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Magnetic and transport properties of III–V diluted magnetic semiconductor
Ga1ÀxCrxAs

H. Saito,a) W. Zaets, R. Akimoto, and K. Ando
Electrotechnical Laboratory, Umezono 1-1-4, Tsukuba, Ibaraki 305-8568, Japan

Y. Mishima and M. Tanaka
Department of Electronic Engineering, The University of Tokyo, 7-3-1 Hongo, Bunkyo-ku,
Tokyo 111-8656, Japan

Magnetic and transport properties of Cr-based III–V diluted magnetic semiconductor Ga12xCrxAs
Cr concentrations up tox50.10 have been investigated. For all the films, no long-range magnetic
order was observed down to 2 K. A sign of paramagnetic Curie temperature is positive, indicating
that the dominant magnetic interaction between Cr atoms is ferromagnetic. The effective number of
Bohr magneton is estimated to be 5.160.4, which is close to that of Cr21 ion. The magnetization
curve shows superparamagnetic behavior at low temperatures. The radius of the local spin order in
x50.034 is estimated to be 1.5–2.0 nm atT55 K and it decreases with increasing temperature.
From Hall effect measurements at room temperature, the magnitude of mobility is estimated to be
less than 0.5 cm2/V s. This low mobility strongly suggests that the hopping conductivity is dominant
in Ga12xCrxAs films. © 2001 American Institute of Physics.@DOI: 10.1063/1.1359475#
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I. INTRODUCTION

Recent progress in crystal growth techniques allow o
to synthesize new III–V diluted magnetic semiconduct
~DMS! such as (In12xMnx)As ~Ref. 1! and (Ga12xMnx)As.2

Their unique magnetic properties and excellent match
with III–V optoelectronics and electronics materials ma
them very important for the development of a new class
spin-electronic devices. Contrary to II–VI DMSs, up to no
III–V DMSs have been limited only to the Mn-based DMS
Therefore it is quite interesting to synthesize new III–
DMSs with other magnetic transition metals.

Recently, we have succeeded in synthesizing a Cr-ba
III–V DMS Ga12xCrxAs.3 Since the physical properties o
Ga12xCrxAs have not been clarified, we report the magne
and transport properties of a new Cr-based III–V DM
Ga12xCrxAs.

II. EXPERIMENT

Ga12xCrxAs films were grown by a low-temperatur
molecular beam epitaxy~LTMBE! method. A GaAs buffer
layer was first grown on~001! GaAs substrates at a substra
temperatureTS;600 °C. Then a 400-nm-thick Ga12xCrxAs
layer was grown atTS;250 °C under the As to Ga beam
flux ratio of ;30. Cr concentrationx was determined by an
electron probe micro-analysis. A streaky reflection high
ergy electron diffraction~RHEED! patterns was observed fo
the films withx,0.10. With increasingx, the RHEED pat-
terns became spotty, indicating a roughening of grown film
Also, x-ray diffraction showed that the films with low C
concentration (x,0.05) are twins-free, but with increasingx
the density of twins sharply increases. Magnetic circular
chroism~MCD! spectra were measured in a reflection mo
under the magnetic field applied perpendicularly to the film4

a!Electronic mail: h-saitoh@aist.ge.jp
7390021-8979/2001/89(11)/7392/3/$18.00
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Magnetization measurements were carried out using a su
conducting quantum interface device magnetome
~SQUID!. To derive the magnetization of Ga12xCrxAs films,
the magnetization of GaAs substrate was subtracted from
total magnetization.

III. RESULTS AND DISCUSSION

Figure 1 shows the MCD spectrum of Ga12xCrxAs
~x50.034! in a magnetic fieldH510 kOe at temperatureT
55 K, together with that ofx50.0. The MCD signals for
Ga12xCrxAs are strongly enhanced near the energies co
sponding to theG~;1.5 eV! andL~;3.0 eV! critical points
~CP! of x50.0. The MCD spectral shape of Ga12xCrxAs
film is very similar to that of Ga12xMnxAs.4 For Cr concen-
trationx.0.10, no enhancement MCD signals at the CP w
observed. Therefore it can be concluded that Ga12xCrxAs
~x,0.10! is a DMS with a zinc-blende type band structu
and the strongsp-d mixing occurs at each CP.

FIG. 1. MCD spectrum of Ga12xCrxAs (x50.034) in H510 kOe atT
55 K ~solid line! together with that ofx50.0 ~broken line! for comparison.
2 © 2001 American Institute of Physics
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Since the MCD signal at theL CP comes from
Ga12xCrxAs, its amplitude should be proportional to th
magnetizationM of Ga12xCrxAs. To determine whether th
magnetic impurities or precipitation exist in our samples,
compare the field dependence of MCD andM of the samples
measured by SQUID. Figure 2 shows the MCD amplitude
3.02 eV of Ga12xCrxAs ~x50.034! at T55 K as a function
of M. The data are on a single straight line, indicating t
the measured magnetization comes from Ga12xCrxAs and is
free from the possible magnetic precipitations.

The temperature dependence of susceptibilityx and in-
verse susceptibilityx21 for Ga12xCrxAs ~x50.034! in H
510 kOe are given in Fig. 3. The shape of the curve fox
shows a Curie–Weiss type paramagnetism and no long-ra
magnetic order down to 2 K. Fittingx21 versusT curve
using a Curie–Weiss law, the effective number of Bohr m
neton Peff and paramagnetic Curie temperatureup are ob-
tained to be 5.160.4 and 15 K65 K, respectively. The value
of Peff is close to that of a Cr21 ion ~4.9!, suggesting that Cr
ions act as acceptors in Ga12xCrxAs. It should be remarked
that a sign ofup is positive, indicating that the dominan
magnetic interaction between Cr ions is ferromagne
Moreover, thex21 versusT curve deviates from a Curie–

FIG. 2. MCD amplitude of Ga12xCrxAs (x50.034) at theL critical point
~3.02 eV! as a function of the magnetization of the sample measured
SQUID.

FIG. 3. Temperature dependence of susceptibilityx ~d! and inverse sus-
ceptibility x21 ~s! for Ga12xCrxAs (x50.034) in H510 kOe. The solid
line shows a fitting result by a Curie–Weiss law.
Downloaded 24 Jan 2012 to 150.29.211.127. Redistribution subject to AIP l
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Weiss law below aboutT530 K, implying that the effect of
the ferromagnetic interaction becomes pronounced at lowT.

To clarify the magnetic ground state of Ga12xCrxAs, we
measured magnetization curves as a function ofT. Figure 4
showsM versusH/T curves of Ga12xCrxAs ~x50.034!. Fit-
ting the curve by the Brillouin function atT55 K, the value
of effective spinSeff is obtained to be 20–50, showing su
perparamagnetism in Ga12xCrxAs. Using a spin of Cr21 ion
SCr52 and the lattice constanta50.565 nm, the radius o
the local spin order is estimated to be 1.5–2.0 nm aT
55 K for x50.034. IfSeff does not change withT andH, the
dependence ofM versusH/T should follow a single Bril-
louin function irrespective ofT. However, from Fig. 4,M
versusH/T curves clearly change withT. Also, M decreases
with increasingT. This indicates that the size of the loc
spin ordering in Ga12xCrxAs decreases with increasingT.

Hall voltages for Ga12xCrxAs at room temperature is to
small to determine the conduction type. The magnitude
mobility is roughly estimated to be less than 0.5 cm2/V s.
Such a low mobility strongly suggests that the hopping c
ductivity is dominant. On the other hand, thep-type conduc-
tion was clearly observed in Ga12xMnxAs, even the valence
of most of the Mn ions is the same as Cr ions, that
Mn21.5 This difference in type of conductivity is qualita
tively explained by the difference of the isolated accep
level of the magnetic ion, that is, an acceptor level of Cr
GaAs @0.89 eV ~Ref. 6!# is several times as deep as that
Mn @0.11 eV~Ref. 7!#.

There are two possible origins for the observed fer
magnetic interaction between Cr in Ga12xCrxAs. One is the
carrier-induced interaction.8 A band calculation9 predicts the
carrier-induced ferromagnetic interaction between localiz
spins in Ga12xCrxAs as the same as In12xMnxAs and
Ga12xMnxAs. The other one is the superexchan
interaction.8 At present, it is not clear which mechanism
responsible in Ga12xCrxAs. More detailed studies ar
needed to elucidate the origin of magnetic interaction
Ga12xCrxAs.

IV. CONCLUSIONS

In summary, we have investigated magnetic and tra
port properties of Cr-based III–V DMS Ga12xCrxAs having
Cr concentrations up tox50.10. No magnetic order was ob

y

FIG. 4. Magnetization vsH/T curves for Ga12xCrxAs (x50.034).
icense or copyright; see http://jap.aip.org/about/rights_and_permissions
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served down to 2 K in all the films. A positive sign of the
paramagnetic Curie temperature indicates that the domi
interaction between Cr ions is ferromagnetic. The effect
number of a Bohr magnetron is close to that of a Cr21 ion,
suggesting that Cr ions act as acceptors. The magnetiza
curve shows the superparamagnetic behavior with a la
effective spin at low temperatureT. The radius of the loca
spin order inx50.034 atT55 K is calculated to be 1.5–2.
nm and it decreases with increasingT. Low mobility at room
temperature estimated from Hall measurement suggests
hopping conductivity is dominant in Ga12xCrxAs.
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