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We report results of electron paramagnetic resonance, magnetization, and optical absorption studies of bulk
GaN crystals doped with Mn and, for some samples, codoped with Mg acceptor. The experiments performed
show that the charge state of the Mn ion in GaN depends on the Fermi level position in the crystgipén
samples Mn stays as an ionized acceptor center of Mii*(d®), while in the investigated highly resistive
samples with lowered Fermi level, in a different charge state, most probably corresponding to neutral configu-
ration A°. Optical absorption spectra of GaN:Mn and GaN:Mn,Mg show characteristic absorption bands
related to Mn, which may be interpreted as resulting from photoionization &f ¥?) to GaN conduction
band (in n-type samplesand photoionization of neutral MA® to GaN valence bandin highly resistive
samples The absorption spectra are discussed in terms of a configuration coordinate model. The location of
the Mn acceptor level is derived as 1.8 eV below the bottom of the GaN conduction band. The magnetization
experiments performed reveal Brillouin-type magnetization with Mn §git5/2 in n-type crystals, while the
investigated highly resistive samples show magnetic anisotropy characteristic for nonspherical transition-metal
configurations. The nature of the Mn ion in GaN is discussed.
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I. INTRODUCTION the hole-mediated@Zeney model of ferromagnetisrh!’:18
In order to understand the ferromagnetic properties of

Theoretical predictions of room-temperature ferromag-GaMnN, the nature of the Mn ion in GaN needs to be clari-
netism in GaMnN(Ref. 1) and resulting possible applica- fied, as only then will it be possible to verify the assumptions
tions in modern electronics have motivated investigations obf the proposed theoretical approaches. Especially important
Mn impurities in GaN. Successful growth of GaMnN epitax- for the problem, apart from exchange interactions, are pos-
ial layer¢=® as well as microcrystalline powdéfsand fi-  sible electron configurations of Mn and the corresponding
nally bulk GaN:Mn crystafs has been already reported, energy levels.
showing that doping of GaN with Mn is possible up to afew The most common configuration of Mn in IlI-V semicon-
molar percent. The magnetic properties of GaMnN seem taluctors is an ionized acceptor Kin(d®) (denoted as ai~
depend on the growth method. Bulk crystals and microcryseentej, with five tightly bound electrons on the Md
tals obtained by ammonothermal synthesis show paramaghell’®?° The neutral configuration of MnAC centej may
netic behavior with antiferromagnetid-d interactions for be realized in two ways, as Mh(d*) with four electrons
high Mn content’® while some epitaxial layers reveal a fer- localized on the Mrd shelP* or as a MA* (d®) + hole with
romagnetic response with Curie temperature far above 30five electrons on the Mrl shell and a band hole weakly
K.27% Some authors relate this ferromagnetism to GaMnNpound on a delocalized ortit.The Mr* (d*) configuration
while others to precipitates of Mn compoundsThe nature was reported for wide-band-gap GaP:Mn, for which Mn
of the magnetic interactions in GaMnN and, especially, theforms a deep-gap acceptor le¥elvhile Mn?* (d®) +hole is
origin of possible ferromagnetism are still under discussiona neutral acceptor configuration in GaAs:Mn or InP:Mn, for
A number of competing theoretical models for GaMnN werewhich the Mn acceptor level is a shallow offe?®
developed;**~*¥among which the most widely discussed is  As was discussed, the binding energies of transition-metal
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FIG. 2. Electron paramagnetic resonance oMu®) in GaN
impurities related to the universal reference level remainrecorded In theBlic configuration forn-type GaN:Mn with Xy
= 0 i isti . i = 0
constant within a class of IlI-Mor II-Vl) semiconductor 0.01% and for highly resistive GaN:Mn,Mg witky,=0.009%.

. . A low EPR amplitude for GaN:Mn,Mg indicates mixed valence of
compound$®?’ Thus comparing the known location of Mn P g

0 Mn in highly resistive samples.

acceptor leveA™" in GaAs, InP, and GaP one may expect
that theA~° level in GaN should be placed deep within its
band gap(see Fig. 1 This assertion was primarily corrobo-
rated by optical absorption experiments, in which optical
transitions to a deep Mn acceptor level have been The electron paramagnetic resonance technique is able to
observed:?°-3! provide evidence for the presence of a M@d®) charge

In this communication we report the results of studies ofstate in a sample, as this configuration is known as a para-
bulk GaN crystals doped with Mn and for some samplesmagnetic center witly factor equal 1.998%2%3435The neu-
codoped with Mg, performed by means of electron paramagtral Mn configurations are less commonly present in semi-
netic resonancéEPR), magnetization, and optical absorption conductors. A hydrogen like M (d®) +hole was detected
experiments. The aim of the work is to compare the physicaby EPR in GaAs as two resonant lines, originating from the
properties of GaN:Mn crystals arising from different electronsplitting of the Mrf* (d®) + hole ground state of total angular
configurations of Mn. momentumJ=1.22 The Mr**(d*)-related EPR resonance

We investigated two kinds of crystalsn-type GaN:Mn,  was observed for GaP in a high magnetic fiéldn all the
where the high concentration of free electrons is due to thénvestigated bulk GaN:Mn or GaN:Mn,Mg samples we re-
presence of an oxygen residual doffot: and highly resis-  corded Mrt " (d®) resonance only.
tive GaN:Mn,Mg samples, where codoping with a Mg accep- The investigated samples were characterized by EPR us-
tor resulted in a lowering of the Fermi level. In tinetype  ing a Bruker spectrometer operating at a microwave fre-
GaN:Mn crystals we expect Mn to be in a Rir(d°) con-  quency 9.4 GHz X-band with magnetic field up to 1 T.
figuration, while in GaN:Mn,Mg neutral Mn accepta@x’ Spectra were recorded @t=6 K.
should appear. We focused on samples with low Mn content, The EPR experiment showed a resonance, originating
which allowed us to neglect Mn-Mn interactions, and then tofrom a manganese-occupying gallium site in the?Nid®)
study the properties of isolated Mn ions. configuration, in all then-type GaN:Mn samples. The inten-
sity of the resonant line increased linearly with an increase of
Mn concentration in the crystal. Figure 2 shows a classical
EPR spectrum related to Mh(d®) resonance recorded in

The investigated bulk GaN:Mn and GaN:Mn,Mg samplesthe Bllc configuration. The five groups of lines originate
were synthesized from solution of nitrogen in liquid gallium from theAMg=1 transition of the electron system with spin
under high pressure of N p~1.5 GPa) and at elevated tem- S=5/2. Each group is split into six components, due to the
peraturesT ~ 1500 °C32 Doping was obtained by adding Mn interaction with the Mn nucleus having nuclear spin5/2
and Mg to the melt of gallium. The crystals were platelets(transitions withAM,=0).
with diameter of about a few millimeters and thickness of The case of highly resistive GaN:Mn,Mg crystals is quite
about 100um, with wurzite structure and axis perpendicu- different. The resonance resulting from substitutional
lar to the crystal plane. GaN:Mn samples were conductiveMn?*(d®) is very weak for those samples. Figure 2 com-
with a concentration of free electrona~10°cm 3, pares the intensity of the Mn(d®) line, recorded for
whereas GaN:Mn,Mg crystals were highly resistive with GaN:Mn and GaN:Mn,Mg samples having similar Mn con-
~10°Q cm at room temperature. The content of Mn wascentration. The Mfi*(d®) resonant line is about 10 times
evaluated by secondary ion mass spectrosd@yIS) and  weaker in GaN:Mn,Mg, which points to a mixed valence of
ranged from 0.0005 to 0.2 mol. % depending on the growthMn in the highly resistive sample. In terms of the manganese
conditions. acceptor level, this means that the Fermi level is placed in

IIl. ELECTRON PARAMAGNETIC RESONANCE
EXPERIMENT

II. SAMPLES
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FIG. 3. A photo-EPR experiment performed for a highly resis- 0 2 L 4 6
tive GaN:Mn,Mg sample. Spectral dependence of the photostimu- Magpnetic field [T]

lated Mrf*(d®) amplitude is shown. Inset: Dotted line represents . ) . ) .
the dark EPR signal of M (d®), solid line represents a photo- FIG. 4. Magnetic properties of GaN:Mn and GaN:Mn,Mg. Solid

stimulated signal. An increase of the signal amplitude by a factor ofircles: Brillouin-type isotropic magnetization af-type GaN:Mn
2 after illumination is evident. sample measured as a function of magnetic field a2 K. Solid

line represents a Brillouin function fit witl5=5/2 and xy,

this sample close t8 /%, The mixed valence observation in =0.01%. Open circles: magnetic anisotropy of highly resistive
bulk GaN:Mn,Mg is consistent with investigations per- GaN:Mn,Mg withxy,,=0.009%, originating from the anisotropy of
formed for GaN:Mn epitaxial films, for which the difference the neutralA® center.
in total Mn concentration and M (d®) concentration was
removed by codoping with a Si dondr. The observation of Mn photoionization in our EPR ex-

In order to clarify the situation, a photo-EPR experimentPeriment was possible due to metastability of the photostim-
was performed for a GaN:Mn,Mg sample containing aboutlated Mrf*(d®) center in highly resistive GaN:Mn,Mg
0.009% of Mn. The results are shown in Fig. 3. The dottedsamples. This metastability was removed after heating the
line in the inset of Fig. 3 represents a signal related to th&ample up to about 250 K. At this temperature, deep traps
Mn2*(d®) substitutional center in thBlic configuration, re- having activation energy about 0.3 eV are ionizedmpare
corded after cooling the sample in the dark. The solid linewith deep-level transient spectroscopy spectra, e.g., in Ref.
represents a photostimulated signal recorded during illumi37)- The energy of about 0.3 eV determines thus a barrier
nation with light in the energy range 2.0-3.5 eV. An increaseheight for thermalization of photostimulated Kfr(d®). The
of the signal intensity by a factor of 2 under illumination is origin of this barrier will be discussed in Sec. V.
apparent.

The increase of the EPR amplitude after illumination may IV. MAGNETIC CHARACTERIZATION

be caused either by photoionization of Mn leading to an L
Magnetization measurements were performed by a super-

increase of the M (d®) concentration or by a change of duct tum interf deviGOUID ¢
the spin relaxation rate. However, the spin relaxation time-Onaucting guantum Interierence evi@QUID) magneto-

T,, determined by the standard method from the?{Mu®) meter at magnetic field up to 6 T. All the data were corrected

; ; for diamagnetism of the host crystal lattice.
EPR amplitude measured versus microwave pdwequals . : _ L
3.9x10 ° s independently of illumination. This shows that B .;Il—he. |rt1vest|gated GaN.tMn bxlk g:ry;;ta]fs ex{ubllt typtlﬁal
the observed increase of the Kir{d®) EPR amplitude in rilouin-type paramagnetism. An insignincant, 1ess than

0 . I T
GaN:Mn,Mg after illumination is due to photoionization of 1%, ferror_nagnetlc contribution 1o magnetization was also
Mn. observed in some samples and was attributed to the presence

The spectral dependence of the photo stimulated EPIE’\}]c Mn compognd_ precipitates. Flgur.e 4(50“d circles
signal—namely, the amplitude of MA(d®) resonance ver- shows magnetization versus magnetic field measured for a
sus the energy of light illuminating the sample—is shown inrepre;entatwe GaN.Mn. Sa”.‘F"e bt .2 K. _ngether bl t.he
Fig. 3. Data were normalized to the intensity of halogenexperlmental data a Brillouin function fit is presentadlid

lamp light and transmission of interference filters used in thé'n?)aTﬁetﬁp'%gLMn lons was a}[ssumgclr;aslalz, as |nd|t- i
experiment. The photoionization spectrum presented in Fi pated by the measurements, and the vin concentration
3 clearly shows an onset at about 2 eV. We interpret thigMn was the only fitting pargmeter. The fit reproduces well
onset as resulting from direct photoionization of the neutraFhe <_:haracter of the experimental (_jata and Xhg value
obtained agrees reasonably well with the one from SIMS

Mn to GaN valence bands, similarly to the origin of the vsis for all q les. The ob d i
absorption bands observed in optical absorption spectra alysis for all measured samples. The observed magnetiza-
lon was isotropic. Magnetic measurements show consis-

highl istive GaN:Mn,M . I f . ) - .
Ighy resistve -a nMg(see Sec. Y as well as o tency with the EPR experiment, giving evidence for a

highly resistive GaN:Mn epitaxial layef8. The electron \ _ LY ; .
trle?nsyi/tiornscli?slc\:/ussed may bep:jeglcribegas ' Mn?*(d®), S=5/2 configuration of Mn ions in the investi-
gatedn-type GaN:Mn.

A%+ hy—Mn?*(d® + holeg . (1) The magnetization of GaN:Mn,Mg samples, in contrast to
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FIG. 5. Optical absorption spectra nftype GaN:Mn samples FIG. 6. Optical absorption spectra of highly resistive GaN:
showing photoionization of Mt (d°) to the GaN conduction band Mn,Mg samples. Photoionization & to the GaN valence band is
in the high-energy spectral region. Free-carrier absorption is visibl¢isible in the high-energy spectral region. Numbers indicate Mn
for energies below 1.5 eV. Numbers indicate Mn concentration in &éoncentration in a sample. Inset: the infrared band related most
sample. Inset: absorption coefficient at 2.75 eV versus Mn concerProbably to the internal transition withiA® configuration, mea-
tration measured for different samples. The optical cross section g&ured at two different sample orientations, is shown in magnifica-
2.75 eV equalsrcg=(6+2)x 10718 cn?. tion.

(Fig. 6). The band lying in the infrared region consists of two
sharp absorption lines at 1.41 eldbserved inELc, kilc
configurationgand at 1.48 e\visible in Elc, k1 c configu-

GaN:Mn, shows large magnetic anisotropy. Figuréogen
circles presents magnetization versus magnetic field of

GaN:Mn,Mg sample, measured in configuratidhgarallel _ A
g P g P rationg followed by the GaN phonon structures. This infra-

and perpendicular to the axis of the GaN crystal. - o i
Magnetic anisotropy is characteristic for nonspherical.md_band Wasg_aglf’o p_bser\(ed in h|gh_ly resistive GaN:Mn ep-

transition-metal configurations and was observed, e.g., fofeXi! layers™~*" Initially it was attributed to an electron

CdSCF+(d4) or Cds\ﬁ+(d3) where it Originated from the transition from the GaN valence band to the_/o |eVE|,29

: v 5
influence of the hexagonal crystal field on the distribution of @(€r t0 an internal transition of foIIowae#ai)roba}bly. by
nonequivalent Jahn-Teller transition-metal cent8fS.This ~ thermal ionization to the GaN valence bafid. We incline

problem for Mn in GaN will be analyzed in detail elsewhere. ©© the second in.t(.arpret'ati'on, assigning the' infrar'ed band to
the internal transition within the neutral configuration of Mn.

The absorption band lying in high-energy spectral region,

V. OPTICAL ABSORPTION above 2 eV, we assign to the photoionization from the GaN

Optical absorption spectra of GaN:Mn and GaN:Mn,MgValence band to, partially empty in our samples, #ie?
the energy range of 0.5-3.5 eV and at temperatures down fyoposed in Refs. 30 and 31. The optical cross section for
12 K. this absorption is of the order of%210 7 cn? at the band
Figure 5 shows the absorption of GaN:Mn samples withMaximum, which is typical for the allowed transitions from
. . . . H 41
different Mn concentrations. Characteristic features appeathe localizedd-state top-type valence bantf o
ing at the spectrum are the free-carrier absorption tail in the In the investigated GaN:Mn,Mg samples Mn is in the
low-energy region, below-1.5 eV, and a broad band with Mixed-valence state: therefore, transitions from AE° to
an onset at about 2.1 eV, the intensity of which scales witf3aN conduction band are also present in the high-energy
Mn concentration in a sample. The optical cross section megiPectral region. However, photoionization to the conduction
sured at 2.75 eV for a set of GaN:Mn with different Mn Pand is about an order of magnitude weaker than photoion-
concentrations equalscg=(6+2)x10 8 cn?. This low ization to the valence band and thus may be neglected for the

value is typical for the forbidden transition between localizedSPectrum presented in Fig. 6. _
d-state ands-type conduction band¥:** Due to the detected It is important to note here that the sum of the optical

Mn2*(d%) configuration in the investigatea-type GaN:Mn photoionization energies from the GaN valence band &
samples, a relatively low optical cross section, and a typicalEgs~2.0 €V as derived from photo-EPR and optical ab-
shape for the photoionization transition, we may attribute thesorption specteand fromA ™~/ to the GaN conduction band
observed band to photoionization from the fillad”® level ~ (Egg~2.1 eV as derived from optical absorption spectsa
to the GaN conduction band. This transition may be defairly greater than the GaN band gaEgC@Nza.s eV). This
scribed as fact may be interpreted in terms of lattice relaxation during
photoionization of Mn. Typical lattice relaxation energies in
Mn2*(d®) + hv— A%+ ecg. (2)  semiconductors vary from 0.1 to 0.4 éVdepending on the
impurity-ligand bond ionicity. For the analyzed case of Mn
Two other characteristic absorption bands appear at thin GaN we may estimate the relaxation energy on the order
absorption spectra of highly resistive GaN:Mn,Mg samplesf E,,=0.3 eV, as approximated by the equation

115210-4



OPTICAL AND MAGNETIC PROPERTIES OF Mn IN BULK GaN PHYSICAL REVIEW B9, 115210 (2004

[ 1p
5 A +ey, _.  [GaN:Mn
4 2 300K
[ Gan 5 200 K
Eg ca £ 12K
= 3 E 5,
o, opt p=
- 24
5 2| ™ A (Mn™) S 01}
) e [ T ECBW‘ r
g 1t g8 2 ’ 12K 218eV 014
opt o o 200K 218eV 0.8
Ate, < 300K 217eV 020
0 -l Il Il Il 'l [l N ) 1 Y
Q q 22 23 24 25

Configuration coordinate Energy [eV]

FIG. 8. Mr?*(d®) photoionization band measured at the tem-
eraturesT=12-300 K for an-type GaN:Mn sample. The solid
line represents a fit of the(E) formula with best fit parameters
listed in a table.

FIG. 7. Configuration-coordinate diagram showing Mn-related
optical transitions in GaN. Parabolas represent energy levels. Th
optical transitions occur without changing the configuration coordi-
nate, atQ, with optical energyEgy for the A%+hv— Mn?*(d°)
+holeyg transition and aQ, with Egg; for Mn?* (d®) +hv—A°

+ecg. Thermal energies are determined by the minima of configu-

ration parabolas. The relaxation energy is a difference between oflectron cross sectionr(E), but is Gaussialy broadened
tical energy and thermal energy for a given transition. nearE= EOp'[ due to the interaction with lattice vibrations.

The broadening is more evident at higher temperatures.
1 Figure 8 presents the Mn(d®) photoionization band ob-
Erer~ 5 (Eg— Egn— Eopt)- (3)  served for a GaN:Mn sample measured at temperatures be-
tween 12 K and 300 K. The solid line represents the fit of the

_o(E) formula with the assumed electronic cross section in

In order to describe quantitatively the observed Mn opti 44,46

cal transitions in GaN a configuration-coordinate model hadhe for
to be applied. In the framework of this model, the total en-
ergy of the system is described as a sum of the impurity (E_Eopt)3/2
electron energy and impurity-ligand elastic energy, repre- el Eopt.BE) ~—Fz (6)
sented by a so-called effective phonon. Such an approach
was successfully applied to a number of systerzrf,slike Crin The parameters providing the best fit for the spectrum
the family of II-VI semiconductors or In in Cgr*> _ recorded at 300 K areESth= 2.17+0.05 eV andI'=0.20
Figure 7 shows a configuration diagram representing Mn-, 4 og (see the table in Fig.)8 The value ofl" typically
related optical transitions in GaN. The photoionizatiorASf grows with impurity-ligand bond ionicity, from 0.13 for
to the GaN valence band, observed for highly resistive GaNgqte:cr up to 0.28 for CdFIn (Refs. 42 and 48 thus, T
Mn,Mg, occurs at thé\’+ eyg equilibrium configuration co-  gptained by us for GaN:Mn is of a very reasonable magni-
ordinateQ; with optical energyE.s. Then the lattice re- de.
laxes nonradiatively fronQ, to Mn**(d®) equilibrium co- From the temperature dependence of broadening param-
ordinateQ, . The photoionization of Mf" (d°), as observed eter I, assumingfi w.,/% o= 1, the relaxation energy and
for n-type GaN:Mn samples, occurs with optical eneﬁgﬁﬁ effective phonon may be determined ak,=0.38
at theQ, coordinate. +0.05 eV andiwy,=26+5 meV, respectively. It is interest-
The photoionization cross section as a function of abing to note that the determined valueoé, is close to the
sorbed photon energy(E) is given, in the framework of the expected energy of Mn local vibration modés/M's) in
configuration-coordinate model, by convolution of the pureGaN. For comparison, the energy of Mn LVM’s determined
electron cross sectiomg(E) and Gaussian broadeniff§i*®  from infrared absorption spectra in CdTe:Mn equals 23.7
meV, in CdSe 27.5 me¥/.
1+ E) The determined relaxation energy agrees reasonably with
E) the value obtained by a rough estimation of absorption on-
(4) sets, described at the beginning of this section. This fact
upports the proposed assignment of the recorded absorption
ands to appropriate photoionization transitions of Mn.
fi @exe hwg By subtracting the relaxation energl,(,=0.38 eV) from
r= Fon 2E i wg coth—. (5)  the optical ionization energyEC2=2.17 eV) we may now
(O] 2kT . pt . . .
determine the thermal energy for photoionization of
Herefi wo andf we, are vibronic energies in the ground and Mn?*(d®) to the GaN conduction band as equal Hg,
excited states, respectively, is the temperature, ankl is =1.79 eV. This value determines the location of the Mn
Boltzmann’s constant. The(E) has thus a shape of a pure acceptor leveA”~ with respect to the GaN conduction band.

[

o(E) 426 Z g Egp, E+T2)

27 (Eopt E)IT

wherel is a broadening parameter given by the expressiorﬁ
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A similar quantitative analysis of thA® photoionization  the thermal ionization energy of Mh(d®) to the GaN con-
band observed for GaN:Mn,Mg samples is not possible, duguction band, thus localization of th& ’° acceptor level
to the strong background on which the band is superimposegelow the GaN conduction band, as equal to+1081 eV.

The presence of the background makes the fitting procedure Manganese-doped GaN crystals show different magnetic
unreliable. properties, depending on the location of the Fermi level, and
The configuration diagram presented in Fig. 7 clearlythus a configuration of the Mn center. imtype crystals the

shows that the Mf"(d°) configuration parabola lies inside magnetization is isotropic Brillouin like, originating from lo-
the A%+eyg parabola, and thus no configuration barrier ex-calized Mn spinS=5/2. In highly resistive samples the mag-
ists. Thus metastability of photostimulated #Mifd®) ob-  netization shows anisotropy, indicating a nonspherical con-
served in the photo-EPR experiment for GaN:Mn,Mg mustfiguration of Mn.

be of the other origin—e.g., due to a Mg trap. The photo- The nature of the neutral Mn in GaN still needs to be
excited holes in the GaN valence band may be trapped tmvestigated. The basic problem here is localization of an
negatively charged Mg acceptors and, in that way, are unablextra hole, on the Mrd shell [Mn®" (d*) centef or on a

to recombine. The binding energy of the Mg acceptor in GaNjelocalized orbifhydrogenlike M3 (d®) + hole configura-
equals 250 me¥ which corresponds reasonably to the 0.3tion]. To solve this problem further experiments are required,

eV barrier determined in the photo-EPR experiment. as well as a detailed analysis of the infrared band observed
for GaN:Mn,Mg samples, as the band is most probably a
VI. CONCLUSIONS fingerprint of theA® configuration of Mn in GaN.

The results of studies performed for bulk GaN crystals
doped with Mn are consistent with a model localizing the
Mn acceptor level deep within the GaN band gap. We have This work was partially supported by the Committee for
shown that im-type samples Mn stays unambiguously as anScientific Research Poland, in particular under Grant Nos. 1
ionized acceptor Mfi" (d®), while in highly resistive GaN: P03B 008 26, 7T08A04420, PBZ-KBN-044/P03/2001, and
Mn,Mg crystals Mn is in a lower-charge state, most probablyl11/E-343/SPUB-M/5.PR UE/DZ 255/2001-2003 and par-
in a neutralA® configuration. From the absorption spectratially by EC under project FENIKSGrant No. G5RD-CT-
and configuration-coordinate model analysis we determin@001-0053%.
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