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Observation of spin-glass behavior in homogeneou&a,Mn)N layers grown
by reactive molecular-beam epitaxy
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We present a detailed study of the magnetic propertie§Gaf,MnN layers grown directly on 4H-SiC
substrates by reactive molecular-beam epitaxy. X-ray diffraction and transmission electron microscopy dem-
onstrates that homogenedi@a,MnN alloys of high crystal quality can be synthesized by this growth method
up to a Mn-content of 10—-12 %. Using a variety of magnetization experimeéssperature-dependent dc
magnetization, isothermal remanent magnetization, frequency and field dependent ac susgeptiitigm-
onstrate that insulatingGa,MnN alloys represent a Heisenberg spin-glass with a spin-freezing temperature
around 4.5 K. We discuss the origins of this spin-glass characteristics in terms of the deep-acceptor nature of
Mn in GaN and the resulting insulating character of this compound.
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I. INTRODUCTION tion of such phases as precipitates during growth can domi-
: o nate the magnetic properties of the material.

Recently, the issue of achieving room-temperature ferro- - pecently, it has been reported that the formation of sec-
magnetism in diluted magnetic semiconduct¢BMS) is  ondary phases during the growth ofGa,MN with
gaining a lot of attention because of their importance formolecular-beam epitax¢MBE) is inhibited in the presence
developing future “spintronic” devices.Mn-doped IlI-V  of hydrogent? Reactive molecular-beam epitaXiRMBE)
DMS are currently in the focus of interest, wi@a,MnNAs  might thus be a suitable technique for the growth of homo-
being the most extensively studied compound of this clasggeneougGa,MnN, since growth is automatically performed
The highest Curie temperatufie. reported for this material in the presence of H stemming from the decomposition of
is 110 K. Dietl et alZ have calculated for various Mn ~ NHs. In fact, by employing RMBE we have been able to
doped(5%) I1I-V semiconductors using the Zener model of 9"0W homogeneou&Ga,MnN alloys up to a Mn content of
carrier-induced ferromagnetism. In fact, contrary to Mn-10%; the properties of which are the subject of the present
doped 1I-VI DMS where Mn is an isoelectronic impurity on paper. However, we have qlso foun(:jalghat clustedogsoc-
the group Il site, Mn incorporates substitutionally on the SUr & Mn contents exceeding 12—13%[hese latter layers
group Il site in IlI-V DMS and thus acts in principle as an are indeed observed to be ferror_nagnenc up to very high

. . ) ) temperature$>800 K). However, this ferromagnetism it
acceptor which provides the required free carriers to turn th

8n intrinsic property of thes@a,MnN layers but originates
antiferromagnetic Mn-Mn interaction into ferromagnetic. As- from the nm?scgle l)\l/ln-rich clus{err;) fornz/ed during growth as
. . O _3 . 1)
suming a hole concentration of %80 cm°, this modet il he shown in detail in a forthcoming publicatid%.

predictsT¢ to be above 300 K in GgMno ogN @s compared  Here, we present a detailed study of the magnetic proper-
to 120 K for Gg ogMng osAS. ties of homogenou&Ga,MnN layers grown directly on 4H-
Several groups have thus initiated the growth and invessjc(0001) by RMBE. All layers under investigation are in-
tigation of this material. The results, however, show signifi-sulating in nature. Using a variety of experiments
cant discrepancies, particularly regarding the magnetic proptemperature-dependent dc magnetization, isothermal rema-
erties of the layers. For example, while some researchensent magnetization, frequency, and field dependent ac sus-
have reported antiferromagnetic behavior for this matéfial, ceptibility), we demonstrate that insulatitiGa,MnN alloys
others observed ferromagnetism with various different valuesepresent a Heisenberg spin-glass with a spin-freezing tem-
of T¢ ranging from 20 to 940 K-8 All values of Tc above  perature around 4.5 K. To the best of our knowledge,
room temperature stem fromtype or even highly resistive (Ga,MnN is the first Ill-V DMS which exhibits spin-glass
samples~’ The origin of the ferromagnetism observed is Properties. The origin of the spin-glass behavior of
thus far from understood. If it were an intrinsic property of (Ga&MnN is likely to be analogous to that discussed for the
insulating(Ga,MnN, it is clear that the model of Diedt al? ~ @rchetypal spin-glasses represented by Mn-doped [I-VI

would not apply to this case. A more recent calculation base®MS, namely, the simultaneous occurence of disorder, aris-

on the double-exchange mechanism in fact predicted a trad9 from the spatially random substitution of group II ele-

sition between a spin-glass and a ferromagnetic state in ir{pent by Mn ions, and frustration of the antiferromagnetic

sulating (Ga,MnN for sufficiently low concentrations Nteractions between Mn" fons naturally provided by the
(<20%) of Mn.° However, it is important to note that there WUrtzite lattice
exist several Ga-Mn and Mn-N phases, which are ferromag-

netic, ferrimagnetic or antiferromagnetic in nature. Further-

more, some of these phases are ferromagnetic up to very The samples under investigation are grown in a custom
high temperaturegfor example, MnGa: ferromagneti@c  designed two-chamber MBE system equipped with conven-
>600 K;'°Mn,N: ferrimagnetic,Tc=738 K. The forma-  tional effusion cells for Ga and Mn and an unheated;j#is

Il. EXPERIMENT
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injector. A commercial filter purifies NHand a mass-flow
controller adjusts its flow into the growth chamber. Semi-
insulating Si-face 4H-Si(@00Y) is used as substrate which is
ex situH, etched andn situ treated with Ga to obtain an
atomically smooth and clean surface prior to growth, as de-
scribed in detail in Ref. 16. Th@a,MnN layers are grown
directly (with one exceptionon these SiC substrates at a
substrate temperature of 710 @00 °C lower than the tem-
perature normally used for GaN growtkvhich results in
homogeneou$Ga,MnN layers up to a Mn content of 10%.
The NH; flux is controlled to keep the 1lI-V ratio constant
for all layers, and resulted in a chamber pressure 664
x107° Torr during growth. The Mn/Ga flux ratio was
changed in order to adjust the Mn content in the layers. We
focus here on twe-350 nm thick layers, the Mn content of FIG. 1. RHEED pattern ofGa,MnN during growth along the
which is 7.6%(sample A and 10.3%(sample B as mea- 120y azimuth, '

sured by secondary ion-mass spectromd®MS) depth

profiles. Cond“‘?ﬁv“y mgagurements reveal both samples t8dsorption and desorption of Mn adatoms. In fact, the SIMS
be electrically highly resistivép~1 M(cm) even at room gepth profiles show no accumulation of Mn at the as-grown
temperature. Above room temperature, thermally activated,,itace and the Mn content is constant over the entire depth
conduction sets in with an activation energy of 0.15 eV. of the layer

Nucleation and growth is monitored situ by reflection The crystalline structure of these samples is studied by

high-energy electron diﬁrqctio(RHEED). Structural Prop- - ypp. Symmetric(0002 and asymmetri¢1124) x-ray rock-
erties of the layers are investigated by x-ray diffraction;, o rves for the samples under investigation exhibit a

(XRD) and transmission electron microscofEM). Sym-  yiqih of 300 and 900, respectively, actually lower than

m.etric high—resolutjon triple-axis x—ray-Zﬁ scans are taken values we observe for equally thin pure GaN layers grown
with a BedeD3 diffractometer equipped with a Cay  hqer these conditions, and comparable to values reported
rotating-anode source, a Bartels-type (@) monochro- for high-quality GaN grown by MBE in general. The incor-

mator and a $111) analyzer. TEM is performed using @ ,qration of significant amounts of Mn thus does not deterio-
JEOL3010 microscope operating at 300 kV. The bright-field, ;o the crystal quality.

micrographs are taken with a diffraction vecigr[0002. Figure 2 shows a high-resolution triple-axis26 scan of
The magnetization measurements are done in a quantum dg-450 nm thick(Ga,MnN layer grown here on a 195 nm
sign superconducting quantum interference de({@&@UID) thick GaN buffer layer on 6H-Si©001). The reflections of

setup. Magnetization loops are recorded at various tempergy, epijayers are clearly resolved. The simulation has been
tures for magnetic fields betweenS kOe. Prior to measur- yone simply by using appropriate lattice constants to match
ing the temperature dependence of the magnetization, thge anguiar position of these reflections. Note that the reflec-

sample is first cooled from room temperatuee2 K either i, of (Ga,MN occurs at a larger angle than that of the
under a saturation field of 10 kQéeld cooled(FC)] or at  GaN puffer layer, revealing a smallerlattice constant for

zero field [zero field cooled(ZFC)]. For ac susceptibility e 4j10y as compared to GaN. The shape of the experimental
measurements, an ac amplitude of 3.5 Oe is used. The maQFofile is described well by the simulatiofior which we

netic field is applied parallel to the surface, i.e., perpendicUysaq an instrumental broadening of’ Andicating that in-

lar to thec axis, in all measurements. All data are corrected,,mogenous strain is virtually absent in these layers. This
for the diamagnetic contribution of the substrate.

(0002) A G oM N

Ill. STRUCTURAL CHARACTERIZATION 107

During nucleation of the layers, a spotty RHEED pattern
is initially observed reflecting a purely three-dimensional
growth mode. Upon the deposition of 10 MGa,MnN, the
RHEED pattern becomes entirely streaky. Figure 1 shows the
RHEED pattern along th€1120) azimuth during growth.
The streaky RHEED pattern reflects a two-dimensional
growth mode and a smooth surface. It is noteworthy that the
pattern does not exhibit th@x2) reconstruction which we
encounter when growing pure GaNThis finding may be
indicative of the presence of a Mn floating layer on the FIG. 2. Experimentald) and simulated—) triple-axis w-26
growth front. However, the intensity of the RHEED pattern scan across the G4&0bD02 reflection of a(Ga,MnN/GaN structure
stays constant during growth, suggesting that the Mn covergrown on 6H-SiC0001). The Mn-content of the layer as indicated
age rapidly reaches a steady-state value due to a balance lafs been determined by SIMS.
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FIG. 3. Lattice constant obtained from triple-crystakv-26 0 5 0 15 20 25 30
scans versus Mn content. The solid squares repre&eaMnN TK
layers. The open squares represent a number of pure GaN samples
grown on 4H-SIiC. The solid line is a linear fit to the data, the
parameters of which are given in the figure. 12

finding suggests a homogeneous incorporation of Mn in the
(Ga,MnN alloy.

In Fig. 3, we showc as a function of Mn-content for three
~350 nm thick(Ga,MnN layers grown on 4H-SiC. Solid |
squares represent sample A and B as well as another 7FC
(Ga,MnN layer with 14% Mn content grown under identical
conditions except for the Mn/Ga ratio. Open squares repre- 0 . . . ;
sent a number of pure GaN samples grown on 4H-SiC. The 0 s 10 13 20 25 30
values measured for the latter samples scatter By001 A, T
which may originate in a slight variation of the substrate i
lattice constant due to doping inhomogeneities or a slight FIG- 5. Temperature dependence of field-codle@) and zero-
difference of the thermal strain in the GaN layer. In any case€!d-c0oled(ZFC) dc magnetization at 100 Oe for sampléa\and
despite this scatter the value ofs seen to decrease linearly SamP'.e. B(b). Arrows |r.1d|c'ate the onset of weak ?nd.Strong Irre-
with increasing Mn-content, indicating a predominantly Sub_verslblllty. The respective insets show the magnetization loops at 2
stitutional incorporation of Mn. It is interesting to note that and 10 K.
an opposite trend is observed f@a,MnAs, where the out-
of-plane lattice constant is found to increase with the Mnnm-size clusters are observed in the microgrépie note
contentt® that we were unable to detect the presence of these clusters

Figure 4 shows bright-field TEM micrographs of sample by XRD, presumably because of their minuscule size result-
A and B. Both the samples are seen to be homogeneougg in a significant broadening of the reflection. The absence
layers without any evidence for a secondary phase. This find®f additional reflections in XRD profiles is thus no proof for
ing is in contrast to layers with higher Mn content, wherethe absence of precipitates or clusters.

M (emu/em3)

M (emu/cm)

IV. MAGNETIZATION

A. Temperature dependence of dc magnetization

Figure 5 shows the temperature dependence of FC and
ZFC magnetization curves for sample§Rig. 5(a)] and B
[Fig. 5(b)] at a magnetic field of 100 Oe. Both samples ex-
hibit a quite similar behavior, namely, a pronounced FC-ZFC
irreversibility and a sharp cusp in the ZFC curves. These two
features are fingerprints for spin-glass systémaA. closer
inspection of these curves reveals a two-step irreversible pro-
cess. First, a weak irreversibility occurs at arduK which
is then followed by a strong irreversibility close to 3(i-
dicated by arrows This two-step irreversibility has been ob-
served in many Heisenberg spin-glasses and is commonly
attributed to the freezing of transvergaleak irreversibility

FIG. 4. Bright-field TEM micrographs ofa) sample A andb) ~ and longitudinal(strong irreversibility spins'®~** The FC
sample B. The contrast close to tt®a,MnN/SIC interface stems and ZFC curves converge alemé K and gradually decrease
from dislocation loops. The dark lines intersecting the micrographgvith the increase of temperature, indicating paramagnetic be-
originate from screw dislocations. havior at higher temperatures. The respective insets of the

165205-3



DHAR, BRANDT, TRAMPERT, FRIEDLAND, SUN, AND PLOOG PHYSICAL REVIEW B7, 165205 (2003

o 1kOe
3 w=7.22ug 0 2kOe]
g ol Jkg =-1.58 K v 3kOe
o
5 °r I
o 4r
=
" 2}
£
o 4t E
0 ' ' ' 3
0 80 160 240 320 g .
T KON =
z [y
FIG. 6. Inverse dc susceptibility of sample(& H =200 Oe) as = g My
a function of temperaturpen circles The straight line represents 3 -9;,6 / 0.2 i
the Curie-Weiss law wittg=—11.4 K. > I 8
‘2 IRM 0.]
[
figure show the magnetization loops at 2 and 10 K. A hys- L= 4 f 7
teresis is seen only below 6 K, as expected from the FC and ¢ 10 20 300
ZFC curves. ol ¥
In Fig. 6, the inversg dc susceptibility measured for 10° 10! 102 108 104
sample B atH=200 Oe is plotted versus temperature. As Time (s)

expected, a clear linear dependence is found above 80 K.
Above 200 K, the data scatter because the diamagnetic con- FIG. 7. Isothermal remanent magnetization iMg(t) versus
tribution from the substrate dominates the magnetization. Wén(t) representation. The solid lines represent the fit to the experi-
have fit the data between 80 and 200 K by the Curie-Weis§ental data. The inset of the figure shows the dependence of the fit
law parameterdMy (squares and « (triangles as well asM gy mea-
sured at 300 fcircles on the magnetic field. The lines are guides to
C the eye.

X= T 1)

whereC=Npu?/3kg and 6= (2/3)xS(S+ 1)z(J/kg). Here,N
is the number of Mn ions per cinu=gug[ S(S+1)]*? the
spin magnetic momenk the Mn contentz the number of
nearest neighborgl2 for a wurtzite lattice and J the

perimental data as well as fits to them according to
Mirm()=My—alIn(t) at 1, 2 and 3 kOe. The fits are not
perfect, but significantly better than those obtained with a
stretched exponential. In the inset of Fig. 7 we show the
i i values of the two fitting parameteid, and « as well as
nearest-neighbor exchange_mtegral.(@a,Mn)N, _922 and M rm att=300 s as a function of the field. All these param-
S=5/2, as has been determined by electron spin resorfancegars increase rapidly with the magnetic field up to 3 kOe and
The fit by Eq.(1) yields u=7.22ug and J/kg=—1.58 K. (han saturate. This behavior has been observed in several
Both values are close to those obtained in Ref. 3 for a samplgifrerent spin-glassé$2® and is also supported by

with similar Mn concentration. It is interesting to note that theory?”2® Furthermore, the clear correlation betwelkh
the antiferromagnetic Mn-Mn nearest-neighbor interaction ing 4 'is a manifestation’ of the memory of a spin-glass.
1I-VI DMS is about one order of magnitude largérEurther-

more, the value ofu is close to the theoretical value of
o[ S(S+1)]1°ug=5.92ug . The negative value of reflects C. Frequency dependence of ac susceptibility
the antiferromagnetic Mn-Mn nearest-neighbor interaction. A

guantitatively similar behavior is also observed for sample Aat
(=—10.4 K.

The temperature dependent ac susceptibility is measured
various measurement frequencies ranging from 0.1 Hz to 1
kHz. Representative examples are shown in Fig. 8. The real
part ' of the complex susceptibility exhibits a pronounced
peak at a temperatui around 5 K. The imaginary pagt’
Since the properties of samples A and B are qualitativelyexhibits a sudden onset at a temperatlife(around 6 K
identical, we will focus in the following on sample B. The slightly aboveT;. This behavior is characteristic for a spin-
isothermal remanent magnetizatidi®RM) of this sample is glass:T; indicates the onset of the weak irreversibility and is
obtained by cooling the sample in zero field from 100 to 2 K,considered to be related to transversal spin freezing, whereas
increasing the field to the desired value, holding it there for 5T is considered to be related to the strong irreversibility and
min, then turning the field to zero and observing the remathus to longitudinal spin freezirg.Both T; and T, increase
nent magnetization as a function of time. We have studiedvith the measurement frequency) ( The frequency sensi-
the IRM at various initial magnetic fields between 1 to 30tivity of T; is determined to b& T;/T; AInf=0.012. This
kOe. The remanent magnetizatibhzy(t) decays so slowly value is comparable to those reported for other canonical
that its value remains nonzero even aftéh ofdecay. Thisis  spin-glass systems, e.g., &Mng.Te: 0.02 (II-VI DMS
again a fingerprint of spin-glasses. Figure 7 shows the exspin-glasy Cu:Mn: 0.007 (metallic spin-glass and

B. Isothermal remanent dc magnetization

165205-4



OBSERVATION OF SPIN-GLASS BEHAVIOR IN . .. PHYSICAL REVIEW B7, 165205 (2003

0.8 T T T 0.10
5
coE 4
~ L
>
s 04 0.06 g 2 3
€ g 2 0 20 40 60
g 2 = H23 (0e?/%)
£ L |
o 0.04 : hoaia s s
~ a3 M aca-,
=
0.0
0.06 6
5
(SE\ 0041 4
FIG. 8. Temperature variation of the real and imaginary parts of 9
the ac susceptibility at various measurement frequencies. Curves g 002k 3 |
through the data are guides to the eye. The inset of the figure shows :‘B ' 0 20 40 60
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Eup ¢St ,S: 0.05(insulator spin-glass™ Assuming a phase TK
transition afT, the spin freezing can be analyzed in terms of
a critical slow down aboveT, using the following
expressiorf 3!

FIG. 9. Temperature variation of thHe) real and(b) imaginary
part of the ac susceptibility at various dc fields. and T; (solid
squaresare plotted versusi?? in the insets ofa) and (b), respec-
tively. The solid lines show linear fits to the data.

—Zv

T-Tyo , @

T

f'To:A

«h?3 3% This behavior has been observed in various well-
where v is the critical exponent for the correlation length ~ characterized Heisenberg spin-glass systgsnsh as, e.g.,
andz is the dynamic exponent relatifgo & by 1f=r7,¢2.  Cdi_xMn,Te (Ref. 29].
The experimental variation of;(f)=T has been analyzed  Figures 9a) and 9b) show the temperature dependence of
using Eq.(2) as shown in the inset of Fig. 8. We obtain a the real and imaginary part of the complex susceptibility
phase transition temperatur,=4.5 K, zv=10 and r, Measured at various dc magnetic fields from 0 to 500 Oe
~10"''s. The shortest relaxation time, compares well With 10 Hz of ac frequencyT andT; (indicated by arrows
with 7/kgTo=1.68< 10”12 s. The value ozv=10 is close decrease with increasing dc fieldl;(H) shows AT-like be-
to the values #v~8—10) reported for the spin-glasses havior, as expected for a Heisenberg spin-glass as seen from
Cdy M 4Te (Refs. 29,32 and Ei Sy ,S. It also agrees the inset of Fig. ). However, Ti(H) does not follow a
well with the simulation of OgielskP for 3D spin-glasses GT-like behavior as expected for an isotropic Heisenberg
with short-range interaction. spin-glass.T;(H) rather exhibits a strong dependenceltdn
as is evident from a much larger variation ©f with H
compared with, e.g., GdgVingssTe [where T;(H) indeed
exhibits a GT-like behavidr For Cd,49Mngssle, the ob-

In a Heisenberg spin-glass, both strong and weak irreverserved variation ofT; is reported to be of the order of
ibility lines are predicted to follow a=ch? behavior, with 1072 K?° for a change inH of 100 Oe, whereas in the
the reduced temperature=[1—T¢;/T,], the reduced mag- present case the change is several Kelvin. In fagtd) is
netic fieldh=uH/kg T, whereT, is the transition tempera- observed to follow a&1?° dependence, as shown in the inset
ture, a pre-factoc and a simple fraction or an integar In of Fig. Ab). A similar behavior(AT-like) of the weak irre-
an ideal 3D-Heisenberg spin-glass without any anisotropyersibility line has been observed in &S, ¢S which has
the weak irreversibility line related to the freezing of the been attributed to a large local anisotropy energy of 0.4 K
transversal spin componentperpendicular to the applied present in this particular Heisenberg spin-gfis.the an-
field) is predicted to follow a Gabay-Toulou$&T-) like be-  isotropy is large, the anisotropy parameder D/J, whereD
havior with 7=h?, whereas the strong irreversibility line re- is the mean anisotropy energy, plays a crucial role in deter-
lated to the freezing of the longitudinal spin components ismining the behavior of the irreversibility lines. It has been
expected to be DeAlmeida-Thoules§AT-) like with =  shown theoretically that the weak irreversibility line can

D. Magnetic field dependence of ac susceptibility
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aal fulfills the two criteria for a spin-glass, namely, randomness
[ H=1000e (since it is a diluted alloyand frustrationwhich is inherent
a0l to the wurtzite lattice
It has to be noted that, qualitatively, a superparamagnet
< 36t ” behaves very similar to a spin-glass. Quantitatively, however,
._E superparamagnetic materials neither exhibit a cusp in ZFC
32¢ curves as sharp as that observed in Fighécause of the size
osl distribution of the ferromagnetic clustersior do they follow
' . . . . the scaling behavior shown in Fig. 8 and the AT-like field
6 8 10 12 14 dependence of the spin-freezing temperature shown in Fig. 9.

Mn-content (%) Finally, reports in the literature about higktype conduc-

FIG. 10. Peak positions of the temperature dependent ZFC mag}i-Vity in (Ga,MnN layers should be considered with great

netization curves measured at 100 Oe as a function of Mn concerz@ution. First, many(Ga,MnN layers are grown on GaN
tration. The solid line is a guide to the eye. buffer layers(which may be required for growth on sap-

phire), which are likely to exhibitn-type conductivity and
may entirely dominate the conductivity of the sample. Sec-
ond, the extraordinary Hall effect present in ferromagnetic
u<I:rystals greatly complicates the analysis of Hall effect mea-
surements. Third, if clustering occurs, the crystal is electri-
ally inhomogeneous and cannot be analyzed in a straight-
orward manner by the standard van der Pauw technique.
Fourth, even an actualtype conductivity of the layer may
merely indicate excessive clustering, such that the matrix is
essentially depleted of Mn. In fact, we have found that
samples with a Mn content below 10% but grown at high
temperature(810 °Q are conducting as well as ferromag-
netic, indicating that cluster formation is greatly facilitated
by the high growth temperature. Considering all these points,
) - . I, . it is evident that a reliable interpretation of the electrical
latter of which exhibit Mn-rich clusters that additionally give properties ofGa,MAN may be extremely demanding, and

rise to ferromagnetism at high te.mperatL){e'I'she main dif- cannot be done without a detailed analysis of the structural
ference between these samples is the spin-freezing tempera-

ture, which is found to increase with the Mn-content asand magnetic properties of the system.
shown in Fig. 10 even for the sample incorporating clusters.
In fact, the volume fraction of these clusters is very small
(<1%),*® and the overwhelming majority of Mn atoms con-

tinue to occupy substitutional sites in the matrix as also in-
dicated by the monotonous change of the lattice congsaet
Fig. 2). The spin-glass character ¢6a,MnN is thus pre-

show AT-like behavior ifd>h?32® An accurate determina-
tion of d in the present sample is not possible because of o
lack of knowledge regarding the various sources of anisot
ropy present in the crystal. However, a lower-bound estimat
of d is obtained by calculating the dipolar anisotrdpykg
[D = w?/r3 with r = (3/47N)*3 which turns out to be 0.6 K,
similar to the value observed for EiBry ¢S (0.4 K). The
minimum value ofd is thus 0.38, significantly larger than the
value ofh?3=0.14 for the maximum dc fiel¢5600 O¢ used
in our experiments.

A qualitatively identical behavior as reported above is
seen also for samples with lower and higher Mn conttre

V. CONCLUSIONS

We have shown that homogenedi@a,MnN is intrinsi-
cally a Heisenberg spin-glass. This discovery may have im-
served even when precipitation occurs. portant implications for the understanding of spin-glasses in

The dramatic difference in the magnetic properties of thédeneral, since it adds a new material cl&as insulating
insulating spin-glaséGa,MnN and the metallic ferromagnet wurtzite 111-V compound to the list of known spin-glasses.

(Ga,MnAs appears puzzling at the first glance, but is eaS“yWhere possible, we have generated quantitative results to

explained. In the absence of free carriers, the Mn-Mn interjaci_litate compar?son with existing theories. In fact, the: com-
action is expected to be antiferromagnetic, and only the pred?arisons made in the present paper are generally in good
ence of a sufficient concentration of free carriers can rendekdreement with theory, although details may need further
the antiferromagnetic Mn-Mn interaction into a ferromag- theoretical refinement. The ferromagnetism(@&,MnN re-
netic one® Since Mn forms a relatively shallow acceptor ported in several publications is likely not to be an intrinsic
level in GaAs(100 meVj, the Mn impurity band merges with property of insulatingGa,MnN, but a consequence of pre-
the valence band at sufficiently high Mn concentrationscipitation, the microscopic nature of which remains to be
which effectively results in metallip-type conductivity. In  unraveled. Finally, we suggest that codoping of GaN with
contrast, Mn in GaN has been experimentally observed byin and Mg (Ref. 37 may well prove to be both scientifi-
Korotkov et al®® to form a very deep state within the gap cally fascinating and important from the point of view of
(1.4 eV). Even at very high concentratiofsuch as 10%Mn applications, since themoderatg concentration of free holes
will thus form merely an impurity band which will effec- provided by the comparatively shallow Mg acceptors may
tively pin the Fermi level and render the crystal into an in-turn the antiferromagnetic Mn-Mn interaction into a ferro-
sulator, as experimentally observed for our samplesmagnetic one. If successful, such experiments would provide
(Ga,MnN thus resembles Mn-doped 1I-VI DMS in that it an invaluable test of the model developed by Dethl?
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