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M agnet ic pr opertie s of bul k w urt zite n - typ e GaMn N and highly resis-
ti ve GaMnN :Mg mono crystals were studied for the magnetic Ùeld applie d
parallel and perp endicu lar to the crystal hexagonal c -axis. Magnetization of

b oth typ es of samples reveals paramagnetic beha vior. H owever , for n -typ e
GaMnN isotropic magnetizati on was observed which is in agreement w ith
Mn d 5 conÙguration. On the other hand, GaMnN co-doped w ith Mg show s
large magnetic anisotropy w hich suggests Mn to be in nonspheri cal d 4 or d 3

conÙguratio n.

PAC S numb ers: 71.55.Eq, 75.30.Gw , 75.50.Pp

1. I n t rod uct io n

Gal l ium ni tri de is one of the m ost pro mising materi al f or appl icati ons in elec-
tro nic and opto electro nic devi ces [1]. Mo reover, there are theo reti cal predi cti ons
tha t GaN doped wi th a few m olar percent of Mn and highl y p -typ e should reveal
room tem perature ferromagneti sm (FM) [2]. Thi s has led to an increased inter-
est in synthesi s and magneti c pro perti es of GaMnN semim agneti c semiconducto r.
Several m etho ds have been appl ied to obta in thi s materi al so far : amm onotherm al
[3], molecular beam epi taxy [4], chemical tra nsport [5]. The ferrom agneti c (FM)
contri buti on to the m agneti zati on was reported for tem peratures ranging up to
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940 K [4]. However, the avai lable data show tha t there is no consensus concern-
ing the ori gin of the observed FM behavi or | one shoul d ta ke into account the
possibi l i ty of form ati on of FM preci pi ta tes (Mn x Ny or Ga1 À x Mn x ) whi ch m ay not
be detecta ble by X- ray di ˜ra cti on or electro n tra nsmission micro scopy m easure-
m ents, but contri bute substanti a lly to the m agneti zati on. Some autho rs suggest
tha t these com pounds exist in thei r sampl es [6, 7].

In order to understa nd the magneti c pro perti es of GaMnN the nature of
Mn im puri ty in GaN shoul d be examined. From the point of vi ew of exchange
intera cti ons one of the m ost im porta nt questions is how the carri er concentra ti on
inÛuences the charge state of Mn dopant. Previ ous studi es perform ed on the sam -
pl es grown by am m onotherm al and chemical tra nsport m etho ds indi cate tha t Mn
enters GaN as an ionized acceptor in d 5 conÙgura ti on (S = 5 =2 ) [3]. Since m ore
and m ore studi es show tha t the Mn 2 + = 3 + acceptor level is m ost l ikely located in
the energy gap of GaN [8, 9], the presence of Mn 2 + centers m ay be the result of
n - typ e character of the studi ed sam ples. One m ay then expect tha t the nature of
Mn im puri t y results from mutua l positi on of Mn 2 + = 3 + level and the Ferm i level
whi ch can be changed by co-doping. In parti cul ar, co-doping wi th Mg , whi ch is
an acceptor, should result in loweri ng of the Fermi level. In order to veri f y thi s
hyp othesis we studi ed the magneti c pro perti es of bulk n -typ e GaMnN and highl y
resisti ve GaMnN: Mg sam ples. In thi s paper we com pare the results of m agneti c
m easurements perform ed on these two typ es of sampl es.

2. E x per i m en t a l

Single GaMnN and GaMnN: Mg crysta ls were grown by equi libri um high
pressure techni que from ni tro gen soluti on in l iqui d gal l ium . Ma nganese and m ag-
nesium were added into gall ium duri ng the growth. The growth was perform ed
under high pressure of N 2 ( p ¤ 1 : 5 GPa) and tem peratures T ¤ 1 5 0 0 £ C. The ob-
ta ined crysta ls were pl atel ets wi th di ameter of about few mi ll imeters and thi ckness
of about 1 0 0 ñ m. GaMnN sam ples were highly conducti ve wi th concentra ti on of
free electrons n 2 0 cm À 3 whi le GaMnN: Mg sampl es were hi ghly resisti ve.

Ma gneti zati on was measured using a superconducti ng quantum interf erence
devi ce (SQUI D ) operati ng in the tem perature range 2{ 300 K and m agneti c Ùeld
up to 6 T. The m agneti c Ùeld wa s appl ied in perpendi cular or paral lel ori enta -
ti on to the GaN hexagonal c-axi s. Al l the GaMnN data were corrected for the
di amagneti sm of the GaN host latti ce.

3. R esul t s an d d iscu ssio n

R epresentati ve magneti zati on data for n -typ e GaMnN plotted as a functi on
of magneti c Ùeld and tem perature are exempl iÙedin Fi g. 1. In general , overal l para-
m agneti c (PM) behavi or is observed. At high temperatures m agneti zati on shows
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Fig. 1. Representative magnetization of an n - typ e GaMnN sample plotted as a function

of the magnetic Ùeld for several temp eratures. T he data are corrected for diamagneti sm

of the GaN host lattice. Solid curves represent the Ùts corresp onding to the Brillo ui n

function with S = 5= 2 .

a l inear m agneti c Ùeld dependence. At low tem peratures a pronounced tendency
to satura ti on is observed. A negl igible FM contri buti on (l ess tha n 1%) wa s also
vi sibl e in some sam ples and was attri buted to the presence of Mn x N y precipi ta tes.
W e note tha t simi lar behavi or was reported for sam ples grown by amm onother-
m al and chemical tra nsport m etho ds [3, 5]. The data can be well described by a
Bri l louin functi on wi th S = 5 =2 , expected for d 5 conÙgurati on of Mn ion. The
m anganese concentra ti on resulti ng from the Ùt is below 0.2%. Such concentra ti on
is to o low to reveal d À d intera cti on between Mn ions. Thus, we can assume tha t
we are deal ing wi th a system of nonintera cti ng m agneti c m oments com ing f rom
d 5 conÙgura ti on. Mo reover, as shown in Fi g. 2, there is no signi Ùcant di ˜erence
between m agneti zati on of the sam e sam ple measured at the para l lel and perpen-
di cular ori enta ti ons of m agneti c Ùeld relati vely to the c -axi s. In other words no
m agneti c ani sotro py wa s observed for n -typ e GaMnN bul k sam ples.Such behavi or

Fig. 2. Results of the magnetizati on measurements of an n - typ e GaMnN sample per-

formed at parallel and perp endicu lar orientation of magnetic Ùeld to the c -axis at 2 K .

Solid curve corresp onds to the Brilloui n function curve with S = 5 = .
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is characteri sti c of spheri cal ly symm etri cal d 5 conÙgurati on of Mn ion, whi ch is in
agreem ent wi th the resul t obta ined from the Ùt at 2 K.

On the other hand, highl y resistive GaMnN: Mg sam ples show di ˜erent m ag-
neti c pro perti es (Fi g. 3). Not only the Bri lloui n functi on wi th S = 5 =2 is inade-
quate to describe the data but a very large m agneti c ani sotro py appears (Fi g. 3).
Thi s anisotro py decreases wi th increasing tem perature. At T = 2 K m agneti zati on
m easured at m agneti c Ùeld para l lel to the c-axi s satura tes much slower tha n tha t
for the perpendi cular ori entati on. W e recal l tha t sim i lar magneti c anisotro py was
also observed for Cr and V- based I I{ VI hexagonal semim agneti c semiconducto rs
[10, 11]. Thi s may suggest tha t Mn center in GaMnN: Mg is in a nonspheri cal con-
Ùgurati on, presumabl y d 4 or d 3 . Such centers su˜er strong Jahn{ T eller distorti on
along one of four h 1 1 1 i axes (i n the case of d 3 conÙgura ti on) or three h 1 0 0 i axes (in
the case of d 4 conÙgurati on). The observed anisotro py m ost probably originates
from di ˜erent di stri buti ons of non-equivalent Ja hn{ Tel ler centers in two ori enta -
ti ons of m agneti c Ùeld. The ani sotro py of e˜ecti ve mass hole bound to the Mn
accepto r (Mn 2 + + h) may also be a possible reason of the observed m agneti c be-
havi or. Ho wever, in the Ùrst appro ach we neglect the inÛuence of carri ers. Thi s
pro blem wi l l be analyzed wi thi n the crysta l Ùeld m odel in m ore deta i l elsewhere.

Fig. 3. Magnetizati on of GaMnN :Mg measured as a function of magnetic Ùeld at di ˜er-

ent temp eratures. Magnetic Ùeld is applied in perp endicul ar (closed circles ) and parallel

(op en circles) orientations relative to the c -axis. A strong magnetic anisotropy is visibl e.

The observed m agneti c properti es could be understo od assuming tha t Mn
enters GaN as substi tuti onal Mn 2 + (d 5 conÙgurati on), leading to a Bri l louin- t yp e
paramagneti sm. On the other hand, accepto r- typ e co-dopants (e.g. Mg ) reduce
the numb er of d -shell electrons, yi elding d 4 or d 3 conÙgura ti on. Co nsequentl y,
m agneti c anisotro py appears. Thi s suggestion was conÙrm ed by EPR exp eriment
whi ch indi cated tha t Mn 2 + d 5 ) conÙgurati on is not the m ajori ty one in GaMnN: Mg
sam ple [12].
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4. Co n cl usion s

Ma gneti c pro perti es of bul k n - typ e GaMnN and hi ghly resistive GaMnN: Mg
sam ple were studi ed for the m agneti c Ùeld appl ied para l lel and perpendicul ar to
the hexagonal c-axi s. Contra ry to the n -typ e sam ples a strong m agneti c ani sotro py
wa s observed for GaMnN: Mg sampl e, whi ch suggests tha t Mn enters GaN:Mg as
a nonspheri cal center in d 3 or d 4 conÙgura ti on.
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