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Magnetotransport properties ofp-type ferromagnetic~Ga,Mn!As, a diluted magnetic semiconductor based
on III-V semiconductors, are measured and thep-d exchange between holes and Mn 3d spins is determined.
The ferromagnetic transition temperatures calculated based on the Ruderman-Kittel-Kasuya-Yosida~RKKY !
interaction using the exchange reproduce remarkably well the observed ferromagnetic transition temperatures,
demonstrating that ferromagnetism of~Ga,Mn!As has its origin in the RKKY interaction mediated by holes.
@S0163-1829~98!50104-X#

Interplay between cooperative phenomena and carrier
transport is a source of rich solid state physics. A number of
new phenomena in the transport properties of semiconductor
heterostructures have been discovered in the past two de-
cades. Only a limited number of transport studies, however,
have been conducted on the cooperative phenomena in semi-
conductors and research in semiconductor heterostructures is
virtually nonexistent. So far, conducting semiconductors that
show cooperative phenomena are limited to magnetic semi-
conductors, such as~Eu,Gd!S ~Ref. 1! and CdCr2Se4,2 with
the exception of a small band gap IV-VI–based diluted mag-
netic semiconductor~DMS! ~Pb,Sn,Mn!Te.3 Heterostructures
based on these materials are difficult to prepare; they are not
easy to prepare even in bulk form. II-VI–based DMS’s and
their heterostructures have not been suitable for transport
studies because of difficulty in doping.4 On the other hand,
III-V–based DMS’s,5,6 especially ferromagneticp-type
~Ga,Mn!As,7 offer an opportunity to explore various aspects
of carrier transport in the presence of cooperative phenom-
ena, since~Ga,Mn!As is conducting, can be doped ton type,
and is compatible with GaAs-based heterostructures.8 In this
paper, we report results of detailed magnetotransport study
of ferromagnetic p-type ~Ga,Mn!As layers
(p51018– 1020 cm23) with Curie temperature as high as 110
K. The measurements allowed us to determine thep-d ex-
change between carrier spin and Mn spinJpd in ~Ga,Mn!As.
The origin of ferromagnetism is quantitatively shown to be
the Ruderman-Kittel-Kasuya-Yosida~RKKY ! interaction via
Jpd .

The ~Ga,Mn!As layers were prepared by molecular-beam
epitaxy~MBE! at low growth temperatures~200–300 °C! to
suppress the surface segregation of Mn and formation of the
MnAs second phase during growth. The 200-nm-thick
(Ga12xMnx)As layers with Mn compositionx50.015–0.071
were grown on an (Al0.9Ga0.1)As buffer layer on semi-
insulating GaAs~001! substrates. No intentional doping was
used during growth. Six samples, which hadx50.015, 0.022,
0.035, 0.043, 0.053, and 0.071, used in this study are here-
after referred to as samples 1–6 in order of increasingx.
Details of the epitaxial growth of~Ga,Mn!As as well as its
basic properties were presented elsewhere.7,9 In short, the
lattice constanta of ~Ga,Mn!As increases linearly withx
following Vegard’s law anda extrapolated tox51 is 0.598
nm. The maximum Mn concentration so far is 0.071, above

which formation of MnAs takes place during MBE growth
even at low growth temperatures. The easy axis of magneti-
zation is in plane due to compressive strain in the film: when
the sign of strain is reversed using an appropriate buffer
layer, the easy axis can be made perpendicular to the plane.10

The saturation magnetization of the samples is consistent
with SMn55/2, the expected value for Mn21 state.

TemperatureT ~2–300 K! and magnetic fieldB ~up to 7
T, and perpendicular to the sample plane! dependence of
resistivity r, and Hall resistivityrHall were measured using
Hall bar geometry. Figure 1 shows the results of such mea-
surements of sample 5. The rapid increase and saturation at
low fields ofrHall gradually become apparent as the tempera-

FIG. 1. Magnetic-field dependence of Hall resistivityrHall and
resistivity r of ~Ga,Mn!As with temperature as a parameter. Mn
composition isx50.053. The inset shows the temperature depen-
dence of the spontaneous magnetizationMs determined from mag-
netotransport measurements; solid line is calculation by a mean-
field theory.
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ture is lowered; at low temperatures,rHall shows only a small
linear dependence onB at high fields@not clearly seen in Fig.
1~a! due to its scale#. Negative magnetoresistance is ob-
served in the whole temperature range of the present experi-
ment and is most pronounced at intermediate temperatures
~30–110 K!. At low temperatures a small positive magne-
toresistance appears at low-field region.

We first analyzerHall . rHall of magnetic materials such as
~Ga,Mn!As is expressed as,

rHall5R0B1RsM , ~1!

whereR0 is the ordinary Hall coefficient,Rs the anomalous
Hall coefficient, andM the magnetization of the samples.
From comparison between the results of magnetization and
magnetotransport measurements~not shown, see Ref. 7!, Rs
is shown to be proportional tor and thusRs5cr, wherec is
a constant, indicating that the skew scattering is responsible
for the appearance of the anomalous Hall effect.11 The con-
tribution from the ordinary Hall effect is negligible in most
of the temperature range investigated, since the slope ofrHall
at the lowest temperature under high magnetic fields~where
M saturates and hence is constant! is very small@see Fig.
1~a!#. One can therefore determineM from the magne-
totransport measurements alone oncec in Rs5cr is known
(c is typically 1.2–1.9 T21). The temperature dependence of
the spontaneous magnetizationMs and the ferromagnetic
transition temperatureTc can be determined from the field
dependence of magnetizationMHall obtained from magne-
totransport measurements (MHall5rHall /cr), using an Arrott
plot ~whereMHall

2 is plotted againstB/MHall). The results are
shown in the inset of Fig. 1~a!. The shape ofMs-T can be
described well with a simple mean-field theory using a Bril-
louin function with SMn55/2 as shown by the solid line in
the inset.Tc of this sample was determined to be 110 K. The
paramagnetic Curie temperatureu can also be determined
from the temperature dependence of the inverse of the zero-
field slope of MHall . A straight line characteristic of the
Curie-Weiss law was obtained for all the samples~not
shown!, andu'Tc . The small linear slope of therHall2B
curves at low temperatures (T<10 K! under high magnetic
fields (B55–7 T! allowed us to determineR0 . The conduc-
tion type wasp type for all samples and the hole concentra-
tion p of the sample shown in Fig. 1 was 1.531020 cm-3.

Figure 2 summarizes thex dependence ofTc andp. Tc is
approximately proportional tox up tox50.053, above which
it appears to start to decrease. The highestTc so far obtained
is 110 K. p also increases withx and peaks atx50.053.
Since Mn is divalent, one might expectp'@Mn#. Howeverp
is 15% of Mn concentration@Mn# at most. This may be due
to compensation of Mn acceptors by deep donors such as the
As antisite known to be present with high concentration in
low-temperature grown GaAs.12 The hole concentration of
the samples with lowx ~samples 1 and 2! and highx ~6! may
contain appreciable error. This is because of the insulating
nature of these samples as shown in Fig. 3 and the appear-
ance of an additional paramagnetic component,13 both of
which make accurate measurements at lowT and highB
difficult.

Now we turn tor. Figure 3 shows the temperature depen-
dence ofr for all the samples. As seen in Fig. 3, the samples

with intermediatex ~samples 3, 4, and 5! are on the metal
side of the metal-insulator transition, whereas low and highx
samples are on the insulator side. All ther-T curves showed
a maximum~a hump! aroundTc , which moved to higher
temperature with increasingB ~see the inset for sample 5!.
Although a hump is seen in all samples, it is somewhat ob-
scured by the rapid increase in resistance for the insulating
samples. This critical behavior ofr is commonly observed in
magnetic metals14 and magnetic semiconductors1,2 and is
known to be due to the scattering of carriers by magnetic
spin fluctuation via exchange interaction. To avoid compli-
cation arising from the localization effect, we hereafter con-
centrate on the behavior of the metallic samples. The nature
and the mechanism of this metal-insulator transition are dis-
cussed elsewhere.13

The observed negative resistance in Fig. 1~b! ~a metallic
sample! can be understood as the reduction of scattering by
aligning spins byB. Well aboveTc , where there is only
small spin correlation among Mn spins, one can use the spin-
disorder scattering formula to describe theB dependence of

FIG. 2. Mn composition dependence of ferromagnetic transition
temperatureTc and hole concentrationp. Samples on the metal side
of the metal insulator transition are shown by the closed symbols
~see also Fig. 3!.

FIG. 3. Temperature dependence ofr at zero field for
x50.015– 0.071. The samples withx50.035– 0.053 show the me-
tallic behavior. The inset shows the expanded view of the sample
with x50.053 at aroundTc with the magnetic-field dependence;
other metallic samples show essentially the same critical behavior.
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r, from whichJpd can be determined. For the description of
the critical behavior in the temperature dependence ofr, one
needs to take into account the wave-vector-dependent
susceptibility.1

Carriers are scattered by the exchange interaction of the
following form:

H52Jpd(
i

d~r 2Ri !Si•s, ~2!

whereSi is the Mn spin at siteRi and s is the spin of the
carrier at siter . This interaction gives rise to the following
spin-disorder scattering resistivityrs.

rs52p2
kF

pe2

m2Jpd
2

h3
ns@S~S11!2^S&2#, ~3!

wherekF is Fermi wave number,e the elementary charge,m
the effective mass of carrier,h Planck constant,ns the den-
sity of Mn, S55/2 the Mn spin, and̂S& the thermal average
of S.15

Figure 4 shows the result of the fit using Eq.~3! with Jpd
as a parameter. Single value ofJpd5150640 eV Å3 not
only reproduced very well theB dependence ofr at various
temperatures aboveTc as shown in Fig. 4, but also repro-
duced ther-B curve of other metallic samples aboveTc . For
the fit, the measuredp was used, assuming no temperature
dependence~which is reasonable for a degenerate system!.
^S& was calculated fromMHall5nsgmB^S&, where g52 is
the Lande’sg factor of Mn andmB the Bohr magneton.kF
was calculated fromp assuming a spherical Fermi surface. A
GaAs heavy-hole mass of 0.5m0 (m0, free electron mass!
was used form.

The small positive magnetoresistance observed at lowT
in Fig. 1~b! is most probably caused by the rotation of spins
from its original in-plane direction to the perpendicular di-
rection. The maximum of the magnetoresistance corresponds
to the ‘‘knee’’ of magnetization. This positive magnetoresis-
tance disappears whenB is applied parallel to the sample
plane ~not shown!. The small residual negative magnetore-
sistance seen at higherB at low T may be attributed to the
alignment of a small amount of spins that are originally
canted by some local inhomogeneity.

Finally, we discuss the origin of ferromagnetism of
~Ga,Mn!As. Since the magnetic interaction between Mn in
the cation sublattice in zinc-blende structure is known to be
antiferromagnetic,16 the ferromagnetic interaction respon-
sible for the observed ferromagnetism in~Ga,Mn!As is most
likely carrier induced. We examine whether the observed
ferromagnetism of~Ga,Mn!As fits into the framework of the
RKKY interaction mediated by carriers. The RKKY ex-
change Hamiltonian between the Mn spins at sitesi and j is
expressed byH52Ji j Si•Sj , whereJi j is given by

Ji j 52
2mkF

4

ph2
Jpd

2 F~2kFr i j !expS 2
r i j

l
D . ~4!

Herer i j is the distance betweeni and j , andF(2kFr i j ) is the
ordinary RKKY oscillation term, andl is the mean free path
of carriers. The term exp(2rij /l) in Eq. ~4! represents the
effect of a finitel following de Gennes.17 From Eq.~4!, Tc is
given by,

Tc5 1
3 xS~S11!(

r
zrJi j ~r !, ~5!

wherezr is the number ofr th nearest group-III sites.
Using the values determined by experiments, including

Jpd , one can calculateTc for the three metallic samples us-
ing Eqs.~4! and~5!, and compare them with the experimen-
tally determinedTc . This is done in Fig. 5. As one can see
the agreement is excellent. The error bars in Fig. 5 reflect the
errors ofJpd andp. l was calculated from the carrier mobil-
ity at 10 K, which were in the range of 0.50–0.65 nm. The
sign of the RKKY interaction is in effect only ferromagnetic
in the present case, because the first zero of the oscillating
term in Eq.~4! occurs at a much longer distance thanl owing
to the low carrier concentration. This gives rise to the uni-
form ferromagnetism that can be described by a simple
mean-field theory. The quantitative consistency of the mea-
sured and calculatedTc usingJpd determined from the field
dependence of the spin-disorder scattering clearly demon-
strates that the origin of the ferromagnetic order in~Ga,
Mn!As is the RKKY interaction.

FIG. 4. Negative magnetoresistance at three different tempera-
tures aboveTc for the sample withx50.053. The solid lines show
fits using Eq.~3!.

FIG. 5. Comparison between the experimentalTc ~closed
circles! and the calculatedTc ~open circles!. The error bars for the
calculatedTc represent the error involved in determining exchange
and carrier concentration.
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It is interesting to note thatTc /x;2000 K for ~Ga,Mn!As
is one of the highest induced by carriers. This is due to the
large Jpd5150 eV Å3, or N0b53.3 eV in terms ofN0b
commonly used to describe thep-d interaction in DMS’s.18

In II-VI–based DMS’s the typical value ofN0b is 1 eV at
most. The largeN0b is consistent withN0b52.5 eV re-
ported by Szczytkoet al.,19 who measured magnetoreflec-
tance of excitonic interband transitions in heavily Mn-doped
GaAs. It is possible that the presentN0b is influenced by the
spin-spin correlation of carriers.20 It is not yet clear, how-
ever, whether or not this effect is important. Further work is
needed to elucidate the origin of this largeN0b.

In conclusion, we have reported the results of magne-
totransport measurements of ferromagnetic~Ga,Mn!As with
Mn concentration in the range of 0.015,x,0.071. The
carrier-spin interaction manifested itself in the form of criti-
cal scattering at around ferromagnetic transition temperature,

which allowed us to determine the exchange of carrier-spin
interaction asJpd5150 eV Å3 (N0b53.3 eV!. This value of
exchange reproduced very well the experimentally obtained
ferromagnetic transition temperature based on the RKKY
formula. This quantitative agreement shows that the RKKY
interaction is responsible for the appearance of ferromag-
netism in~Ga,Mn!As.
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