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Using a low-temperature molecular-beam epitaxy growth procedurg, 8a,As — a lll-V diluted mag-
netic semiconductor — is obtained with Mn concentrations upt®%. At a critical temperaturd, (T,
~50 K for x=0.03—-0.0%, a paramagnetic to ferromagnetic phase transition occurs as the result of the inter-
action between Mir complexes. Hole transport in these compounds is strongly affected by the antiferromag-
netic exchange interaction between holes and Mrsgins. A model for the transport behavior both above and
below T, is given. AboveT,, all materials exhibit transport behavior which is characteristic for systems near
the metal-insulator transition. BeloW; , 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 valbelow ~ 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[S0163-18207)04044-1

I. INTRODUCTION containing Mn differ from their II-VI counterparts in that Mn
not only introduces a magnetic moment into the lattice, it
Diluted magnetic semiconductof®MS) are semiconduc- also functions as an acceptor. The coupling between the Mn
tor alloys in which part of the lattice atoms has been substimagnetic core and the hole lies at the basis of the magnetic
tuted by a magnetic atom, thus inserting a local magneti@nd magnetotransport behavior observed in these materials.
moment into the lattice. The most extensively studied and
understood are based on 1I-VI materials in which a fraction Il. SAMPLE PREPARATION
of the group-Il element has been replaced by mangahese. AND STRUCTURAL ANALYSIS
Munekataet al? reported the first successful growth of a
-V DMS by molecular-beam epitaxy, namely
In,_,Mn,As. We have been able to grow near-perfect GaAs grown by molecular-beam epitaxy/BE) at low
Ga,_,Mn,As samples with high Mn concentrations by mak- temperaturéLT) (200—300 °C instead of the normal growth
ing use of a low-temperature growth procedure. IlI-V DMS temperature of 580—600 j@s excellent material with good

A. Growth and post-growth annealing
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crystal quality. When a growth procedure comparable to tha : : , :
of LT-GaAs is used, Mn concentrations up to 9% can be ' ; GaAs | GaAs
incorporated while retaining crystal homogenéity.All o ? : ;

Ga _Mn,As layers were grown on GaA400 substrates; a
LT-GaAs buffer layer of typically 100 nm is deposited be-
fore a Mn flux is supplied to grow Ga,Mn,As. The exact
Mn concentration is determined after growth by energy dis-
persive x-ray analysisSEDS) or x-ray Bragg diffraction.
Samples of 3um thick with Mn concentrations up to 9%
have been grown: the reflection high-energy electron diffrac
tion pattern remained streaky throughout the whole growtt
procedure and the sample surfaces were smooth and shiny

The as-grown samples were annealed fdt 80tempera-
tures above the growth temperature to alter their magneti
and electrical properties. During the annealing, the sampl
surface is covered with a clean piece of GaAs to avoid As v
evaporation from the sample surface while a forming @as I | L\
mixture of 10% H and 90% N) atmosphere suppresses oxi-
dation during the annealing treatment.

A distinction should be made between two major anneal
ing temperature regions. For temperatures slightly above the . )
growth temperaturébetween 350 and 410 j&he amount of FIG. 1. X-ray-diffraction measurements on §3aMno os/AS
magnetically and electrically active Mn atoms in the (M311) and on a LT-GaAs reference sample, as-grown and after
Ga,_ Mn,As lattice gradually reduces as the annealing tem_anneallng. The annealing temperatures are indicated in the figure.
perature is increased. This was used to chang®ntinu-  validity of Eq. (1) was confirmed by EDS measurementsof
ously and in a controlled way in different pieces originatingin samples with a high Mn incorporation.
from one and the same growth, thus keeping all other param- Subsequently, the lattice parameter—as determined by x-
eters(buffer layer, interface quality, sample thickness.)  ray diffraction—is used to calculate the Mn concentration
constant. When samples are submitted to temperatures abofe@ samples with lower concentrationg<2—3 %) where
500 °C, ferromagnetic MnAs clusters start to form; initially EDS lacks accuracy and for samples submitted to low-
small enough to exhibit superparamagnetic behavior butemperature annealing to determine the fraction of Mn re-
growing in size as the annealing temperature is increased upaining in the Ga_,Mn,As lattice. In the latter Mn is ex-
to 750 °C, above which the material starts to deteriorate anttacted from the Ga ,Mn,As lattice (probably into Mn-As
lose its magnetic properties. A study of these clustered syssomplexe$ but not from the sample as a whole. The change
tems has been published elsewhetdt should be stressed in lattice parameter through the extraction of Mn from the
that by simply subjecting one sample to different annealingMS lattice is illustrated in Fig. 1, wher@—26-scan data
temperatures, a whole variety of physical systems can bare shown for sample M311 submitted to different anneal-
studied, ranging from a homogeneous diluted magnetic semings. A LT-GaAs reference sample was grown and submitted
conductor to nanoscale ferromagnetic precipitates embeddead the same annealing treatments as the_Qdn,As layers.
in a semiconductor matrix. As the 6—26-scans(Fig. 1) show no changes in the refer-
ence layer for annealing temperatures below 410 °C, we con-
clude that the presence of Mn enhances the mobility of the
excess As atoms. From high resolution electron microscopy

MBE grown LT-GaAs epilayers have the zinc-blende (HREM) pictures on multilayered structures of clustered
crystal structure of GaAsa(=5.6533 A), except that they Ga _,Mn As/GaAs/AlAs it can be inferred that As atoms
contain 1-2 % excess arsenic, resulting in_an expansion @fre much more mobile than Mn atoms and diffuse preferen-
the lattice parameter of the order of 0.094%When sub- t|a||y towards the Mn atoms to form MnAs Comp|ex%'§his
mitted to annealing temperatures abovd00 °C, metallic  conforms with the observations in Sidoped LT-GaAgRef.

As precipitates form and the lattice parameter evolves to07) where it was found that doping lowers the onset tempera-
wards the substrate value of GaAs. Precipitates then reside {{ire of cluster formation and excess As atoms preferentially
a near-perfect GaAs lattice. migrate towards the impurity layer. An overview of the

As a rule, a ternary alloy formed by substituting Mn for samples, their layer thickness, and Mn concentration is listed
the group-Ill element in the IlI-V lattice will retain the crys- in Table I.

tal structure of the parent 1ll-V compourdThe lattice pa-
rameters of all known DMS ternary alloys obey Vegard's C. Microscopic (local) structure of the DMS lattice
law very closely; applied to Ga,Mn,As it states

arbitrary units

4200 4400 4600 4800 5000 4800 5000
B(arcsec)

B. Crystal structure

While important from a crystallographic point of view,
the local structure of Mn in the Ga,Mn,As lattice also has
Agamnas= (1 =X)L T.GaasT X@unas» (1) abearing on a number of other physical phenomena, e.g., on
the sign of the charge carrier, the carrier concentration, and
where a, 1.gaas= 5.6572 A andayas=6.014 A is the lat-  through this on the magnetic properties of the homogeneous
tice parameter of the hypothetical zinc-blende MnAs. TheDMS material. The microstructure of Mn doped GaAs layers
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TABLE |I. Sample overview.

Sample Annealing J=
name: temperature X T,
M271 0.060 62K J= o
(0.4 um) 370°C 0.051 54 K £)
390 °C 0.043 ek J7 5,
410°C 0.029 ? J= ~
M279 0.070 45 K L 410
(1.8 um) 370°C 0.061 29 K
390 °C 0.038 16 K i 15
M311 0.087 38 K 0 1‘0 2‘0 20 4'0 =0
(2.3 um) 370°C 0.077 26 K B (T)
390 °C 0.068 18 K
410 °C 0.050 ?

FIG. 2. Splitting of the energy levels of an isolated Mreom-
plex with total spinJ in a magnetic field. The dashed line is the zero
has been investigated in the past for doping concentrationisvel, i.e., when no magnetic interaction is present. The arrow
up to 13%-10"° cm™3. Mn was found to reside on a Ga site marks the crossing of the=1 and 2 level at-48 T.
in the zinc-blende structure (Mg taking up the acceptor
function. The structure of the neutral Rlmcceptor corre- determines the lattice parameteaveraged over many anion
sponds to the 8>+ hole configuratiorl.As no ferromagnetic and cation sites. It is the averaga(k) which varies linearly
behavior is observed at room temperature, it can be assum&dth x.
that the fraction of Mn atoms clustered into MnAs precipi-
tates is negligible. All MBE grown(LT-)Ga_,Mn,As D. Magnetic state of the hole bound to the manganese ion
samples showp-type conductivity, indicating that the major- . .
ity ofthe angto)rlwg)s find themsglves in thegacceptor funjction In the most accepted model for a Mn impurity on a Ga

: . . site in the GaAs lattice Mn, being one electron short to fit
on the Ga lattice site (Mxy). However, from the discrep- into the 11l-V bonding, takes up an acceptor functiott13

ancy between x-ray diffraction measurements and magnetiry g pinging energy of the hole bound to the acceptor is 113
zation or transport measurements on as-grown samples Wifiev/ and the Bohr radius is 10 A. The electronic structure
increasing Mn incorporation, we conclude that self-of the neutral Mn acceptor in GaAs, derived from electron-
compensation is present. This discrepancy lies in the fact thayin-resonance(ESR measurements, was described by
an increased Mn concentrationin the Ga_,Mn,As lattice  Schneideret al® The ground state is formed by the antifer-
does not necessarily imply an increased amount of magnetiomagnetic coupling between ti&= 2 spin of the manga-
cally and electrically active centers, as will be explained innese core and thie= 2 spin of the hole to form a manganese-
the next paragraphs. No direct measurements on the crystalole (Mn-h) complex with total angular momentud= 1
lographic position of Mn in a Ga ,Mn,As lattice have been (J=S+j). Excited states witd=2, 3, and 4 are formed at
performed forx>10"*-10° cm3, but compensation could energies 2, 5¢, and &, € being the exchange coupling. The
come from Mn centers forming the small disordered sixfold-experimental values & 2.5+0.5 meV andg;-,=2.77 are
coordinated centers with As (Mf¥) as observed in the determined from ESR and susceptibility in combination with
closely related Ip_,MnAs compound by Munekata magnetization measurements®In a magnetic field, each
et al%1°As these centers give rise tetype conductivity, the level splits up into 2+1 levels. Figure 2 shows the depen-
degree of compensation is determined by the rati(ﬂence of the energy levels on the magnetic field. The refer-
Mn®AYMng, ence level is the one where no magnetic interaction is
It may be useful to stress that this apparent decrease ipresent. Crossing of thi=1 with theJ=2 level takes place
Mn concentration through compensation differs from the exin a field of nearly 50 T. Thed=1 state can be considered
traction of the Mn atoms from the actual GaMn,As lattice ~ the sole state contributing to the low-temperature behavior
through low-temperature annealing. In the former, part of thébelow ~10 K) of Ga _,Mn,As for all fields considered in
Mn atoms in an acceptor position are compensated by thefhis paper.
donor counterparts. All Mn atoms have however taken up a
site in the Ga_,Mn,As lattice. When submitted to tempera- _ IIl. MAGNETIC PROPERTIES
tures above the growth temperature, the excess As atoms in
the lattice become more mobile and exclude Mn centers from Below a transition temperaturg, dependent on the Mn
the Ga_,Mn,As lattice by incorporating them into Mn-As concentration, the Ga,Mn,As layers become ferromag-
complexes and eventually into MnAs ferromagnetic clustersnetic. Magnetization measurements in a very low magnetic
These results are not in contradiction with the x-ray dif-field (0.2 mT) were performed in a SQUIOFig. 3) and
fraction data which predict Vegard's law behavior for theclearly show the onset of magnetic ordering Tat=45 K
ternary lattice. X-ray diffraction is not sensitive to the topo-for M279. In contrast to the commonly observed magnetic
logical details surrounding an individual lattice point, but spin-glass phase transition in 1I-VI DM$Ref. 1 the
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FIG. 3. Magnetization measurements performed on B(T)
Gay g3dMNg o7AS (M279) in a SQUID in a magnetic field of 0.2 mT
show the onset of magnetic orderingTat=45 K. The inset shows
the hysteresis measured at4 K with the field parallel to the FIG. 5. Magnetization measurements a&=10K on
surface. Gay 91N 0gAS (M311) show a decrease in saturation magnetiza-

tion after low-temperature annealing. The annealing temperatures

phase transition in Ga,MnAs is ferromagnetic: ac- are indicated in the figure.

susceptibility measurementBig. 4) show no difference be- L . .
tween zero-field-cooled and field-cooled data and no frefunction, it can be estimated that in M279 about 30% of the

quency dependence. incorporated Mn atoms reside on this f##site, compensat-

At 4 K a hysteresis loop with a saturation magnetizationing Mn atoms on a substitutional lattice site. Only the un-
of 15 kKA/m is observed for GaMng gz As (M279). The compensated Mn atoms can form a Mreomplex and thus
coercive field parallel to the sample surface is 3200 kA/m contribute to the ferromagnetic behavidr, increases with
The saturated magnetic moment4ak shows a discrepancy Mn concentration up tx~5%; excess incorporation of Mn
with the concentrations determined by x-ray analysis. FronPy adds to the amount of Mf® centers, resulting in a
the saturation magnetizationM = ugg;_ 1INy, /V [ lower net amount of M cor.npllexes and consequently a
g,-1=2.77 andJ=1 (Refs. 8 and 1§ about 40% of the Mn decrease if;. This hypothesis is further supported by the
in the Ga oMo o7cAS (M279) lattice is estimated to contrib- transport behavior where a lowering of the Fermi level rela-
ute to the ferromagnetic behavior. As mentioned above thi§Ve t the mobility edge is observed for increasing Mn in-
is due to the fact that a fraction of the Mn atoms forms thecorporation(above ~5%), as discussed in the next para-
small disordered sixfold-coordinated centers witt{Me®s) ~ 9raph. It is already obvious that the hole in the Mn-

as observed in In ,Mn,As. As these centers take up a donorcomplex plays the crucial role in mediating the ferromag-
netic interaction.

Post-growth annealing reduces the amount of magneti-
cally (and electrically active Mn atoms as illustrated in Fig.
5, where M311 has been submitted to different annealing
temperatures. The extraction of Mn through annealing differs
from the mechanism of compensation as explained in the
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 ok in Ga;_,Mn,As.
Magnetization measurements 4 K with a torque mag-
netometer in a magnetic field up to 20(Fig. 6) reveal that
the saturation magnetization is fully reached at a very low
field and does not increase anymore beyond that. The mea-
20 30 20 50 SL_Jremen_ts were performe_d on thre_e different samples, each
T (K) with a differentT,. The diamagnetic background from the
GaAs substrate was measured on a reference GaAs sample
and then substracted from the GaMn,As signal. The re-
FIG. 4. ac-susceptibility measurements on,G@Mn,g;As  Sults shown in Fig. 6 are unambiguous: the linear behavior of
(M279) as a function of temperature show no difference betweerihe torque as a function of the applied field illustrates the
field-cooled and zero-field-cooled dat®+10mT). The field- constant magnetization. This is an important fact because it
cooled data are displaced for claritf.=45 K is marked in the makes the model of the partially saturated bound magnetic
figure. polaron as suggested by Ohabal® for In,_,Mn,As inap-

signal
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, , ; . line in Fig. 7) because it is the result of multiple exchange
i Al interactions. A qualitative understanding of this behavior can
M271 a2 be gained by extending the mean-field theory, incorporating
M279 a8 different exchange mechanisms. First, there is the coupling
M311 ad - between the spii$ of a Mn core and the spin of the hole
20 00° surrounding it, known to be antiferromagnetic. Second, as-
° suming the holes to be responsible for the ferromagnetic or-
dering, the interaction between the hole spins results in a
NS 500° parallel alignment and is called ferromagnetic. The direct
exchange interaction between two Mn cores is considered
negligible. The Hamiltonian describing the magnetic energy
of one hole with spirj is

> O +

7T (arbitrary units)
b

B(T) Hh=—2>0 3™ j,— V. S+ gpugj - B, )
|

FIG. 6. Torque measurements in fields up to 20 T Onwhere' ji, andS are the spin operators for the holes and
GayouMNooeAS  (M271),  GaygaMnoorAs  (M279),  and Lo bin op

Gay 919MNg 0gAS (M311). The linear behavior corresponds to a con- the Mn core, respectLverJ IS th%nL\ol_e-hole exchange-
stant magnetization. coupling constant J"™>0) and J is the Mn-hole

exchange-coupling constand{"™<0). In the second term
we have assumed that the Mn s@@ronly interacts with the

plicable to Ga_,Mn,As. Ohnoet al. explain the negative . . o
magnetoresistance observed in Igvin,As through the for- one hole surrounding it. When we restrict the summation in
I X the first term to the nearest neighbors instead of all lattice

malism of unsaturated bound magnetic polarons having par-. : hh

tially aligned spins in zero field. Alignment of the canted sites occupied by a Miv (_:omplex ’°.‘”d _assumé to _be

spins in a magnetic field could then be responsible for thecons_tant.for all nearest-neighbor pairs, in the mean-field ap-

negative magnetoresistance. The high-field magnetizatioRrox'mat'on the magnetic energy of the hole becomes

data exclude that this is also the case for GMn,As; the

negative magnetoresistance at low temperatures cannot be E"=[—ad"™(j)—I""(S,) +gnueBliz, 3

explained by an increased magnetization. The high-field

magnetization data show no contribution from the Mn atomgj is the number of nearest-neighbor holes. In analogy to the

not participating in the ferromagnetic phase. mean-field theory the degree of polarization of the hole spin
The observed temperature dependence of the spontaneadss

magnetization in Ga ,Mn,As (Fig. 7) differs from the uni-

versal behavior of ferromagnétgrepresented by the dashed 3 (—qd"(j ) —IM(S ) + g ueB)

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

HMn— —JMnhj S+ gvnueS: B, ®)

with gy,= 2. Making the approximations as stated above, the
expression foKS,) becomes

5 [(=3""(j,)+gunusB)S
<Sz>:§Bs ( (i >kT9M ©gB) . ©)

Equations(4) and (6) form a set of equations that can be
solved numerically to obtain the magnetization as a function
of temperature. Applied to the experimental data presented in
Fig. 7, the obtained fitvalues for the exchange constants are
qJ""=1.0 meV for M311,qJ""=2.2 meV for M279, and

FIG. 7. The saturation magnetizatipBa, esMno o7AS (M279) J’\_"“h= —1.2meV for both samples, in excellent agreement
and Gg g MnyeeAs (M311)] as a function of temperature. The With the value of the exchange constant as determined for
dashed line represents the universal behavior of ferromagnets rélilute systems JM"'~—¢). The strength of the ferromag-
sulting from a single ferromagnetic exchange interaction. The solidletic interaction, given bygd™, is smallest for M311, in
lines are fits based on the mean-field theory extended to multipl@egreement with the lower amount of magnetically active
exchange mechanisms. Mn-h complexes.

T (K)



13108 A. Van ESCHet al. 56

IV. TRANSPORT PROPERTIES

A. The impurity band N(E)
Valence Band

For high doping concentrations, impurity states belonging
to different centers merge into an impurity band of finite
width in energy. Depending on the dopitgnd compensa-
tion), the electronic states of the impurity band may be lo-
calized or delocalizetf=2°If the Fermi level is well in the
localized-state region, conduction at low temperatures is due
to carrier hopping and is exponentially dependent on tem- i
perature and impurity concentration. The material is consid- Em B¢

(a)

Impurity Band

ered an insulator. If the Fermi level is in the extended region, extended  localized

conduction remains finite at zero temperature and the mate-
rial is called metallic. The transition between both regimes is
called the metal-insulator transitiofMIT) and the energy
level separating the localized from the extended states has
been named the “mobility edgeE,,.

The band structure and relative positions of the Fermi
level and mobility edge are estimated in the following calcu-
lations. The bandwidthWV is given by

N(E)
Valence Band (b)

Impurity Band

W=2ql, (7) d
E, E;
whereq is the coordination number and the overlap integral xtended  localizod

| between two sites at a distanReapart can be written &
FIG. 8. Schematic representation of the band structure in the
3 1 e2a Ga _,Mn,As compound withx>>0.2%. The shaded regions indi-
I= 2 (1+aR)+ 2 (CYR)Z T exp(—aR), (8 cate the occupied states B0 K. (a) Above T, conduction oc-
curs through thermal excitation of holes to states bely (b)

where a=1/a, (a, being the effective Bohr radius of the Below T the localization has increased and the main contribution
isolated wave functionand « is the dielectric constant of to the conductivity comes from hopping conduction between local-

GaAs. The middle of the band lies at an energy ized states.
1 2 larger than would be expected from the Mott criter{gn., R
3 (9)  decreases by a factor of tift
2
above the valence barfek 110 meV for Mn in GaAg It can o =C e (10)
easily be calculated that merging occurs #R~2.55, cor- mn ARt

responding tox~0.002.

When 4.9% of the Ga atoms have been replaced by a M
atom(as is the case for M27¥9a half bandwidth of 215 meV
is obtained. The impurity band, however, is only partially ) _
filled (represented by the shaded regibecause of the com- B. High-temperature behavior: T>T

pensation. From the saturation magnetization measurements, Above T, resistivity measurementgig. 9 show a trans-

it was estimated that, for M279, only 60% of the band isport behavior characteristic for systems near the metal-

filled (at T=0 K). An energy diagram is sketched in Fig. 8. insulator transition, where the resistivity is inversely propor-
It may be useful to mention that, although the MIT is tional with temperature. Dubson and Holcothderived the

generally related to the overlap of the lower and upper Hubtemperature dependence of the conductivity near the MIT

bard band**°we have only considered merging of the im- point from the energy dependence of the zero-temperature

purity band(or lower Hubbard bandwith the valence band. conductivity properties around the Fermi level. When ap-

We have done so because the coupling of the carriers witBjied to hole transport, this temperature dependence is given
the magnetic Mn centers enhances the separation betweggy

the two Hubbard bands: the energy required to take a hole

from one of the centers and put it on a distant already occu- En—E¢

pied one is now considerably larger than just the Coulomb o(T)~kT In 1+ex;{ T

energy separating the two Hubbard bands in the Mott-

Hubbard-Anderson modéf. The MIT in our model is com- This equation is valid only within a critical range around the
pletely analogous to the MIT as described in the Mott-MIT: deep on the insulating side of the transition we expect
Hubbard-Anderson model, except that the valence bantopping conduction to dominate and on the metal side of the
takes the role of the upper Hubbard band. An important contransition, the assumptions behind Ef1) break down for
seguence is that both the critical concentration at which the> o,,;,. Above T., all samples studied in this paper fall
MIT takes place and the minimum metallic conductivity arewithin this critical region.

H/ith C~0.1 andR,;=25.5 A as calculated above,, is
about 100 (2cm)~ L.

}. (11
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FIG. 10. Curie temperature versis,— E; (aboveT,), as ob-
tained from fits on the resistivity data.
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FIG. 9. Resistivity measurements on @@aMng gsAs (M271) F= — (14

(A) and Gg g3dMng g7As (M279) (B), as-grown(A0 andBO0), and exp ?D_ 1

after annealingAl andB1 were annealed at 370 °@2 andB2

Wﬁre a?nezi:ledh_ath 390 °@\3 Wg_s ?””%a'ﬁd at 4#]) JCFits are  \yhereF represents phonon scatterif@, is a constant C,
shown for the high-temperatur ©Te) ehavior. The armows In- - epresents the temperature-independent part of the mobility,
dicate the paramagnetic to ferromagnetic phase transition. The to,

part of the figure shows the effect of the spin-disorder scattering oﬁgnd Op is the Debye temperature. All fitted resistivity curves

Co . showed a Debye temperature close to 385 K in agreement
h lcul for M27 fi - . . -
:ioenrg;satlwty bso), as calculated for M279H0) from magnetiza- o phonon frequency in GaAs. The sign & (—E;)

obtained from the fit reveals whether the material is on the
insulating or metallic side of the MIT. From Fig. 10 it is
evident that by lowering the active Mn contefgtither by
changing the effusion flux during growth or by post-growth
annealing, Ga,_,Mn,As can be tuned through the metal-
En—E; insulator transition. M311(for all annealing treatments
7 for (Em—E)<0, M271 annealed at 410 °C, and M279 annealed at 370 °C are
on the insulator side, M27@as-grown and M271 annealed
at 390 °C are exactly at the MIT point and all other samples
omr~kTIn2 for (En—Ef)=0, are metallic. The annealing causes an increase in overall re-
sistivity; it reduces the amount of Mim-complexeg(cf. Fig.
5) changing both E,,— E;) and the Curie temperature. This
decrease inT. as a function of annealing temperature is
. . again proof of the crucial role played by the average distance
On the insulator side(En—E)<0 for hole transpolf  peyyeen the magnetically active centére., by the overlap

transport at low temperatures approaches the activated bt yhe hole orbitals in the ferromagnetic behavior of the
havior typical for insulating materials. The temperature de-,

pendence of the conductivity at the MIT is linear. On theSyStem'
metal sideo(T—0) tends towards the low-temperature con-
ductivity given by Abrahamet al?? when the critical expo-
nent is approximately 1. Below T, the paramagnetic to ferromagnetic transition is
Equation(11) is calculated based on the zero-temperaturdnitially accompanied by a decrease in resistivisig. 9).
conductivities for different positions of the Fermi level and For sufficiently low temperatures, the resistivity increases.
neglects all temperature-dependent effects other than thodéiis behavior is the result of changes in both the spin-
arising from the occupation of the energy levéi®., the disorder scattering and the conduction mechanism. The local
conductivity is strictly proportional to the amount of charge maximum occurs exactly at the Curie temperature, as can be
carriers above the mobility edge when a constant mobilityseen from comparing magnetizatighigs. 3, 4, or ¥ and
and a constant density of states are assymadluding the  resistivity data on M279curve BO in Fig. 9. The initial
temperature dependence of phonon scattering and revertingdtop in resistivity belowT. is due to an increase in the
to resistivity, Eq.(11) becomes carrier mobility, as is observed in ferromagnetic

According to Eq.(11), the low-temperature conductivity
close to the metal-insulator transition becomes

o(T—0)~KT exp

o(T—0)~(E,—E) for (E,—E;)>0. (12

C. Low-temperature behavior: T<T,
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semiconductoré® The result of a perturbation calculation of
the spin-disorder scattering on the resistivity in metalsy,
but neglecting short-range order, is giverfby

B P LA
pso= g3 | SSTD S

lllllll

( M |—( 3T M
-S M_o tan m) . (15)

Applied to the observed magnetization in the;Gan,As
system,pgp varies as shown in the top part of Fig. 9. The
spin-disorder scattering remains constant in the paramagnetic
region, belowT. it drops gradually until the magnetic order
of the spin system is complete. Short-range order will cause
a sharp minimum in the mobility al,, due to critical
scattering®® Fits on the resistivity data, however, show that
no such sharp minimum is present and the magnetic contri-
bution in the carrier mobility can be regarded as a constant
aboveT,.. Below ~10 K, the magnetization has reached its
saturation value and the spin-disorder scattering does not
change anymore with decreasing temperature.

As in traditional ferromagnetic semiconductors, the in-
creasing magnetization causes a splitting of both the valence /T
band and the impurity band. In conventional ferromagnetic o , o
semiconductors the splitting of the impurity band is always, F!C- 11. Resistivity datdas displayed in Fig. Bplotted as a
smaller than that of the valence band as the accefuor [unction of T-7% reveal variable-range hopping as the low-
donop level never originates from the magnetic element; pe-lemperature transport mechanism.
low T, the activation energy decreases. This no longer holds
for Ga, _,Mn,As. On the contrary, the acceptor level is now
strongly correlated to the magnetic center. Hence, the energy The Hall resistivity can be expressed as
to excite a hole from the impurity band to a nonlocalized
state (in the valence bandincreases as the magnetization Pral=RoB+RsM, (17)

increases. This is sketched in Figbg Below ~10K (de-  \yhereR, is the ordinary Hall coefficientRs the anomalous
pending on the Mn concentratiprthe magnetization has | coefficient, andMl the magnetization of the film. With

reached its saturation magnetization gng remains con- =, andRs proportional top, above the Curie tempera-
stant. Resistivity measurements reveal variable-range hopg e T. Eq. (17) becomes

ping, characterized by Mott’s ladf*®

p(Q.cm)

001 1 1 1 L 1 1 ]
03 04 05 06 07 08
174

D. Magnetotransport

PHan= RyB, (18)
TO 1/4 .
P(T):PoeXF{ ?) } (16  With
. _ Cpx
The observation that the main contribution to the electrical Ry=Ro+ E- (19

conductivity comes from holes hopping directly between im-

purities (without excursion to the valence barid illustrated ~ wherec is a constant angk, is the permeability of vacuum

in Fig. 11. As this also applies to samples that were found t@ndB= uoH. In the paramagnetic region, the susceptibility
be on the metallic side of the MIT abovig,, the presump- x is given byC/(T—T,). Figure 12 illustrates that the domi-
tion that localization increases when ferromagnetism sets inant contribution to the Hall coefficient comes from the ex-
is confirmed [Fig. 8b)]. The hopping mechanism corre- traordinary Hall effectp/Ry is proportional to T—T,.) and
sponds to a very low mobility, since it is associated with theR, is zero within experimental error, preventing a determi-
overlap of wave-function tails. Nevertheless, when the Fermhation of the number of charge carriers. Suggested by the
level is in the localized region hopping wins in the competi-resolution of the measurements, the carrier density must ex-
tion with band conduction at low temperatures as the activaceed 18 cm™3 aboveT,. The above equation can only be
tion energies of the former are very low. The compensatiorused to determine the carrier concentration when the
inherently present in all samples provides the necessamgffective-mass approximation is valid. This no longer holds
empty acceptor sites to allow hopping within the impurity below T, when hopping conduction is involvéd.

band. The effect of post-growth annealing on the slope of In contrast to the frequently observed positive magnetore-
In p vs T is in agreement with the fact that the activation sistance for hopping conduction, the resistance of the
energy increases when the mean distance between hoppifs, - Mn,As layers belowT . drops when a magnetic field is
centers increases. applied(Fig. 13. This is an immediate consequence of the
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FIG. 12. Graphic illustration of the dominant contribution of the L
extraordinary Hall effect to the Hall coefficient for GadVing oedAS 0.0 . \ . . . , .
(M271) aboveT,. (T.=62 K): p/Ry is proportional to the inverse -8 -6 -4 2 0 2 4 6
susceptibility afT>T,. B(T)

antiferromagnetic coupling between the hole and the Mn FIG. 13. Magnetoresistance of &aMnyosAs (M311) at T

core. When an external field is applied, all Mrsomplexes =% 10, and 20 K. Fits reveal the exf(®) behavior reminiscent of

align with the field: thej =3/2 hole magnetic moments are vanablg-ra_nge hopplng in the h|gh-f!elq limit. The inset s_,hows the

forced antiparallel with the field. Instead of being squeeze&ma” rise in resistance due to the aligning of the magnetic domains
. ) . L I the directi f lied field.

(as is the case when no exchange interaction is pretent aiong the direction ot applied e

wave functions expand and the increased overlap results in a V. CONCLUSION
i i . Wh h ic | h .
negative magnetoresistance en the magnetic lengt Ga,_,Mn,As, a new member of the IIl-V diluted mag-
defined as : . : g
netic semiconductor group, has been investigated. The struc-
5\ V2 ture of the Ga_,Mn,As lattice as well as the local configu-
A= C_> (20) ration of Mn were discussed. The observed paramagnetic to
eH ferromagnetic phase transition at temperatures around 50 K

. o o in all samplegx=3 to 9% is closely related to the existence
is small compared to the localization radmisn the absence of Mn-h complexes, the latter being formed by the antifer-

of a magnetic field, the magnetoresistance in the region ofomagnetic coupling between the Mn acceptor core and the
variable-range hopping conduction can be describéd®By  hole surrounding it. Resistivity measurements show that
above the ordering temperature, transport behavior on both
sides of the metal to insulator transition can be observed.
Below T, the rising spontaneous magnetization strongly af-
fects the conductivity: a decrease in spin-disorder scattering
whereC is field and temperature independent. This expresiS accompanied by an increased localization. When the satu-
sion is referred to as the strong-field limit because it is onlyration magnetization is reached, variable-range hopping is
valid when A<a. The magnetoresistance of different tN€ main conduction mechanism and an applied magnetic
Ga,_,MnAs layers was measured at low temperatuis field causes a swelling (_)f the hole wave function, resulting in
10, and 20 K in fields up to 8 T. Fits show that for all & N€gative magnetoresistance.

measured samples the strong-field limit is fulfilled in the
range of 1-8 T(Fig. 13. The negative sign o€ confirms
the expansion of the wave functions in a magnetic field. The This work is supported by the Fund for Scientific
small rise in resistance at low fields corresponds to the alignResearch—Flandef8elgium) (FWO). L.V.B. and R.B. are
ment of the magnetic domains along the direction of thesupported by the FWO. P.J.W. would like to thank the

applied field. As soon as the sample is fully magnetizedDeutsche Forschungsgemeinschaft and QUB3TSB) for
along the field, the negative magnetoresistance is observedinancial support.
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