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Using a low-temperature molecular-beam epitaxy growth procedure, Ga12xMnxAs — a III-V diluted mag-
netic semiconductor — is obtained with Mn concentrations up tox;9%. At a critical temperatureTc ~Tc

'50 K for x50.03– 0.05!, a paramagnetic to ferromagnetic phase transition occurs as the result of the inter-
action between Mn-h complexes. Hole transport in these compounds is strongly affected by the antiferromag-
netic exchange interaction between holes and Mn 3d spins. A model for the transport behavior both above and
below Tc is given. AboveTc , all materials exhibit transport behavior which is characteristic for systems near
the metal-insulator transition. BelowTc , due to the rising spontaneous magnetization, spin-disorder scattering
decreases and the relative position of the Fermi level towards the mobility edge changes. When the magneti-
zation has reached its saturation value~below ;10 K! variable-range hopping is the main conduction mecha-
nism. The negative magnetoresistance is the result of the expansion of the hole wave functions in an applied
magnetic field.@S0163-1829~97!04044-7#
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I. INTRODUCTION

Diluted magnetic semiconductors~DMS! are semiconduc-
tor alloys in which part of the lattice atoms has been sub
tuted by a magnetic atom, thus inserting a local magn
moment into the lattice. The most extensively studied a
understood are based on II-VI materials in which a fract
of the group-II element has been replaced by mangane1

Munekataet al.2 reported the first successful growth of
III-V DMS by molecular-beam epitaxy, namel
In12xMnxAs. We have been able to grow near-perfe
Ga12xMnxAs samples with high Mn concentrations by ma
ing use of a low-temperature growth procedure. III-V DM
560163-1829/97/56~20!/13103~10!/$10.00
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containing Mn differ from their II-VI counterparts in that Mn
not only introduces a magnetic moment into the lattice
also functions as an acceptor. The coupling between the
magnetic core and the hole lies at the basis of the magn
and magnetotransport behavior observed in these mater

II. SAMPLE PREPARATION
AND STRUCTURAL ANALYSIS

A. Growth and post-growth annealing

GaAs grown by molecular-beam epitaxy~MBE! at low
temperature~LT! ~200–300 °C instead of the normal grow
temperature of 580–600 °C! is excellent material with good
13 103 © 1997 The American Physical Society
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crystal quality. When a growth procedure comparable to t
of LT-GaAs is used, Mn concentrations up to 9% can
incorporated while retaining crystal homogeneity.3,4 All
Ga12xMnxAs layers were grown on GaAs~100! substrates; a
LT-GaAs buffer layer of typically 100 nm is deposited b
fore a Mn flux is supplied to grow Ga12xMnxAs. The exact
Mn concentration is determined after growth by energy d
persive x-ray analysis~EDS! or x-ray Bragg diffraction.
Samples of 3mm thick with Mn concentrations up to 9%
have been grown: the reflection high-energy electron diffr
tion pattern remained streaky throughout the whole gro
procedure and the sample surfaces were smooth and sh

The as-grown samples were annealed for 309 at tempera-
tures above the growth temperature to alter their magn
and electrical properties. During the annealing, the sam
surface is covered with a clean piece of GaAs to avoid
evaporation from the sample surface while a forming gas~a
mixture of 10% H2 and 90% N2! atmosphere suppresses ox
dation during the annealing treatment.

A distinction should be made between two major anne
ing temperature regions. For temperatures slightly above
growth temperature~between 350 and 410 °C! the amount of
magnetically and electrically active Mn atoms in th
Ga12xMnxAs lattice gradually reduces as the annealing te
perature is increased. This was used to changex continu-
ously and in a controlled way in different pieces originati
from one and the same growth, thus keeping all other par
eters~buffer layer, interface quality, sample thickness, . . . !
constant. When samples are submitted to temperatures a
500 °C, ferromagnetic MnAs clusters start to form; initial
small enough to exhibit superparamagnetic behavior
growing in size as the annealing temperature is increase
to 750 °C, above which the material starts to deteriorate
lose its magnetic properties. A study of these clustered
tems has been published elsewhere.3,5 It should be stressed
that by simply subjecting one sample to different anneal
temperatures, a whole variety of physical systems can
studied, ranging from a homogeneous diluted magnetic se
conductor to nanoscale ferromagnetic precipitates embed
in a semiconductor matrix.

B. Crystal structure

MBE grown LT-GaAs epilayers have the zinc-blen
crystal structure of GaAs (a55.6533 Å), except that they
contain 1–2 % excess arsenic, resulting in an expansio
the lattice parameter of the order of 0.094%.6,7 When sub-
mitted to annealing temperatures above;400 °C, metallic
As precipitates form and the lattice parameter evolves
wards the substrate value of GaAs. Precipitates then resid
a near-perfect GaAs lattice.

As a rule, a ternary alloy formed by substituting Mn f
the group-III element in the III-V lattice will retain the crys
tal structure of the parent III-V compound.1 The lattice pa-
rameters of all known DMS ternary alloys obey Vegard
law very closely; applied to Ga12xMnxAs it states

aGaMnAs5~12x!aLT-GaAs1xaMnAs , ~1!

where aLT-GaAs55.6572 Å andaMnAs56.014 Å2 is the lat-
tice parameter of the hypothetical zinc-blende MnAs. T
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validity of Eq. ~1! was confirmed by EDS measurements ox
in samples with a high Mn incorporation.

Subsequently, the lattice parameter—as determined b
ray diffraction—is used to calculate the Mn concentrationx
for samples with lower concentrations (x,2 – 3 %) where
EDS lacks accuracy and for samples submitted to lo
temperature annealing to determine the fraction of Mn
maining in the Ga12xMnxAs lattice. In the latter Mn is ex-
tracted from the Ga12xMnxAs lattice ~probably into Mn-As
complexes! but not from the sample as a whole. The chan
in lattice parameter through the extraction of Mn from t
DMS lattice is illustrated in Fig. 1, whereu22u-scan data
are shown for sample M311 submitted to different anne
ings. A LT-GaAs reference sample was grown and submit
to the same annealing treatments as the Ga12xMnxAs layers.
As the u22u-scans~Fig. 1! show no changes in the refe
ence layer for annealing temperatures below 410 °C, we c
clude that the presence of Mn enhances the mobility of
excess As atoms. From high resolution electron microsc
~HREM! pictures on multilayered structures of cluster
Ga12xMnxAs/GaAs/AlAs it can be inferred that As atom
are much more mobile than Mn atoms and diffuse prefer
tially towards the Mn atoms to form MnAs complexes.3 This
conforms with the observations in Sid-doped LT-GaAs~Ref.
7! where it was found that doping lowers the onset tempe
ture of cluster formation and excess As atoms preferenti
migrate towards the impurity layer. An overview of th
samples, their layer thickness, and Mn concentration is lis
in Table I.

C. Microscopic „local… structure of the DMS lattice

While important from a crystallographic point of view
the local structure of Mn in the Ga12xMnxAs lattice also has
a bearing on a number of other physical phenomena, e.g
the sign of the charge carrier, the carrier concentration,
through this on the magnetic properties of the homogene
DMS material. The microstructure of Mn doped GaAs laye

FIG. 1. X-ray-diffraction measurements on Ga0.913Mn0.087As
~M311! and on a LT-GaAs reference sample, as-grown and a
annealing. The annealing temperatures are indicated in the figu
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has been investigated in the past for doping concentrat
up to 1018– 1019 cm23. Mn was found to reside on a Ga si
in the zinc-blende structure (MnGa) taking up the accepto
function. The structure of the neutral Mn0 acceptor corre-
sponds to the 3d51hole configuration.7 As no ferromagnetic
behavior is observed at room temperature, it can be assu
that the fraction of Mn atoms clustered into MnAs precip
tates is negligible. All MBE grown~LT-!Ga12xMnxAs
samples showp-type conductivity, indicating that the major
ity of the Mn atoms find themselves in the acceptor funct
on the Ga lattice site (MnGa). However, from the discrep
ancy between x-ray diffraction measurements and magn
zation or transport measurements on as-grown samples
increasing Mn incorporation, we conclude that se
compensation is present. This discrepancy lies in the fact
an increased Mn concentrationx in the Ga12xMnxAs lattice
does not necessarily imply an increased amount of magn
cally and electrically active centers, as will be explained
the next paragraphs. No direct measurements on the cry
lographic position of Mn in a Ga12xMnxAs lattice have been
performed forx.1019– 1020 cm23, but compensation could
come from Mn centers forming the small disordered sixfo
coordinated centers with As (Mn6As) as observed in the
closely related In12xMnxAs compound by Munekata
et al.9,10As these centers give rise ton-type conductivity, the
degree of compensation is determined by the ra
Mn6As/MnGa.

It may be useful to stress that this apparent decreas
Mn concentration through compensation differs from the
traction of the Mn atoms from the actual Ga12xMnxAs lattice
through low-temperature annealing. In the former, part of
Mn atoms in an acceptor position are compensated by t
donor counterparts. All Mn atoms have however taken u
site in the Ga12xMnxAs lattice. When submitted to tempera
tures above the growth temperature, the excess As atom
the lattice become more mobile and exclude Mn centers f
the Ga12xMnxAs lattice by incorporating them into Mn-A
complexes and eventually into MnAs ferromagnetic cluste

These results are not in contradiction with the x-ray d
fraction data which predict Vegard’s law behavior for t
ternary lattice. X-ray diffraction is not sensitive to the top
logical details surrounding an individual lattice point, b

TABLE I. Sample overview.

Sample
name:

Annealing
temperature x Tc

M271 0.060 62 K
~0.4 mm! 370 °C 0.051 54 K

390 °C 0.043 36 K
410 °C 0.029 ?

M279 0.070 45 K
~1.8 mm! 370 °C 0.061 29 K

390 °C 0.038 16 K
M311 0.087 38 K
~2.3 mm! 370 °C 0.077 26 K

390 °C 0.068 18 K
410 °C 0.050 ?
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determines the lattice parametera averaged over many anion
and cation sites. It is the averageda(x) which varies linearly
with x.

D. Magnetic state of the hole bound to the manganese ion

In the most accepted model for a Mn impurity on a Ga
site in the GaAs lattice Mn, being one electron short to fit
into the III-V bonding, takes up an acceptor function.8,11–13

The binding energy of the hole bound to the acceptor is 11
meV and the Bohr radius is;10 Å. The electronic structure
of the neutral Mn acceptor in GaAs, derived from electron-
spin-resonance~ESR! measurements, was described by
Schneideret al.8 The ground state is formed by the antifer-
romagnetic coupling between theS5 5

2 spin of the manga-
nese core and thej 5 3

2 spin of the hole to form a manganese-
hole (Mn-h) complex with total angular momentumJ51
(J5S1 j ). Excited states withJ52, 3, and 4 are formed at
energies 2e, 5e, and 9e, e being the exchange coupling. The
experimental values 2e52.560.5 meV andgJ5152.77 are
determined from ESR and susceptibility in combination with
magnetization measurements.14,15 In a magnetic field, eachJ
level splits up into 2J11 levels. Figure 2 shows the depen-
dence of the energy levels on the magnetic field. The refer
ence level is the one where no magnetic interaction i
present. Crossing of theJ51 with theJ52 level takes place
in a field of nearly 50 T. TheJ51 state can be considered
the sole state contributing to the low-temperature behavio
~below ;10 K! of Ga12xMnxAs for all fields considered in
this paper.

III. MAGNETIC PROPERTIES

Below a transition temperatureTc dependent on the Mn
concentration, the Ga12xMnxAs layers become ferromag-
netic. Magnetization measurements in a very low magneti
field ~0.2 mT! were performed in a SQUID~Fig. 3! and
clearly show the onset of magnetic ordering atTc545 K
for M279. In contrast to the commonly observed magnetic
spin-glass phase transition in II-VI DMS~Ref. 1! the

FIG. 2. Splitting of the energy levels of an isolated Mn-h com-
plex with total spinJ in a magnetic field. The dashed line is the zero
level, i.e., when no magnetic interaction is present. The arrow
marks the crossing of theJ51 and 2 level at;48 T.
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phase transition in Ga12xMnxAs is ferromagnetic: ac-
susceptibility measurements~Fig. 4! show no difference be-
tween zero-field-cooled and field-cooled data and no f
quency dependence.

At 4 K a hysteresis loop with a saturation magnetizatio
of 15 kA/m is observed for Ga0.93Mn0.070As ~M279!. The
coercive field parallel to the sample surface is 3200 kA/
The saturated magnetic moment at 4 K shows a discrepancy
with the concentrations determined by x-ray analysis. Fro
the saturation magnetizationM5mBgJ51JNMn /V @
gJ5152.77 andJ51 ~Refs. 8 and 16!# about 40% of the Mn
in the Ga0.93Mn0.070As ~M279! lattice is estimated to contrib-
ute to the ferromagnetic behavior. As mentioned above t
is due to the fact that a fraction of the Mn atoms forms th
small disordered sixfold-coordinated centers with As~Mn6As!
as observed in In12xMnxAs. As these centers take up a dono

FIG. 3. Magnetization measurements performed
Ga0.930Mn0.070As ~M279! in a SQUID in a magnetic field of 0.2 mT
show the onset of magnetic ordering atTc545 K. The inset shows
the hysteresis measured atT54 K with the field parallel to the
surface.

FIG. 4. ac-susceptibility measurements on Ga0.930Mn0.070As
~M279! as a function of temperature show no difference betwe
field-cooled and zero-field-cooled data (B510 mT). The field-
cooled data are displaced for clarity.Tc545 K is marked in the
figure.
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function, it can be estimated that in M279 about 30% of the
incorporated Mn atoms reside on this Mn6As site, compensat-
ing Mn atoms on a substitutional lattice site. Only the un-
compensated Mn atoms can form a Mn-h complex and thus
contribute to the ferromagnetic behavior.Tc increases with
Mn concentration up tox;5%; excess incorporation of Mn
only adds to the amount of Mn6As centers, resulting in a
lower net amount of Mn-h complexes and consequently a
decrease inTc . This hypothesis is further supported by the
transport behavior where a lowering of the Fermi level rela
tive to the mobility edge is observed for increasing Mn in-
corporation~above ;5%!, as discussed in the next para-
graph. It is already obvious that the hole in the Mn-h
complex plays the crucial role in mediating the ferromag-
netic interaction.

Post-growth annealing reduces the amount of magnet
cally ~and electrically! active Mn atoms as illustrated in Fig.
5, where M311 has been submitted to different annealin
temperatures. The extraction of Mn through annealing differ
from the mechanism of compensation as explained in th
previous paragraph. For the highest Mn incorporations it is
not unlikely that a fraction of the Mn atoms in the as-grown
material is absorbed in Mn-As complexes, but this is ac
counted for by the use of x-ray diffraction to calculate the
actual value ofx in Ga12xMnxAs.

Magnetization measurements at 4 K with a torque mag-
netometer in a magnetic field up to 20 T~Fig. 6! reveal that
the saturation magnetization is fully reached at a very low
field and does not increase anymore beyond that. The me
surements were performed on three different samples, ea
with a differentTc . The diamagnetic background from the
GaAs substrate was measured on a reference GaAs sam
and then substracted from the Ga12xMnxAs signal. The re-
sults shown in Fig. 6 are unambiguous: the linear behavior o
the torque as a function of the applied field illustrates the
constant magnetization. This is an important fact because
makes the model of the partially saturated bound magnet
polaron as suggested by Ohnoet al.16 for In12xMnxAs inap-

n

n

FIG. 5. Magnetization measurements atT510 K on
Ga0.913Mn0.087As ~M311! show a decrease in saturation magnetiza-
tion after low-temperature annealing. The annealing temperature
are indicated in the figure.
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56 13 107INTERPLAY BETWEEN THE MAGNETIC AND . . .
plicable to Ga12xMnxAs. Ohnoet al. explain the negative
magnetoresistance observed in In12xMnxAs through the for-
malism of unsaturated bound magnetic polarons having p
tially aligned spins in zero field. Alignment of the cante
spins in a magnetic field could then be responsible for t
negative magnetoresistance. The high-field magnetizat
data exclude that this is also the case for Ga12xMnxAs; the
negative magnetoresistance at low temperatures canno
explained by an increased magnetization. The high-fie
magnetization data show no contribution from the Mn atom
not participating in the ferromagnetic phase.

The observed temperature dependence of the spontane
magnetization in Ga12xMnxAs ~Fig. 7! differs from the uni-
versal behavior of ferromagnets17 ~represented by the dashe

FIG. 6. Torque measurements in fields up to 20 T o
Ga0.940Mn0.060As ~M271!, Ga0.930Mn0.070As ~M279!, and
Ga0.913Mn0.087As ~M311!. The linear behavior corresponds to a con
stant magnetization.

FIG. 7. The saturation magnetization@Ga0.930Mn0.070As ~M279!
and Ga0.913Mn0.087As ~M311!# as a function of temperature. The
dashed line represents the universal behavior of ferromagnets
sulting from a single ferromagnetic exchange interaction. The so
lines are fits based on the mean-field theory extended to multi
exchange mechanisms.
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line in Fig. 7! because it is the result of multiple exchan
interactions. A qualitative understanding of this behavior c
be gained by extending the mean-field theory, incorporat
different exchange mechanisms. First, there is the coup
between the spinS of a Mn core and the spinj of the hole
surrounding it, known to be antiferromagnetic. Second,
suming the holes to be responsible for the ferromagnetic
dering, the interaction between the hole spins results i
parallel alignment and is called ferromagnetic. The dir
exchange interaction between two Mn cores is conside
negligible. The Hamiltonian describing the magnetic ene
of one hole with spinj is

Hh52(
l

Jl
hhj• j l2JMnhj•S1ghmBj•B, ~2!

where j , j l , andS are the spin operators for the holes a
the Mn core, respectively,Jhh is the hole-hole exchange
coupling constant (Jhh.0) and JMnh is the Mn-hole
exchange-coupling constant (JMnh,0). In the second term
we have assumed that the Mn spinS only interacts with the
one hole surrounding it. When we restrict the summation
the first term to the nearest neighbors instead of all lat
sites occupied by a Mn-h complex and assumeJhh to be
constant for all nearest-neighbor pairs, in the mean-field
proximation the magnetic energy of the hole becomes

Eh5@2qJhh^ j z&2JMnh^Sz&1ghmBB# j z , ~3!

q is the number of nearest-neighbor holes. In analogy to
mean-field theory the degree of polarization of the hole s
is

^ j z&5
3

2
Bj S ~2qJhh^ j z&2JMnh^Sz&1ghmBB! j

kT D , ~4!

whereBj is the Brillouin function. The Hamiltonian describ
ing the magnetic energy of a Mn core can be written

HMn52JMnhj•S1gMnmBS•B, ~5!

with gMn52. Making the approximations as stated above,
expression for̂ Sz& becomes

^Sz&5
5

2
BSS ~2JMnh^ j z&1gMnmBB!S

kT D . ~6!

Equations~4! and ~6! form a set of equations that can b
solved numerically to obtain the magnetization as a funct
of temperature. Applied to the experimental data presente
Fig. 7, the obtained fitvalues for the exchange constants
qJhh51.0 meV for M311, qJhh52.2 meV for M279, and
JMnh521.2 meV for both samples, in excellent agreeme
with the value of the exchange constant as determined
dilute systems (JMnh'2e). The strength of the ferromag
netic interaction, given byqJhh, is smallest for M311, in
agreement with the lower amount of magnetically act
Mn-h complexes.
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IV. TRANSPORT PROPERTIES

A. The impurity band

For high doping concentrations, impurity states belong
to different centers merge into an impurity band of fin
width in energy. Depending on the doping~and compensa
tion!, the electronic states of the impurity band may be
calized or delocalized.18–20 If the Fermi level is well in the
localized-state region, conduction at low temperatures is
to carrier hopping and is exponentially dependent on te
perature and impurity concentration. The material is cons
ered an insulator. If the Fermi level is in the extended regi
conduction remains finite at zero temperature and the m
rial is called metallic. The transition between both regimes
called the metal-insulator transition~MIT ! and the energy
level separating the localized from the extended states
been named the ‘‘mobility edge’’Em .

The band structure and relative positions of the Fe
level and mobility edge are estimated in the following calc
lations. The bandwidthW is given by

W52qI, ~7!

whereq is the coordination number and the overlap integ
I between two sites at a distanceR apart can be written as18

I 5F3

2
~11aR!1

1

2
~aR!2G e2a

k
exp~2aR!, ~8!

where a51/a0 ~a0 being the effective Bohr radius of th
isolated wave function! and k is the dielectric constant o
GaAs. The middle of the band lies at an energy

1

2

e2a

k
~9!

above the valence band~'110 meV for Mn in GaAs!. It can
easily be calculated that merging occurs foraR'2.55, cor-
responding tox'0.002.

When 4.9% of the Ga atoms have been replaced by a
atom~as is the case for M279!, a half bandwidth of 215 meV
is obtained. The impurity band, however, is only partia
filled ~represented by the shaded region! because of the com
pensation. From the saturation magnetization measurem
it was estimated that, for M279, only 60% of the band
filled ~at T50 K!. An energy diagram is sketched in Fig.

It may be useful to mention that, although the MIT
generally related to the overlap of the lower and upper H
bard band,18,20 we have only considered merging of the im
purity band~or lower Hubbard band! with the valence band
We have done so because the coupling of the carriers
the magnetic Mn centers enhances the separation betw
the two Hubbard bands: the energy required to take a h
from one of the centers and put it on a distant already oc
pied one is now considerably larger than just the Coulo
energy separating the two Hubbard bands in the M
Hubbard-Anderson model.20 The MIT in our model is com-
pletely analogous to the MIT as described in the Mo
Hubbard-Anderson model, except that the valence b
takes the role of the upper Hubbard band. An important c
sequence is that both the critical concentration at which
MIT takes place and the minimum metallic conductivity a
g
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larger than would be expected from the Mott criterion~i.e.,R
decreases by a factor of two18!:

smin5C
e2

\Rcrit
, ~10!

with C'0.1 andRcrit525.5 Å as calculated above,smm is
about 100 (Vcm)21.

B. High-temperature behavior: T>Tc

AboveTc , resistivity measurements~Fig. 9! show a trans-
port behavior characteristic for systems near the me
insulator transition, where the resistivity is inversely propo
tional with temperature. Dubson and Holcomb21 derived the
temperature dependence of the conductivity near the M
point from the energy dependence of the zero-tempera
conductivity properties around the Fermi level. When a
plied to hole transport, this temperature dependence is g
by

s~T!;kT lnF11expS Em2Ef

kT D G . ~11!

This equation is valid only within a critical range around t
MIT: deep on the insulating side of the transition we exp
hopping conduction to dominate and on the metal side of
transition, the assumptions behind Eq.~11! break down for
s.smin . Above Tc , all samples studied in this paper fa
within this critical region.

FIG. 8. Schematic representation of the band structure in
Ga12xMnxAs compound withx@0.2%. The shaded regions ind
cate the occupied states atT50 K. ~a! Above Tc , conduction oc-
curs through thermal excitation of holes to states belowEm . ~b!
Below Tc the localization has increased and the main contribut
to the conductivity comes from hopping conduction between loc
ized states.
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According to Eq.~11!, the low-temperature conductivit
close to the metal-insulator transition becomes

s~T→0!;kT exp
Em2Ef

kT
for ~Em2Ef !,0,

sMIT;kT ln 2 for ~Em2Ef !50,

s~T→0!;~Em2Ef ! for ~Em2Ef !.0. ~12!

On the insulator side@(Em2Ef),0 for hole transport#,
transport at low temperatures approaches the activated
havior typical for insulating materials. The temperature d
pendence of the conductivity at the MIT is linear. On t
metal sides(T→0) tends towards the low-temperature co
ductivity given by Abrahamset al.22 when the critical expo-
nent is approximately 1.

Equation~11! is calculated based on the zero-temperat
conductivities for different positions of the Fermi level an
neglects all temperature-dependent effects other than t
arising from the occupation of the energy levels~i.e., the
conductivity is strictly proportional to the amount of char
carriers above the mobility edge when a constant mob
and a constant density of states are assumed!. Including the
temperature dependence of phonon scattering and revert
to resistivity, Eq.~11! becomes

FIG. 9. Resistivity measurements on Ga0.940Mn0.060As ~M271!
(A) and Ga0.930Mn0.070As ~M279! (B), as-grown~A0 andB0!, and
after annealing~A1 andB1 were annealed at 370 °C,A2 andB2
were annealed at 390 °C,A3 was annealed at 410 °C!. Fits are
shown for the high-temperature (T.Tc) behavior. The arrows in-
dicate the paramagnetic to ferromagnetic phase transition. The
part of the figure shows the effect of the spin-disorder scattering
the resistivity (rSD), as calculated for M279 (B0) from magnetiza-
tion data.
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r~T!5
C11F

kT lnS 11exp
Em2Ef

kT D , ~13!

with

F5
C2

exp
uD

T
21

, ~14!

whereF represents phonon scattering~C2 is a constant!, C1
represents the temperature-independent part of the mob
anduD is the Debye temperature. All fitted resistivity curve
showed a Debye temperature close to 385 K in agreem
with the phonon frequency in GaAs. The sign of (Em2Ef)
obtained from the fit reveals whether the material is on
insulating or metallic side of the MIT. From Fig. 10 it i
evident that by lowering the active Mn content~either by
changing the effusion flux during growth or by post-grow
annealing!, Ga12xMnxAs can be tuned through the meta
insulator transition. M311~for all annealing treatments!,
M271 annealed at 410 °C, and M279 annealed at 370 °C
on the insulator side, M279~as-grown! and M271 annealed
at 390 °C are exactly at the MIT point and all other samp
are metallic. The annealing causes an increase in overal
sistivity; it reduces the amount of Mn-h complexes~cf. Fig.
5! changing both (Em2Ef) and the Curie temperature. Th
decrease inTc as a function of annealing temperature
again proof of the crucial role played by the average dista
between the magnetically active centers~i.e., by the overlap
of the hole orbitals! in the ferromagnetic behavior of th
system.

C. Low-temperature behavior: T<Tc

Below Tc the paramagnetic to ferromagnetic transition
initially accompanied by a decrease in resistivity~Fig. 9!.
For sufficiently low temperatures, the resistivity increas
This behavior is the result of changes in both the sp
disorder scattering and the conduction mechanism. The l
maximum occurs exactly at the Curie temperature, as ca
seen from comparing magnetization~Figs. 3, 4, or 7! and
resistivity data on M279~curve B0 in Fig. 9!. The initial
drop in resistivity belowTc is due to an increase in th
carrier mobility, as is observed in ferromagnet

op
n

FIG. 10. Curie temperature versusEm2Ef ~aboveTc!, as ob-
tained from fits on the resistivity data.
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semiconductors.23 The result of a perturbation calculation o
the spin-disorder scattering on the resistivity in metals (rSD),
but neglecting short-range order, is given by23

rSD5
m* 2kfN

pne2\3 J2FS~S11!2S2S M

M0
D 2

2SS M

M0
D tanhS 3TcM

2TS~S11!M0
D G . ~15!

Applied to the observed magnetization in the Ga12xMnxAs
system,rSD varies as shown in the top part of Fig. 9. Th
spin-disorder scattering remains constant in the paramag
region, belowTc it drops gradually until the magnetic orde
of the spin system is complete. Short-range order will ca
a sharp minimum in the mobility atTc , due to critical
scattering.23 Fits on the resistivity data, however, show th
no such sharp minimum is present and the magnetic co
bution in the carrier mobility can be regarded as a cons
aboveTc . Below ;10 K, the magnetization has reached
saturation value and the spin-disorder scattering does
change anymore with decreasing temperature.

As in traditional ferromagnetic semiconductors, the
creasing magnetization causes a splitting of both the vale
band and the impurity band. In conventional ferromagne
semiconductors the splitting of the impurity band is alwa
smaller than that of the valence band as the acceptor~or
donor! level never originates from the magnetic element;
low Tc the activation energy decreases. This no longer ho
for Ga12xMnxAs. On the contrary, the acceptor level is no
strongly correlated to the magnetic center. Hence, the en
to excite a hole from the impurity band to a nonlocaliz
state ~in the valence band! increases as the magnetizatio
increases. This is sketched in Fig. 8~b!. Below ;10 K ~de-
pending on the Mn concentration! the magnetization ha
reached its saturation magnetization andrSD remains con-
stant. Resistivity measurements reveal variable-range h
ping, characterized by Mott’s law:18,19

r~T!5r0expF S T0

T D 1/4G . ~16!

The observation that the main contribution to the electri
conductivity comes from holes hopping directly between i
purities~without excursion to the valence band! is illustrated
in Fig. 11. As this also applies to samples that were found
be on the metallic side of the MIT aboveTc , the presump-
tion that localization increases when ferromagnetism set
is confirmed @Fig. 8~b!#. The hopping mechanism corre
sponds to a very low mobility, since it is associated with t
overlap of wave-function tails. Nevertheless, when the Fe
level is in the localized region hopping wins in the compe
tion with band conduction at low temperatures as the act
tion energies of the former are very low. The compensat
inherently present in all samples provides the neces
empty acceptor sites to allow hopping within the impur
band. The effect of post-growth annealing on the slope
ln r vs T1/4 is in agreement with the fact that the activatio
energy increases when the mean distance between hop
centers increases.
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D. Magnetotransport

The Hall resistivity can be expressed as

rHall5R0B1RSM , ~17!

whereR0 is the ordinary Hall coefficient,RS the anomalous
Hall coefficient, andM the magnetization of the film. With
M5xH andRS proportional tor, above the Curie tempera
ture Tc Eq. ~17! becomes

rHall5RHB, ~18!

with

RH5R01
crx

m0
, ~19!

wherec is a constant andm0 is the permeability of vacuum
andB5m0H. In the paramagnetic region, the susceptibil
x is given byC/(T2Tc). Figure 12 illustrates that the dom
nant contribution to the Hall coefficient comes from the e
traordinary Hall effect:r/RH is proportional to (T2Tc) and
R0 is zero within experimental error, preventing a determ
nation of the number of charge carriers. Suggested by
resolution of the measurements, the carrier density must
ceed 1018 cm23 aboveTc . The above equation can only b
used to determine the carrier concentration when
effective-mass approximation is valid. This no longer ho
below Tc , when hopping conduction is involved.24

In contrast to the frequently observed positive magneto
sistance for hopping conduction, the resistance of
Ga12xMnxAs layers belowTc drops when a magnetic field i
applied~Fig. 13!. This is an immediate consequence of t

FIG. 11. Resistivity data~as displayed in Fig. 8! plotted as a
function of T21/4 reveal variable-range hopping as the low
temperature transport mechanism.
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56 13 111INTERPLAY BETWEEN THE MAGNETIC AND . . .
antiferromagnetic coupling between the hole and the
core. When an external field is applied, all Mn-h complexes
align with the field: thej 53/2 hole magnetic moments ar
forced antiparallel with the field. Instead of being squeez
~as is the case when no exchange interaction is present! the
wave functions expand and the increased overlap results
negative magnetoresistance. When the magnetic lengtl,
defined as

l5S c\

eHD 1/2

~20!

is small compared to the localization radiusa in the absence
of a magnetic field, the magnetoresistance in the region
variable-range hopping conduction can be described by19,25

r~H !5r0expF C

~l2T!1/3G , ~21!

whereC is field and temperature independent. This expr
sion is referred to as the strong-field limit because it is o
valid when l!a. The magnetoresistance of differe
Ga12xMnxAs layers was measured at low temperatures~4,
10, and 20 K! in fields up to 8 T. Fits show that for al
measured samples the strong-field limit is fulfilled in t
range of 1–8 T~Fig. 13!. The negative sign ofC confirms
the expansion of the wave functions in a magnetic field. T
small rise in resistance at low fields corresponds to the al
ment of the magnetic domains along the direction of
applied field. As soon as the sample is fully magnetiz
along the field, the negative magnetoresistance is obser

FIG. 12. Graphic illustration of the dominant contribution of th
extraordinary Hall effect to the Hall coefficient for Ga0.940Mn0.060As
~M271! aboveTc (Tc562 K): r/RH is proportional to the inverse
susceptibility atT.Tc .
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V. CONCLUSION

Ga12xMnxAs, a new member of the III-V diluted mag
netic semiconductor group, has been investigated. The s
ture of the Ga12xMnxAs lattice as well as the local configu
ration of Mn were discussed. The observed paramagneti
ferromagnetic phase transition at temperatures around 5
in all samples~x53 to 9%! is closely related to the existenc
of Mn-h complexes, the latter being formed by the antife
romagnetic coupling between the Mn acceptor core and
hole surrounding it. Resistivity measurements show t
above the ordering temperature, transport behavior on b
sides of the metal to insulator transition can be observ
Below Tc , the rising spontaneous magnetization strongly
fects the conductivity: a decrease in spin-disorder scatte
is accompanied by an increased localization. When the s
ration magnetization is reached, variable-range hopping
the main conduction mechanism and an applied magn
field causes a swelling of the hole wave function, resulting
a negative magnetoresistance.
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FIG. 13. Magnetoresistance of Ga0.913Mn0.087As ~M311! at T
54, 10, and 20 K. Fits reveal the exp(H1/3) behavior reminiscent of
variable-range hopping in the high-field limit. The inset shows
small rise in resistance due to the aligning of the magnetic dom
along the direction of applied field.
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