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Abstract

Structural, magnetic and transport properties of diluted magnetic semiconductors, (Ga, Mn)As and (In, Mn)As, have been
investigated. Manganese can be substitutionally doped into the group III site of the zincblend structure up to several percent. With
Mn content of a few percent, these systems exhibit ferromagnetism at low temperatures. The highest Curie temperature so far
achieved is �100 K for (Ga, Mn)As. The saturated magnetization values are consistent with S=5/2 local moment, suggesting
divalent Mn which acts as an acceptor. The system becomes metallic with increasing Mn content, but a further increase of Mn
content tends to decrease the hole density and increase disorder so that the system becomes nonmetallic again at higher Mn
concentrations. Large negative magnetoresistance and highly anisotropic transport are observed in the semiconducting samples at
low temperatures. The magnetic anisotropy in ultrathin films is found to be strongly affected by the lattice-mismatch-induced
strain. © 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

Although semiconductors and magnetic materials
constitute the basis of modern electronics, their basic
research have been developed with relatively little in-
terdisciplinary communications. Magnetic semiconduc-
tors constitute a unique class of materials in which
the two disciplines are intertwined. Much work has
been conducted on diluted magnetic semiconductors
(DMS) based on II–VI compounds such as (Cd,
Mn)Te and (Zn, Mn)Se [1]. Diluted magnetic semi-
conductors based on III–V compounds constitute a
relatively new class of materials that demonstrate
many interesting phenomena where transport and

magnetism are intimately correlated. Since GaAs and
other III–V compounds are the key materials for the
modern opto-electronics, one may expect the III–V
compound diluted magnetic semiconductors to open
the future of opto-magneto-electronics.

Unlike the II–VI compounds, the III–V com-
pounds have been found difficult to dope with Mn.
For example, bulk crystals of (Ga, Mn)As have been
prepared with Mn content only up to a few tenths of
a percent. With the advent of off-equilibrium crystal
growth technique by molecular beam epitaxy, samples
of Ga1−xMnxAs and In1−xMnxAs with Mn content
high enough for interesting magnetic activities have
become available. This research area is still in its in-
fancy, and there is a growing accumulation of experi-
mental data that awaits a unified picture. In this
paper, we describe some of the basic properties of
these systems and discuss spin-dependent transport
phenomena.
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2. Crystal structure and growth

The stable crystal structure of MnAs is NiAs-type,
which differs from the zincblend structure of GaAs and
InAs. Manganese atoms introduced in GaAs or InAs
tend to segregate to form MnAs. This severely limits
the Mn solubility in the equilibrium condition, and
makes Mn doping into GaAs and InAs difficult.
Munekata et al. [2] were first to succeed in epitaxial
growth of In1−xMnxAs with Mn content up to a few
percent by off-equilibrium molecular beam epitaxy at
low substrate temperatures. Fig. 1 is a diagram showing
various phases of the MBE grown In1−xMnxAs, that
occur depending on the Mn content x and the substrate
temperature Tsub [3]. It has been found that for the
same Mn content, the carrier density varies widely
depending on the substrate temperature, and even the
carrier type (p or n) changes. For the reason to be
described below, we are mostly interested in the p-type
samples. In1−xMnxAs, thick films were grown typically
at substrate temperature Tsub:300°C directly on
GaAs(100) substrate with Mn content x up to x:0.03.
Use of (Al, Ga)Sb as a buffer layer has proved to relax
the constraint for the growth of In1−xMnxAs layer.
For (In, Mn)As/(Al, Ga)Sb system, p-In1−xMnxAs can
be grown with substrate temperature as low as Tsub:
170°C and with Mn content in excess of x:0.1.

Growth of Ga1−xMnxAs was more recently achieved
at substrate temperatures of �Tsub:250°C by Ohno
et al.[4]. Under properly chosen growth conditions,
homogeneous Ga1−xMnxAs thick films up to �x:
0.07 have been prepared. Surface segregation of Mn
atoms and the formation of MnAs phase becomes
discernible at higher Mn contents.

Manganese atoms substitutionally enter the group III
atom site of the zincblend structure. X-ray diffraction
studies show that the lattice constant of the zincblend
structure increases with x for Ga1−xMnxAs and de-
creases slightly for In1−xMnxAs. For the range of
successful growth, the lattice constant changes linearly
with x. The linear extrapolations of the x-dependence
of the lattice constant for Ga1−xMnxAs and In1−

xMnxAs roughly coincide at x=1. This value at x=1
corresponds to the lattice constant of a hypothetical
zincblend MnAs. Further evidence in support of substi-
tutional Mn occupancy of the group III atom site of the
zincblend structure has been furnished by the extended
X-ray absorption fine structure (EXAFS) experiment
[5,6].

Since these materials are grown as epitaxial film, it is
expected that the underlying substrate has a deep influ-
ence on their properties. Ga1−xMnxAs is usually
grown on GaAs substrate. GaAs exerts a compressive
stress to the epitaxial Ga1−xMnxAs layer. For the
growth of In1−xMnxAs on GaAs substrate, GaSb is
often used as a buffer layer. The GaSb underlayer
exerts a tensile stress to the epitaxial In1−xMnxAs
layer. Use of AlSb underlayer increases the tensile
stress.

3. Doping and carrier-induced ferromagnetism

What makes these III–V compounds DMS most
attractive is the ferromagnetism they exhibit above the
critical values of Mn content. As shown below, the
ferromagnetism in these materials is intimately linked
with the presence of mobile carriers (holes). Fig. 2(a)
shows the temperature dependence of resistivity for 150
nm thick films of Ga1−xMnxAs grown on GaAs sub-
strate [7]. In the low x range, the hole density is
proportional to x. The temperature dependence of the
resistivity for the x=0.015 sample can be fitted to an
activation type with activation energy D:75 meV
which may be compared with a reported value :110
meV for an isolated Mn acceptor in GaAs [8]. The
system undergoes a insulator-metal transition at �x:
0.03. The x=0.035 sample shows metallic temperature
dependence of resistivity. The broad hump of resistivity
is seen at around the ferromagnetic transition tempera-
ture TC:60 K. The x=0.043 sample is also metallic
but the resistivity is higher than the x=0.035 sample
despite of the larger nominal acceptor density. For still
higher x the system reenters the nonmetallic state. It
appears that for the Mn content in excess of �0.04,
the mobile hole density no longer increases with in-
creasing x but even decreases.

It is worth pointing out in passing that the presently
found critical Mn concentration for the insulator–
metal transition x:0.03 is more than an order of

Fig. 1. Various phases of In1−xMnxAs occurring under different
MBE growth conditions [2].
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Fig. 2. (a)Temperature dependence of resistivity in 150 nm thick films
of Ga1−xMnxAs with different values of x ; (b) The Curie tempera-
ture as a function of the Mn content x. The shaded regions are
non-metallic phases.

far achieved in Ga1−xMnxAs is TC:100 K. Fig. 3
shows similar data for 1200 nm thick films of In1−

xMnxAs. The overall trend of conduction and mag-
netism as a function of Mn content is similar to
Ga1−xMnxAs. However, unlike the latter In1−xMnxAs
becomes barely metallic even in the optimum range of
x. The Curie temperatures for In1−xMnxAs thick films
do not exceed 10 K thus far. On the other hand,
ferromagnetic transition at TC:35 K has been
achieved in In1−xMnxAs/(Ga, Al)Sb heterostructures
[10].

It has been established that the occurrence of ferro-
magnetism is closely linked to the presence of hole
carriers. It has been demonstrated that ferromagnetism
of Ga1−xMnxAs disappears when it is made n-type by
doping with Sn [11]. Similar behavior has been reported
earlier for the In1−xMnxAs system [12]. The notion of

Fig. 3. (a) Temperature dependence of resistivity in 1200 nm thick
films of In1−xMnxAs with different values of x ; (b)The Curie
temperature as a function of the Mn content x.

magnitude higher than the value reported earlier for
bulk crystal [9]. The latter value is claimed to be in
agreement with the Mott’s criterion aB*NC:0.25. How-
ever, the ‘metallic’ samples in [8] are not really metallic.
Thus, the critical hole density for the insulator–metal
transition for Ga1−xMnxAs is significantly higher than
the estimate based on the Mott’s criterion assuming
hydrogenic impurity state at the acceptor site.

The Curie temperature TC was determined by mea-
suring the temperature dependence of magnetization
and making an Arrott plot. The broad hump in the
resistivity such as seen in Fig. 2(a) serves as indicator of
TC. Fig. 2(b) shows TC as a function of x. The Curie
temperature increases with increasing x but saturates at
higher x and eventually decreases. The maximum TC so
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carrier-mediated ferromagnetism leads to attempts to
control magnetism by external manipulation of carrier
density by light irradiation or gate electrode. Ferromag-
netism induced by persistent photocarriers is reported
for a In0.94Mn0.06As/GaSb system on the verge of ferro-
magnetic transition [13].

The basic mechanism for the carrier-induced ferro-
magnetism is currently debated. The ferromagnetic in-
teraction must be fairly long-ranged. One line of
thought invokes an analogue of Ruderman–Kittel–Ka-
suya–Yosida (RKKY) interaction between localized
Mn moments mediated by the hole gas [14]. In com-
parison to metallic systems with dilute magnetic im-
puties, the Fermi wavenumber is much smaller so that
the ferromagnetic range is expected to extend much
longer than the usual metallic case. Another line of
thought emphasizes the d-character of the holes and
attribute the ferromagnetic interaction to a kind of
double exchange mechanism based on a strong Hund
coupling at the Mn site [15]. Which of these approaches
is more appropriate is not clear at the moment. The key
factor is to what extent the carriers (As p-holes) have
the Mn d-hole character.

Study of pressure effects may furnish some clue for
discriminating the two mechanisms. The change in TC

with pressure however is a total outcome of various
pressure-dependent factors which are not easy to disen-
tangle. We have studied the pressure effect on TC in the
Ga1−xMnxAs (x=0.035) sample and have found d ln
TC/dp:−0.0490.01 GPa−1 [16]. We expect the p–d
exchange coupling to increase with pressure as
Jpd8d−7/2 d being the Mn-As distance. The observed
pressure coefficient of TC is considerably smaller than
the estimated change in Jpd.

On the other hand the Hall measurement under
pressure seems to indicate some decrease of hole density
with pressure. (With the ambiguity associated with the
difficulty of carrier density estimation from the Hall
data in this system.) It appears that the observed small
pressure dependence of TC is due to partial cancellation
of these two major factors.

4. Magnetic properties

Fig. 4 shows magnetization curves at 2 K for the six
samples of Ga1−xMnxAs [7]. The high field limit values
of magnetization roughly agree with the calculated
saturation magnetization assuming S=5/2 (Mn2+) lo-
cal moments, although there is experimental uncer-
tainty associated with the error in the determination of
x. The ferromagnetic hysteresis loop occurs in the low
field range BB0.1 T, which is not visible in the scale of
this Fig.. For samples with larger x, the amplitude of
the low field hysteresis loop is significantly smaller than
the saturation magnetization. This indicates that not all

Fig. 4. Magnetization curves at 2 K for the same samples of Ga1−

xMnxAs as for Fig. 2.

the Mn moments participate in the low field hysteresis
loop, and there is a significant fraction of the Mn
moments that takes much higher field to be fully
aligned.

For the detection of ferromagnetism in these materi-
als, the anomalous Hall effect is conveniently used as a
‘built-in’ magnetometer. This is particularly useful for
ultrathin film samples for which direct magnetization
measurement is difficult even with a sensitive SQUID
magnetometer. Fig. 5 shows the Hall resistance at 4.2 K
in ultrathin film samples of In1−xMnxAs grown on
GaSb and AlSb buffer layers [17]. The relevant parame-
ters are given in Table 1.

The Hall resistance in a magnetic substance can be
expressed as

rH=
R0

d
B+

Rs

d
M, (1)

where d is the thickness of the film, R0 is the normal
(ordinary) Hall coefficient associated with the Lorentz
force proportional to the magnetic field B, end Rs

represents the so-called anomalous (extraordinary) Hall
coefficient proportional to the magnetization M. Traces
shown in Fig. 5 are dominated by the anomalous Hall
term, so that they reflect the M versus B curves and
exhibit ferromagnetic hysteresis at this temperature.

The three hysteresis loops in Fig. 5 differ in shape
and in coercive field. Sample 1 behaves as a soft
magnet, while samples 2 and 3 are harder. Fig. 6 shows
the Hall resistance in samples 1 and 2 for different
angles of the external magnetic field with respect to the
plane normal. In the case of sample 1 (Fig. 6(a)), the
data collapse to a single curve by taking rH/cos u as the
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Fig. 5. Hall resistance of ultrathin In1−xMnxAs films listed in Table
1 at 4.2 K showing ferromagnetic hysteresis.

Fig. 6. Hall resistance for different angles of the external magnetic
field with respect to the plane normal for samples 1 and 2 in Table 1.

vertical axis. Recalling that the magnetization compo-
nent perpendicular to the plane is effective to the
anomalous Hall effect, this implies that the magnetiza-
tion vector stays parallel to the external field, indicating
very small magnetic anisotropy. In the case of sample 2
(Fig. 6(b)), by contrast, scaling is achieved by taking B
cos u as the horizontal axis. This implies that the
magnetization vector is always perpendicular to the film
plane, and only the normal component of the external
field is effective, indicating a strong perpendicular mag-
netic anisotropy. Such differences in magnetic an-
isotropy originate from lattice-mismatch-induced strain

in the magnetic layer as inferred in earlier study [10].
The present result clearly indicate that the strong per-
pendicular magnetic anisotropy is caused by tensile
stress exerted on the In1−xMnxAs layers, which is
stronger for AlSb underlayer than for GaSb underlayer.
The In1−xMnxAs layer of sample 1 is 20 nm thick
which appears to be larger than the critical thickness
for introduction of dislocations, so that the strain is
relaxed to some extent.

Table 1
The parameters of ultrathin film samples of In1−xMnxAs

TC (K)Lattice mismatch (%)Underlayerd (nm)xSample

1 Ga0.7Al0.3Sb0.18 0.94 �3520
GaSb 0.702 �350.12 9

�351.3AlSb93 0.12
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5. Magnetotransport and metal-insulator transition

Fig. 7 shows the longitudinal and Hall resistivities of
the metallic Ga1−xMnxAs sample (x=0.035). As
stated earlier, the Hall resistivity rxy in these materials
is dominated by the anomalous term so that the rxy (B)
curve reflects the magnetization curve. While this pro-
vides a sensitive built-in probe for the magnetism, this
poses a serious difficulty in obtaining information on
the carrier density. The standard procedure of extract-
ing the carrier density from the Hall effect cannot be
applied straightforwardly. For the metallic sample (x=
0.035) shown in Fig. 7, the magnetization quickly
reaches the saturation value and is nearly constant in
the high field region, as shown in Fig. 4. Therefore, it
seems reasonable for this sample to take the slope of
the rxy(B)curve at low temperature and high magnetic
field, where the magnetization is saturated. The hole
density thus obtained is p:4×1020 cm−3. This is
roughly half the value calculated by assuming that the

Fig. 8. Longitudinal resistivity rxx and Hall resistivity rxy in Ga1−

xMnxAs with x=0.071 at different temperatures.

Fig. 7. Longitudinal resistivity rxx and Hall resistivity rxy in Ga1−

xMnxAs with x=0.035 at different temperatures.

Mn ions are in the divalent state and supply a single
hole each.

The longitudinal resistivity rxx shows a rather com-
plicated T- and B-dependence. At temperatures below
TC and in the low field range, a small positive magne-
toresistance is seen. This positive magnetoresistance is
present only in the ferromagnetic phase and is found to
be sensitive to the magnetic field orientation with re-
spect to the transport current. It is, therefore, attributed
to the so-called anisotropic magnetoresistance effect
ubiquitously observed in ferromagnetic materials. Ex-
cept for this small positive component, the overall
magnetoresistance is negative. The negative magnetore-
sistance becomes largest around TC. Matsukura et al.
[14] analyzed the behavior above and near TC in terms
of the critical spin-disorder scattering model, and ob-
tained the p–d exchange coupling constant Jpd=1509
40 eVA3 which translates to N0b=3.5 eV. This value is
somewhat larger than those typically found in II–VI
compounds doped with Mn, N0b:1–2 eV.
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Fig. 8 shows the longitudinal and Hall resistivities of
the semiconducting sample on the higher Mn content
side (x=0.071). The negative magnetoresistance be-
comes very large in this semiconducting sample. At the
lowest temperature (T=1.4 K), the resistivity in the
high field range is diminished by more than two orders
of magnitude from the zero-field value. The Hall resis-
tivity shows a very large unusual field dependence. This
reflects, through the anomalous Hall coefficient Rs, the
large change in the resistivity. Evidently, it is difficult to
deduce the magnetization curve from the Hall resistivity
data for this sort of samples. This sort of large negative
magnetoresistance seems to be a common feature of the
semiconducting samples of Ga1−xMnxAs. Fig. 9 shows
the temperature dependence of the resistivity at differ-
ent magnetic fields. The giant negative magnetoresis-
tance that continues up to high fields is caused by the
interaction of hole carriers with localized Mn moments,
and it appears to be correlated with the presence of a
gradually saturating component of magnetization as
seen in Fig. 4.

There are two possible scenarios for the basic mecha-
nism for the large negative magnetoresistance. One is
the scenario based on formation of magnetic polaron,
i.e. a complex entity consisting of a hole carrier and a
cloud of Mn spins partially polarized by the p–d ex-
change coupling. Such a magnetic polaron tends to be
localized in the absence of magnetic field because its
motion involves rearrangement of a large number of
Mn moments. Application of high magnetic field pro-
gressively aligns the Mn moments, and makes the car-
rier increasingly mobile. This is a scenario proposed
earlier for interpretation of the behavior of II–VI com-

pound DMS and In1−xMnxAs, and may be also ap-
plied to the present case of Ga1−xMnxAs. However,
the fact that the large negative magnetoresistance is
absent in the x=0.015 sample far from the metal-insu-
lator boundary, seems to favor the second line of
interpretation based on Anderson localization.

In a strongly Anderson localized regime, the Fermi
energy oF lies on the localized side of the mobility edge
oc. The conductivity at low temperatures is exponen-
tially dependent on the localization length j8 �oC−
oF�−n. The effect of a magnetic field is to cause a
Zeeman shift of the Fermi energy by 9gmH. This gives
rise to a decrease in �oc−oF� for one of the two spin
subbands, and causes negative magnetoresistance. This
is the scenario first proposed by Fukuyama and Yosida
[18] to explain the large negative magnetoresistance
found in TaS2. In the present case of diluted magnetic
semiconductors, the Zeeman shift of the Fermi energy
9gmB can be much larger, and the mobility edge may
also be shifted as the magnetic field quenches disorder
by aligning the Mn moments.

The transport in this sample at temperatures lower
than 1 K has turned out to be highly anisotropic within
the (100) plane [19]. Fig. 10 shows two sets of data on
the same x=0.071 sample for probing current direc-
tions along the [011( ]and [011]direction’ respectively. As
shown in Fig. 10(a), the resistivity in the [011( ] direction
obeys the formula for three-dimensional variable range
hopping conduction with Coulomb soft gap,

r(T)=A exp (T0/T)1/2. (2)

The resistivity in the [011] direction, on the other hand,
is lower by one or two orders of magnitude than the
[011( ] direction. As shown in Fig. 10(b), the temperature
dependence appears to be well represented by

s(T)=s(0)+BT1/2, (3)

for T\0.1 K. The flattening at the lowest temperature
is probably due to some filamentary conducting paths.
This result, if taken literally, implies that there is an
insulator-to-metal transition at B:12 T. This sort of
strong in-plane anisotropy is found only in the semi-
conducting samples on the large x side. The origin of
the strong anisotropy is presently unknown, but is
presumably associated with anisotropic strain built into
the film during the off-equilibrium growth at low tem-
perature, which may result in a highly anisotropic
envelope of the localized wavefunction.

6. Conclusion

Study of the III–V compound diluted magnetic semi-
conductor is a new and rapidly developing field. The
exchange coupling between carriers and Mn moments
gives rise to interesting magnetic, transport, and optical

Fig. 9. Temperature dependence of resistivity at different magnetic
fields for four samples of Ga1−xMnxAs.
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Fig. 10. The anisotropic resistivity of an L-shaped sample of Ga1−

xMnxAs with x=0.071 at low temperatures: (a) the resistivity along
the [011( ] direction plotted as log r vs. T−1/2; (b) the conductivity
along the [011] direction plotted as s vs. T−1/2.

constructed. We anticipate that the studies of mangan-
ites and III–V compound DMS will benefit much from
each other.
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properties. The experimental studies have revealed that
the key ingredients governing the magnetic and trans-
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netic coupling, random distribution and clustering of
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