The electronic and magnetic properties of transition metatievice-quality epitaxial GaN films are presently grown by
impurities in wide band-gap semiconductors currently attractnolecular beam epitaxyMBE) or metal-organic chemical
considerable scientific interest because of their potential useapor deposition(MOCVD) because of higher purity and
in spintronic devices at high doping concentratiori®oom  better doping control. Although at first sight the ESR spectra
temperature ferromagnetism was predicted for transitionef our highly doped MBE-grown GaN: M films are simi-
metal-doped GaN, ZnO, and diamond, extrapolating fromar to those reported for the lower-doped bulk crystals, the
the Curie temperaturd =110 K of the dilute magnetic extracted fine- and hyperfine-structure parameters differ sig-
semiconductofDMS) material GggMng o<As.? In this ma- nificantly. The differences in the axial fine-structure param-
terial, itinerant holes are believed to mediate the ferromageter can be dominantly ascribed to the biaxial strain from the
netic exchange between localized Mn spins. sapphire substrate. Because the degree of relaxation varies
Information about the microscopic configuration of tran-with the film thickness and the growth conditions in our
sition metal centers has been extracted from their paramagamples, the influence of the crystal field on the ?Mn
netic resonance in many crystals, ranging from the purelyround state can be studied without the application of exter-
covalent group IV semiconductors to the ionic group 1-VII nal pressure. Some features of the numerical simulation re-
salts. Mn-related centers have been investigated in severpbrted in Refs. 5-7 are neither present in the experimental
-V compounds, but the information on the oxidation spectra nor in our numerical results. However, some addi-
states of substitutional Mn in GaN and AIN is still incom- tional “forbidden” transitions neglected in Refs. 5-7 are
plete. The aim of this paper is the determination of the spirprominent in our experimental spectra. To review their origin
properties of the Mn ground state in epitaxial GaN and AlNand to describe the spin properties of Mrin GaN and AIN
films. Up to a doping level of about ¥cm™3, we detect more accurately, a refined experimental and numerical inves-
only isolated S=5/2 centers by electron spin resonancetigation of the spin Hamiltonian is presented here.
(ESR. In particular, we find no effective-mass-like  So far, only few other ESR studies on Mn in group-Iil
Mn2"-hole complexes in Mn-doped group Il nitrides, con- nitrides are available. In addition to Refs. 5—7, Mn-related
trary to what has been reported previously for bulkESR was reported in microcrystalline GaN grown by the
GaAs:Mn® The observed axial distortion at the localized ammonothermal method and doped intentionally with differ-
Mn?* states in wurtzite GaN and AIN indicates that also forent concentrations of MA.In this study, the identification
possibly itinerant states in these materials a polaronic modetas restricted to the isotropic part of the ESR spectrum, and
is more appropriate than the mean-field Zener model used tiherefore no direct evidence for the Mn oxidation state could
describe the ferromagnetism of GaAs. be extracted. Intentionally doped GaN:Mn crystals have been
Up to now, ESR identification of MiT in GaN has only  prepared by MOCVORefs. 10 and 1land MBE?*3but to
been reported in unintentionally doped bulk crystals preparedur knowledge, these samples have not been studied by ESR
by the sublimation sandwich method at small Mn concentrayet. In polycrystalline AIN, some Mn-related ESR spectra

0163-1829/2003/616)/16521%12)/$20.00 67 165215-1 ©2003 The American Physical Society



T. GRAF et al. PHYSICAL REVIEW B 67, 165215 (2003

with g factors in the range of 1.8—10 were reported togethesample with respect to the magnetic field could be checked

with Mn?*- and Mrf"-related photoluminescen$®Again,  conveniently with the help of the known anisotropic ESR

no ESR anisotropy of Mn-related centers in AIN crystals wassignals from the sapphire substrate. Most of these back-

reported up to now, which is necessary for a detailed analysiground resonances are saturated easily at sufficiently high

of the spin Hamiltonian. microwave power and low temperatures and, thus, are sup-
pressed in the experimental spectra.

Il. EXPERIMENTAL DETAILS
Ill. RESULTS

The GaN:Mn and AIN:Mn films investigated here were
grown epitaxially on AJO; substrates by plasma induced
molecular beam epitax¢PIMBE) with a layer thickness of Starting from the Ar]3d°4s? electronic configuration of
1-1.5um. The growth temperatures were 690-820 °C forfree Mn atoms, MA" usually denotes the Mn oxidation state
GaN:Mn and for codoped GaN:Mn:Si films, and aboutwith a half-filled 3d° shell. Within a semiconductor lattice,
850 °C for AIN:Mn films, which is somewhat lower than the this formally twofold ionic charge is distributed over the
temperatures used for the growth of optimized GaN and AlNnheighboring host valences and screened by the valence band
layers®® The doping concentrationgMn]g =~ 107 cm™3 electrons, so that the ionization threshold is effectively re-
and[Mn]n~ 10 cm™2 were determined by Elastic Recoil duced in comparison to free Mn ioh%2° The electronic spin
Detection(ERD).'® Lowering the GaN growth temperatures S=5/2 of the five 3l electrons of the MA" Kramers ion is
did not lead to a significant increase of the Mn incorporationconserved and typically combined t®4; ground-state con-
but gave rise to the precipitation of NN, clusters'’ which  figuration without orbital momentum. This ground state is
were clearly observed in samples grown at 690 °C. The crysadditionally coupled to the nuclear sgis 5/2 of the natural
talline quality and the lattice constants of the epitaxial filmsisotope >*Mn.
were investigated by x-ray diffraction. Typically, the full  Generally, it is incorrect to employ crystal field theory to
width at half maximum(FWHM) of the (002 reflex for  describe the zero-field splitting of impurity ground states in
GaN:Mn (AIN:Mn) layers was about 500800 arcsec for semiconductors because of the presence of continuum elec-
rocking curves (0 scan$ and 50(100) arcsec for ®—Q tronic states that hybridize with the atomic Mn orbit&lg!
scans, independent of the doping concentration. ThesHowever, the phenomenological form of the crystal field spin
widths confirm the structural quality of the GaN and AIN Hamiltonian is still correct, even if the true origin of the
films. They would correspond to variations of the out-of- occurring parameters fails to agree with real crystal fiélds.
plane lattice constart of about 0.04%, if they were caused Therefore, the effective Mri ground state manifold of
by a spread ot only. (2S+1)(21+1)=36 spin states can be described by the

As reported, e.g., in Ref. 18, the lattice mismatch to theHamiltoniarf®=2°
sapphire substrate and the mismatch of the respective ther-

A. Spin Hamiltonian of the Mn?* ground state

mal expansion coefficients causes biaxial strain in GaN and _,, - = , 35 AT

AIN thin films. Additionally, hydrostatic strain is expected at H=pgHgS+D SZ_E +SAl

high doping concentrations. Therefore, the in-plane lattice

constanta of expitaxial GaN films is compressed with re- L S4+S4+S4—7—07)

spect to the bulk valua,=3.1878 A, andc expanded with 6 \7¢ T T 16

respect ta,=5.1850 A% These changes were monitored in

reciprocal space maps of the asymme#ie25) reflex for all +1F( $_§ S§+§ +p |2_§ ) _ ﬁg i
samples investigated here. The relative deviations of the in- 36 14 16 2712 | #BTE
plane lattice constant,=(a—ag)/a, varied from—0.04% 1)

to —0.25%, and the deviations in growth directian,
=(c—cg)/cy from 0.03% to 0.15%, with the codoped With Bohr's magnetonug, and all other parameters intro-
GaN:Mn:Si samples grown at 820°C showing the largestluced in the following. A so-called Breit-Rabi diagram of the
strain. A linear dependence between both relative changedigenenergies plotted as a function of the external field
with e./e,=—0.6+0.02 is observed for the investigated H||e,||c (lattice vector of the wurtzite crystals shown in
films, which corresponds to the effective Poisson ratioFig. 1 using the parameters fg;D,A, ... determined for
v=—(gcle)/[(sc/e2)—2]=0.23 reported earlier in Ref. AIN:Mn?" later in this paper. The 36 eigenstates are denoted
18. In the following, we first analyze in detail the spin by mgandm, according to theiS, andl, quantum numbers
Hamiltonian parameters of the pure GaN:#n and at large magnetic fields. As indicated, the allowed transitions
AIN:Mn2* films, which are mostly relaxed. Then, these val-follow the selection rule\ms=+1 andAm,=0 in this ori-
ues are compared with the spin Hamiltonian parameters aéntation. InX-band ESR experiments, the total eigenenergies
the more strained GaN:M#i:Si films and those of the bulk are mainly determined by the Zeeman energy on the order of
GaN:Mrf™ crystal of Refs. 5-7. 100 ueV at H=3300 G. The axial crystal field is param-
The ESR spectra were recorded with a Bruker ESP-30@trized byD, which is dominating the fine structure of the
system, using a standard-band TMy, resonator. The levels in the zero-field limit. It is distributing the electronic
sample temperature was controlled in the range from 2.8 tgpin states into three Kramers doublets separated by about
300 K with a helium flow cryostat. The orientation of the 20 neV, as indicated in Fig. 1. The hyperfine interactidn
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FIG. 2. The two magnetically nonequivalehtndB lattice sites

! L] of the wurtzite lattice. The largest cubic fine-structure splitting be-
tween the MAR™ ESR of the two sites is expected for magnetic
fields tilted by §=60° from the[0001] axis towardg 1010]. How-
ever, this splitting is below the experimental linewidth of the ex-
perimental data reported here.
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FIG. 1. Breit-Rabi Diagram for Mfi" in AIN with the magnetic
field oriented parallel to the axis of the film. At this orientation,
the spin quantization axis is well oriented along thdirection at .
low and high magnetic fields because of the combined effect of th 0. nqt re_flect the threefold grystalllne ;ymmetry_aroumd
Zeeman and the axial fine-structure interactions. The parameter his is dn‘ferent for the cubic crystal flgld descr_lbed with
used areguy~2.000, Dap~—8 weV, Axy~—0.8ueV, and three per.pendlcular axes », and{, which are tilted by
hv~40 peV. 35.26° with respect to thg001] plane and oriented parallel

to the edges of the cubes, as indicated in Fig' 2% There
of the electronic spin with the nuclear spin oMn further are two distinct cubes for th& andB site of the wurtziteAB
splits the spin levels by energies on the order gi@V. The  stacking sequence, each containing one central atom and four
fine-structure parameteasandF of the cubic crystal field for nearest tetrahedral neighbors on the corners. The orientation
S=5/2 states are even smaller and on the order ofu®¥  of these cubes with respect to the external fidlccan be
only. S, S,, andS; are the projections d onto the axis of ~expressed by a single paramefer | 2m?+m*n®+n?l? with
the cubic crystal field discussed below. Further contributiond,n,m being the direction cosines @&, 7, and {, respec-
such as the nuclear Zeeman interaction characterizegj by tively, with respect to the field ax®:*°As can be deduced
~0.0004y and the nuclear quadrupolar interaction characterfrom Fig. 2, the paramete is symmetric with respect to the
ized byP give rise to even smaller energy corrections. Thesign of ¢ for rotations within the/ 1010] plane and asym-
nuclear spin parameteig and P cancel out for the “al-  metric for rotations within thg 1210] plane for A and B

lowed” electron-spin-resonance transitions, for whiohre-  sjtes, respectively. Geometrical considerations result in
mains unchanged, but they contribute significantly to the po-

sitions of the “forbidden” transition doublets of Eq10). 1

Therefore, they should be included in E@). However, b1010=gg[ 21+ 4 c0826) +7 cog40) ],

since the nuclear propertigs andP are extremely similar in

different materials, the values for both parameters were taken 2

;rr?gwAZ"r\]O (Ref. 26 to also describe the M states in GaN b1310= ¢10T0i%[8 sin(26)— 4 sin(46)]. )

In the ideal wurtzite structure, the coordination of the four ) ) o . )
nearest nitrogen neighbors is tetrahedral, but the symmetry @S the anisotropy of the cubic crystal field is described in
lowered toCs, in the group-Ill nitrides. Consequently, the (€rms of only, its symmetry reappears in the solutions of
axial distortion, which is expressed by the crystal field pa-the spin Hamiltonian. The maximum difference between the
rameterD, is assumed to be oriented along the sancpieis ~ €igenenergies of the magnetically inequivalérandB sites
in agreement with the observed ESR signals discussed p&f the wurtzite lattice is eipected for a maximal splitting of
low. For the notation(1) of the spin Hamiltonian, the co-  ¢j1210; at #=60° in the[ 1210] plane®
ordinate axis is chosen along this axis@fand fixed with
respect to the sample, although the axis of spin quantization

ill rath i longi. To i i I ibl . .
W r_at er_ be 0r|ented alongi. To |nve§t|gate a pO-SSIb € Most of the properties of Mt in GaN and AIN are con-
relative orientations, the anglebetweerH and thec axis (3f veniently extracted from the spectra of Fig. 3 @t0°,

the sample is varied between 0 and 90° by a rotatiohi of where the splitting of adjacent lines is maximum. In this
within the [1210] and[1010] planes, as shown in Fig. 2. orientation, the electronic part of the spin Hamiltonian can
For the tetrahedral substitutional sites, those two rotationbe diagonalized analytically, as the axis of the crystal fild
are indistinguishable in quadratic terms like the Zeeman andoincides with the magnetic field axi?° The parameters
Hyperfine interaction, as the corresponding energy ellipsoidrom the analysis of the spectrum @+ 0° are then used in

B. Analysis of the ESR spectra forH | c
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+6(H 3120~ H_12. -3 (4)

For the spectrum of a GaN: Mn film with ¢=5.187 A and
a=23.187 A shown in Fig. 3, we find

|Dgan =9ug(236+2)G=hcx220x 104 cm 2,

|a—F|gan=0ug(6+3)G=hcx5x10 %4 cm™ 1,

Haspes Hapoar  Hipowz  Heaposaz Higoosse
[ I | [ I

o4 and correspondingly for an AIN:MA film with ¢
AIN:Mn =4.981 A anda=3.112 A

|Dan|=0up(648+3)G=hcx605< 104 cm™ %,

|a—F|an=0ug(10=4)G=hcx9x 10 % cm L.

N
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In units of frequency, the larger fine-structure zero-field split-
ting 6~4|D| between the electronic Kramers doublets with
FIG. 3. X-band ESR spectra of Mh with the magnetic field |Mg=3/2 and [mg=5/2 at H=0 is obtained asé
oriented parallel to the axis of GaN and AIN aff=6 K. In both ~ ~0.66 GHz for GaN andy~1.8 GHz for AIN. As experi-
spectra, five (8) groups of six (2+ 1) hyperfine satellites indicate mentally the outer fine-structure splittingdH , 5., 4 3
the presence of®Mn2*. Increased broadening of the outer fine- —H g5, 10| and|H _ 1. 30— H 3555/ are larger than
structure groups reveals fluctuations in the zero-field splitting ofthe  inner  splittings |H. 32,110~ H 10,12 and
about 5%. In the spectra shown, microwave saturation helps suQH+1/2H71,2— H71,2H73,2|, it can be deduced from E¢3)
press the background ESR dominated by impurities in the sapphirghatD anda— F have opposite signs. The relative signiof

substrate. with respect tag, the latter of which is assumed to be posi-
tive, has to be deduced by other means, as discussed below.
Sec. llIC to verify the full anisotropy of the spin Hamil- Up to now, the hyperfine interaction between electronic
tonian. Neglecting hyperfine interactions, one obtains theand nuclear spins has been neglected in the calculation of the
analytical eigenenergies eigenenergies. Treating this additional interaction as a small
perturbation, the magnetic-field offsejmmsymﬁms, 1m of
W..5,=*gugH+D/3—(a—F)/2 the transitions|mg,m;)«|mg—1,m;) from the transitions

|mg) <+ |mg—1) resulting from Eq«(3) have been calculated
+\[=(3/2gugH+3D+(a—F)/6]*+(20/9a%, to ?r>1ird osder >inA in Ref. 26:
W. 5= *(3/2)gugH— (2/3D+(a—F), Ahmg mj—mg-1m,

= Hms,m|<—>msfl,mI - Hmsﬁmsfl

Wil/2: Ig/,LBH +D/3_(a_|:)/2

+[*(3/2gugH—3D— (a—F)/6]>+ (20/9a>. =— % m, +%[(ms— 1/2)m, + 1/2(35/4—m?)]
B
()
. . . . . A2 2
According to the first-order approximation of large micro- + 5[(35/4—mp)(2ms—1)
wave energiehiv>|D|>|a—F|, the cubic crystal field pa- hv)
rameters always occur in a combinatiarF, so that addi- — (1/2)m, (35/4— 3m§+3m5— 2)]

tional measurements at intermediate angles are required for
the determination of these parameters separately. The solu- A
tions for the resonance conditidrvzwms— Wing-1 define + 0

2
the magnetic-field positionie-lmsﬁms_1 of the resonances V)
Img)«+[ms—1). The parametersg=hv/(pugH 1/ 12

[(35/4—m?)(2mg—1)

~2.000, andD anda—F are then calculated in terms of —m(35/4-mg+mg—1)] . )
these fields, which are indicated in Fig. 3 by the centers of
gravity of the fine-structure resonance groups: The hyperfine constarfA| is given approximately by the
splitting of about 70 G within one of the fine-structure
ID| = (948/56)|5(H 1 5/ + 32— H 372 _512) groups. AtX-band energies, higher-order terms are shifting
the hyperfine resonances significantly, increasing both the
+4(H ;30 r 12— H 12— 32|, appareng factor and the effective hyperfine splitting. In Fig.
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FIG. 4. For the MA* spin system with both fine and hyperfine Magnetic Field (G)

interac_tions, the resonance pos!tid‘hﬁ?‘**W without nl_JcIear spin FIG. 5. Integrated GaN:Mr spectra with the intensities cor-
are s@fted byhl/?mﬁ*lfzm'.def'ned in Eq.(S) according .t(.) PE™ " rected for the measurement temperature. The intensity ratio of the
turbation theory. The numerical calculation shows that mixing termsjne.-structure groups is consistent with the ideal ratio 5:8:9:8:5 of
with the axial crystal fieldD of hlgher order be_c_ome important in 5, s=5/2 spin system. The intensity ratio at lower temperatures
AIN:Mn?* even atf=0°. The first-order splitting has been re- requires the assignment of these transitions tarigguantum num-
duced toA/S in this plot. bers, as shown in Fig. 1. Microwave power has been reduced in
these spectra in order to avoid microwave saturation. Therefore,
4, the resonance positions of theg=1/2 central fine- SOMe substrate resonances, e.g., a narrow line at 3750 G are not
structure group are shown according to first-, second-, anauppressed compIeFer. The_ inset shows th_at secon(_jtorder effects
third-order perturbation theory, and to the result of a numericrease the hyperfine splitting of the low-field transitijns;=
. o . o —1/2)«|mg= —3/2) compared to the transitiorjsg= 3/2)«|mg
cal diagonalization of the complete spin Hamiltoniét)

- . - =1/2), which have been plotted on a reversed magnetic-field axis.
for GaN and AIN, respectively. The numerical deviations of rpeyefore, the sign oA is determined to be negative, as thatof
Ath,mIHmS,l,ml—A/(g,uB) within this group are on

the order of—6 to 0 G (-7 to +7 G) for GaN:Mr?* i.e., if D was negative. Such a combination of negafivand
(AIN:Mn?"). The constant first-order splittingy/(gug) has A is depicted in the level diagram of Figs. 1 and 4.
been reduced by a factor of 5 in Fig. 4 for better visibility of ~ However, it still remains to be shown thax is indeed
the higher-order effects. Obviously, the Change|m1 be- negative in GaN and AIN. To determine the signfone
tween both materials influences both the average position§€€ds to clarify whether the transitions with positivg oc-
as well as the splitting of the central hyperfine sextet. Ac-Cur at high or low magnetic fields. Because the transition
cording to the exact numerical calculatiors) = gug(69 intensity I ,..m.—1 is proportional to the population differ-
+1) G=hcx65x10 % cm™! is obtained both for the GaN ence between the levellsis) and|ms—1), the situations for
and AIN spectra of Fig. 3. After calibration of the magnetic- Positive and negativ® can be distinguished at low tempera-
field positions with diphenyl-picrylhydrazylDPPH, g  tures. Below microwave saturation, and fsT>hv>|D],
=2.0036), corrected-factorsg=1.9994+0.0008 for M+  the thermal occupation of the levelmg) and [ms—1) is
in GaN andg=2.0004+ 0.0008 in AIN are obtained. given by the Boltzmann seri

For other transitions thah+1/2m;)«|—1/2m;), also .
the second-order corrections of E§) modify the effective N N 1—exp< _)
hyperfine splitting, as they contain terms proportionaiio Mmsl Ms_ keT
From the differences in hyperfine splitting, the relative sign SN Wi -1~ W,
of A with respect to that oD can be determined, as, e.g., the = n 2 eX T kaT
transitionsH | 55, . 1o are shifted towards lower or higher " B
magnetic field compared td . 1o, 1> fOr positive or nega- 1/ hy mg— 1/2
tive sign ofD, respectively. To illustrate this, the spectrum of ~ g(ﬁ) T T 6
GaN:Mrf* has been reversed in the inset of Fig. 5 in a way B
that some inner and outer hyperfine pairs overlap. For thesgo first order inhv/kgT, the occupation differences follow
groups, a larger splitting between adjacent hyperfine lines i€urie’s law for all levels, but as energetically lower pairs of
observed at lower magnetic fieldill line) than in the re- levels have both a higher population as well as a higher
versed signal that occurs at higher magnetic fidiisshed difference in population, their population difference and ESR
line). The consequently stronger overlap of the high-fieldabsorption are larger in second order>@band frequencies,
satellites is also responsible for their smaller ESR amplitudév/kz~0.43 K, so that at 2.8 K, which is the lowest tem-
compared to the low-field satellites. These observations shoperature achievable with our cryostat, we expect relative
that the sign of A is negative, if the transition second-order changes of about 30% for the outer transitions
|+3/2m)«|+1/2m;) occurred at higher magnetic fields, |+=5/2m,)«|=3/2m,;) and about 15% for the inner transi-

Mg—mg—1

hy \?
e

keT
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FIG. 6. Temperature dependence(@fthe ESR signal intensity FIG. 7. Simulated and measured ESR spectra of GaR*Mar
and(b) the miCrQWaVe saturation power, which is representat_ive forthe Samp|e Orientatiohinc_ The upper spectrur('dotted ||ne was
the spin relaxation rates. The GaN:RMnand AIN:M** ESR sig-  simulated for a single axial crystal field =236 Gxgug and a
nals can be traged up to room temperature, indicating a low couresidual linewidth of 25 G. A weighted average of similar spectra
pling of the Mrf* spins to the surrounding lattice. for a Lorentzian distribution of axial crystal parameters around
236 GXgug with a full width at half maximum of 30 &gug
tions |i3/2,m,><—>| +1/2m,). Two integrated ESR spectra results in thg middle spectrufdashed ling which is very similar
recorded at 2.8 ah6 K are shown normalized for the first- © the experimental spectrum shown at the botisolid line).
order Curie term in Fig. 5. The satellites in the region of
lower magnetic fields grow faster than linearly fin/kgT  Hj|c with simulated spectra for a Lorentzian distribution of
with decreasing temperature. Thus, they can be identified tgyjq| crystal fieldsD with a FWHM of 15 GX gug is shown
belong to negativens. According to Fig. 1, this ordering of ;, Fig 7. According to Eq(3), the separation of the fine-
tEe flneljstructurle lines mtc)hcatehs a rlnegatlvg SlgﬂﬁoFrom structure satellites from the unperturbed resonance position
L € ear |(5r concdu_s?rls ‘Z out t.t.e relative Stlghlo ows to H_1/.. 41 is roughly proportional td, so that the broad-
€ negative an 0 D€ POSItive, TeSpectively. ening of the fine-structure satellites is proportional to the

As shown in Fig. 6, the spin resonance signal offin variation of that separation for a distribution Bf. As the
GaN and AIN can be measured up to room temperature,

Within the experimental errors, no change was observed iﬁe?t?l transgmn %LOUp IS be,?t rfgslglved at |tr.1term$dt;?tef.orl—
the spin parameters and densities. Within the accessible terfiiratons, where the magnetic-lield separation ot the fine-

perature range, the paramagnetic susceptibility is well deStructure groups is small, possibly also fluctuations of the

scribed by Curie’s law, confirming the presence of an un-cubic crys_tal_field parametes ar_ldF must be considered.
changed amount of isolated KIh states below their Thgse va_manons of the crystz_al fleI(_JI are probably causgd by
ionization temperaturfFig. 6a]. The inhomogeneous line- residual inhomogeneous strains within the GaN layets:
width of the central fine-structure group, which is about 30 Glt would be interesting to compare this with independent
in GaN and about 15 G in AIN, did not change up to roommeasurements of local strain, e.g., from micro-Raman spec-
temperature, which indicates a small contribution of spintroscopy or excitonic photoluminescence. No additional
lattice relaxation processes in group-lIl nitrides to the line-broadening due to electrostatic or magnetic interaction with
width. By the continuous saturation method, it is possible toneighboring Mn centers, as claimed in Ref. 9, was observed
obtain a rough estimate of the produictX T, of the spin-  at the Mn concentrations of our GaN films. Despite the dif-
lattice relaxation timeT, and the spin-spin relaxation time ferences in amplitude, the same resonance positions are ob-
T,, as displayed in Fig. ®). The observed approximately tained for spectra simulated for an average crystal field pa-
inverse proportionality to temperature would be consistentameter and for the distribution shown in Fig. 7. Therefore,
with a direct spin-lattice relaxation process without a phonomeglecting linewidth effects, the following simulations for

bottleneck. arbitrary sample orientation consider the average crystal field
The resonances of the central fine-structure group are wejarameters only.
resolved in the sample orientatidtic, while the hyperfine Due to the differences in linewidth, the relative intensities

resonances of the fine-structure satellite groups tend to oveof the fine-structure groups can be compared best after nu-
lap each other. As any spread due to a mosaic structure of thgerical double integration. The theoretical intensity for the
GaN film is small for orientations dfl parallel to the prin- five transition groupgmg«—mg—1) is proportional to the
cipal crystalline axis, the excess linewidth of these satellitegransition matrix elements from time-dependent perturbation
is most probably caused by an inhomogeneous distributiotheory. In the strong field limit, they are given I$(S+1)

of fine-structure constants. The good agreement of the ex- mg(ms—1).222% Therefore, withS=5/2, the intensity ra-
perimental ESR intensities and magnetic-field positions atios for the five fine-structure transition groups are 5:8:9:8:5,
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FIG. 8. Anisotropy of the ESR resonance fields of GaN?Mn FIG. 9. Anisotropy of the ESR resonance fields of AIN:¥n
for sample rotations within th€1210] plane. The experimental The hyperfine structure of the outer resonance groups is mostly
resonance positions are indicated with different dot sizes corrednresolved because of variations in the fine-structure parameters.
sponding to their relative intensities. The underlying gray-scale magrowever, the lineshapes are sometimes still indicative for a group
shows the transition intensities calculated by numerical diagonalizaef overlapping lines. In these cases, the positions of the left and
tion of the spin Hamiltonian. The significantly smaller linewidth of right wings of the resonances are indicated by the dots instead of
the centrallmg=1/2)«|mg= — 1/2) fine-structure group makes it the central resonance positions. Similar resonances at those posi-
possible to distinguish this group from the other resonances even ifions marked with open circles have been found in the bare sapphire
the strongly overlapping regime arouie= 60°. substrate as well, and are therefore not related to the AIRMn
film under investigation.

which are satisfactorily reproduced by the experimental ra-

tios 5:8:11:7:3- 1, as can be seen in Fig. 5. GaN and AIN confirms the symmetry of the spin Hamil-

tonian assumed earlier and the parameters that were deter-

mined above from the spectra I§t||c. Neglecting the con-
C. Resonance positions and intensities at arbitrary orientations  tributions from the nuclear spins, the analytical resonance

One of the advantages of ESR spectroscopy in singl@0SiionsH(8)me.ms—1 have been calculated to second or-
crystals is the symmetry information, which is accessible byder inD and to first order ira andF by Refs. 22 and 23:
rotation of the sample with respect to the external magnetic _ _
field. The resonance positions fa>0° allow a critical H(6) 52+ 3o=[hv+ 2D(3co$ 9 1)+ 2pa
check of the spin Hamiltonian parameters determined earlier T (16)Fql/(gug)—32A,+4A,,
and the verification of the orientation of the axial crystalline
field a]ong the_x: axis of the gpitaxia_l layers. The presence Qf H(6) ..~ 1,=[hvFD(3cog6—1)=(5/2)pa
other interactions of Mn spins besides the fine and hyperfine

interaction of MA* or possible ESR signals from centers * (5124 Fql/(gug) +4A,—5A,,
which might overlap with the signal from Mn at §=0°,
can also be investigated by such experiments. H(0) ;120 _1p=hvl(gug)+16A,;—8A,, W)

Approximate solutions for the transitions between the th th ¢ ¢ 1-5 dq=135cods
eigenstates of the spin Hamiltonian have been calculatet" € geometry parameters= ¢ and g=35co

from the perturbation theory in Refs. 26 and 27, including_3()200§0+3’ and the second-order f|n2e-structure shifis
the forbidden transitions withAm,|>0 discussed below. D /(gughv)cosdsin’d, and A,=D?/(4gughv)sin's.
Those results were supplemented in Ref. 28 with the forbidThe direction cosineg are defined in Eq(2) for the[1010]

den half-field transitions withAmg/>1. Today, the avail- and[1210] rotation planes, respectively. The resulting cubic
able computing power conveniently enables the exact nuerystal field splitting between thé and B lattice sites is
merical diagonalization of the spin Hamiltonian matrix. Thevisible in the simulations of Figs. 8 and 9; however, no dif-
resonance field positions and transition intensities were olference between ESR spectra recorded in the two rotation
tained with the help of aMaATHEMATICA (Ref. 29 code de- planes was observed experimentaihot shown. From the
veloped by the authors and are shown in Figs. 8 and 9 witlanalytical line positions of Eq(7), the maximum splitting
the theoretical intensity of the transitions coded by a graydue to the cubic crystal field occurs #=60° for the
scale. The experimentally observed resonance positions afe: 3/2m,)«|+1/2m,) transition, and is of the order of 6 G
included in the same plot, with the intensity of the transitionfor |a] <10 GXgug, which can be assumed in the nitride
coded by the diameters of the dots. The good agreement witépitaxial films in analogy to Zn® Therefore, it is not un-
the experimental resonance positions measured for'Mm  expected to find no experimental difference between the

165215-7



T. GRAF et al. PHYSICAL REVIEW B 67, 165215 (2003

[1010] and[1210] rotation planes. The splitting between ~ >~~~ * T T T
the A and B lattice sites cannot explain the splitting of the central [+%2, m) — |-, mxAm;) :
central fine-structure group indicated in the simulations of 20 transitions of GaN:Mn>* ]
Refs. 5-7. : 1
For intermediate angles, the quantization axis is tiltedz 5 \ \ ]
away from the direction ofi by the influence of the internal é ]
axial crystal field. Therefore, the hyperfine shifts ° 1ol ]
AN m—mg-1m, Of the allowed transitions in E5) have % B N PP
to be corrected by higher-order terms Anand by mixing 2 051_ _____ ]
cross terms witlD, as calculated to second order by Refs. 22 ]
and 27 for the central group- 1/2m,)«|—1/2m,): S
00 1 n 1 n 1 n 1 n 1 n 1 T “I n 1 n
Ah(0)q, e —12m, 0 10 20 3 40 50 60 70 80 90
Rotation Angle 6
A
=- W{mﬁ ohy (3914~ m?) FIG. 10. Angular variation of the|+1/2m)«—|—1/2m,
B

=Am,) transition intensities for GaN:Mr at a fixedX-band mi-
D\?2 crowave frequency. In order to reduce the number of 36 possible
m) [36 Sir?(20)—2 Sin4( O)m;i. (8) traces, both the two “allowed” and four “forbidden” outer transi-
tions| = 1/2,+5/2)«+| ¥ 1/2,=5/2% Am,) were averaged to a single

Note, that forD ~(1/10) hw, as it is the case in theseband  line. Similarly, the intensities of the remaining inner transitions
experiments, the magnitude of the third term is almost half ofave been averaged and are shown with a second thinner line of the
that of the first, so that this correction is indeed required forsame type for eachimy|.
the analytical field positions.

An even more pronounced effect of the off-diagonal term

+

Sthe “forbidden” transitions withAm,;==*1 increase even
1S+ 1,S, in the spin Hamiltonian is shown in Figs. 8 and 9, more rapidly upon rotation of the sample with respect to the

where numerical results for the transition intensities in GaNmagnet:c field and exceed the “allowed transitions already
are shown as a function of orientatin Due to the mixing at 0~5°. The numerical results for the central fine-structure

of electronic and nuclear quantum numbers, the intensity o roup of both GaN and AN are shown as gray-scale maps in

the “forbidden” Am,#0 transitions becomes even larger |gst. 1% tanti 12.‘ It Ic?_n be. S%e'} fr(;m7thtiseff|%géﬁs thlf"lt n
than that of the formerly “allowed” transitions witlAm, contrast to the simulations in Rels. 5=/, the forbidden fines

=0. According to Refs. 26 and 27, the ratio between the

. . . . . 60° — T g g T Y \ n r T
intensity Iy of the first “forbidden” transition I - \ \ \\ '\ \\ \ \ \
|mg,m,)|mg—1,m,=1) and |, of the “allowed” transi- I GaN:'\f'“ AR TRULA AR AR\RY
tion |mg,m;)«<>|mg—1,m,) is given to second-order pertur- 450 L Ms™ ”26’/2 RN | "‘ 4
bation theory by | transitions VLI
o ke ¥
3D 35 2 B ane '
. 30
~l—— +
li/1a=| 7y, SIN20)| 1 12ms(ms—1)” £
[
5 C
X (35/4-mf+m;). ©  F s
0O
Comparison with the exact numerical intensities for GaN o I
in Fig. 10 shows that although qualitatively similar, this ana- 0°
lytical result is insufficient to describe the central hyperfine
1 1 1

group of Mrf* in GaN correctly at tilt angles of~10°, at
which the “forbidden” transitions withAm,==*1 (dashed o
lines in Fig. 10 have grown strongly at the expense of the Magnetic Field (G)
“allowed” transitions (full lines). At larger tilt angles, only
the outmost “allowed” transitions|+ 1/2,+5/2)«|—1/2,

1 L L L L L I L L L L
3000 3200 3400 3600

FIG. 11. Magnified view of the inner fine-structure group

R e 7 o |+1/2m))|—1/2m,+ Am,) of GaN:Mrt". The “forbidden” hy-
*+5/2) remain visible, and many “forbidden” transitions perfine satellites are interfering destructively with the “allowed”

with |Am;|>1 occur at intermediate angles. Note that they ) itions at tilt angles aroung~ 10°. The gray-scale map shows

resonance positions for GaN in Fig. 10 have not been aspe transition intensities of the central fine-structure group obtained
sumed fixed as in the simplified calculation of Ref. 27. HOW-rom the exact numerical diagonalization without the outer groups,
ever, in order to reduce the number of 36 possible traces, thgnich are broadened experimentally because of the variation of the
outer and inner transitions for eacdhm; were averaged to a fine-structure parameters. A large number of resonances at interme-
single line. In the case of AlNnot shown, the axial crystal  diate angles is caused by the appearance of “forbidden” fine-
field is tilting the quantization axes even stronger away fromstructure transitions, rather than by axial or cubic crystal field split-
the magnetic-field orientation. Therefore, the intensities otings of the inequivalent wurtzite lattice sites.
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do not split gradually from specific allowed lines @&+ 0°, [T N T T TN T T T 0T T TR
but rather vanish at magnetic field positions in between those I AIN:Mn?* ]
of the allowed transitions. 15°F m=+Ys & -% .
In GaN, the experimental linewitdh is too large to spec- I ]
trally resolve both “allowed” and “forbidden” transitions. < i
Rather, the increased number of lines tend to interfere withg, 10°
each other, as can be seen in Fig. 11, where the inner res«g I
nances cancel out ai~10°. It is also evident that af = [
~20° five new resonances appear between the two outmosg 5°|
resonance fields, which correspond to the outer of the sixo
“allowed” transitions atd~0°. In ZnO:Mrf*, the spectral L
resolution was limited by similar broad liné3until high- 0°r
quality crystals made it possible to separate the extremely
large number of narrow individual resonance positith Ly

[ transitions

1 | I} PRI | " 1

GaN or AIN, this might be impossible due to strains and 3000 3100 3200 3300 3400 3500 3600
ligand hyperfine coupling with the highly abundant nitrogen Magnetic Field (G)

isotope N with I =1, while the natural abundance of the

only oxygen isotope”O with nuclear spin is very low in FIG. 12. Magnified view of the inner fine-strgcture group
Zno. |+1/2m,)|—1/2m,+=Am,) of AIN:Mn2". The “forbidden” hy-

Due to somewhat smaller linewidths in the central transi-perﬁne satellites interfere destructively with the “allowed” transi-
tion group in AIN, some “forbidden” transitions wittAm, ~ 1OnS attiltangles)~5°. At the best obtained orientation, the "for-
n . . o /= bidden” lines are small, but still visible. The distinct line moving to
==+1 are resolved for small misorientatiofs<5° (Fig. 12. o o T )

- lower magnetic fields with increasing tilt angtecan be attributed
To the second-order perturbation the8tythe doublets to impurities in the sapphire substrate
[+1/2m))«|—=1/2m—1) and |+ 1/2m —1)«|—1/2m)) '

are split by trons of the free Mrf Ar]3d®4s? configuration, resulting in
the deep neutral acceptor state Mn(A%), e.g., in GaP or
Ah(O) 12, 172m -1~ AN(O) 112m ~ 1~ 172pm, the antiferromagnetically coupled shallow Kirhole com-
) plex in GaAs:Mn® Due to the Jahn-Teller instability of its
=17A%(2gpughv) +2hv(g,/9)/gus orbital ground state, large distortions are expected fof Mn
—25AY[gug(hw)2](m, —1/2) similar to CF*.>*** Because there is no unperturbed Kram-
ers doublet in the&s=2 ground state manifold of these oxi-
+8DA?/[gug(hv)?](m,—1/2)(3 cog6—1) dation states, their electron-spin-resonance transitions are

_ - _ possibly shifted outside the range X#and spectrometer8.
2P/gpg(m—1/2)(3co6-1). (10 Additionally, the multiple lines are possibly broadened inho-

Each of the listed terms contributes shifts of sev&ab the ~ Mogeneously by strain effects, so that the spin-resonance sig-
forbidden transition doublet splitting and therefore cannot béhature of Mii* has been observed in few Ill-V semiconduc-
neglected in the calculation of these transition fields. Theors only, most notably GaP.In this work, the neutral M
observed spacing of the five pairs of transitions decrease@xidation state was reduced to the negatively charged accep-
from 30 G on the low-field side to overlapping lines on thetor Mn?* (A7) by the presence of residual donors in
high-field side(Fig. 12. This is consistent with the ratio GaN:Mn grown at low growth temperatures, or by the Si
g,/g~0.000377 and the reported nuclear quadrupolar modonors in the GaN:Mn:Si samplés.
ment of ®*Mn, which isP=0.17 GXgug in Zn02>% Theoretical predictions of the parametgrand D of the

In summary, no indication of interactions between adja-Spin Hamiltonian need to consider spin-orbit coupling in per-
cent centers was found at a doping level aroun®? &3,  turbation theory up to very high ordet¥.Without the
The effective spin Hamiltonian for isolated Kih centers ~Symmetry-breaking presence of nearby ionic charges, the ex-
sufficiently describes all features of the observed ESR spedected deviations ofy from the free-electron valuey,
tra in GaN and AIN at arbitrary orientations. In contrast, =2.0023 are small. For substitutional fn the g factor is
exchange narrowing is observed in the ESR spectra dypically somewhat reduced from, because of spin-orbit
GaAs:Mr?* at doping concentrations around 0.1%, indicat-coupling due to the admixture of excited ffn states and
ing the wave function overlap required for spintronic due to small covalent contributions, in agreement with our
devices3! observationg?6

Various mechanisms have been suggested to contribute to
the observed spin Hamiltonian parameler The dominant
contributions are crystal fields causing spin-orbit interaction

Manganese is expected to occupy the substitutional catioim higher orders, and intermixing from excited RKin
site in GaN and AIN® Other lattice sites have been reported configurations’ 2 On the substitutional sites, both contribu-
for Mn in group-Il arsenide¥ and will be discussed further tions are of the order of 1@eV in magnitude, but of oppo-
below. On the substitutional site, partly ionic and partly co-site sign. In contrast, the magnitude Dftypically exceeds
valent bonds to the four nitrogen neighbors bind three electhe Zeeman splitting by far for defect complex&s? In the

IV. DISCUSSION

165215-9



T. GRAF et al. PHYSICAL REVIEW B 67, 165215 (2003

group-Iil nitrides, the axial crystal field is probably enhanced . [ ' ' ' LA A, B A A
by the different bond lengths and the asymmetric charge A GaN:Mn2+ a
compensation of MA" along thec lattice directior™® How- -270 -
ever, theoretical estimates of the zero-field splittindpased
on higher-order perturbation formulas of the spin-orbit
mechanism turned out to be one order of magnitude toc o
small in GaN® As, at the same timd) is at least one order YN - @ Bulk ]
of magnitude smaller than expected for a defect complex, it I el 000 010 020 030
was concluded from the experimental result, from Refs. 5-78 -230f /. Compression e, (%)
for bulk GaN:Mn crystals, that the M ion does not oc- P , e
. . weak-field scheme e
cupy the exact G4 site, but is displaced by towards the N - with & = 0.085 A
ligand along thec lattice directior®® Unfortunately, some 2000 T T T
equations appear inconsistent in the printed version of Ref 000 -0.05 -0.10 015 -020 -025 -0.30
36. Correcting the obvious typographic errors, the axial crys- Biaxial Compression ¢, (%)
tal field parameter due to spin-orbit coupling in the weak-
field schem@® is given by FIG. 13. GaN thin films suffer biaxial strain due to the lattice
mismatch to the AlO; substrate and the cool-down process after
_353530_ 6353820 — 10533§0+ 7§§54213 growth. The resulting variation of the lattice constants was mea-
5 + 5 sured by reciprocal space maps of the asymméies) reflex of
70 PD 126P°G different GaN:Mn and GaN:Mn:Si samples. The linear dependence
(12) between the relative changeg/e,= — 0.6 corresponds to an effec-
with the trigonal crystal field parameters tive Poisson ratio=0.2328 The bulk GaN crystal of Refs. 57 is
included with the bulk lattice parameters. The solid line was calcu-
RO)tZ} lated with Eqg.(11) and the parameters of Ref. 36 without any ad-
R ,
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R ditional free parameters. The good agreement with the experimental
1

data supports the validity of the superposition model for the spin-
)T orbit coupling of Ref. 36.
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— ta
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1

Ref. 41, and the measured lattice constanis, and agan;
the observed spin Hamiltonian paramef@ris consistent
_ Ro| " with a displacement 0= +0.085 A. For AIN:Mrf*, a
B43“_6v35A4S'”3®C05®<R_2) , (120 displacementdyy=+0.13 A would be suggested by the
measured lattice constants with,y~0.382 (Ref. 41 and
the spin-orbit coupling coefficienf;~317 cm*, and P the identical set of crystal field parameters, which were esti-

~25.3X 1913 cm‘ll, D’~26.9x 1_03 cmt, and G=21.9 mated based on the optical properties of AINMrand on
X 10® cm™*, which can be obtained from the Racah param-he similarity of the Mn-N bond in GaN:Mn and AIN:Mn.

eters estimated for Mri in GaN in Ref. 36 at the reference According to Eq.(11), similar results would also result from
distanceRy= (1/4)R;(0) + (3/4)R,(0), andwith A,~10.5  Jgan=—0.15 A and froms,y=—0.24 A. These displace-
x10° em !, A,~878 cmi'!, and the exponents,~3 and Ments are, however, inconsistent with the observed slope
t,~5. The distanceR,(5) from the Mrt* ion to the N JDgan/de, as _discussed be_IOV\_/. _Certainly, the accuracy of
neighbors along and the distanceR,(4) to the three other the deduced displacements is limited by the various assump-

neighbors oriented @ (8) from the Mn site are given by ~ fions that are needed for the evaluation of Eg). It is
impossible to verify these assumptions and the validity of the

Ri(8)=uc— 4, crystal field approach with a single experimental crystal field
parameter, because the displacemehtse unknowna pri-
R,(8)= a3+ [c(u—1/2)— 6], ori, and were chosen to fit this experimental parameter. Also,
the good agreement of the weak- and strong-field schemes in
c(u—1/2—-$6 Ref. 36 merely supports the validity of the perturbation ap-
@(5)=arccosRZ(—5), (13 proximation. It does not verify the assumed parameters and

the dominant influence of the spin-orbit coupling over the
with the u parameteu,\=0.377;* and the lattice constants other contributing mechanisms.
Coan=(1+¢.)5.1850 A, andag=(1+¢,)3.1878 A% As However, this can be verified independently with the help
acan and g,y Were measured by x-ray diffraction at room of ESR measurements on strained GaN films, for which the
temperature, both lattice parameters must be reduced by ajattice distortionss, ande. are known. Similar experiments
proximately 0.06% to account for cooling down to 6*Kat  have been performed and discussed fo?Mm some other
which the ESR parameters were evaluated. With the paranhost crystals’*®43The measured axial crystal field param-
eters discussed in Ref. 36, the reported displacendent etersD of several GaN:MA" and GaNMA™:Si films are
=0.07 A can be reproduced only, if the variation@3) is  shown in Fig. 13. A variation of the strain is caused in these
ignored. Using the® (5)-dependence of Eq.l3), the as- samples by the heteroepitaxy and the high doping concentra-
sumed crystal field parameters of Ref. 36, thearameter of tions. The inset shows that the ratio of the strains in these
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TABLE I. The chemical trend of the isotropic hyperfine constarns related to the relative electronega-
tivities of the ligandsy, and the Mn ionsyy,~1.5 eV and to Pauling’s covalency paramegiéy,) for the
nearest neighbors of the Mn atoms. The axial crystal field is given for the wurtzite materials and for strained
GaMnAs, with the conversion factors 1>Gyug=0.934x 10" % cm X hc=2.80 MHz<h=11.6 neV. The
values listed above for bulk GaN are those of Table 1 of Ref. 5. The conversion factor was possibly omitted
in the evaluation of the hyperfine splittifd\g,] =75 GXgug=70x10 % cm X hc of Refs. 5-7, as a
splitting of approximately 70 G was discussed in the text and is shown in the experimental data of Ref. 5.

X p(x1) A D g Reference
(ev) (%) (GXgug) (GXgus)

GaAs(zb) 2.0 23 —-56 (<2) 2.004 31,45
ZnS(zb) 2.6 20 —68 2.003 22,46
ZnS (wz.) 2.6 20 —70 -113 2.002 46
GaN (wz.) bulk 3.0 17 +75 +257 1.999 5-7
relaxed film 3.0 17 —69 —236 1.999 this work
strained film 3.0 17 —69 —218 1.999 this work
AIN (wz.) 3.0 17 —69 —648 2.000 this work
ZnO (wz.) 35 14 —-79 —253 2.001 25,30,47

films is e./e,= — 0.6, as expectetf. Also shown at the po- Mn nucleus. This subtle balance can be exploited to estimate
sition of the bulk lattice constant of GaN is the axial crystalthe valence band spin polarization at the Mn site, which
field parameter measured on the bulk GaN?Mrmrystal in -~ might be of special interest for the determination of the ex-
Refs. 5-7. As the ESR amplitude of the fine-structure satelehange constants required for ferromagnetism in diluted
lites of the bulk samples was suppressed by fluctuatiols of magnetic semiconductors. Additionally, delocalization of the
similar to those shown in Fig. 7, the presence of residuaBd electrons and directstadmixture on the order of 1% can
strain must be expected also in these bulk crystals. The rgeduce the magnitude @ significantly. These contributions
evaluation of the published data of Refs. 5—7 turns out to bseem to be overestimated in the calculations of Ref. 19,
consistent with a value dD| below 250 G<gug as well, where |A|=40 Gxgug has been predicted for M# in
which would give a better agreement with the fine-structureéGaN in contrast to the value of 69>Qug reported here.
parameters determined in this work. The dashed line in FigThe same difference between theory and experiment is found
13 was calculated according to Eq. 11 wifi +0.085 A by the authors of Ref. 19 for other transition metal states.

ande.=—0.6e,, and corresponds to Alternatively toab initio calculations, the expected hyper-
fine splitting can be estimated with the help of chemical
D~(—240-1.0x10%,)GXgug, (14)  trends between closely related materials. According to Ref.

) ) - 32, the electronegativitieg, (see Table)l of the four ligands
without the assumption of any additional free parametersgng of the Mn ionywn~1.5€V can be used to calculate

For the opposite displacemeday=—0.15 A, the slope  payling's covalency parametpt y;) of the Mn-ligand bond
dD/de, would be six times smaller and therefore inconsis-

tent with the experimental data. The almost perfect quantita-
tive agreement convincingly supports the validity of the su-  POx1) =[1—0.16x;— xmn) — 0.03% x; — xwin) *1/4.
perposition model of Ref. 36. Nonlinear contributions to (15
D(e,) would be expected from covalent contributions to the
spin-orbit couplind’* or from strain effects ond and u, Selected semiconductor materials with anion electronegativi-
which were assumed as constants here. ties x, close to that of nitrogen are listed in Table |, together
An overview of recent results for the isotropic hyperfine with the covalencyp(y,) of the Mn-anion bond and the hy-
splitting Agay calculated with Green’s function method is perfine constants for substitutional Kfnon the cation site.
given in Ref. 19. This splitting is mostly caused indirectly by Obviously, the hyperfine constants for GaN:¥n and
a Fermi contact interaction ofd3induceds orbital spin po-  AIN:Mn?" fit in between the numbers for ZnS and ZnO, as
larization at the®®Mn nucleus. In the free Mit atom, the  would be expected from the electronegativity on N, which is
total core polarization of the innersl 2s, and 3 orbitals  between those of S and O; twice as large hyperfine constants
sums up to about 110 GX gug,>? generating a local mag- have been reported for Mh on tetrahedral interstitial lattice
netic field opposite to the external quantizing field. The in-sites in GaP and GaA¥,which confirms the substitutional
duced negative spin density is partly compensated by a posiature that was assumed above. With respect to the cova-
tive 4s spin density of about-90 GXgug. In a covalent lency and hyperfine constants, similarities to Mn in 11-VI
bond, however, this positive contribution is reduced, as thesemiconductors rather than to IlI-V materials such as GaAs
spins are paired off in the bindings4p® hybrid orbitals. are expected, as long as the neutral®Mrcenters can be
Therefore, a lower electronegativity of the surroundingreduced to MA* by residual donors or Si codoping, as in the
ligands leaves a larger negative overall spin density at theamples discussed here.
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V. SUMMARY abilities of the usually “forbidden” transitions withAm,

The ESR signature of Ml was observed and analyzed >0, wh|ch is confirmed by the experlmenta! anq num_encal
results. It is concluded that the paramagneticMimpuri-

in Mn-doped MBE-grown GaN and AIN films. All observed ;. occupy almost substitutional sites in GaN and AIN. At

transitions are consistent with the spin Hamiltonian for iso- . . : 5 3
lated substitutional Mn2* centers with gga=1.9994, the investigated Mn concentration of 2@m™3, they are

Gan =2.0004, D= — 218 t0 — 236 GX gup, and D ap present as isolated paramagnetic centers, and exchange ef-

=648 GXgug. (a—F)ea=+6 GX0ug. (A F)an fects are negligible.
=+10 GXgug, and A=—69 GXgug both for GaN and
AIN. The differences of the axial crystal field parameters are
correlated with the macroscopic strain in our GaN:Mn films  The authors acknowledge financial support from Deutsche
and agree well with predictions of the superposition theoryForschungsgemeinschaf8FB 348. They are thankful to

of crystal fields. Intermixing of the spin eigenstates at inter-L. Gorgens for the determination of the Mn concentrations
mediate orientations strongly enhances the transition protby ERD.
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