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Observation of spin-glass behavior in homogeneous„Ga,Mn…N layers grown
by reactive molecular-beam epitaxy

S. Dhar,* O. Brandt, A. Trampert, K. J. Friedland, Y. J. Sun, and K. H. Ploog
Paul-Drude-Institut fu¨r Festkörperelektronik, Hausvogteiplatz 5–7, D-10117 Berlin, Germany

~Received 7 November 2002; published 24 April 2003!

We present a detailed study of the magnetic properties of~Ga,Mn!N layers grown directly on 4H-SiC
substrates by reactive molecular-beam epitaxy. X-ray diffraction and transmission electron microscopy dem-
onstrates that homogeneous~Ga,Mn!N 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 experiments~temperature-dependent dc
magnetization, isothermal remanent magnetization, frequency and field dependent ac susceptibility!, we dem-
onstrate that insulating~Ga,Mn!N 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.

DOI: 10.1103/PhysRevB.67.165205 PACS number~s!: 75.10.Nr, 75.50.Lk, 75.50.Pp, 81.15.Hi
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I. INTRODUCTION

Recently, the issue of achieving room-temperature fe
magnetism in diluted magnetic semiconductors~DMS! is
gaining a lot of attention because of their importance
developing future ‘‘spintronic’’ devices.1 Mn-doped III-V
DMS are currently in the focus of interest, with~Ga,Mn!As
being the most extensively studied compound of this cla
The highest Curie temperatureTC reported for this materia
is 110 K. Dietl et al.2 have calculatedTC for various Mn
doped~5%! III-V semiconductors using the Zener model
carrier-induced ferromagnetism. In fact, contrary to M
doped II-VI DMS where Mn is an isoelectronic impurity o
the group II site, Mn incorporates substitutionally on t
group III site in III-V DMS and thus acts in principle as a
acceptor which provides the required free carriers to turn
antiferromagnetic Mn-Mn interaction into ferromagnetic. A
suming a hole concentration of 3.531020 cm23, this model2

predictsTC to be above 300 K in Ga0.95Mn0.05N as compared
to 120 K for Ga0.95Mn0.05As.

Several groups have thus initiated the growth and inv
tigation of this material. The results, however, show sign
cant discrepancies, particularly regarding the magnetic p
erties of the layers. For example, while some researc
have reported antiferromagnetic behavior for this materia3,4

others observed ferromagnetism with various different val
of TC ranging from 20 to 940 K.4–8 All values of TC above
room temperature stem fromn-type or even highly resistive
samples.5–7 The origin of the ferromagnetism observed
thus far from understood. If it were an intrinsic property
insulating~Ga,Mn!N, it is clear that the model of Dietlet al.2

would not apply to this case. A more recent calculation ba
on the double-exchange mechanism in fact predicted a t
sition between a spin-glass and a ferromagnetic state in
sulating ~Ga,Mn!N for sufficiently low concentrations
~,20%! of Mn.9 However, it is important to note that ther
exist several Ga-Mn and Mn-N phases, which are ferrom
netic, ferrimagnetic or antiferromagnetic in nature. Furth
more, some of these phases are ferromagnetic up to
high temperatures~for example, MnGa: ferromagnetic,TC
.600 K;10 Mn4N: ferrimagnetic,TC5738 K11!. The forma-
0163-1829/2003/67~16!/165205~7!/$20.00 67 1652
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tion of such phases as precipitates during growth can do
nate the magnetic properties of the material.

Recently, it has been reported that the formation of s
ondary phases during the growth of~Ga,M!N with
molecular-beam epitaxy~MBE! is inhibited in the presence
of hydrogen.12 Reactive molecular-beam epitaxy~RMBE!
might thus be a suitable technique for the growth of hom
geneous~Ga,Mn!N, since growth is automatically performe
in the presence of H stemming from the decomposition
NH3. In fact, by employing RMBE we have been able
grow homogeneous~Ga,Mn!N alloys up to a Mn content of
10%, the properties of which are the subject of the pres
paper. However, we have also found that clusteringdoesoc-
cur at Mn contents exceeding 12–13 %.13 These latter layers
are indeed observed to be ferromagnetic up to very h
temperatures~.800 K!. However, this ferromagnetism isnot
an intrinsic property of these~Ga,Mn!N layers but originates
from the nm-scale Mn-rich clusters formed during growth,
will be shown in detail in a forthcoming publication.14

Here, we present a detailed study of the magnetic pro
ties of homogenous~Ga,Mn!N layers grown directly on 4H-
SiC~0001! by RMBE. All layers under investigation are in
sulating in nature. Using a variety of experimen
~temperature-dependent dc magnetization, isothermal re
nent magnetization, frequency, and field dependent ac
ceptibility!, we demonstrate that insulating~Ga,Mn!N alloys
represent a Heisenberg spin-glass with a spin-freezing t
perature around 4.5 K. To the best of our knowledg
~Ga,Mn!N is the first III-V DMS which exhibits spin-glass
properties. The origin of the spin-glass behavior
~Ga,Mn!N is likely to be analogous to that discussed for t
archetypal spin-glasses represented by Mn-doped II
DMS, namely, the simultaneous occurence of disorder, a
ing from the spatially random substitution of group II el
ment by Mn ions, and frustration of the antiferromagne
interactions between Mn11 ions naturally provided by the
wurtzite lattice.15

II. EXPERIMENT

The samples under investigation are grown in a cust
designed two-chamber MBE system equipped with conv
tional effusion cells for Ga and Mn and an unheated NH3 gas
©2003 The American Physical Society05-1
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injector. A commercial filter purifies NH3 and a mass-flow
controller adjusts its flow into the growth chamber. Sem
insulating Si-face 4H-SiC~0001! is used as substrate which
ex situH2 etched andin situ treated with Ga to obtain an
atomically smooth and clean surface prior to growth, as
scribed in detail in Ref. 16. The~Ga,Mn!N layers are grown
directly ~with one exception! on these SiC substrates at
substrate temperature of 710 °C~100 °C lower than the tem
perature normally used for GaN growth! which results in
homogeneous~Ga,Mn!N layers up to a Mn content of 10%
The NH3 flux is controlled to keep the III-V ratio constan
for all layers, and resulted in a chamber pressure of 425
31025 Torr during growth. The Mn/Ga flux ratio wa
changed in order to adjust the Mn content in the layers.
focus here on two;350 nm thick layers, the Mn content o
which is 7.6%~sample A! and 10.3%~sample B! as mea-
sured by secondary ion-mass spectrometry~SIMS! depth
profiles. Conductivity measurements reveal both sample
be electrically highly resistive~r'1 MV cm! even at room
temperature. Above room temperature, thermally activa
conduction sets in with an activation energy of 0.15 eV.

Nucleation and growth is monitoredin situ by reflection
high-energy electron diffraction~RHEED!. Structural prop-
erties of the layers are investigated by x-ray diffracti
~XRD! and transmission electron microscopy~TEM!. Sym-
metric high-resolution triple-axis x-rayv-2u scans are taken
with a BedeD3 diffractometer equipped with a CuKa1
rotating-anode source, a Bartels-type Ge~002! monochro-
mator and a Si~111! analyzer. TEM is performed using
JEOL3010 microscope operating at 300 kV. The bright-fi
micrographs are taken with a diffraction vectorg5@0002#.
The magnetization measurements are done in a quantum
sign superconducting quantum interference device~SQUID!
setup. Magnetization loops are recorded at various temp
tures for magnetic fields between65 kOe. Prior to measur
ing the temperature dependence of the magnetization,
sample is first cooled from room temperature to 2 K either
under a saturation field of 10 kOe@field cooled~FC!# or at
zero field @zero field cooled~ZFC!#. For ac susceptibility
measurements, an ac amplitude of 3.5 Oe is used. The m
netic field is applied parallel to the surface, i.e., perpendi
lar to thec axis, in all measurements. All data are correc
for the diamagnetic contribution of the substrate.

III. STRUCTURAL CHARACTERIZATION

During nucleation of the layers, a spotty RHEED patte
is initially observed reflecting a purely three-dimension
growth mode. Upon the deposition of 10 ML~Ga,Mn!N, the
RHEED pattern becomes entirely streaky. Figure 1 shows
RHEED pattern along thê112̄0& azimuth during growth.
The streaky RHEED pattern reflects a two-dimensio
growth mode and a smooth surface. It is noteworthy that
pattern does not exhibit the~232! reconstruction which we
encounter when growing pure GaN.17 This finding may be
indicative of the presence of a Mn floating layer on t
growth front. However, the intensity of the RHEED patte
stays constant during growth, suggesting that the Mn co
age rapidly reaches a steady-state value due to a balan
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adsorption and desorption of Mn adatoms. In fact, the SI
depth profiles show no accumulation of Mn at the as-gro
surface, and the Mn content is constant over the entire de
of the layer.

The crystalline structure of these samples is studied
XRD. Symmetric~0002! and asymmetric~112̄4! x-ray rock-
ing curves for the samples under investigation exhibi
width of 3009 and 9009, respectively, actually lower than
values we observe for equally thin pure GaN layers gro
under these conditions, and comparable to values repo
for high-quality GaN grown by MBE in general. The inco
poration of significant amounts of Mn thus does not deter
rate the crystal quality.

Figure 2 shows a high-resolution triple-axisv-2u scan of
a 450 nm thick~Ga,Mn!N layer grown here on a 195 nm
thick GaN buffer layer on 6H-SiC~0001!. The reflections of
both epilayers are clearly resolved. The simulation has b
done simply by using appropriate lattice constants to ma
the angular position of these reflections. Note that the refl
tion of ~Ga,Mn!N occurs at a larger angle than that of th
GaN buffer layer, revealing a smallerc lattice constant for
the alloy as compared to GaN. The shape of the experime
profile is described well by the simulation~for which we
used an instrumental broadening of 179!, indicating that in-
homogenous strain is virtually absent in these layers. T

FIG. 1. RHEED pattern of~Ga,Mn!N during growth along the
^112̄0& azimuth.

FIG. 2. Experimental~h! and simulated~—! triple-axis v-2u
scan across the GaN~0002! reflection of a~Ga,Mn!N/GaN structure
grown on 6H-SiC~0001!. The Mn-content of the layer as indicate
has been determined by SIMS.
5-2
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finding suggests a homogeneous incorporation of Mn in
~Ga,Mn!N alloy.

In Fig. 3, we showc as a function of Mn-content for thre
;350 nm thick~Ga,Mn!N layers grown on 4H-SiC. Solid
squares represent sample A and B as well as ano
~Ga,Mn!N layer with 14% Mn content grown under identic
conditions except for the Mn/Ga ratio. Open squares rep
sent a number of pure GaN samples grown on 4H-SiC.
values measured for the latter samples scatter by60.001 Å,
which may originate in a slight variation of the substra
lattice constant due to doping inhomogeneities or a sli
difference of the thermal strain in the GaN layer. In any ca
despite this scatter the value ofc is seen to decrease linear
with increasing Mn-content, indicating a predominantly su
stitutional incorporation of Mn. It is interesting to note th
an opposite trend is observed for~Ga,Mn!As, where the out-
of-plane lattice constant is found to increase with the M
content.18

Figure 4 shows bright-field TEM micrographs of samp
A and B. Both the samples are seen to be homogene
layers without any evidence for a secondary phase. This fi
ing is in contrast to layers with higher Mn content, whe

FIG. 3. Lattice constantc obtained from triple-crystalv-2u
scans versus Mn content. The solid squares represent~Ga,Mn!N
layers. The open squares represent a number of pure GaN sam
grown on 4H-SiC. The solid line is a linear fit to the data, t
parameters of which are given in the figure.

FIG. 4. Bright-field TEM micrographs of~a! sample A and~b!
sample B. The contrast close to the~Ga,Mn!N/SiC interface stems
from dislocation loops. The dark lines intersecting the microgra
originate from screw dislocations.
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nm-size clusters are observed in the micrograph.14 We note
that we were unable to detect the presence of these clu
by XRD, presumably because of their minuscule size res
ing in a significant broadening of the reflection. The abse
of additional reflections in XRD profiles is thus no proof fo
the absence of precipitates or clusters.

IV. MAGNETIZATION

A. Temperature dependence of dc magnetization

Figure 5 shows the temperature dependence of FC
ZFC magnetization curves for samples A@Fig. 5 ~a!# and B
@Fig. 5~b!# at a magnetic field of 100 Oe. Both samples e
hibit a quite similar behavior, namely, a pronounced FC-Z
irreversibility and a sharp cusp in the ZFC curves. These
features are fingerprints for spin-glass systems.15 A closer
inspection of these curves reveals a two-step irreversible
cess. First, a weak irreversibility occurs at around 6 K which
is then followed by a strong irreversibility close to 3 K~in-
dicated by arrows!. This two-step irreversibility has been ob
served in many Heisenberg spin-glasses and is comm
attributed to the freezing of transversal~weak irreversibility!
and longitudinal~strong irreversibility! spins.19–21 The FC
and ZFC curves converge above 6 K and gradually decreas
with the increase of temperature, indicating paramagnetic
havior at higher temperatures. The respective insets of

les

s

FIG. 5. Temperature dependence of field-cooled~FC! and zero-
field-cooled~ZFC! dc magnetization at 100 Oe for sample A~a! and
sample B~b!. Arrows indicate the onset of weak and strong irr
versibility. The respective insets show the magnetization loops
and 10 K.
5-3
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figure show the magnetization loops at 2 and 10 K. A h
teresis is seen only below 6 K, as expected from the FC
ZFC curves.

In Fig. 6, the inverse dc susceptibility measured
sample B atH5200 Oe is plotted versus temperature.
expected, a clear linear dependence is found above 8
Above 200 K, the data scatter because the diamagnetic
tribution from the substrate dominates the magnetization.
have fit the data between 80 and 200 K by the Curie-We
law

x5
C

~T2u!
, ~1!

whereC5Nm2/3kB andu5(2/3)xS(S11)z(J/kB). Here,N
is the number of Mn ions per cm3, m5gmB@S(S11)#1/2 the
spin magnetic moment,x the Mn content,z the number of
nearest neighbors~12 for a wurtzite lattice!, and J the
nearest-neighbor exchange integral. In~Ga,Mn!N, g52 and
S55/2, as has been determined by electron spin resonan22

The fit by Eq. ~1! yields m57.22mB and J/kB521.58 K.
Both values are close to those obtained in Ref. 3 for a sam
with similar Mn concentration. It is interesting to note th
the antiferromagnetic Mn-Mn nearest-neighbor interaction
II-VI DMS is about one order of magnitude larger.23 Further-
more, the value ofm is close to the theoretical value o
g@S(S11)#1/2mB55.92mB . The negative value ofJ reflects
the antiferromagnetic Mn-Mn nearest-neighbor interaction
quantitatively similar behavior is also observed for sampl
~u5210.4 K!.

B. Isothermal remanent dc magnetization

Since the properties of samples A and B are qualitativ
identical, we will focus in the following on sample B. Th
isothermal remanent magnetization~IRM! of this sample is
obtained by cooling the sample in zero field from 100 to 2
increasing the field to the desired value, holding it there fo
min, then turning the field to zero and observing the rem
nent magnetization as a function of time. We have stud
the IRM at various initial magnetic fields between 1 to
kOe. The remanent magnetizationM IRM(t) decays so slowly
that its value remains nonzero even after 2 h of decay. This is
again a fingerprint of spin-glasses. Figure 7 shows the

FIG. 6. Inverse dc susceptibility of sample B~at H5200 Oe) as
a function of temperature~open circles!. The straight line represent
the Curie-Weiss law withu5211.4 K.
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perimental data as well as fits to them according
M IRM(t)5M02a ln(t) at 1, 2 and 3 kOe. The fits are no
perfect, but significantly better than those obtained with
stretched exponential. In the inset of Fig. 7 we show
values of the two fitting parametersM0 and a as well as
M IRM at t5300 s as a function of the field. All these param
eters increase rapidly with the magnetic field up to 3 kOe a
then saturate. This behavior has been observed in sev
different spin-glasses24–26 and is also supported b
theory.27,28 Furthermore, the clear correlation betweenM0
anda is a manifestation of the memory of a spin-glass.

C. Frequency dependence of ac susceptibility

The temperature dependent ac susceptibility is meas
at various measurement frequencies ranging from 0.1 Hz
kHz. Representative examples are shown in Fig. 8. The
part x8 of the complex susceptibility exhibits a pronounc
peak at a temperatureTf around 5 K. The imaginary partx9
exhibits a sudden onset at a temperatureTi ~around 6 K!
slightly aboveTf . This behavior is characteristic for a spin
glass:Ti indicates the onset of the weak irreversibility and
considered to be related to transversal spin freezing, whe
Tf is considered to be related to the strong irreversibility a
thus to longitudinal spin freezing.29 Both Tf andTi increase
with the measurement frequency (f ). The frequency sensi
tivity of Tf is determined to beD Tf /Tf D ln f50.012. This
value is comparable to those reported for other canon
spin-glass systems, e.g., Cd0.6Mn0.4Te: 0.02 ~II-VI DMS
spin-glass!, Cu:Mn: 0.007 ~metallic spin-glass!, and

FIG. 7. Isothermal remanent magnetization in aM IRM(t) versus
ln(t) representation. The solid lines represent the fit to the exp
mental data. The inset of the figure shows the dependence of th
parametersM0 ~squares! and a ~triangles! as well asM IRM mea-
sured at 300 s~circles! on the magnetic field. The lines are guides
the eye.
5-4
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OBSERVATION OF SPIN-GLASS BEHAVIOR IN . . . PHYSICAL REVIEW B67, 165205 ~2003!
Eu0.6Sr0.4S: 0.05~insulator spin-glass!.29 Assuming a phase
transition atT0 , the spin freezing can be analyzed in terms
a critical slow down aboveT0 using the following
expression:29–31

f t05AFT2T0

T G2zn

, ~2!

wheren is the critical exponent for the correlation lengthj,
andz is the dynamic exponent relatingf to j by 1/f >tojz.
The experimental variation ofTf( f )[T has been analyze
using Eq.~2! as shown in the inset of Fig. 8. We obtain
phase transition temperatureT054.5 K, zn510 and t0
'10211 s. The shortest relaxation timet0 compares well
with \/kBTo51.68310212 s. The value ofzn510 is close
to the values (zn'8210) reported for the spin-glasse
Cd0.6Mn0.4Te ~Refs. 29,32! and Eu0.6Sr0.4S.33 It also agrees
well with the simulation of Ogielski30 for 3D spin-glasses
with short-range interaction.

D. Magnetic field dependence of ac susceptibility

In a Heisenberg spin-glass, both strong and weak irrev
ibility lines are predicted to follow at5cha behavior, with
the reduced temperaturet5@12Tf ,i /T0#, the reduced mag
netic fieldh5mH/kBT0 whereT0 is the transition tempera
ture, a pre-factorc and a simple fraction or an integera. In
an ideal 3D-Heisenberg spin-glass without any anisotro
the weak irreversibility line related to the freezing of th
transversal spin components~perpendicular to the applie
field! is predicted to follow a Gabay-Toulouse-~GT-! like be-
havior with t}h2, whereas the strong irreversibility line re
lated to the freezing of the longitudinal spin components
expected to be DeAlmeida-Thouless-~AT-! like with t

FIG. 8. Temperature variation of the real and imaginary parts
the ac susceptibility at various measurement frequencies. Cu
through the data are guides to the eye. The inset of the figure sh
the frequency-dependent shift of the peak positionTf of the real
part. The solid curve is the fit to the data by Eq.~2!.
16520
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}h2/3.34 This behavior has been observed in various we
characterized Heisenberg spin-glass systems@such as, e.g.,
Cd12xMnxTe ~Ref. 29!#.

Figures 9~a! and 9~b! show the temperature dependence
the real and imaginary part of the complex susceptibi
measured at various dc magnetic fields from 0 to 500
with 10 Hz of ac frequency.Tf andTi ~indicated by arrows!
decrease with increasing dc field.Tf(H) shows AT-like be-
havior, as expected for a Heisenberg spin-glass as seen
the inset of Fig. 9~a!. However,Ti(H) does not follow a
GT-like behavior as expected for an isotropic Heisenb
spin-glass.Ti(H) rather exhibits a strong dependence onH
as is evident from a much larger variation ofTi with H
compared with, e.g., Cd0.45Mn0.55Te @where Ti(H) indeed
exhibits a GT-like behavior#. For Cd0.45Mn0.55Te, the ob-
served variation ofTi is reported to be of the order o
1022 K29 for a change inH of 100 Oe, whereas in the
present case the change is several Kelvin. In fact,Ti(H) is
observed to follow aH2/3 dependence, as shown in the ins
of Fig. 9~b!. A similar behavior~AT-like! of the weak irre-
versibility line has been observed in Eu0.4Sr0.6S which has
been attributed to a large local anisotropy energy of 0.4
present in this particular Heisenberg spin-glass.33 If the an-
isotropy is large, the anisotropy parameterd5D/J, whereD
is the mean anisotropy energy, plays a crucial role in de
mining the behavior of the irreversibility lines. It has bee
shown theoretically that the weak irreversibility line ca

f
es
ws

FIG. 9. Temperature variation of the~a! real and~b! imaginary
part of the ac susceptibility at various dc fields.Tf and Ti ~solid
squares! are plotted versusH2/3 in the insets of~a! and~b!, respec-
tively. The solid lines show linear fits to the data.
5-5
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show AT-like behavior ifd@h2/3.35 An accurate determina
tion of d in the present sample is not possible because of
lack of knowledge regarding the various sources of anis
ropy present in the crystal. However, a lower-bound estim
of d is obtained by calculating the dipolar anisotropyD/kB

@D5m2/r 3 with r 5(3/4pN)1/3] which turns out to be 0.6 K,
similar to the value observed for Eu0.4Sr0.6S ~0.4 K!. The
minimum value ofd is thus 0.38, significantly larger than th
value ofh2/350.14 for the maximum dc field~500 Oe! used
in our experiments.

A qualitatively identical behavior as reported above
seen also for samples with lower and higher Mn content~the
latter of which exhibit Mn-rich clusters that additionally giv
rise to ferromagnetism at high temperatures!. The main dif-
ference between these samples is the spin-freezing tem
ture, which is found to increase with the Mn-content
shown in Fig. 10 even for the sample incorporating cluste
In fact, the volume fraction of these clusters is very sm
~,1%!,13 and the overwhelming majority of Mn atoms co
tinue to occupy substitutional sites in the matrix as also
dicated by the monotonous change of the lattice constant~see
Fig. 2!. The spin-glass character of~Ga,Mn!N is thus pre-
served even when precipitation occurs.

The dramatic difference in the magnetic properties of
insulating spin-glass~Ga,Mn!N and the metallic ferromagne
~Ga,Mn!As appears puzzling at the first glance, but is eas
explained. In the absence of free carriers, the Mn-Mn in
action is expected to be antiferromagnetic, and only the p
ence of a sufficient concentration of free carriers can ren
the antiferromagnetic Mn-Mn interaction into a ferroma
netic one.2 Since Mn forms a relatively shallow accept
level in GaAs~100 meV!, the Mn impurity band merges with
the valence band at sufficiently high Mn concentratio
which effectively results in metallicp-type conductivity. In
contrast, Mn in GaN has been experimentally observed
Korotkov et al.36 to form a very deep state within the ga
~1.4 eV!. Even at very high concentrations~such as 10%! Mn
will thus form merely an impurity band which will effec
tively pin the Fermi level and render the crystal into an
sulator, as experimentally observed for our samp
~Ga,Mn!N thus resembles Mn-doped II-VI DMS in that

FIG. 10. Peak positions of the temperature dependent ZFC m
netization curves measured at 100 Oe as a function of Mn con
tration. The solid line is a guide to the eye.
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fulfills the two criteria for a spin-glass, namely, randomne
~since it is a diluted alloy! and frustration~which is inherent
to the wurtzite lattice!.

It has to be noted that, qualitatively, a superparamag
behaves very similar to a spin-glass. Quantitatively, howe
superparamagnetic materials neither exhibit a cusp in Z
curves as sharp as that observed in Fig. 5~because of the size
distribution of the ferromagnetic clusters!, nor do they follow
the scaling behavior shown in Fig. 8 and the AT-like fie
dependence of the spin-freezing temperature shown in Fig

Finally, reports in the literature about highn-type conduc-
tivity in ~Ga,Mn!N layers should be considered with gre
caution. First, many~Ga,Mn!N layers are grown on GaN
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. S
ond, the extraordinary Hall effect present in ferromagne
crystals greatly complicates the analysis of Hall effect m
surements. Third, if clustering occurs, the crystal is elec
cally inhomogeneous and cannot be analyzed in a strai
forward manner by the standard van der Pauw techniq
Fourth, even an actualn-type conductivity of the layer may
merely indicate excessive clustering, such that the matri
essentially depleted of Mn. In fact, we have found th
samples with a Mn content below 10% but grown at hi
temperature~810 °C! are conducting as well as ferromag
netic, indicating that cluster formation is greatly facilitate
by the high growth temperature. Considering all these poi
it is evident that a reliable interpretation of the electric
properties of~Ga,Mn!N may be extremely demanding, an
cannot be done without a detailed analysis of the struct
and magnetic properties of the system.

V. CONCLUSIONS

We have shown that homogeneous~Ga,Mn!N is intrinsi-
cally a Heisenberg spin-glass. This discovery may have
portant implications for the understanding of spin-glasses
general, since it adds a new material class~an insulating
wurtzite III-V compound! to the list of known spin-glasses
Where possible, we have generated quantitative result
facilitate comparison with existing theories. In fact, the co
parisons made in the present paper are generally in g
agreement with theory, although details may need furt
theoretical refinement. The ferromagnetism of~Ga,Mn!N re-
ported in several publications is likely not to be an intrins
property of insulating~Ga,Mn!N, but a consequence of pre
cipitation, the microscopic nature of which remains to
unraveled. Finally, we suggest that codoping of GaN w
Mn and Mg ~Ref. 37! may well prove to be both scientifi
cally fascinating and important from the point of view o
applications, since the~moderate! concentration of free holes
provided by the comparatively shallow Mg acceptors m
turn the antiferromagnetic Mn-Mn interaction into a ferr
magnetic one. If successful, such experiments would prov
an invaluable test of the model developed by Dietlet al.2

g-
n-
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