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W e present t he resu lts of electron para magnet ic resonance in vestigations
of Ga N bul k cr ystals dop ed w ith Mn . T he E PR exp eriment show s the Mn 2 +

resonance in all the investigated n -typ e crystals , w hile in highly resistive
samples extra doped w ith Mg acceptor the Mn 2+ resonance decreases. T his
is a consequence of the location of Mn acceptor level in GaN band gap. T he

analysi s of the spin relaxation times reveals the K orringa scattering as the
dominatin g spin relaxation mechanism in n -typ e GaN :Mn crystals. The ef-
fective exchange constant determined from spin relaxation rate temp erature
dep endence is of the order of 14 meV .

PAC S numb ers: 71.55. {i, 71.55.Eq, 71.70. Gm

1. I n t r odu ct i on , ex p er im ent al t echn iqu e an d sam pl es

Ma ny experim enta l and theo reti cal e˜o rts have been underta ken to inv es-
ti gate and grow ro om tem perature ferrom agneti c GaMnN [1{ 7]. Al so the inv es-
ti gati ons of isolated Mn dopant in GaN became im porta nt, as the nature of Mn
im puri ty in GaN decides about magneti c properti es of terna ry GaMnN crysta ls.
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Here we present the resul ts of electro n paramagneti c resonance (EPR ) inv es-
ti gati ons of bul k GaN:Mn crysta ls, aim ing in understa ndi ng the properti es of Mn
ion in GaN. The EPR experim ents were perf orm ed using the Bruker spectrom e-
ter operati ng at X-band. The spectra were col lected in the tem perature range of
6{ 50 K.

The inv estigated sam ples were single wurzi te GaN crysta ls grown in equi l ib-
ri um hi gh pressure techni que [8]. The Mn content was in the range of
0.01{ 0.2 m olar %. We investigated both n - typ e sam ples wi th free electron con-
centra ti on of the order of 1 0 1 9 cm À 3 (the residual donor in high pressure growth
techni que is most pro bably oxyg en), and highl y resisti ve GaN:Mn, Mg sam ples,
extra doped wi th Mg acceptor.

2. Mn 2 + r eson an ce i n G aN :Mn an d G aN:Mn ,M g

As i t wa s previ ously reported, in n -typ e GaN crysta ls Mn ion stays in ioni zed
accepto r Mn 2 + (d 5 ) conÙgurati on [9, 10]. The EPR spectrum for tha t center in
n - typ e GaN:Mn crysta l is shown in Fi g. 1. The Mn 2 + resonance spectrum in

Fig. 1. EPR spectra of Mn 2+ in n -typ e GaN :Mn crystal | upp er curve, and in highl y

resistive GaN :Mn, Mg | low er curve. T he EPR amplitud e in GaN :Mn, Mg sample is

about ten times low er than in n -typ e sample, even though the total Mn content in b oth

crystals is comparable.

wurzi te GaN consists of thi rty l ines of hyp erÙne structure (the spi n of Mn nucl eus
I = 5 =2 ) well resolved in B k c conÙgurati on. In thi s conÙgurati on the l ines are
group ed in Ùve bunches of Ùne structure for the electro n spin system wi th spin
S = 5 =2 [9{ 11].

The EPR investigati ons of GaN:Mn, Mg sam ples show tha t the Mn 2 + reso-
nance decreases for hi ghly resistive crysta ls (see Fi g. 1). The EPR ampl itude for
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the inv estigated highly resistive sampl e is about ten ti m es lower tha n for n - typ e
crysta l wi th sim ilar Mn content. The presented resul t is consistent wi th the re-
ported consi derati ons about locati on of Mn acceptor in GaN band gap. W hen the
Ferm i level is lowered to the center of GaN energy gap (e.g. by extra dopi ng wi th
accepto rs) the Mn acceptor levels are empti ed from electrons and Mn stays in
neutra l conÙgurati on.

In order to inv estigate the locati on of Mn acceptor level in GaN a photo -EPR
exp eriment was perform ed. The inset in Fi g. 2 shows the EPR ampl itude of the
centra l group of Mn 2 + resonance l ines recorded for GaN:Mn, Mg sampl e cooled
at dark, to gether wi th the signal recorded after i l lum inati on of the sam ple wi th
2.0{ 3.5 eV halogen lamp l ight. The increase in the signal intensi ty by a factor of
two after i l lum inati on is evident. The photo stim ulated Mn 2 + signal is metastable
wi th barri er height for therm al izati on, determ ined from temperature dependence
of the signal am pl itude, equal to about 0.3 eV.

Fig. 2. Spectral dep endence of the photostimulated Mn 2+ resonance amplitude for

GaN :Mn, Mg. A n onset at 2 eV is clearly visible . Inset: central part of Mn 2+ resonance

b efore and after illumi na tion .

The spectra l dependence of the photo stim ulated Mn 2 + am pl itude is shown
in Fi g. 2. The data were corrected for tra nsmission of interf erence Ùlters and in-
tensi ty of ha logen lam p l ight used in the exp eriment. A step in the photo ionizati on
spectrum at about 2 eV is clearly vi sible.

W e interpret the observed photo ionizati on as a di rect pro cess inv olvi ng neu-
tra l Mn denoted as A 0 and electrons from GaN valence band

A 0 + h ¡ ! Mn 2 + ( d 5 ) + holev b : (1)

In opti cal absorpti on exp eriments for semi-insul ating GaN: Mn sam ples a
bro ad absorpti on band wi th an onset at about 2 eV was reported [12]. The band
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wa s assigned to photoioni zati on of the neutra l Mn. Our photo -EPR exp eriment
conÙrms tha t interpreta ti on.

3. Spi n r el axat ion t im es, Ko r r inga scat t er i ng m ech an ism

Fi gure 3 shows the peak-to -peak am pl i tude A pp for the centra l Ùne struc-
ture tra nsiti on of Mn 2 + resonance in GaN versus microwave power P recorded at
tem perature T = 6 K. The A pp grows l ike P 1 = 2 at low m icrowave powers, whi le
at high powers when the absorbed energy is comparable wi th the energy relaxed
by the spi n system , the EPR signal satura tes and the A pp decreases [13].

Fig. 3. Mn 2+ resonance amplitu de as a function of microw ave power measured for

GaN :Mn and GaN :Mn, Mg. Shortenin g of the Mn 2+ relaxation time for n -typ e samples

is evident. Solid lines represent a Ùt of the formula describing resonance amplitude vs.

microw ave p ower [13] to experimental data. T he relaxation times listed in the table w ere

determined from the Ùt.

The spin relaxa ti on ti m e T1 i s inv ersely proporti onal to the m icrowave power
at A pp maxi mum . It is clearl y vi sibl e in Fi g. 3 tha t T 1 i s essential ly shortened
in n -typ e GaN:Mn crysta ls wi th com pari son to the hi ghly resisti ve GaN:Mn, Mg
sam ple. T1 , determ ined preci sely by the standard pro cedure for inhomogeneously
bro adened resonance l ines [13], equals to 3 : 9 È 1 0 3 s for GaN: Mn, Mg , whi le for
n - typ e GaN:Mn T 1 = 4 6 1 0 5 s.

The relaxati on rate 1 =T 1 measured as a functi on of tem perature for n - typ e
GaN: Mn sampl esis shown in Fi g. 4. The tem perature dependence of the relaxa ti on
rate appears to be linear.

The essential shorteni ng of the relaxati on ti me in n -typ e crysta ls and a l inear
tem perature dependence of relaxati on rate for tha t group of sam ples point to the
Ko rri nga spin relaxa ti on m echani sm [14, 15] as the dom inating in n - typ eGaN: Mn.
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Fig. 4. Mn 2+ relaxation rate versus temp erature for n -typ e GaN :Mn. Mean free elec-

tron concentration and the derived e˜ective exchange constant for each of the measured

samples are listed in the T able.

Ko rri nga spin relaxati on m echanism ori ginates from sim ul ta neous spin-Ûip
scatteri ng of GaN band electrons on the local ized Mn 2 + center. The Mn 2 + relax-
ati on rate depends on the magni tude of the exchange intera cti on between band
electrons spins and a local ized spi n of Mn 2 + . The form ula describing tem perature
dependence of the relaxa ti on rate is as fol lows [14, 15]:
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Here ¨ 0 i s the vo lume of the GaN uni t cell , and N 0 is deÙned as 1 =¨ 0 , £ ( E )

i s the GaN conducti on band density of sta tes at the Fermi energy. ˜ i s deÙned
as a m ean value of the exchange constant J ( r ) for conducti on band electrons at
the Ferm i level. J ( r ) describes exchange intera cti on vi a the Ko ndo Ham i lto ni an
H = J ( r ) S ¥ £ (r ) . In the Ko ndo Ha mi l to ni an S is Mn 2 + spin, ¥ i s free electron
spi n, r i s a distance between Mn ion and intera cti ng free electro n spin.

From the tem perature dependence of the relaxati on rate, assuming £ ( E )

wi thi n the e˜ecti ve massappro xi m ati on wi th m = 0 :2 2 , we determ ine the value of
the e˜ecti ve s d exchange constant for hi ghly n -typ e GaN:Mn N 0 ˜ = 1 4 4 m eV.
The error in determ inati on of the N 0 ˜ value ori ginates m ainly f rom the uncerta inty
of free electro n concentra ti on, as the sam ples show concentra ti on gradient along
c axi s of the crysta l . On N face the concentra ti on is m ore tha n twi ce hi gher tha n
on Ga face [16].

T o concl ude, our EPR inv estigatio ns conÙrm ed locati on of Mn acceptor level
in GaN band gap. We determ ined opti cal ionizati on energy from GaN valence band
to parti al ly empty Mn accepto r level equal to about 2 eV.
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The analysis of the Mn 2 + rel axati on ti m es revealed the Ko rri nga scatteri ng
as the dom inati ng spin rel axati on mechanism in hi ghly n -typ e GaN: Mn crysta ls.
Thi s al lowed us to determ ine the value of the e˜ecti ve sÀ d exchange constant
N 0 ˜ = 1 4 Ï 4 m eV, whi ch reveals weak exchange intera cti on of Mn 2 + wi th GaN
band electro ns.
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